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The terms “neuroacanthocytosis” (NA) and “neurodegeneration with brain iron accumulation” (NBIA) both
refer to groups of genetically heterogeneous disorders, classified together due to similarities of their pheno-
typic or pathological findings. Even collectively, the disorders that comprise these sets are exceedingly rare
and challenging to study. The NBIA disorders are defined by their appearance on brain magnetic resonance
imaging, with iron deposition in the basal ganglia. Clinical features vary, but most include a movement dis-
order. New causative genes are being rapidly identified; however, the mechanisms by which mutations
cause iron accumulation and neurodegeneration are not well understood. NA syndromes are also character-
ized by a progressive movement disorder, accompanied by cognitive and psychiatric features, resulting from
mutations in a number of genes whose roles are also basically unknown. An overlapping feature of the two
groups, NBIA and NA, is the occurrence of acanthocytes, spiky red cells with a poorly-understood membrane
dysfunction. In this review we summarise recent developments in this field, specifically insights into cellular
mechanisms and from animal models. Cell membrane research may shed light upon the significance of the
erythrocyte abnormality, and upon possible connections between the two sets of disorders. Shared patho-
physiologic mechanisms may lead to progress in the understanding of other types of neurodegeneration.

Published by Elsevier Inc.
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Introduction: blood, brain and iron

The neuroacanthocytosis (NA) syndromes (Bader et al., 2011;
Walker et al., 2008, 2011) are a group of rare neurodegenerative,
genetically diverse, diseases which include the core NA disorders
chorea-acanthocytosis (ChAc) and McLeod syndrome (MLS), and
also Huntington's disease-like 2 (HDL2), and pantothenate kinase-
associated neurodegeneration (PKAN) (Table 1). The causative genes
and their mutational spectra have been identified; VPS13A for ChAc
(Dobson-Stone et al., 2010; Rampoldi et al., 2001; Ueno et al., 2001),
XK for MLS (Danek et al., 2001a,b; Ho et al., 1994, 1996; Jung et al.,
2007a,b), JPH3 for HDL2 (Margolis, 2009; Margolis et al., 2001), and
PANK2 for PKAN (Gregory and Hayflick, 2011; Zhou et al., 2001).
These diseases primarily affect the brain, particularly the basal ganglia,
and are associated with central and peripheral nervous system abnor-
malities, including chorea, dystonia, bradykinesia, seizures, oral dyski-
nesia, muscle weakness, cognitive impairment, and psychiatric
symptoms. Disorders of serum lipoproteins, which are not discussed
here, form a distinct group of NA syndromes in which ataxia is ob-
served, but basal ganglia disorders are not seen. NA syndromes are as-
sociated with the occurrence of “thorny” red blood cells, known as
acanthocytes (Fig. 1), which can be of some help for differential diag-
nosis. The presence of acanthocytes, however, is variable and their
correct identification depends on the right preparation technique
(Storch et al., 2005).

Neurodegeneration with brain iron accumulation (NBIA) refers to a
group of rare inherited neurodegenerative diseases characterized by a
progressive movement disorder and accumulation of iron in the basal
ganglia, often the globus pallidus. Several causative genes have been iden-
tified so far; pantothenate kinase 2 (PANK2), group VIA calcium-
independent phospholipase A2 (PLA2G6) (Morgan et al., 2006), fatty
acid hydrolase (FA2H) (Kruer et al., 2010), ferritin light chain (FTL), ceru-
loplasmin (CP), and, very recently, C19orf12 (Hartig et al., 2011). The spe-
cific radiologic features of the NBIA subgroups have recently been
described in detail (Kruer et al., in press;McNeill et al., 2008a). The clinical
symptoms associatedwithmutations in these genes phenotypically over-
lap; however, gene-specific features are also observed (Table 1). PKAN
may be classified as both anNBIA andNA syndrome as both brain iron ac-
cumulation and acanthocytes are found, although acanthocytes are de-
scribed in 10% or less of PKAN cases (Hayflick et al., 2003; Klopstock
et al., 2004; Pellecchia et al., 2005).

A Joint International Symposium on Neuroacanthocytosis and Neuro-
degeneration with Brain Iron Accumulation was held in Bethesda, MD,
on October 1–2, 2010 with the purpose of widening perspectives on
both of these groups of disorders at the basic science level. Membrane
trafficking and turnover is likely to be a factor in the pathogenesis of
ChAc, as the protein involved, VPS13A (chorein), is assigned to the
vacuolar protein sorting network and is associated with the late
endosomal compartment in diverse organisms from yeast to mouse.
Impairment of autophagymay also be implicated, as autophagosomes
are closely associated with, and interact with, the late endosomal
compartment to generate autophagolysosomes. Autophagy is
known to play an important role both in neurodegeneration and in
late stage erythropoiesis by removing aggregated proteins and non-
functional organelles in neurons and erythroid precursor cells. In
this respect it is conceivable that autophagy may be impaired in NA
leading to both neurodegeneration and defective erythrocyte mor-
phology. Abnormal iron metabolism is clearly a major factor in the
NBIA disorders. Despite this, most diseases are associated with de-
fects in pathways not known to affect iron homeostasis. Commonali-
ties between some of the disorders in the NBIA group seem to involve
mitochondrial metabolism and membrane integrity and repair. Ex-
amination of the processes, cellular and mitochondrial, leading to
this final common pathway of iron dyshomeostasis, may be reward-
ing. Acanthocytosis is an intriguing common feature of NA and
NBIA, yet its significance is not yet understood.
Neuroacanthocytosis

Acanthocytes

Acanthocytosis is found in many patients with ChAc or MLS, with
percentages varying from 5% to 50% of erythrocytes (Walker et al.,
2008), but is less commonly described (about 10% of patients) in
HDL2 (Walker et al., 2003) and PKAN (Hayflick et al., 2003). Determi-
nation of acanthocytosis may be challenging (Feinberg et al., 1991;
Foglia, 2010). The best procedure for the detection of acanthocytes re-
quires dilution of whole blood samples with saline/heparin, followed
by incubation on a shaker and phase-contrast microscopy of wet cells
(Storch et al., 2005). Dry blood smears are often inadequate. Confir-
mation of erythrocyte morphology by scanning electron microscopy
may be helpful if available.

The reason for the occurrence of acanthocytes is not known and is
very likely due to a distinct primary cause in each syndrome depend-
ing on the respective gene defect. However, it is hypothesized that
each defect affects a common pathway in erythropoiesis and/or red
cell membrane homeostasis, thus leading to the same phenotype. It
is also hypothesized that this common pathway is responsible for
both the altered red cell morphology and neurodegeneration. Because
of the relative ease of access to cells from patient blood, it is a worth-
while task to identify the molecular defects leading to acanthocytosis

doi:10.3174/ajnr.A2677


Table 1
Causes of neuroacanthocytosis and neurodegeneration with brain iron accumulation.

Protein
Disease Gene Name Role

Clinical features Age of onset Mode of
inheritance

Acanthocytosis

Chorea−acanthocytosis
(ChAc)

VPS13A chorein Protein sorting and
trafficking?

Orofacial dystonia, self−mutilation
(tongue, lip−biting), chorea, tics,
parkinsonism, seizures,neuropathy,
myopathy, behavioral compulsions,
cognitive impairment, psychiatric
symptoms

Late teens− early
adulthood

AR +++

McLeod syndrome (MLS) XK XK Membrane protein;
involved intransport?

Chorea, tics, dystonia, parkinsonism,
seizures, neuropathy, myopathy,
behavioral compulsions cognitive
impairment, psychiatric symptoms,
cardiomyopathy

Mid−late
adulthood

X−linked +++

Huntington’s disease−like
2(HDL2)

JPH3 Junctophilin 3 Regulation of calcium
transport? Toxicity maybe
related to RNA
aggregation

Chorea, dystonia, parkinsonism,
cognitive impairment, psychiatric
symptoms

Inversely related
to CTG repeat

length, typically
young− mid
adulthood

AD +

N
eu

ro
ac

an
th

oc
yt

os
is

 s
yn

dr
om

es

Pantothenate kinase−
associated
neurodegeneration
(PKAN)

PANK2 Pantothenate
kinase 2

Key regulatory enzyme in
biosynthesis of coenzyme
A from vitamin B5

Dystonia, spasticity, rigidity, 
retinal degeneration

Childhood,
occasionally older

AR +

Phospholipase−A2
associated
neurodegeneration
(PLAN)

PLA2G6 Ca2 ±
independent

phospholipase
A2

Catalyzes release of fatty
acids from phospholipids

Chorea, dystonia, ataxia. Classicform:
neurodevelopmental arrest, severe
hypotonia, ataxia, dystonia, optic
atrophy, peripheral neuropathy

Childhood AR

Mitochondrial membrane
protein−associated
neurodegeneration
(MPAN)

C19orf12 pending Uncertain − mitochondrial
membrane −associated
protein

Spasticity, dysarthria, dystonia,
parkinsonism, opticatrophy,
neuropathy, psychiatric features

Childhood AR

Fatty acid hydroxylase−
associated
neurodegeneration
(FAHN)

FA2H Fatty acid 2−
hydroxylase

Catalyzes the synthesis of
2−hydroxysphingolipids

Lower limb dystonia, ataxia, spastic 
quadriparesis, seizures

Childhood AR

Neuroferritinopathy FTL Ferritin light
chain

Subunit of ferritin, the
major intracellular iron
storage protein

Chorea, dystonia, parkinsonism,
spasticity, rigidity

Mid−late
adulthood

AD

N
eu

ro
de

ge
n

er
at

io
n

 w
it

h
 b

ra
in

 ir
on

 a
cc

u
m

u
la

ti
on

Aceruloplasminemia CP Ceruloplasmin Copper −binding
ferroxidase
involved in iron transport
across the cell membrane

Chorea, dystonia, ataxia, retinal
degeneration

Mid adulthood AR −

−

−

−

−
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and subsequently study their relevance in neurons. It should be noted
that early works on acanthocytosis studied red cells from patients
with “neuroacanthocytosis”. Results from these reports should be
interpreted with the knowledge that the molecular diagnosis in
these cases is absent.

The major neurodegenerative syndromes with occurrence of
acanthocytes are ChAc and MLS with defects in their genes VPS13A
Fig. 1. Peripheral blood smear showing significant acanthocytosis (May–Grünwald–
Giemsa, ×100, scale bar=25 μm. Courtesy of Hans H. Jung, MD.
Reprinted with permission from Jung HH, Ch. 7, McLeod Syndrome, in The Differential
Diagnosis of Chorea, ed. Walker RH, pub. 2011 © Oxford University Press.
and XK, respectively. Mostmutations in the VPS13A gene lead to the ab-
sence of VPS13A/chorein in red blood cells and neurons. Pathogenic
mutations in the XK gene lead to absence of the Kx antigen and low ex-
pression of Kell antigens on the red cell surface. Although acanthocyte
morphology may also be caused by abnormalities in membrane lipids
(Kuypers et al., 1985), in NA there is significant evidence of membrane
protein and cytoskeletal abnormalities (Terada et al., 1999). Electron
microscopic studies of ChAc andMLS acanthocytes revealed focal mem-
brane skeleton changes, accumulation of spectrin at the thorn region,
and fewer filaments in regions of reversed membrane curvature
(Hosokawa et al., 1992; Terada et al., 1999). An abnormal accumulation
of cross-linked products of tissue transglutaminase was found in red
blood cells and muscle tissue of ChAc patients (Melone et al., 2002),
which could cause cellular membrane distortions. The major erythro-
cyte membrane protein, anion exchanger AE1, also known as band 3,
was found to be altered in several studies of acanthocytes. In red cells
from a family with hereditary acanthocytosis not further specified,
this protein showed a higher molecular mass, increased anion trans-
port, and decreased binding to ankyrin (Kay et al., 1988). Sequence
analysis revealed a mutation within the membrane domain (Bruce
et al., 1993). Alternatively, in erythrocytes from ChAc patients, fast deg-
radation of band 3, ankyrin and band 4.2 has been described (Asano
et al., 1985). In a different study of ChAc red cells, band 3 also showed
increased fragmentation, while the patient's serum contained an anti-
brain immunoreactant (Bosman et al., 1994). Red cell protein phos-
phorylation and dephosphorylation is an important regulatory process
for the homeostasis of red cell volume and shape (De Franceschi et al.,
2008; Pantaleo et al., 2010). Band 3 and β-spectrin were found to be
highly phosphorylated in acanthocytes from a ChAc patient (Olivieri

Unlabelled image
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et al., 1997), thus leading toweaker interactionswith other cytoskeletal
components. A comparative proteomics study of red cell membranes
from normal controls and ChAc patients revealed differences in the ty-
rosine phosphorylation state of membrane proteins. Band 3, β-
spectrin, β-adducin and other members of anchoring complexes were
highly phosphorylated in ChAc erythrocytes (De Franceschi et al.,
2011). This difference is due to abnormal activation of the Src-family ki-
nase Lyn but independent of Syk. Increased tyrosine phosphorylation of
band 3may alter its interaction with the junctional complexes and thus
play a role in the generation of acanthocyte morphology. Interestingly,
the Src-family kinases Lyn and Fyn are important regulators of cerebral
N-methyl-D-aspartate receptors (NMDARs) that are implicated in
motor activity (Salter and Kalia, 2004; Umemori et al., 2003). Despite
overactive Lyn in ChAc red cells, the phosphatidylinositol 3-kinase
(PI3K) subunit p85 (VPS34) showed decreased phosphorylation (Föller
et al., in press) leading to deactivation of downstream components Rac1
and PAK1 and depolymerization of cortical actin. Moreover, in K562 ery-
throid cells, silencing of VPS13A or PAK1 inhibition decreased the phos-
phorylation of Bcl2-Antagonist of cell Death (BAD) thereby inducing
Bcl2-dependent apoptosis. Hence, VPS13Awas shown to be a novel regu-
lator of cytoskeletal architecture and cell survival, explaining red cell mis-
shape and neurodegeneration in ChAc (Föller et al., in press).

MLS red blood cells, which lack Kx/Kell antigens, show decreased
deformability; they are rigid and have decreased surface area. Their
membranes show intrinsic membrane stiffness suggesting that Kx/
Kell proteins are required for the maintenance of the normal physical
function of red cell skeletal proteins (Ballas et al., 1990). The Kx/Kell
complex is part of a large red cell membrane protein-cytoskeleton
complex, known as 4.1R complex (Fig. 2) (Mohandas and Gallagher,
2008). This junctional complex associates with the major cytoskeletal
proteins, spectrin and actin, and interacts with inner membrane lipids
to play a role in mechanical stability (An et al., 2005, 2006; Manno et
al., 2002). Band 3 is also part of a second macromolecular membrane
protein complex, comprising the Rh-associated glycoprotein (RhAG)
and others, which is associated with spectrin via ankyrin and protein
4.2 (Mohandas and Gallagher, 2008). These multiprotein complexes
Fig. 2. Diagram of relationships of Kell and XK, illustrating their relationships
are formed during erythropoiesis and remodeled during reticulocyte
maturation (Liu et al., 2010).

Erythroblast enucleation is a critical step in erythropoiesis because
the membrane proteins must distribute between the extruded nucleus
and the membrane that now forms the shell of the reticulocyte. Aber-
rant protein sorting during this process leads to morphological changes
of the red blood cell (Salomao et al., 2010). It is therefore likely that
acanthocyte formation is based on the unbalanced distribution ofmem-
brane proteins and/or cytoskeleton during enucleation.

In the case of the Kx/Kell complex, deficiency of this part of the
cytoskeleton-attached 4.1R complex could clearly lead to changes of
red cell shape. In the case of VPS13A, the defect may impair endoso-
mal trafficking during enucleation (Keerthivasan et al., 2010), or sub-
sequently during the massive autophagic activity leading to red cell
maturation (Sandoval et al., 2008; Zhang et al., 2009). It is conceiv-
able that lack of transport of proteases to the late endosomal com-
partment could impair the ordered autophagic maturation of the
red cell. The formation of acanthocytes in HDL2 and PKAN is still
enigmatic.

Chorea-acanthocytosis

ChAc (OMIM#200150) is characterized by a progressivemovement
disorder, cognitive and behavioral changes, myopathy and chronically
increased muscle creatine kinase (CK) in serum (Bader et al., 2011;
Walker et al., 2011). The movement disorder is mostly limb chorea,
but some individuals present with parkinsonism. Dystonia is common
and affects the oral region, especially the tongue, causing dysarthria
and dysphagia. Habitual tongue and lip biting are characteristic. Sei-
zures are observed in about half of ChAc patients. ChAc is a chronically
progressive disease with a mean age of onset of 32 years (range 8–62)
leading to disability within a few years. The diagnosis of ChAc is based
primarily on clinical findings, characteristic neuroimaging findings of
caudate nucleus atrophy, and evidence of muscle disease. Although
the disorder is named for erythrocyte acanthocytosis, this feature is var-
iable for reasons not yet understood. Acanthocytes are present in
to other red cell membrane proteins. Courtesy of Mohandas Narla, DSc.
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5%–50% of the red cell population, may appear late during the course
of the disease (Sorrentino et al., 1999) or may be absent (Bayreuther
et al., 2010). Increased serum CK is observed in themajority of affect-
ed individuals and is a useful diagnostic feature. Muscle biopsy re-
veals central nuclei and atrophic fibers. For differential diagnosis,
Western blot analysis of red cells with anti-VPS13A/chorein
(Dobson-Stone et al., 2004) is available (www.euro-hd.net/html/
na/network/docs/chorein-wb-info.pdf). Genetic testing is at present
limited and costly due to the large gene size, however, next genera-
tion sequencing will overcome this limitation (Walker et al., in
press).

Molecular genetics and pathology of ChAc
ChAc is an autosomal recessive disease caused by mutations in the

CHAC gene, now renamed VPS13A to acknowledge its similarity with
the Vps13/Soi1 yeast gene. The CHAC/VPS13A locus (OMIM *605978)
was identified by linkage studies of 11 families in a 6 cM region of
chromosome 9q21–22 (Rubio et al., 1997). This result was confirmed
by homozygosity-by-descent analysis in offspring from consanguine-
ous marriages. The gene comprises 73 exons in a genomic region of
250 kb (Rampoldi et al., 2001). The transcript has a full-length se-
quence of 11,262 bp and codes for a protein with 3174 amino acids.
A splice variant containing exons 1–69 encodes a 3095 amino acid
protein. In the reported 11 families (Rubio et al., 1997), 16 different
mutations were identified in CHAC/VPS13A demonstrating that this
is the gene that, when mutated, causes ChAc (Rampoldi et al.,
2001). The gene was independently identified by fine linkage analysis
and haplotype comparison of 4 ChAc patients from 3 Japanese kin-
dreds (Ueno et al., 2001). Homozygosity for a 260-bp deletion was
found in the patients, whereas the unaffected parents were heterozy-
gous for the deletion. The gene contained 69 exons and the deduced
protein of 3096 amino acids was named chorein. The 260-bp deletion
was present in the coding region and resulted in a frame shift and
production of a truncated protein (Ueno et al., 2001).

In a large study of 43 patients, 57 different mutations were identi-
fied in CHAC/VPS13A (Dobson-Stone et al., 2002). In 7 patients, only
one heterozygous mutation was found; in 4 patients, no disease mu-
tation was found, possibly due to undetected, small deletions. In a
Japanese family, initially reported to have autosomal dominant inher-
itance of ChAc (Ishida et al., 2009; Saiki et al., 2003), the second
VPS13A mutation was subsequently reported (Tomiyasu et al., 2011)
refuting this assumption regarding inheritance (Bader et al., 2009).

In 11 affected members of 5 apparently unrelated French Canadian
ChAc families, a single deletion of exons 70–73 was identified in the
CHAC/VPS13A gene (Dobson-Stone et al., 2005). Haplotype analysis
indicated a founder effect. A list of 95 pathogenic mutations is pre-
sented in a recent review (Dobson-Stone et al., 2010), with some re-
cent additions (Tomiyasu et al., 2011).

The CHAC/VPS13A gene belongs to a family of 4 related genes: VPS13A
through VPS13D, on chromosomes 9q21, 8q22, 15q21, and 1p36, respec-
tively (Velayos-Baeza et al., 2004). VPS13B (COH1) is a Golgi matrix pro-
tein (Seifert et al., 2011) which is altered in individuals with Cohen
syndrome (OMIM 216550), a rare autosomal recessive disorder charac-
terized by non-progressive psychomotor retardation and microcephaly,
retinal dystrophy, neutropenia, and characteristic facial features
(Kolehmainen et al., 2003). Disrupted Golgi organisation was found in fi-
broblasts from patients with this syndrome (Seifert et al., 2011). An ani-
mal model of the disease in dogs (Border collies with a small exon 19
VPS13B deletion) is mainly characterized by bone marrow abnormalities
with deficiency in segmented blood neutrophils, the so-called “trapped
neutrophil syndrome”, but also occasional circulating nucleated erythro-
cytes (Shearman and Wilton, 2011). No human disorders have yet been
associated with the VPS13C or VPS13D genes. All four human VPS13
genes have multiple splicing variants.

On neuropathological examination there is marked neuronal loss,
with microglial, astroglial and oligodendroglial activation within the
caudate nucleus and the substantia nigra. The putamen and the exter-
nal and internal globus pallidus are somewhat less affected. The cere-
bral cortex is unaffected (Bader et al., 2008).

A mouse model of ChAc has been developed with a deletion of
VPS13A exons 60–61, which shows acanthocytosis and late-onset
motor disturbance but no involuntary movements (Tomemori et al.,
2005). Brain pathology demonstrated apoptotic cells in the striatum.
Levels of homovanillic acid, a dopamine metabolite, were reduced in
the midbrain (Tomemori et al., 2005). These mice had significantly
higher levels of gephyrin, a GABAA receptor-anchoring protein, and
GABRG2, the GABAA receptor γ2 subunit, in the striatum and hippo-
campus, suggesting that loss of chorein may lead to a compensatory
upregulation of these proteins to prevent striatal degeneration
(Kurano et al., 2006). With an antibody against a VPS13A peptide,
protein expression was studied in mouse tissue and found in brain,
testis, kidney, spleen, muscle, heart, lung, ovary, with lower expres-
sion in other tissues (Kurano et al., 2007). The highest expression
level was found in testis, where it plays an essential role, as male
ChAc mice are infertile. Preliminary data show high chorein expres-
sion in human testis (Bader et al. unpublished). Chorein was seen
throughout all parts of the brain. Analysis of fractionated brain tissue
showed chorein mainly in the microsomal and synaptosomal pellet.
In accordance with the immunoblot data, chorein was found in all
parts of the brain and in testis by immunohistochemical analysis
(Kurano et al., 2007). Chorein was identified in Sertoli cells and sper-
matocytes, leading to comparison of chorein with VPS54, mutation of
which causes motor neuron disease and defective spermiogenesis in
mouse (Schmitt-John et al., 2005). VPS54 is a component of the
GARP tethering complex (Bonifacino and Hierro, 2011) which is in-
volved in retrograde endosome-TGN transport (Pérez-Victoria et al.,
2008, 2010). Thus, the biochemical and histochemical data of
Kurano et al. (2007) support a possible role of chorein in vesicle
trafficking.

Function of VPS13A/chorein
Little is known about the function of VPS13A/chorein. There are no

conserved domains or motifs in the sequence to indicate a specific
function (Rampoldi et al., 2001). However, the N- and C-terminal
regions show the highest conservation suggesting that they play a role
as binding domains in intermediate filament proteins and tethering
components. The yeast homologue, Vps13p (Soi1p), forms high molec-
ularweight complexes associatedwith vesiclemembranes. This protein
is required for proper intracellular trafficking of certain transmembrane
proteins (Kex2p, Ste13p, Vps10p) from the trans-Golgi network (TGN)
to the prevacuolar compartment (PVC) and recycling back to TGN
(Brickner and Fuller, 1997; Redding et al., 1996). Taking into account
that the human late endosomal (LE) compartment is the equivalent of
PVC, this cycling pathway resembles the human TGN-to-LE pathway,
which is characterized by the presence of mannose-6-phosphate
receptor. Thus, VPS13A/chorein may control one or more steps in the
cycling of proteins from the TGN to early and late endosomes and
back, and possibly to lysosomes and the plasma membrane. Using a
yeast in vitro assay for the delivery of protease Kex2p from TGN to
PVC, it was shown that Vps13p was directly required for clathrin—
GGA (Golgi-localising, Gamma-adaptin ear domain homology, ARF-
binding protein)—dependent trafficking. With membranes from
Vps13p null strains, the TGN to PVC trafficking was blocked but could
be rescued by addition of wildtype Vps13p (Fuller and De, 2010). A
summary diagram of the proposed VPS13A trafficking pathways and
functions is shown in Fig. 3.

Large orthologous proteins were not only identified in the yeast
Saccharomyces cerevisiae and in Schizosaccharomyces pombe (Soi1p/
Vps13p), but also in Caenorhabditis elegans, Drosophila melanogaster,
Arabidopsis thaliana, and Dictyostelium discoideum (TipC) (Rampoldi
et al., 2001; Ueno et al., 2001). In Tetrahymena thermophila, TtVPS13A
was identified as a phagosomal protein (Jacobs et al., 2006). A GFP-
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Fig. 3. Hypothetical model of VPS13A and XK trafficking pathways and functions. VPS13A is a peripheral membrane protein likely to follow the secretory pathway via Golgi and
trans-Golgi network (TGN) to the plasma membrane (PM). VPS13A may be endocytosed thus coating and/or tethering early or recycling endosomes (EE/RE). It may then translo-
cate to multivesicular bodies (MVB), late endosomes (LE) and lysosomes (Ly), respectively. Alternatively, it may take the direct route from TGN to MVB that is regulated by ESCRT
proteins or in the retrograde direction regulated by GARP proteins. Lack of VPS13A may impair the function of the MVB/LE/Ly compartment and the associated autophagic flux via
phagophores (Php), autophagosomes (APh) and autolysosomes (ALy), thus leading to lysosomal storage disease-like conditions. Likewise, chaperone-mediated autophagy (CMA)
will be impaired, which leads to inefficient elimination of toxic protein aggregates. Moreover, inefficient mitophagy of reactive oxygen radical (ROS)-damaged mitochondria (MT)
will lead to cell death. In ChAc erythrocytes, the Src-family kinase Lyn is overactive thus leading to aberrant PM-cytoskeleton association, whereas phosphatidylinositol 3-kinase
(PI3K/VPS34) activity is low. Downstream signaling via Rac1 and PAK1 leads to depolymerization of cortical actin filaments thus explaining the red cell shape change. Low PI3K
activity reduces phosphorylation of protein kinase B (PKB/AKT) and Bcl2-Antagonist of cell Death (BAD) thus inducing Bcl2-dependent apoptosis. AKT is an activator of the mam-
malian Target of Rapamycin (mTOR), which is a key regulator of autophagy. The XK protein is an integral membrane protein at the PM of erythroid cells and perinuclear endosomes
in neurons. It is hypothesized to be involved in the maintenance of phospholipid asymmetry, particularly of phosphatidylserine (PS). PS plays an important role in apoptotic sig-
naling, endocytic sorting and recycling, retrograde membrane traffic, and may play a role in the synthesis of sphingolipids. Due to the similarity of XK with CED8, it is hypothesized
that XK may be involved in cytochrome c (Cyt c)-induced caspase activation downstream of CED3. VPS13A pathways are highlighted in blue, while XK pathways are marked in red.
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tagged TtVPS13A fusion protein was found to associate with the
phagosome membrane during the entire phagocytosis cycle. The
TtVPS13A knockout displayed impaired phagocytosis and delayed di-
gestion of phagosomal contents (Samaranayake et al., 2011). These
data suggest that human VPS13A may also play a role in phagocytosis
or related pathways such as autophagy and lysosomal degradation.

Interacting partners of human VPS13A have not yet been identi-
fied. Although several human homologues of the furin-like protease
Kex2p are known, experiments to co-precipitate them with VPS13A
were not successful (Velayos-Baeza et al., 2008). Trafficking of endo-
somes along certain pathways is regulated by various tethering com-
plexes such as the CORVET, exocyst , GARP , and HOPS complexes
(Bröcker et al., 2010; Brown and Pfeffer, 2010). The ESCRT complexes
(ESCRT-0, -I, -II, -III and Vps4) are involved in the sorting of cargo
proteins along the multivesicular body (MVB) pathway (Hurley and
Hanson, 2010; Saksena and Emr, 2009; Saksena et al., 2007). ESCRT
complexes are also involved in neurodegeneration, specifically in a
type of frontotemporal dementia described in a single family with
CHMP2B mutations (Urwin et al., 2010).

Neurons require fast re-uptake of neurotransmitters and synaptic ves-
icle membranes for optimal function. In addition, neuronal endocytosis is
important for down-regulation of certain receptors, channels or pumps.
These membrane proteins are recognized by arrestin-related trafficking
adaptors (ARTs) that contain multiple PPXY (PY) motifs at the C-
terminus. PYmotifs are required for the recruitment of a Nedd4-like ubi-
quitin ligase that modifies the ARTs and membrane protein cargo (Lin et
al., 2008). The ubiquitinated cargo is internalized and targeted to theMVB
pathway for degradation. Defects in the ESCRTmachinery result in the ac-
cumulation of membranes, misfolded protein aggregates, ubiquitinated
protein inclusions, and defects in autophagic clearance (Saksena and
Emr, 2009). These features are characteristic for the majority of
neurodegenerative disorders, includingHuntington's and Parkinson's dis-
eases. A hypothetical scheme for ChAc pathogenesis is shown in Fig. 4.

The family of VPS proteins that shares an involvement in sorting of
yeast vacuoles is clearly heterogeneous in terms of function. It is never-
theless of considerable clinical interest that another member of this fam-
ily, VPS35, plays a role in the pathogenesis of both Parkinson´s and
Alzheimer's diseases (Sullivan et al., 2011; Vilariño-Güell et al., 2011;
Zimprich et al., 2011). VPS35 is part of the so-called retromer complex
that mediates retrograde transport from endosomes to the trans-Golgi
network (McGough and Cullen, 2011).

McLeod syndrome

MLS (OMIM #314850) is an X-linked, multisystem disorder
with central nervous system, neuromuscular, and hematologic mani-
festations in males (Danek et al., 2001a,b, 2004; Jung et al., 2007a,b).
Neuromuscular symptoms include nonspecific myopathy with weak-
ness and atrophy, and elevated serum levels of the muscle isoform of
CK (Jung et al., 2007a,b; Marsh et al., 1981). Although MLS myopathy
was originally denoted as “benign”, a recent study showed that this is
not the case (Hewer et al., 2007): half of all patients died from MLS-
related complications.

The hematologic features of MLS are red blood cell acanthocytosis,
compensated hemolysis, and the McLeod blood group phenotype
resulting from the absence of Kx antigen (XK protein) and weak ex-
pression of Kell blood group antigens. The Kell blood group system
can cause strong reactions to transfusions of incompatible blood and
severe anemia in newborns of Kell-negative mothers (Lee et al.,
2000). Heterozygous females have mosaicism for the Kell antigens
and acanthocytosis but usually lack basal ganglia neurodegeneration
and neuromuscular symptoms (Jung et al., 2007a,b).
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Fig. 4.Hypothetical scheme of NA pathogenesis. In chorea-acanthocytosis (ChAc), dysfunctional or absent VPS13Amay lead to inefficient transport of proteases from the trans-Golgi
network (TGN) to the late endosomal (MVB/LE) compartment. Lack of these proteases may cause the inefficient degradation of autophagosomal/lysosomal substrates, thus leading
to accumulation of toxic protein complexes or aggregates in lysosomes or cytosol. Moreover, impaired phosphatidylinositol 3-kinase (PI3K) signaling via downstream components
Rac1 and PAK1 leads to cortical actin depolymerization and also affects AKT-BAD signaling thus causing Bcl2 activation, apoptosis and neurodegeneration (ND). In erythroid cells,
actin depolymerization and inefficient degradation of proteins and organelles may cause an aberrant PM-cytoskeleton association that may lead to acanthocyte formation. Over-
active Lyn kinase will also interfere with PM-cytoskeleton interaction. In McLeod syndrome (MLS), absent XK protein may cause inefficient phospholipid transport, particularly
of phosphatidylserine (PS), at the PM and in endosomes. This leads to defective endocytic sorting and signaling and may impair sphingolipid synthesis that is important for myelin
formation. Reduced myelin will result in vulnerable axons and ND. The possible involvement of XK in an apoptotic pathway may also induce cell death and ND. In erythroid cells, the
absence of XK causes incomplete protein 4.1 complex (Fig. 2) formation. In addition, impaired synthesis of sphingolipids may lead to imbalance of the PM-cytoskeleton association
that may result in acanthocyte formation.
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The diagnosis of MLS is based on clinical and hematologic findings.
XK is the only gene currently known to be associated with MLS (Jung
et al., 2007a,b).

Molecular genetics and pathology of McLeod syndrome
The McLeod phenotype is caused by mutation in the XK gene lead-

ing to the lack of XK protein, which carries the Kx epitope. The XK
gene contains three exons and is located in the chromosome region
Xp21.1. The majority of XKmutations comprise deletions, nonsense mu-
tations, or splice-sitemutations predicting absent or truncated XK protein
suggesting loss of function (Ho et al., 1994, 1996). Larger X-chromosomal
deletions including the XK gene may result in a contiguous gene syn-
drome, comprising X-linked chronic granulomatous disease (CGD;
OMIM 306400), Duchenne muscular dystrophy (DMD; OMIM 310200),
and X-linked retinitis pigmentosa (RP3; OMIM 300389) (Brown et al.,
1996; El Nemer et al., 2000). The XK-associated red cell membrane pro-
tein Kell is encoded by the KEL gene (OMIM 110900), composed of 19
exons, located at chromosome 7q33. Deletion of the KEL gene is not asso-
ciated with MLS or other hereditary diseases (Yu et al., 2001).

XK is a membrane protein consisting of 444 amino acids that is pre-
dicted to have 10 transmembrane domains (Ho et al., 1994) and has
structural characteristics of a transport protein. In red cells, XK forms a
complexwith Kell protein (Fig. 5) (Lee et al., 1991; Russo et al., 1998). To-
gether with band 3, Rh, Duffy, and glycophorin C, these proteins are part
of the 4.1R-associated multiprotein complex (Fig. 2) (Mohandas and
Gallagher, 2008) that is connected to the actin-spectrin cytoskeleton
and regulated by phosphorylation (Gauthier et al., 2011). XK is widely
expressed in various tissues, especially in brain and skeletal muscle,
whereas Kell is primarily expressed in complex with XK in erythroid
cells, testis, and skeletal muscle (Russo et al., 2000). In situ hybridization
histochemistry (ISHH) and RT-PCR of mouse tissues showed that XK is
expressed in brain with high amounts in the pontine region, olfactory
lobe, and cerebellum (Lee et al., 2007). Coexpression of Kell andXK in ery-
throid tissues and the different expressions in non-erythroid tissues sug-
gest that XKmay have a complementary hematological functionwith Kell
and a separate role in other tissues (Lee et al., 2007). ISHH and immuno-
histochemistry of rodent and human brain also revealed the independent
localization of XK andKell, XK being expressed in neurons throughout the
whole brain, whereas Kell expressionwas restricted to the red cells in ce-
rebral vessels (Clapéron et al., 2007). In contrast to the localization of XK
on the red cell membrane, neuronal XK is located in intracellular com-
partments such as ER, Golgi vesicles, and endosomes, suggesting a cell
specific trafficking pattern and function. A summary diagram of proposed
XK trafficking pathways and functions is illustrated in Fig. 3.

XK shows weak similarity to the C. elegans protein CED8, a mem-
brane protein with 10 transmembrane domains that plays a role as
a cell death effector downstream of the caspase CED3 (Stanfield and
Horvitz, 2000). CED8 and XK may act as transporters involved in
maintenance of membrane phospholipid asymmetry, possibly for
phosphatidylserine, which is an early marker of apoptosis and signal
for cell engulfment. A defect in membrane lipid equilibrium between
inner and outer membrane leaflets may also explain the acanthocytic
morphology. The hypothetical scheme of MLS pathogenesis is shown
in Fig. 4.

The Kell protein, also known as CD238 antigen, is a highly polymor-
phic type II red cell membrane glycoprotein of 93 kDa (732 amino
acids)with a short cytoplasmic N-terminus and a large extracellular do-
main that gives rise to over 30 different alloantigens (Lee et al., 2000). In
the red cell membrane, Kell is bound to XK by a disulfide bond between
Kell Cys-72 and XK Cys-347 close to the extracellular surface. Kell is an
enzymatically active member of the large family of zinc-dependent en-
dopeptidases, the neprilysin (M13) subfamily of mammalian neutral
endopeptidases (Lee, 1997) including endothelin converting enzyme-
1 (ECE-1). ECE-1, a disulfide-linked homodimer type II membrane gly-
coprotein, converts big endothelins 1–3 (big ET1–3) into the biological-
ly active peptides ET1-3, with a preference for big ET1. The propeptide
proET1 is processed to big ET1 by a furin-like convertase (Denault
et al., 1995). Similar to ECE-1, the soluble, extracellular domain of Kell
cleaves big ET3 to generate the 21-amino acid active ET3 peptide (Lee
et al., 1999, 2000). Endothelins are vasoactive peptides derived from
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Fig. 5. Kell and XK complex showing multiple cysteine residues in the transmembrane regions (TMRs) of XK and ecto-domain of Kell protein. Cysteine residues are marked by “C”;
the disulfide linkage between Kell Cys72 and XK Cys347 is shown by a dotted line. Putative N-glycosylation sites on the Kell glycoprotein are marked “Y”. The location of the zinc-
binding, enzymatic active site of Kell is shown as HELLH. The C-terminal domain of Kell, depicted as a thick line, is conserved in the M13 family of zinc endopeptidases. Courtesy of
Soohee Lee, PhD. Reprinted with permission from Lee S "The value of DNA analysis for antigens of the Kell and Kx blood group systems" Transfusion, 2007; 47, Supplement S1:32S–
39S.
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endothelium; however, ET3 is expressed in trophoblasts and placental
stem villi (Onda et al., 1990). In mouse embryos, ET3 plays a role as
an axonal guidance cue for developing sympathetic neurons (Makita
et al., 2008). Acting through the G protein-coupled receptor, EDNRA,
ET3 directs extensions of axons from the superior cervical ganglion to
a preferred intermediate target, the external carotid artery, which
serves as the gateway to select targets (Makita et al., 2008). EDNRB
acts as an anti-apoptotic neuronal survival factor in the dentate gyrus
in rodents and man, both during postnatal development and under
pathological conditions (Ehrenreich et al., 2000). These findings estab-
lish a previously unknown mechanism of axonal pathfinding involving
vascular-derived endothelins, and have broad implications for endothe-
lins as general mediators of axonal growth.

The expressions of Kell glycoprotein and XK are each affected by
the absence of the other partner. McLeod red cells, which lack XK,
have reduced Kell antigen expression. The complete lack of Kell
blood group antigens is known as Kell null (K0)-phenotype (Lee et
al., 2000, 2001; Yu et al., 2001). Red cells from K0 phenotypes have
less XK protein, however, the serologically determined Kx antigen in-
creases, possibly due to unmasking of the Kx epitope when Kell is
missing (Lee et al., 2000, 2007). Red cells of Kell knockout (KO)
mice lack Kell glycoprotein and ECE-3 activity, and have reduced
levels of XK, as in human K0 red cells, but XK levels in non-
erythroid tissues are unchanged (Zhu et al., 2009). These mice display
very discrete motor abnormalities (decline in forelimb strength, hin-
dlimb foot splay in the drop test, falls on the rotarod test) yet in
humans, lack of Kell protein - in contrast to the McLeod situation —

so far has only been associated with absent ECE activity and transfu-
sion risks but no other abnormalities (Yang et al., 2011).

Huntington's disease-like 2

HDL2 was first described by Margolis and colleagues (Margolis et
al., 2001) as an autosomal dominant neurodegenerative disease asso-
ciated with CAG repeat expansion. The mutation leading to HDL2 is a
CTG/CAG repeat expansion on chromosome 16q24.3, in the gene
encoding junctophilin-3 protein (JPH3; Holmes et al., 2001).

JPH3 is a member of a conserved family of membrane proteins, the
junctophilins (Takeshimaet al., 2000),which are components of junction-
al complexes between the plasmamembrane (PM) and the endoplasmic/
sarcoplasmic reticulum (ER/SR). They appear to mediate cross-talk of PM
components with calcium channels in the ER/SR membrane and are thus
involved in signal transduction. JPH3 contains an N-terminal PM-binding
domain and a C-terminal hydrophobic domain spanning the ER/SRmem-
brane. In contrast to the other junctophilins, which are expressed in skel-
etal muscle and heart, JPH3 is predominantly expressed in the brain.

HDL2 presents in midlife with abnormalities of movement, psy-
chiatric syndromes, weight loss, and dementia progressing to death
over 10 to 20 years (Margolis, 2009; Margolis and Rudnicki, 2008).
It is a rare disease that so far has only been detected in individuals
of African ancestry. In South Africa, HDL2 is almost as common as
HD (Krause et al., 2002; Margolis et al., 2004) suggesting a South Af-
rican origin of HDL2.

Molecular genetics and pathology of Huntington's disease-like 2
The CTG/CAG repeat expansion in HDL2 resides in JPH3 exon 2A

which is not part of the full-length JPH3 transcript. At least three JPH3
splice variants containing exon 2A have been identified, with the repeat
region in frame to encode polyalanine or polyleucine, or falling within
the 3′ untranslated region. In a fraction of HDL2 patients acanthocytosis
was detected on peripheral blood smear (Walker et al., 2002, 2003),
thus HDL2 is included among the NA syndromes. The potential role of
JPH3 in red blood cell morphology remains to be determined. HDL2 is
clinically, genetically, and neuropathologically very similar to Hunting-
ton's disease (HD). One of the pathologic hallmarks of HDL2 is the pres-
ence of protein inclusions which are detectable with antibodies known
to be at least partially selective for expanded polyglutamine (Holmes et
al., 2001; Rudnicki et al., 2008). The presence of these inclusions in
HDL2 brains has led to the hypothesis that expanded polyglutamine
tracts, potentially encoded by a cryptic gene on the DNA strand anti-
sense to JPH3, are the key to the pathogenesis of HDL2.

Recently, amousemodel of HDL2has been generated by introducing
a bacterial artificial chromosome (BAC) transgene containing the entire
human JPH3 gene with a repeat of>120 CTG/CAG triplets (Wilburn et
al., 2011). A CAG repeat-containing transcript from the strand antisense
to JPH3was detected in these mice, along with expression of JPH3 tran-
scripts containing the expanded repeat. Bidirectional transcription ap-
pears to be common in the mammalian genome (Lindberg and
Lundeberg, 2010) and was detected in the loci involved in a number
of trinucleotide repeat diseases, including myotonic dystrophy 1 (Cho
et al., 2005), spinocereballar ataxia type 8 (Moseley et al., 2006), Fragile
X syndrome (Ladd et al., 2007), spinocerebellar ataxia 7 (Sopher et al.,
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2011) and HD (Chung et al., 2011). The HDL2 BACmice accumulate nu-
clear inclusions similar to those observed in HDL2 patients, and develop
a progressivemotor phenotype. Inclusions andmotor abnormalities are
also found in a variant of this mouse model in which a mutation has
been introduced to block expression of JPH3, so that only the cryptic an-
tisense gene is expressed. Together, these results suggest that the poly-
glutamine tract encoded by the cryptic antisense gene is sufficient to
cause the observed neuropathological and motor phenotypes in the
mouse model. Whether this applies to the human disease is less clear.
Normal antisense JPH3 transcripts were identified in human control
and HDL2 brains, however no expanded antisense transcripts and no
expanded polyglutamine-containing tracts have been detected in
HDL2 brains (Seixas et al., 2012).

While low levels of expanded polyglutamine tracts, undetectable
using conventional methods, may be expressed in HDL2 brains, it
seems unlikely that this would be sufficient to fully explain the path-
ogenesis of HDL2. Indeed, there is growing evidence that an RNA
gain-of-function mechanism also contributes to HDL2 pathogenesis.
JPH3 exon 2A transcripts with the expansion are toxic to both neuro-
nal and non-neuronal cells (Rudnicki et al., 2007). JPH3 transcripts
with an expanded repeat aggregate in HDL2 brain to form foci.
These RNA foci appear to sequester splicing factors, with potential
pathogenic significance. Further, and more speculatively, this aggre-
gation of JPH3 may lead to loss of expression of JPH3 protein, with
subsequent toxicity via loss of function (Rudnicki et al., 2007, 2008).
Overall, HDL2 appears to be a complex disease, with bidirectional
transcription leading to toxic RNA, toxic protein, and potential loss
of normal function.

Neurodegeneration with brain iron accumulation

Pantothenate kinase-associated neurodegeneration

In 2001 the first NBIA gene, coding for pantothenate kinase 2
(PANK2), was identified in 32 of 38 individuals with classical symp-
toms of NBIA who carried two mutant alleles in the PANK2 gene
(Zhou et al., 2001). This disorder is now referred to as pantothenate
kinase-associated neurodegeneration (PKAN) and accounts for ap-
proximately 50% of NBIA cases (Gregory et al., 2009; Hayflick et al.,
2003; Zhou et al., 2001). PKAN can be subdivided in two categories;
classic PKAN and atypical PKAN, based on the age at onset and rate
of progression of the disease. While this categorization remains use-
ful, the phenotypic spectrum is, in fact, a continuum. In general the
age of onset correlates with the severity of the mutation, and patients
with two null mutations have an early onset, usually before the age of
6 (Hartig et al., 2006). Clinical features of classic PKAN are severe dys-
tonia, dysarthria, and occasional acanthocytosis. In about two thirds of
patients, clinical pigmentary retinopathy occurs (Egan et al., 2005). In
Fig. 6. MRI in PKAN.T2-weighted MRI of control (A) and subject with PKAN (B), showing a
damage) surrounded with hypointensity (representing high levels of iron; outlined by the d
ganglia from a subject with PKAN, showing iron deposition (arrow) in the globus pallidus.
later onset or atypical PKAN, neuropsychiatric symptoms are frequently
reported and include cognitive decline, depression, emotional lability
and impulsivity. Parkinsonism is common in atypical PKAN (Hayflick
et al., 2003). On T2-weighted MR images, there is a distinct pattern of
signal hyperintensity (fluid accumulation or edema representing tissue
damage) surrounded with hypointensity (representing high levels of
iron) in the globus pallidus, called the ‘eye-of-the-tiger’ sign (Kruer et
al., in press) (Figs. 6A,B). In post mortem tissue at low power, frank
iron deposition can sometimes be seen (Fig. 6C), while at high power,
neuroaxonal spheroids showing intense staining of ubiquitin were
reported, representing axonal degeneration (Kruer et al., 2011). The ob-
served pathologywasmainly limited to the globus pallidus. It is unclear
why the globus pallidus seems to be most affected as human PANK2 is
widely expressed in other tissues.

Molecular genetics and pathology of PKAN
The human genome contains 4 distinct genes coding for pantothe-

nate kinase: PANK1, PANK2, PANK3 and PANK4. Only mutations in
PANK2 are associated with PKAN. Human PANK1, 2 and 3 are highly
structurally similar to Pank1, 2 and 3 in mice, whereas PANK4/Pank4
are both structurally related to PANK genes in S. cerevisiae and C. elegans
(Zhou et al., 2001). Pantothenate kinase is an enzyme required for the
first conversion step of the de novo biosynthesis route of coenzyme A
(CoA) starting from Vitamin B5 (or pantothenate) (Leonardi et al.,
2005). CoA is an essential cofactor for over 100 metabolic reactions
and is required for fatty acid metabolism, Krebs cycle, and amino acid
synthesis among others (Leonardi et al., 2005). It is not currently under-
stood why mutations in PANK2 lead to the specific symptoms of PKAN,
nor what the specific functions of the 4 distinct mammalian proteins
are, whether there exists redundancy of their specific functions, or
whether they have additional functions besides their essential role in
CoA biosynthesis. It is also unclear whether or not CoA levels are influ-
enced in different tissues or in different subcellular compartments
when specific PANK genes are disturbed in humans. In order to address
these questions, animal models are required; however recent work
shows that theremay be differences in the specific functions of the pan-
tothenate kinase proteins between mice and humans.

Although the mouse Pank2 gene is structurally highly similar to
human PANK2 and the regulatory properties of the PanK2 enzymes
from both species are comparable (Leonardi et al., 2007b), recent
work from available mouse models suggest that the specific function
of human and mouse PanK2 in tissue homeostasis may differ
(Leonardi et al., 2007b). Pank2KOmice do not show impaired locomo-
tor behavior, decreased life span or iron accumulation (Kuo et al.,
2005). This may in theory be due to the ability of mouse PanK1 and
3 to compensate for the loss of mouse PanK2. It is unlikely that
PanK4 compensates for loss of PanK2 in mice as PanK4 does not
show enzymatic activity (Zhang et al., 2007). Another explanation
central area of signal hyperintensity (fluid accumulation or edema representing tissue
ashed oval) in the globus pallidus. (C) Gross view of a coronal section through the basal
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for the different consequences of defective pantothenate kinase in
humans and mice may be due to differences in the subcellular locali-
zation in the two species. In humans PANK2 is localized inmitochondria
(Hortnagel et al., 2003; Kotzbauer et al., 2005) whereas localization of
mouse PanK2 has been reported in mitochondria (Kuo et al., 2005) as
well as cytoplasm (Leonardi et al., 2007b). In humans, localization of
PANK2 may be linked to a distinctive mitochondrial function, which
when disturbed leads to neurodegeneration. It has not been investigated
whether the othermouse PanKs localize tomitochondria. The tissue spe-
cific abundance of the pantothenate kinase proteins in human and mice
also differs. PANK2 is the most abundant form in human brain, whereas
PanK3 is the most abundant form in murine brain (Leonardi et al.,
2007b).

Pank1 KOmice have also been generated in order to study the con-
sequences of disrupted de novo synthesis of CoA (Leonardi et al.,
2010). Pank1KO mice have lower CoA levels in the liver, and during
fasting, fatty acid oxidation was impaired resulting in accumulation
of long chain acyl-CoAs, acyl-carnitines and triglycerides, seen as
lipid droplets. Gluconeogenesis was also impaired during fasting.
Pank1 KO mice do not show any signs of locomotor defects or neuro-
degeneration. This study demonstrated that lower CoA levels induced
by disruption of the main cytosolic pantothenate kinase results in de-
fects in fatty acid oxidation. In human brain PANK2 is expressed rela-
tively abundantly, therefore it may be possible that in PKAN patients,
brain fatty acid oxidation is compromised, leading to lipid dysho-
meostasis with resulting neuronal abnormalities (Fig. 7).

Additional insights concerning consequences of disturbed CoA me-
tabolism and possible links to neurodegeneration came from models
in the fruitfly (D. melanogaster). The fruitfly possesses only one pank
gene, referred to as fumble, fbl (Afshar et al., 2001) or as dPANK/fbl
(Bosveld et al., 2008). This gene encodes five isoforms of pantothenate
kinase, one of which contains a mitochondrial targeting signal and lo-
calizes to mitochondria (Wu et al., 2009). dPANK/fbl homozygous mu-
tants show severely disrupted mitochondria, progressive locomotor
defects, neurodegeneration, and male and female sterility (Afshar et
al., 2001; Bosveld et al., 2008; Rana et al., 2010; Wu et al., 2009). No
signs of iron accumulation, however, were observed. Themitochondrial
isoform of fruitfly pank seems to be the essential one, because overex-
pression of only this isoform but not the others showed a complete
Fig. 7. Hypothetical scheme of neurodegeneration in NBIA disorders. Impaired mitochondria
sition. This combination may lead to neurodegeneration. A similar order of events is sugges
tinopathy and aceruloplasminemia, aberrant iron homeostasis and accumulation also resul
rescue of all phenotypic features (Wu et al., 2009). Overexpression of
human PANK2 in a dPANK/fbl mutant background also resulted in a
more complete rescue compared to overexpression of human PANK3
or PANK4 (human PANK1 was not tested) (Wu et al., 2009). These
data suggest that mitochondrially-localized pantothenate kinase is
able to compensate for the other forms. These data obtained from
human, mice and Drosophila strongly suggest that disturbance of
mitochondrially-localized forms are strongly linked to neurodegenera-
tion. Thework of Leonardi et al. (2007a) provided compelling biochem-
ical evidence that the mitochondrial localization of Pank2 is important
to upregulate CoA biosynthesis when demand for mitochondrial β-
oxidation is increased. In addition, the presence of a specific mitochon-
drial fatty acid synthesis pathway that is required for the maintenance
of phospholipids of the mitochondrial membrane has been described
(Schneider et al., 1995, 1997). Together, it may be that disturbed func-
tion of pantothenate kinase 2 leads to defects in fatty acid synthesis
and β-oxidation, leading to lipid dyshomeostasis especially in mito-
chondria and neurodegeneration. The link to iron accumulation re-
mains unknown.
Neuroaxonal dystrophy

Neuroaxonal dystrophies (NAD) are neurodegenerative disorders
characterized by the presence of spheroids in degenerating axons
throughout the nervous system. Upon electron microscopic examination
an accumulation of membranes with tubulovesicular structures is ob-
served within the spheroids (Kimura, 1991; Liu et al., 1974). Spheroids
can also be detected at the light microscopic level using hematoxylin
and eosin staining. Classically, NAD is a progressive disease beginning in
infancy (INAD), with neurodevelopmental arrest and severe hypotonia,
followed by ataxia, dystonia, optic atrophy, peripheral neuropathy and a
general intellectual and motor decline. In many patients suffering from
NAD, cerebellar atrophy and accumulation of iron in basal ganglia is ob-
served (Gregory and Hayflick, 2011). In 2006, a causative gene for INAD,
PLA2G6was identified (Morgan et al., 2006). PLA2G6 encodes iPLA2-VI, a
calcium-independent phospholipase A2 (also referred to as iPLA2 or
iPLA2β). Some patients lack mutations in PLA2G6, thus there must be
other causative genes for INAD (Morgan et al., 2006).
l function in PKAN, PLAN, and MPAN is associated with oxidative stress and iron depo-
ted to occur in FAHN with impaired lipid homeostasis as a starting point. In neuroferri-
t in neurodegeneration.

image of Fig.�7
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Examination of post mortem tissue demonstrated neuroaxonal
spheroids with intense staining of ubiquitin as well as a-synuclein
positive Lewy bodies, dystrophic neurites and neurofibrillary tangles
(Gregory et al., 2008; Paisan-Ruiz et al., 2012). These features are
also found in Alzheimer's and Parkinson's diseases and may suggest
that INAD and these more common diseases share a similar patho-
genesis. Whereas in PKAN the globus pallidus is mainly affected, in
INAD spheroids, gliosis and neuronal loss are also observed in the
substantia nigra pars reticulata, cerebellar white matter, nucleus gra-
cilis and dentate nucleus (Paisan-Ruiz et al., 2012). Indeed axonal de-
generation is seen throughout the central and peripheral nervous
systems.

PLA2G6 mutations have also been discovered in cases of early-
onset parkinsonism with phenotypes including dystonia, dementia,
and frontotemporal atrophy but not necessarily brain iron accumula-
tion (Kauther et al., 2011; Paisan-Ruiz et al., 2009; Yoshino et al.,
2010).

Molecular genetics and pathology of neuroaxonal dystrophy
Phospholipase A2 enzymes catalyze the hydrolysis of glycero-

phospholipids at the sn-2 position and form free fatty acids such as
arachidonic acid and lysophospholipids (Burke and Dennis, 2009;
Schaloske and Dennis, 2006; Winstead et al., 2000 ). A major function
of iPLA2 is to mediate phospholipid remodeling, thus disrupted func-
tion of iPLA2 will result in altered lipid homeostasis. Membrane phos-
pholipids may undergo peroxidation by reactive oxygen species
(ROS). Mitochondria are considered the most important cellular
source for ROS (Cadenas, 2004). The peroxidized fatty acid residues
in cells can be selectively cleaved and replaced with native fatty
acids (van Ginkel and Sevanian, 1994). iPLA2 is found in mitochon-
dria, and overexpression of iPLA2 protects these organelles from oxi-
dative stress induced by staurosporine (Seleznev et al., 2006;
Williams and Gottlieb, 2002). It is possible that iPLA2 may be required
to protect mitochondria from peroxidative damage, by replacing per-
oxidized fatty acid residues, and when disturbed this leads to dys-
functional mitochondria and neurodegeneration (Fig. 7).

The mouse model of INAD (iPLA2β-KO) develops age-dependent
neurological impairment and ubiquitin-positive spheroids containing
tubulovesicular membranes, similar to those observed in INAD (Malik
et al., 2008). Mitochondrial remnants were also observed within the
membranes although no abnormal mitochondria were reported. In
the iPLA2β-KO mouse ubiquitinated proteins were observed enriched
in the more insoluble fractions, indicating increased pathologic protein
accumulation. Another similarity with humanswas the accumulation of
α-synuclein; however, despite the remarkable neuropathological simi-
larities, rather disappointingly, the mouse model did not show brain
iron accumulation. An earlier onset, more severe murine phenotype as-
sociated with specific mutations in the Pla2g6 gene (Wada et al., 2009)
may serve as a better model of human disease.

Studies of autophagy were performed by crossing the iPLA2 KO
mouse (Zhao et al., 2010) with a transgenic mouse expressing GFP-
LC3, which labels autophagosomes. After a 2-day starvation period,
only few autophagic puncta were seen in the wild-type brain,
while there was a dramatic increase of these markers of autophagy
in the iPLA2 KO brain (Ma, 2010). This may result in the accumulation
of aggregated material leading to neurodegeneration in INAD and
NBIA.

Fatty acid hydroxylase-associated neurodegeneration

Another subtype of NBIA is caused by mutations in the gene encod-
ing fatty acid-2 hydroxylase, FA2H, (Kruer et al., 2010). Clinical symp-
toms of FAHN (fatty acid hydroxylase-associated neurodegeneration)
begin typically with childhood-onset focal dystonia of the lower limbs.
Subsequently patients develop progressive ataxia and dysmetria fol-
lowed by spastic tetraparesis and optic atrophy. Intellectual impairment
and seizures are common later in the course of disease. In addition to
basal ganglia iron accumulation, brain MRI demonstrates white matter
involvement in this distinctive form of NBIA.

Molecular genetics and pathology of FAHN
Fatty acid hydroxylase is required for the formation of 2-hydroxy fatty

acids (hFA) (Alderson et al., 2004; Eckhardt et al., 2005), which are
among the most important building blocks of sphingolipids in mammals
(for review see Hama, 2010). Based on this it is likely that mutations in
FA2H affect the synthesis of sphingolipids,with resultant neurodegenera-
tion (Fig. 7). Of note, CoA is also required, along with ATP, to synthesize
hFA-dihydroceramide, which is an intermediate product in the biosyn-
thesis of hFA-sphingolipids.

A mouse model of FAHN, which had absent 2-hydroxylated sphin-
golipids in brain and peripheral nerves, shows axonal and myelin
sheath degeneration and impaired locomotor skills, but only at
older ages (22 months). These results indicate that 2-hydroxylated
sphingolipids are not required for the development and formation
of myelinated structures; however, they are required for long-term
maintenance in ageing mice (Zoller et al., 2008). It was not deter-
mined whether iron accumulates in brain in FA2H KO mice.

Neuroferritinopathy

The only autosomal dominant form of NBIA, neuroferritinopathy
(NFT) is caused by mutations in the ferritin light chain gene, FTL
(Curtis et al., 2001; Mancuso et al., 2005; Vidal et al., 2004). NFT
leads to a complex neurological phenotype characterized by adult
onset of parkinsonism, chorea, dystonia, spasticity, ataxia, dementia
and autonomic features. Iron and ferritin positive elements were ob-
served in brain tissue such as in the caudate nucleus, putamen, globus
pallidus, thalamus and dentate nucleus. Cavitations, not seen in other
forms of NBIA, occur in the basal ganglia (Curtis et al., 2001; McNeill
et al., 2008a). A mouse model has recently been developed (Vidal et
al., 2008), which exhibits signs of increased oxidative stress and
DNA damage, particularly in mitochondria (Deng et al., 2010), with
ferritin inclusion bodies in the brain similar to those seen in human
NFT (Barbeito et al., 2009).

Molecular genetics and pathology of neuroferritinopathy
Ferritins are heteropolymers composed of light (FTL) andheavy sub-

units (FTH1) (Harrison and Arosio, 1996) and are required for normal
iron homeostasis. Disease-causing mutations lead to disruption of the
C-terminus of the FTL polypeptide and this may alter the tertiary struc-
ture and stability, affecting the function of ferritin leading to abnormal
iron homeostasis. Ferritins have a dual function, playing a role in iron
detoxification as well as in iron reserve. While iron is essential for vari-
ous cellular processes such as neuronal development, and electron
transport (Beard and Connor, 2003), it may also be toxic, generating re-
active free radicals that eventually induce lipid peroxidation, DNA dam-
age and protein modifications. Ferritins are therefore key proteins in
maintaining the balance of iron levels. In a mouse model, mutant tran-
scripts of FTL were expressed in an otherwise wildtype background
resulting in a progressive decrease in locomotor performance, shorter
life span, dysregulation of iron metabolism, and in various neuronal
and glial inclusions (Vidal et al., 2008). Although the mouse phenotype
is more marked than that seen in humans, most abnormalities of the
mouse model resemble the pathology observed in NFT (Mancuso et
al., 2005; Vidal et al., 2004). The more severe features in the mouse
model are most likely due to the use of an exogenous promoter to
drive mutant FTL expression, whereas in patients the endogenous pro-
moter regulates expression of the affected allele. The results of the
mouse studies demonstrate that indeed one affected FTL gene induces
a dominant form of neuroferritinopathy. In addition, there was damage
to mitochondrial but not nuclear DNA (Deng et al., 2010), likely leading
to abnormal mitochondrial function and neurodegeneration (Fig. 7).
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It has been demonstrated that heteropolymers containing mutat-
ed or truncated light subunits show a reduced capacity to incorporate
iron and decreased stability, supporting the dominant negative action
of mutations and explaining the dominant transmission of the disease
(Baraibar et al., 2008, 2010; Luscieti et al., 2010).

Aceruloplasminemia

Patients with autosomal recessive aceruloplasminemia (ACP)
lack the ferroxidase activity of the multi-copper oxidase ceruloplas-
min, due to mutations in the ceruloplasmin gene (CP). This results in
iron deposition in the central nervous system, and also in the liver,
pancreas and other viscera. Clinical symptoms may include ataxia,
chorea, parkinsonism, dysarthria and progressive dementia, as well
as retinopathy (McNeill et al., 2008b; Miyajima, 2003; Xu et al.,
2004). Neuroimaging typically demonstrates widespread iron depo-
sition in basal ganglia nuclei. Diabetes mellitus is typical. In all pa-
tients with CP mutations evaluated so far, serum ceruloplasmin
was undetectable, ferritin was elevated and serum copper and iron
levels were low (McNeill et al., 2008b; Miyajima, 2003; Xu et al.,
2004).

Molecular genetics and pathology of aceruloplasminemia
Ceruloplasmin (Cp) is a protein of the α2-globulin fraction of human

blood serum and contains 95% of serum copper (Harris and Gitlin,
1996). Cp expressed by hepatocytes is released in the serum, but it is
also expressed in brain where Cp is expressed as a specialized glycosyl-
phosphatidyl-inositol (GPI)-anchoredmembrane bound form in astroglia
(reviewed in Vassiliev et al., 2005;McNeill et al., 2008b). Cp oxidizes Fe2+

to Fe3+ and was named ferro-O2-oxidoreductase. It plays a crucial role in
the mobilization of iron from tissues (Osaki, 1966; Osaki et al., 1966,
1971). Reported mutations lead to abolished protein synthesis or disrup-
tion of ferroxidase function, with inhibition of iron efflux from neuronal
tissue (McNeill et al., 2008b). De Domenico and coworkers reported an
additional mechanism of Cp and showed that expression of wild-type
GPI-anchored Cp is required for normal stabilization of the iron exporter
ferroportin. Loss of function mutations in Cp destabilize ferroportin pro-
teins, resulting in decreased iron transport towards the plasma and in-
creased storage of intercellular iron (De Domenico et al., 2007). These
data explain how mutations in Cp can lead to iron depositions, what the
exact mechanisms remains to be elucidated (McNeill and Chinnery,
2011; Texel et al., 2008. Iron deposition has been detected in astrocytes
and neurons in the basal ganglia, thalamus and cerebral and cerebellar
cortices of ACP affected individuals (Kono andMiyajima, 2006). Increased
concentrations of Fe2+ result in acceleration of hydroxyl radical (HO•)
production in the presence of hydrogenperoxide (H2O2), the Fenton reac-
tion, likely resulting in increased oxidative stress (Yoshida et al., 2000). In-
creased oxidative stress will in turn lead to lipid dyshomeostasis and
neurodegeneration (Fig. 7), as demonstrated by increased lipid peroxida-
tion in the brains of ACP patients (Kono and Miyajima, 2006).

A mouse model of ACP has been generated and CP−/− adult mice
show a progressive accumulation of iron in reticuloendothelial cells
and hepatocytes (Harris et al., 1999). In later studies loss of CP in
mice was shown to result also in abnormal locomotor behavior, in-
creased iron deposition in the cerebellum and the brainstem, coincid-
ing with increased lipid peroxidation (Patel et al., 2002).

Mitochondrial membrane protein associated neurodegeneration

Themost recently-discovered subtype of NBIA is caused bymutations
in C19orf12, a gene coding for a protein which co-localizes with mito-
chondria, explaining the acronymMPAN (mitochondrial membrane pro-
tein associated neurodegeneration) (Hartig et al., 2011). Compared with
PKAN patients, the age of onset is later inMPAN-affected individuals and
the disease progresses more slowly. In all reported cases T2-weighted
MRI revealed hypointensities in the globus pallidus and substantia
nigra, indicative of high levels of iron. Psychiatric signs such as impulsive
or compulsive behavior, depression and emotional labilitywere common
(Hartig et al., 2011), is common to seen also in PKAN. Histopathological
examination revealed iron-containing deposits, axonal spheroids, α-
synuclein-positive Lewy bodies and Lewy body-like inclusions, sparse
Lewy neurites and hyperphosphorylated tau-containing neuronal inclu-
sions in various regions of the brain (Hartig et al., 2011).

Molecular genetics and pathology of MPAN
The affected gene inMPAN codes for a protein that is expressed inmi-

tochondria (Fig. 7), based on evidence from GFP-tagged protein studies
and specific antibody staining. The cellular function of C19orf12 is cur-
rently unknown, however in silico analysis predicts a transmembrane re-
gion (Hartig et al., 2011). The encoded protein is highly conserved
throughout evolution enabling future functional studies in animal
models.

Iron and neurodegeneration

Iron accumulation in the brain is a hallmark of many neurodegenera-
tive diseases. It is found not only in NBIA but also in Parkinson's and Alz-
heimer's diseases (Zecca et al., 2004), and in Huntington's disease
(Bartzokis et al., 2007). Huntingtin plays a role in the iron trafficking
pathway and metabolism (Hilditch-Maguire et al., 2000; Lumsden et
al., 2007). Moreover, it is clear that iron progressively accumulates in
the brain with normal aging, and that iron-induced oxidative stress can
cause neurodegeneration (Zecca et al., 2004). Recently, our understand-
ing of iron regulatorymechanisms and their relevance to neurodegenera-
tion has greatly improved. The iron regulatory proteins 1 and 2 (IRP1 and
IRP2) regulate the expression of numerous proteins involved in cellular
iron metabolism (Rouault, 2006). When cells are iron-depleted, IRP1
and 2 bind to stem-loops in transcripts known as iron-responsive ele-
ments (IREs). IRP binding to IREs at the 3′-end stabilizes transferrin re-
ceptor mRNA but represses transcripts with IREs at the 5′-end such as
ferritin H and L chains. IRP1 is an iron-sulfur protein that functions as
an aconitase in iron-replete cells while the homologous IRP2 is degraded
concomitantly. The IRP2 KO mouse presents with mild anemia, erythro-
poietic protoporphyria, and adult-onset neurodegeneration, apparently
resulting from functional iron deficiencywithin neurons and red cell pre-
cursors. IRP2KOmice showFe3+ accumulation in cerebralwhite matter,
and axonal degeneration with clumping of neurofilaments and mye-
lin invaginations. In populations of degenerating neurons, ferritin
co-localizes with iron accumulations, and iron-laden oligodendro-
cytes accumulate ubiquitin-positive inclusions, demonstrating that
misregulation of iron metabolism leads to neurodegeneration
(LaVaute et al., 2001). IRP2 KO mice offer a unique example of spon-
taneous adult-onset, slowly progressive neurodegeneration. Using
this mouse model to identify compounds which might prevent neu-
rodegeneration, the membrane-permeable radical scavenger, 4-
Hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) was iden-
tified. TEMPOL appeared to prevent neurodegeneration in IRP2 KO
mice by recruiting the IRE-binding activity of IRP1 (Ghosh et al.,
2008). In humans with NBIA disorders, reducing iron overload by
chelators is unlikely to be effective at stopping neurodegeneration,
thus agents such as TEMPOL may be novel therapeutic options. Re-
cently, important regulatory mechanisms of iron metabolism have
been elucidated; the FBXL5-mediated IRP2 degradation (Moroishi
et al., 2011) and the role of hepcidin in ferroportin regulation
(Kaplan et al., 2011; Zhang et al., 2011). These mechanisms are rele-
vant for iron metabolism in neurons and in erythropoiesis.

Impaired autophagy as a mechanism for neurodegeneration

An increasing amount of data implicates dysregulation of autophagy
in the pathophysiology of neurodegenerative diseases (García-Arencibia
et al., 2010; Mariño et al., 2011; Wong and Cuervo, 2010; Yue et al.,
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2009). In neurons, autophagy is tightly controlled by restricting autop-
hagosome formation. Under normal conditions, basal autophagy plays a
critical role in protein quality control and organelle homeostasis. Under
pathological conditions, such as stress or injury, autophagy is induced
and autophagosomes are synthesized locally, resulting in their accumu-
lation in axons and axon terminals. When clearance of autophagosomes
is impaired, autophagy is impaired, resulting in neurodegeneration. In a
conditional autophagy-related gene 7 (atg7) KO mouse, progressive
dystrophy and degeneration of Purkinje cell axon terminals was ob-
served before dendritic tree atrophy and cell death (Komatsu et al.,
2007). No autophagosomes were found, however, there were aberrant
membrane structures and organelles in dystrophic swellings. In both
atg5 and atg7 KO mice, ubiquitin-associated inclusion bodies were iden-
tified in neurons, suggesting that autophagy plays a role in protein
clearance and maintenance of axonal homeostasis by removal of autop-
hagic cargo (Yue et al., 2009). Another mechanism of regulation of
autophagy is by association of the Beclin 1-VPS34 complex with either
Atg14L or the RUN domain and cysteine-rich domain containing pro-
tein “Rubicon” (Zhong et al., 2009).

Studies of the role of autophagy-related component Atg9, a six-
transmembrane domain membrane protein, in autophagosome forma-
tion in the yeast S. cerevisiae, found that it was concentrated in a novel
compartment, termed Atg9 reservoirs, comprising clusters of vesicles
and tubules derived from the secretory pathway, and often adjacent
to mitochondria (Cebollero and Reggiori, 2009). These Atg9 reservoirs
translocate en bloc next to the vacuole to form the phagophore assem-
bly site (PAS) and generate the autophagosome precursor, the phago-
phore (Mari et al., 2010). Atg1, Atg13, and phosphatidylinositol-3-
phosphate are involved in the further rearrangement of these initial
membranes. Thus, Atg9-positive compartments are important for the
de novo formation of PAS and the sequestering vesicle that are hall-
marks of autophagy. A regulatory link between mitochondrial function
and autophagy was recently identified in yeast (Graef and Nunnari,
2011). Both functions are repressed by activated protein kinase A
(PKA). Normal mitochondrial respiration deactivates PKA, whereas mi-
tochondrial dysfunction activates PKA and thereby suppresses autopha-
gic flux. .

An integrative hypothesis

Neurodegeneration is often accompanied by compromised auto-
phagy as mentioned above. Neuronal autophagy is essential for the
elimination of accumulated and aggregated proteins (Yamamoto and
Simonsen, 2011) or dysfunctional organelles such as mitochondria
(Batlevi and La Spada, 2011). The selective chaperone-mediated autop-
hagy (CMA) is important for degradation of specific proteins like α-
synuclein (Koga and Cuervo, 2011). Thus, autophagy has an important
role in cellular turnover, metabolism and protection (Mariño et al.,
2011; Wong and Cuervo, 2010). Along the autophagic flux, autophago-
somes (APh) are in contact with mitochondria (MT), lipid droplets,
endosomes and multivesicular bodies (MVB) until they finally fuse
with lysosomes (Ly), to form autolysosomes (ALy), as shown in Fig. 3.
Multiple factors are necessary for a smooth flow. The metabolic state
of a cell is also important, because autophagy is activatedwhen themet-
abolic regulator mTOR is inhibited (by rapamycin or starvation) and
vice versa. This regulation is currently exploited for therapy of neurode-
generative diseases (Fleming et al., 2011; Ravikumar et al., 2004).
Autophagy is important, not only for the maintenance of neurons but
also for late stage erythropoiesis. After expulsion of the erythroblast nu-
cleus, all mitochondria, ribosomes and other organelles are cleared by
autophagy (Ney, 2011). Subsequently, the reticulocyte plasma mem-
brane undergoes a dramatic rearrangement. It is therefore conceivable
that impaired autophagy may lead to imperfect or deformed erythro-
cytes such as acanthocytes.

The ChAc-associated protein VPS13A apparently plays a role in ves-
icle tethering along the recycling or late endosomal (RE/LE) pathway,
possibly interacting with ESCRT or retrograde GARP components. Late
endosomes/lysosomes will eventually fuse with autophagosomes to
autolysosomes. Absence or dysfunction of VPS13A may thus interfere
with autolysosomal degradation of cargo andmay lead to accumulation
of aggregates. The function of theMLS-associated XKmembraneprotein
is unknown but it may play a role in a CED-8-like apoptotic pathway
(Stanfield and Horvitz, 2000) that may also intersect with autophagic
flux. XK has been proposed to act as a phosphatidylserine (PS)
transporter, thus causing the appearance of exofacial PS when absent.
Exofacial PS is an apoptotic marker and “eat-me” signal for macro-
phages. Deficiency of XK may change the apoptotic pathway or PS-
disequilibrium at the plasma membrane, both of which may lead to
neuronal death. Subcellular PS-distribution and segregation is only
now being revealed (Fairn et al., 2011). InMLS reticulocytes, autophagic
clearancemay be hampered and PS may create acanthocyte membrane
domains. NBIA-associated proteins PANK2, PLA2G6, and FA2H are en-
zymes involved in lipidmetabolism. PANK2 is necessary for CoA synthe-
sis, PLA2G6 for phospholipid turnover and supply of arachidonic acid,
and FA2H for the formation of 2-hydroxy galactolipids in myelin. Defi-
ciency of these enzymes may interfere with the synthesis of sphingoli-
pids and could affect the ceramide pool composition (Kruer et al.,
2010). Sphingolipids are part of membrane microdomains or lipid
rafts that are thought to act as signaling platforms. Changes inmicrodo-
main components may thus disturb or disrupt essential signal trans-
duction pathways. Aggregation of these components may generate
macrodomains in the plasma membrane. Accumulation of modified
sphingolipids in the endosomal pathway will eventually lead to lyso-
somal storage disorders. Iron deposition in the brain of NBIA patients
may be due to accumulation of free Fe(2+) in astroglial mitochondria.
Stress-induced upregulation of heme oxidase, HO-1, in astroglia may
degrade heme to Fe(2+), which may be deposited in oxidatively
stressed mitochondria leading to cell death.

Concluding remarks

Following the identification of various causative genes for NBIA,
and the recent development of animal models, some early, cautious,
remarks can be made regarding a common underlying theme for
NBIA pathogenesis. For all NBIA subtypes, with the exception of
FAHN, studies in patient material or in animal models demonstrate
a strong association with oxidative stress. This may be due to aberrant
lipid homeostasis, iron homeostasis, mitochondrial functioning or a
combination of the three. Further studies, additional animal models,
and identification of causative genes of the idiopathic forms of NBIA,
are required to fully understand the basic mechanisms of NBIA and
to develop rational therapies.

Is iron simply a biomarker of NBIA disease or is it pathogenic? For
most forms of NBIA, iron accumulation is secondary and its role in path-
ogenesis remains unclear. Almost certainly iron chelation will not pre-
vent the primary neurodegenerative process. At the same time,
massive amounts of intra- and extracellular iron are predicted to be del-
eterious and are strongly suspected to contribute to pathogenesis.
While iron chelation may have a role in experimental therapies for
NBIA, efforts to overcome the primary defects remain the therapeutic
goal.

Membrane dysfunction appears to offer a tantalizing hint for under-
standing the two core NA syndromes, ChAc and MLS. In both, a protein
is absent from red cells andmost likely also from neuronal membranes.
In contrast, the acanthocytosis of PKAN is probably best understood on
the basis of membrane lipid abnormalities. In any case, circulating
erythrocytes offer the welcome possibility of a model system for NA
and NBIA.

For future research, it is of note that following the description of
the McLeod antigen variant of red cells by blood banks, it took sixteen
years before their exotic shapes were noticed (Wimer et al., 1977).
Acanthocytes should thus be assiduously sought in the newer NBIA
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and NA syndromes. Also, since the rare Kell null subjects so far have
not been properly examined outside of the hematology clinic, we pro-
pose that they be studied in greater detail by neurologists in case
there are subtle neurological findings related to Kell/Kx dysfunction.
Finally, although MLS may increasingly be understood as a delayed
variant of ChAc with slower evolution of the multi-organ changes
(Chauveau et al., 2011; Gantenbein et al., 2011), it is notable that car-
diomyopathy is not found in ChAc, given that the assumedmembrane
dysfunction of NA probably also affects muscle cells.

Acanthocytic deformation of red cells is an intriguing feature shared
by many of the conditions discussed above, and may possibly provide
an essential clue for the understanding of their pathophysiology. The
acanthocytic protrusion of parts of the cell membrane appears to be
the result of disorganized membrane-cytoskeleton interactions due to
defective endosomal trafficking and sorting, autophagicflux and autoly-
sosomal degradation in late stage erythropoiesis. The protrusions and
thorns of acanthocytes could perhaps be viewed as an arrested state
among amultitude of continuously changing states ofmembrane defor-
mation, thus potentially providing insights into basic mechanisms of
cell biology.
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