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ABSTRACT

Objective: To determine the molecular factors contributing to progressive cavitating leukoencephalopathy (PCL) to help resolve the underlying genotype-phenotype associations in the mitochondrial iron-sulfur cluster (ISC) assembly system.

Methods: The subjects were 3 patients from 2 families who showed no inconsistencies in either
clinical or brain MRI findings as PCL. We used exome sequencing, immunoblotting, and enzyme
activity assays to establish a molecular diagnosis and determine the roles of ISC-associated factors in PCL.
Results: We performed genetic analyses on these 3 patients and identified compound heterozygosity for the IBA57 gene, which encodes the mitochondrial iron-sulfur protein assembly factor.
Protein expression analysis revealed substantial decreases in IBA57 protein expression in myoblasts and fibroblasts. Immunoblotting revealed substantially reduced expression of SDHB,
a subunit of complex II, and lipoic acid synthetase (LIAS). Levels of pyruvate dehydrogenase
complex-E2 and a-ketoglutarate dehydrogenase-E2, which use lipoic acid as a cofactor, were
also reduced. In activity staining, SDH activity was clearly reduced, but it was ameliorated in
mitochondrial fractions from rescued myoblasts. In addition, NFU1 protein expression was also
decreased, which is required for the assembly of a subset of iron-sulfur proteins to SDH and LIAS
in the mitochondrial ISC assembly system.
Conclusions: Defects in IBA57 essentially regulate NFU1 expression, and aberrant NFU1 ultimately affects SDH activity and LIAS expression in the ISC biogenesis pathway. This study provides new insights into the role of the iron-sulfur protein assembly system in disorders related to
mitochondrial energy metabolism associated with leukoencephalopathy with cavities. Neurol
Genet 2017;3:e184; doi: 10.1212/NXG.0000000000000184

Correspondence to
Dr. Ishiyama:
ishiyama@ncnp.go.jp

GLOSSARY
BN 5 blue native; cDNA 5 complementary DNA; CS 5 citrate synthase; ISC 5 iron-sulfur cluster; KDH 5 ketoglutarate
dehydrogenase; LA 5 lipoic acid; LIAS 5 lipoic acid synthetase; PAGE 5 polyacrylamide gel electrophoresis; PCL 5 progressive cavitating leukoencephalopathy; PDH 5 pyruvate dehydrogenase.

Progressive cavitating leukoencephalopathy (PCL) is an autosomal recessive neurodegenerative
disorder, characterized by leukoencephalopathy with cavities showing episodic clinical deterioration, and vascular permeability in the corpus callosum, centrum semiovale, or cerebellum on
brain MRI.1 The pathogenesis is currently not well understood. White matter abnormalities
occur in patients harboring mutations in genes encoding complex I–III assembly factors acting
in mitochondrial energy metabolism.2,3 Iron-sulfur clusters (ISCs) participate in electron transfer in the mitochondrial respiratory chain and act as sulfur donors in the synthesis of lipoic acid
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(LA) by mitochondrial lipoic acid synthetase
(LIAS).4–8 The [2Fe-2S] cluster, synthesized
on the ISC unit, is converted by a protein
complex consisting of ISCA1, ISCA2, and
IBA57 into the [4Fe-4S] form, which is inserted into the apoprotein via complexes I
and II, LIAS, and aconitase encoded by
NFU1, BOLA3, and IND1.9–14
Neuroradiologically diverse phenotypes of
white matter abnormalities, associated with
ISC systems, have been reported. Patients
with BOLA3 or NFU1 mutations present with
encephalopathy and neurologic regression,
leading to death in infancy.15–18 Patients with
IBA57 mutations show severe encephalopathy
to hereditary spastic paraplegia.19–21 However,
the genotype-phenotype correlation remains
elusive with respect to ISC biogenesisassociated factors. We evaluated the factors
that might play a role in ISC biogenesis pathway regulation, resulting in cavitating
leukoencephalopathy.
METHODS Patients. Patients with PCL were selected based
on clinical and radiologic examinations. They showed episodic,
acute onset of irritability or neurologic deficits between
11 months and 2 years of age, followed by an intermittent
increase in lactate and clinical deterioration. Brain MRI showed
patchy leukoencephalopathy with cavities and diffusion restriction in the affected region (figure 1). Patients 1 (II-2a) and 2
(II-3a) are siblings. All clinical materials used in this study were
obtained with written informed consent. All experiments were
approved by the Ethical Committee of the National Center of
Neurology and Psychiatry.

Exome sequencing and bioinformatics analysis. To identify
the genetic cause of recessive inherited PCL, we performed

Figure 1

whole-exome sequencing on 2 affected (II-2a and II-3a) and 3
nonaffected members (I-1a, I-2a, and II-1a) of family A, and 1
affected (II-1b) and 2 nonaffected members (I-1b and I-2b) of
family B (figure 2A). Genetic and bioinformatics analysis was
performed according to the procedure as described.22–24 Candidate mutations were validated by Sanger sequencing on an ABI
Prism 3130 DNA Analyzer (Applied Biosystems). Within-family
IBA57 variant segregation was analyzed using primers designed to
amplify exons corresponding to the sequence under accession
number NG_042231—PCR conditions, and primer sequences
are available upon request.

Cell culture. Patient-derived cells were cultured in Dulbecco
modified Eagle medium/F-12 (GIBCO BRL, USA) supplemented with heat-inactivated fetal bovine serum (20% [vol/vol]
for myoblasts and 10% for fibroblasts; GIBCO BRL).
Establishment of immortalized patient-derived myoblasts.
Patient-derived and control myoblasts were transfected
with pEF321-T plasmid (a kind gift from Dr. Sumio Sugano,
University of Tokyo) and serially cultured for more than 10
population doublings, until morphological alteration was
observed.25

Preparation of mitochondrial fractions. Mitochondrial fractions from skeletal muscle and cultured patient-derived cells were
prepared as reported,26 with slight modification.
Immunoblotting. Mitochondrial fractions were subjected to
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(PAGE). Thirty micrograms of mitochondrial protein was separated on 4%–12% Bis-Tris gradient gels (Life Technologies,
Carlsbad, CA) and transferred to polyvinylidene fluoride membranes as described.27 The membranes were incubated with primary antibodies against IBA57 (Sigma, St. Louis, MO), VDAC1
(Abcam, Cambridge, UK), LA (Calbiochem, San Diego, CA),
NDUFS1, NDUFS8, NDUFV1, SDHB, and UQCRFS1 (all
from GeneTex, Irvine, CA). Protein levels of IBA57 and ISC
were quantified with ImageJ software (National Institutes of
Health, Bethesda, MD).
Measurement of respiratory enzymatic activity. Enzymatic
activities of mitochondrial respiratory complexes I–V and citrate
synthase (CS) were measured in mitochondrial fractions prepared
from the patients’ skeletal muscle and patient-derived fibroblasts.

Illustrations of the characteristic MRI pattern in patients with progressive cavitating leukoencephalopathy

MRIs of patient 1 (A–D) obtained at the disease onset of 11 months. Axial fluid-attenuated inversion recovery hyperintensity images (A), diffusion-weight
images (B), apparent diffusion coefficient map images (C), and sagittal T1-weighted images (D) are shown. Abnormal high intensities are noted in the cerebral
periventricular and subcortical white matter, which contained multiple cavities (A and B; arrow), as well as in the corpus callosum (D; arrowhead). Diffusion
restriction is present in the solid part of the abnormal white matter (C).
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Figure 2

Genetic analysis of recessively inherited leukoencephalopathy and IBA57 protein expression

(A) Pedigree structures for recessive leukoencephalopathy family A and family B, with filled symbols indicating affected individuals. *Individuals who were analyzed by exome sequencing. IBA57 genotypes are shown below the individuals in the
pedigree. (B) IBA57 expression was analyzed by immunoblotting. C1, C2: controls; P1–3: patients. Mitochondrial fractions
prepared from patient-derived myoblasts and fibroblasts were analyzed via immunoblotting. IBA57 levels were significantly
lower in all patients than in the controls. Porin was used as a loading control. The experiments were performed in triplicate
and normalized to porin levels. (C) IBA57 protein expression in mitochondrial fractions prepared from myoblasts. Error bars
indicate SDs (**p , 0.005, Student t test).

The assays for complexes I–IV and CS were conducted as
described.27 The assay for complex V was performed according to
Morava et al.28

High-resolution clear native PAGE and enzyme activity
staining. High-resolution clear native PAGE and activity
staining were performed as described.29 In brief, isolated mitochondria were solubilized with Native PAGE Sample
Buffer (Invitrogen) containing 0.3% n-dodecyl-b-D-maltoside
(Dojindo, Kumamoto, Japan). Thirty micrograms of protein
was applied to NativePAGE Novex 3%–12% Bis-Tris Gel
(Invitrogen). Native PAGE Buffer (Invitrogen) was used as the
anode buffer, and Native PAGE Buffer containing 0.02%
n-dodecyl-b-D-maltoside and 0.05% deoxycholate was used as
the cathode buffer.
For in-gel catalytic activity assays, the gels were incubated as
described.29

Blue native PAGE and immunoblotting. Blue native
(BN)-PAGE and immunoblotting were performed as
described.28 In brief, isolated mitochondria were solubilized
with 0.5% (w/v) n-dodecyl-b-D-maltoside. Protein (30 mg)
was applied to NativePAGE Novex 3%–12% Bis-Tris Gel.
Immunoblotting was conducted as described above. Primary
antibodies targeted NDUFA9 as complex I, SDHA as complex

II, UQCRC2 as complex III, MTCO1 as complex IV, and
ATP5B as complex V.

Expression vector construction and transfection. For mammalian expression vector construction, full-length IBA57 was
amplified from complementary DNA (cDNA) prepared from the
control subject by PCR. The PCR product was cloned into
pEBMulti-Pur (Wako, Osaka, Japan) and verified by Sanger
sequencing. Mammalian expression vector, pEBMulti-Pur construct containing IBA57 cDNA, was transfected into immortalized myoblasts using Lipofectamine LTX Reagent (Thermo
Fisher Scientific, Waltham, MA).

The detailed clinical and
laboratory findings are summarized in table e-1 at
Neurology.org/ng. Characteristic symptoms were
intermittent episodic clinical deterioration and an
infection-associated increase in lactate. Psychomotor
development was normal until clinical onset between
11 months and 2 years of age. The patients showed
marked irritability and lost acquired skills due to
repeated infections. These episodes led to psychomotor regression with axial hypotonia accompanied

RESULTS Clinical findings.
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Figure 3

Blue native polyacrylamide gel electrophoresis of respiratory chain complexes in the 3 patients (P1, P2, and P3) and controls (C1 and
C2)

(A) Blue native polyacrylamide gel electrophoresis (PAGE) was performed using mitochondrial fractions prepared from myoblasts. No patient showed
severely reduced assembly of respiratory chain complexes as compared to the control. (B) In-gel activity staining and Western blotting of complexes I
and II. In-gel activity staining of complex II after separation by high-resolution clear native (hrCN)-PAGE using mitochondrial fractions prepared from the
myoblasts. In parallel, complexes I, II, and V were detected by Western blotting after their separation by hrCN-PAGE. All patients showed clearly reduced
complex II activity when compared with the control, whereas no such decrease was detected by Western blotting. The activity and amount of assembled
complex I were not significantly different from those of controls. (C, D) The experiments were performed in triplicate and normalized to complex V (n.s. 5
not significant, **p , 0.005, Student t test).

by spasticity of the legs. Treatment with a mitochondrial cocktail recovered some of the lost skills
during periods of remission. Plasma and CSF lactate
levels were slightly increased intermittently, and
serum amino acid and urine organic acid levels were
normal based on gas chromatography/mass spectrometry. Muscle biopsy showed normal histology
(data not shown). The last neurologic examination at
the age of 6–7 years varied between normal and mild
cognitive and acquisitive deficiency, assessed as
a score of 78–82 and 73–85, respectively, according
to the Kaufmann Assessment Battery for Children,
Second Edition.
MRI abnormalities. Brain MRI in all 3 patients revealed progressive leukoencephalopathy with extensive signal abnormalities in the periventricular
cerebral white matter and corpus callosum (figure 1,
figure e-1). The abnormal white matter in the
genu and splenium of the corpus callosum showed
partial cavitation. The basal ganglia, cerebellum,
and brain stem were speared. Magnetic resonance
spectroscopy showed an increased lactate concentration in the white matter. Diffusion restriction with
4
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low apparent diffusion coefficient values was
observed in the noncavitated abnormal white
matter.
Genetic analyses. In total, 13 candidate genes from
family A and 20 candidate genes from family B were
assessed based on the assumption of autosomal recessive inheritance and with reference to the dbSNP135,
1000 Genomes Project database, NHLBI Exome
Variant Server, and human genetic variation database
for Japanese Genetic Variants databases. Among all
extracted variants, we identified only 1 associated
gene, IBA57, common to both families, with compound heterozygous mutations of c.323A.C and
c.940C.T in family A and c.323A.C and
c.150C.A in family B (RefSeq accession number
NM_001010867). These variants in IBA57, encoding the mitochondrial iron-sulfur protein assembly
factor, are predicted to lead to a missense and a nonsense mutation (figure 2A). The mutations were
confirmed by Sanger sequencing and the compound
heterozygosity by transcript analysis. In silico analyses
of mutation function demonstrated that p.Tyr108Ser
is predicted as damaging based on scale-invariant

feature transform and Polymorphism Phenotyping
v2. The amino acids involved are moderately to
highly conserved.
Functional studies. IBA57 protein expression was eval-

uated by immunoblotting using mitochondrial fractions prepared from patient-derived myoblasts and
fibroblasts. IBA57 protein was substantially decreased
in the patients; a small amount of full-length IBA57,
but no truncated IBA57, was detected in the patients
(figure 2, B and C). This result indicated that the
mutations severely affect the level of IBA57 protein.
Given that IBA57 is a mitochondrial iron-sulfur
protein assembly factor, we first tested the effects of
the mutations on the respiratory complexes by measuring enzyme activity and analyzing complex
assembly by BN-PAGE (figure 3A) in myoblast
mitochondrial fractions. Although the activities of
these complexes were slightly lowered, the differences
were not significant, and there were no differences in
their amounts (figure 3A). As we did not detect clear
decreases in activity or assembly, we next used activity
staining to determine any change in the respiratory
complexes. The staining intensity for SDH was
weaker in all patients than in controls, indicating
a defect in SDH activity (figure 3, B and C). By
contrast, there was no clear decrease in complex I
activity staining (figure 3, C and D).
Figure 4

To examine the effects of the IBA57 mutations
further, we assessed the expression level of each mitochondrial [4Fe-4S] protein, including 5 subunits of
mitochondrial
respiratory
chain
complexes
(NDUFS1, NDUFS7, NDUFS8, and NDUFV1 in
respiratory complex I, and SDHB in respiratory complex II), ACO2, and LIAS. Protein expression of the 4
subunits in complex I and ACO2 were not substantially reduced in patient vs control myoblasts (figure
4A). The levels of LIAS and the SDHB, but not the
SDHA subunit of complex II, were lower in patient
myoblasts (figure 4, B–D). To examine the effect of
the defect in IBA57 on LIAS function, an anti-LA
antibody was used to detect LA bound to the key
mitochondrial enzymes pyruvate dehydrogenase
(PDH) complex and a-ketoglutarate dehydrogenase
(KDH), which use LA as a cofactor to form LAPDH-E2 and LA-KDH-E2, respectively. LA-PDHE2 and LA-KDH-E2 proteins were decreased in all
patient-derived myoblasts (figure 4B), suggesting that
a defect in LIAS significantly decreases LA synthesis
in patient myoblasts. To evaluate the potential effects
of IBA57 deficiency on other ISC components, we
assessed NFU1, which inserts [4Fe-4S] into the apoprotein after [2Fe-2S] is converted to [4Fe-4S] by
IBA57. NFU1 protein was significantly decreased in
all patients, although no mutation in NFU1 was detected in any of the cases (figure 4, B and E).

Expression of mitochondrial [4Fe-4S] proteins

(A, B) Mitochondrial [4Fe-4S] protein expression levels were analyzed by immunoblotting. Mitochondrial fractions prepared
from myoblasts were analyzed. Levels of mitochondrial [4Fe-4S] proteins in all patients were comparable with those in controls (A), except lipoic acid synthetase (LIAS) and SDHB, which were clearly lower than in controls. Immunoblotting for lipoylated residues in mitochondrial fractions prepared from the myoblasts. All patients showed a severely reduced signal for
the bands corresponding to the lipoylated residues pyruvate dehydrogenase (PDH)-E2 and a-ketoglutarate dehydrogenase
(KDH)-E2 (B). NFU1 protein expression in mitochondrial fractions prepared from myoblasts as analyzed by immunoblotting
(B). NFU1 protein level was clearly lower in all patients than in controls. The experiments were performed in triplicate and
normalized to porin (C–E). Error bars indicate SDs (**p , 0.005, *p , 0.05, Student t test).
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A phenotype rescue experiment was used to test
whether forced expression of wild-type IBA57 in
immortalized patient-derived myoblasts would complement the SDH activity defect. We confirmed that
IBA57 protein expression was lower in patientderived than in control myoblasts than in those of
controls, and then transduced an empty expression
vector, pEBMulti-Pur (Wako), or a pEBMulti-Pur
construct containing full-length, wild-type IBA57
cDNA into the immortalized patient-derived myoblasts. IBA57 protein expression was confirmed in
mitochondrial fractions prepared from the rescued
myoblasts (figure 5A), and SDH activity staining
showed nearly the same intensity as observed in controls (figure 5B).
Mitochondrial ISC assembly systems
are highly conserved from yeast to humans, and their
DISCUSSION

Figure 5

proper functioning is of vital importance to all eukaryotic organisms.4–8 All of our patients harbored
compound heterozygous mutations in IBA57, which
encodes a protein involved in [4Fe-4S] cluster
assembly in the ISC assembly machinery. To date, 3
phenotypes linked to IBA57 mutations have been
described.19–21 Homozygous mutations in IBA57
were first described in association with lethal
encephalopathy, lactic acidosis, and profound respiratory complex I and II deficiencies in skeletal muscle,
and brain MRI showed frontoparietal polymicrogyria
with white matter abnormalities and hypoplasia of the
medulla oblongata.19 A mild phenotype associated
with homozygous mutations in IBA57 was reported
in a highly consanguineous family with hereditary
spastic paraplegia accompanied by optic atrophy and
peripheral neuropathy, with complex I and II deficiencies in lymphoblastoid cells; MRI indicated mild

IBA57 protein expression and activity staining of complex II in genetically rescued cells

(A) Immortalized patient-derived myoblasts were transduced with empty vector or a wild-type IBA57-expressing construct,
and rescued cells were established. iC1, iC2 5 immortalized control myoblasts; iP1 5 immortalized patient 1–derived
myoblasts; iP1-vector 5 immortalized patient 1–derived myoblasts transfected with empty vector; Rescued 5 immortalized patient 1–derived myoblasts expressing wild-type IBA57; AS 5 activity staining; WB 5 Western blotting. IBA57 protein
expression was confirmed by immunoblotting in mitochondrial fractions prepared from rescued cells. Porin was used as
a loading control. Activity staining of complex II was performed to examine its restoration in rescued cells after high-resolution clear native (hrCN) polyacrylamide gel electrophoresis (PAGE). (B) In parallel, complexes II and V were detected by
Western blotting after hrCN-PAGE. The band intensity of complex II was normalized to that of complex V. (C) Third step of
the mitochondrial iron-sulfur cluster (ISC) biosynthesis pathway. Dedicated maturation of mitochondrial [4Fe-4S] proteins
by specific ISC-targeting factors. Yellow boxes highlight ISC proteins whose genes are mutated in human ISC-related
disease. LIAS 5 lipoic acid synthetase; PCL 5 progressive cavitating leukoencephalopathy.
6
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corpus callosum and cerebellar atrophy, but no
involvement of the white matter except for cystic
cavitation.20 A third case of homozygous mutations in
IBA57 was described as severe leukodystrophy,
characterized by neurologic deterioration with complex I and II deficiencies, leading to death at 17
months.21 These previous reports suggest that IBA57
deficiency affects the mitochondrial respiratory chain
complexes I and II.
Defects in the ISC biosynthesis pathway lead to
abnormal function of oxidative phosphorylation as
well as deficiencies in many proteins involved in the
enzyme-bound cofactor lipoate and intermediary
metabolic pathways.11–14 The ISC biosynthetic process is initiated by the synthesis of [2Fe-2S] clusters
on a scaffold protein, followed by the generation of
[4Fe-4S] clusters; their insertion into appropriate
apoproteins is facilitated by the coordinated action
of additional ISC maturation factors, including targeting factors such as NFU1 and BOLA3. Along with
IBA57, the ISC proteins, ISC1 and ISC2, help to
convert [2Fe-2S] into [4Fe-4S] clusters. Defects in
IBA57 have been reported to lead to a general mitochondrial [4Fe-4S] protein deficiency, such as in
respiratory complexes I and II.13,14 In our cases, there
were no differences in the respiratory complexes in
terms of overall activity and complex assembly,
although complex activities were slightly lower in patients. However, SDH activity was substantially
weaker in all patients than controls. These results
suggested that IBA57 defect affected SDH function,
whereas there was no effect on protein expression
involved in ISC biosynthesis. Therefore, IBA57
defect might reduce the efficiency of the ISC biosynthesis process. Furthermore, detailed assessment of
complex II function of mitochondrial [4Fe-4S] proteins by Western blotting revealed that the SDHB
subunit of complex II was the only factor decreased
in patient myoblasts, with no severe reductions in the
subunits of complexes I and III. These results suggest
that defects in IBA57 mainly affect the expression of
SDHB.
Defects in the ISC biosynthesis pathway have
a negative effect not only on the respiratory complexes but also on lipoate-containing protein, likely
as a result of deficient maturation of LIAS. LIAS contains 2 [4Fe-4S] clusters that are essential for the synthesis of LA, a cofactor of PDH and a-KDH. In
PDH and a-KDH, which comprise certain subunits,
measurement of the lipoylation status of the E2 subunits serves as an indirect but reliable estimate of the
iron-sulfur maturation efficiency of LIAS.30–34 In our
cases, detection of PDH and a-KDH revealed a severe
decrease in LA in patient myoblasts, providing further
evidence of disturbance in the ISC biosynthesis pathway. However, the mitochondrial citric acid cycle

enzyme ACO2, another reported target of IBA57 that
contains 1 [4Fe-4S] cluster, was not reduced.8,9,19–21
This biochemical profile, i.e., an observed defect in
LA synthesis without a corresponding defect in
ACO2, appears to be inconsistent with the changes
to mitochondrial [4Fe-4S] proteins identified in previous reports on IBA57 deficiencies.19–21 The present
profile is more reminiscent of the phenotype related
to alterations in NFU1, rather than that related
IBA57 mutations.
NFU1 is characterized as a late-targeting factor of
the ISC assembly machinery and is specifically
required for the proper assembly of a subset of
[4Fe-4S] proteins to respiratory complexes I, II,
and LIAS.16–18 We determined the effect of IBA57
mutation on NFU1 to evaluate potential links of
IBA57 deficiency to other aspects of the ISC assembly machinery. The NFU1 protein level was also
decreased in patients, corroborating that IBA57 regulates the expression of NFU1, which subsequently
affects the expression of lipoate-containing protein
as well as respiratory complex II (figure 5C). There
have been 5 reports describing a total of 22 patients
with NFU1 mutations (table e-2). Seven of 9 cases
with brain MRI data presented with leukoencephalopathy in the periventricular white matter and corpus callosum, with partial cystic degeneration or
cavitation, characterized by neurologic regression,
lactic acidosis, and hyperglycinemia, leading to
death within 2.5 years.16,18,35–38 Navarro-Sastre
et al.,18 Nizon et al.,38 and Invernizzi et al.36 reported
that the activity of complex II was significantly
decreased, while that of complex I was just below
normal. Biochemical profiles of patients with mutations in NFU1 also suggest that NFU1 mainly affects complex II activity. The neuroimaging features
and biochemical profiles in our cases are reminiscent
of those reported in patients harboring mutations in
NFU1. This suggests that the IBA57 mutation affects NFU1 protein expression and function. To
date, the exact role of IBA57 and its functional relationship to NFU1 have remained unclear. Our results provide new insights into the pathogenic
mechanisms in that defects in IBA57 essentially
cause decreased respiratory complex II and LIAS
activities through the aberrant function of NFU1,
leading to white matter abnormalities with disturbed
mitochondrial energy metabolism.
This study demonstrated that IBA57 plays essential roles in the biosynthesis of ISC proteins to regulate mitochondrial energy metabolism. IBA57 gene
mutations resulted in decreased expression of SDHB
as well as deficiency of LIAS through aberrant NFU1
function. This new understanding of the molecular
basis of PCL pathophysiology should contribute to
a better definition of the phenotypic spectrum and
Neurology: Genetics
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provide critical information to develop potential therapeutic strategies for PCL.
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