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Manual Ability Classification System

MLC

Megalencephalic Leukoencephalopathy with Subcortical Cysts
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Mitochondrial aspartyl-tRNA synthetase
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SNP

Single nucleotide polymorphism
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Ubiquitin-like proteins
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Whole exome sequencing
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White matter
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Chapter 1

INTRODUCTION

1

It was 2012 when a 2-year-old boy was suddenly faced with a life changing disease. Up
to that moment, he had been a healthy, active child with a normal development. Now, he
suffered from a bacterial infection with high fever and had problems with coordination
and gait. He rapidly deteriorated, lost the ability to walk and was admitted to the
intensive care unit with reduced consciousness. An MRI scan was made, revealing
profound, symmetric signal abnormalities of the white matter of the brain. The physicians
suspected a leukodystrophy, a group of brain diseases with often extremely poor
prognosis. The parents were informed that their son’s life expectancy was estimated to
be less than a year, a devastating prospect. After recovering from the infection, the boy
surprisingly regained motor ability. He learned to crawl again, and after few months he
was able to walk like before his illness. Only some subtle coordination problems
persisted. The exact diagnosis remained unknown. At the age of 4 years, he had a small
accident while playing in the playground and fell on his head. He lost the ability to walk
and developed a tremor of his hands. A new brain scan was made, again revealing white
matter abnormalities. The cause was unclear. In the meantime, the parents were
expecting a second child; they were told there was a significant risk that this child would
also have the leukodystrophy. In the absence of a diagnosis, it was not possible to
perform prenatal testing. At the age of 2 years, the second child exhibited symptoms that
were reminiscent of the same disorder. Finally, after pursuing multiple second opinions,
it became clear that the children had Vanishing White Matter (VWM), a hereditary white
matter disorder. Genetic testing confirmed the diagnosis. For the parents, it came as a
relief to receive a diagnosis and see the pieces come together, although many questions
remained. Even though there was no cure for the disease, the diagnosis allowed the
family to focus on adequate medical and preventive care and quality of life for their
children, and to perform prenatal testing in a subsequent pregnancy.
“White matter disorders” are all disorders that exclusively or preferentially affect the
white matter of the central nervous system. Leukodystrophies are the genetic white
matter disorders. There are many different leukodystrophies, with equally many different
underlying genetic defects. All are rare. There are, however, so many leukodystrophies,
that as a group they are not so rare. They are often highly debilitating. Unfortunately,
there is only a limited understanding of the mechanisms underlying leukodystrophies
andthere is a lack of knowledge of disease characteristics and prognosis. As there is no
cure for the majority of diseases, they have an immense impact on the lives of patients
and families. During the last three decades, the basic concepts, classification, diagnostic
approach and medical management of these disorders have progressed, but there is still
a lot to unravel. The study of leukodystrophies is challenging, also owing to the limited
number of affected patients known for each disease.
The research reported in this thesis was performed at the Center for Childhood White
Matter Disorders in Amsterdam. The purpose of the center is to optimize diagnostics,
information and medical care for patients with white matter disorders worldwide and to
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obtain new insights into the disease mechanisms for development of treatment. Clinical
phenotyping is an important part of this. We here describe the clinical and genetic
characteristics of four different leukodystrophies.

WHITE MATTER AND LEUKODYSTROPHIES
The nervous system is the body’s electrical information highway and is essential for
behavior and ability to think, talk and move. The central nervous system (CNS),
comprising the brain and spinal cord, consists of two types of tissue: grey and white
matter. The grey matter contains the nerve cell bodies (neurons) that fire to carry
messages. The white matter contains the nerve fibers (axons) that are responsible for
the communication between nerve cells and the transport of information to the rest of the
body. It derives its white color from myelin: a lipid-rich multilamellar membrane coating,
which insulates the axons, accelerates the propagation of impulses, and provides trophic
support to axons (Figure 1). The production of the myelin sheath (myelination)
predominantly takes place in the first 2 years of life by an interplay of oligodendrocytes,
astrocytes and axons. Oligodendrocytes and astrocytes are collectively called
“macroglia” or “glia”. Glia were initially believed to be passive cells that physically
supported neurons, hence the name glia meaning “glue”. Nowadays it is known that glia
play an active role in brain development as well as many central homeostatic
processes.1 Oligodendrocytes’ main function is the formation of myelin. Astrocytes are
highly versatile cells that serve a wide range of adaptive functions in the CNS, including
preservation of the blood brain barrier, signal processing, regulation of neurogenesis and
maintenance of extracellular ion balance.

Figure 1 | Myelin and white matter. (A) Transverse section of the brain illustrating the surface of the
brain consists of a cortex of grey matter, overlying the central white matter. (B) Gross dissection of the
human brain, disclosing the white matter fibers. (C) Mechanism of axon ensheathment by
oligodendrocytes, including an electron microscopic picture of the myelin sheath. Adapted with permission
from Macmillan Publishers Ltd: Nature Reviews Neuroscience,2 copyright 2005.
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White matter disorders or leukoencephalopathies (“leuko” means white) comprise a
broad group of diseases, both acquired and genetic, that exclusively or predominantly
affect the white matter of the brain. In the adult population, Multiple Sclerosis (MS) is the
most common white matter disorder; the disease is acquired and mostly presents in
early-adulthood. Along with aging, there is an increasing incidence of vasculopathyrelated white matter changes. In children, white matter diseases are most often genetic.
Genetically determined white matter disorders are referred to as leukodystrophies. A
prerequisite for the term leukodystrophy is primary involvement of the CNS white matter,
irrespective of the structural white matter component involved, the molecular process
affected and the disease course.3,4 If this criterion cannot be met, but white matter
abnormalities are present as a phenomenon secondary to neuronal dysfunction or
degeneration, the term genetic leukoencephalopathy is applied.3
The mechanisms underlying leukodystrophies are diverse, including a primary defect in
oligodendrocytes or myelin [permanent deficit in myelin deposition (hypomyelination);
loss of previously deposited myelin (demyelination) or myelin vacuolization];
astrocytopathies; leuko-axonopathies; microgliopathies; and leukovasculopathies.4
Although each disorder is rare, over 30 distinct clinical genetic entities have been
defined3 and with improving gene discovery, the number of identifiable leukodystrophies
increases rapidly.5,6 Collectively, the incidence of inherited white matter disorders is
relatively high, with an estimated frequency of one in ~7,600 live births.7

CLINICAL MANIFESTATIONS
Leukodystrophies generally manifest with nonspecific clinical signs and symptoms that
most often do not allow distinction between different disorders. This causes major
difficulties to the diagnosis of patients by physicians. Involvement of the white matter
tracts almost universally leads to motor problems, with hypotonia, hypertonia or delayed
acquisition of motor milestones in early childhood and regression of motor skills at older
ages. Clues that point to the direction of white matter diseases are spasticity,
hyperreflexia and ataxia.8 Cortical grey matter abnormalities on the other hand, are more
likely to present with severe seizures and cognitive decline in early stages, whereas
diseases primarily affecting deep grey matter structures typically lead to extrapyramidal
movement abnormalities like chorea or dystonia.8 These are not strictly separated
features and there often is overlap between these groups. Leukodystrophy phenotypes
vary widely between and also within the different disease entities; a single
leukodystrophy can be associated with a wide spectrum of phenotypes. Onset is often in
childhood or adolescence, but ranges from antenatal life up to late-adulthood. Disease
course is mostly progressive, with loss of motor skills. In advanced disease stages,
motor dysfunction may significantly impair vital functions including swallowing, chewing,
coughing and breathing, leading to premature death. A retrospective surveillance among
over 100 children with various leukodystrophies in a period of 9 years revealed an
overall mortality of 34% with an average age at death of 8 years.7 Some leukodystrophy
patients, however, show a static or even improving clinical course and some live a
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relatively normal life.4 Additional neurological features, such as changes in head
circumference, skin abnormalities, eye abnormalities or extrapyramidal movement
abnormalities can support the differentiation between various disorders.9 Few white
matter diseases present with highly specific clinical features that greatly facilitate
diagnosis, such as hypodontia in 4H leukostrophy10 or tendinous xanthomas in
Cerebrotendinous Xanthomatosis.11 The diagnostic work-up may further be aided by
focused laboratory and neurophysiological testing.5

CLASSIFICATION OF WHITE MATTER DISORDERS
For a long period of time, neuropathology was the only technique to study brain
diseases. The first research on white matter disorders dates back to 1838, when Robert
Carswell published an illustration of a “peculiar disease state” characterized by greyish
areas of atrophy of irregular shape in the brainstem and spinal cord. 12 In the eighteen
sixties, Jean-Martin Charcot was impressed by a pattern of tremor and paralysis
observed in young adults, who at autopsy were noted to have multiple grey patches
scattered throughout the spinal cord, brainstem and brain. He named this pattern
“sclérose en plaque dissiminée”;13 the disease is now known as MS. At the end of the
19th century another entity was identified with cases of diffuse lack of myelin in the white
matter of the brain, referred to as “diffuse sclerosis”.14 The neuroscientists Pelizaeus and
Merzbacher were the first to describe the neuropathology of a white matter disorder with
a genetic cause, now referred to as the leukodystrophy Pelizaeus-Merzbacher
disease.15,16 In the 20th century, the first investigators started to recognize separate
entities of white matter disorders and pathological descriptions became more refined
with the help of histochemistry. Over time, various different classifications have been
proposed on the basis of clinical and histological features, biochemical abnormalities or
metabolic defects.17-19
Because patients with a white matter disorder present non-specific clinical features,
establishing a diagnosis is a major challenge. With the introduction of magnetic
resonance imaging (MRI) in the nineteen-eighties, the recognition and classification of
white matter disorders has taken a tremendous step forward; various novel disease
entities were identified and defined.20,21 Nowadays, imaging of the brain by MRI is the
most important first test in the case of a suspected white matter disorder, as it confirms
the presence or absence of white matter abnormalities and can also reveal diseasespecific features that can lead to diagnosis.20-22 The concept of MRI pattern recognition
is based on the selective vulnerability of different brain structures in different white
matter disorders, reflecting the complex functional topography of the brain.20-22 The core
MRI feature in the diagnosis of a leukodystrophy is the presence of hyperintensity of the
white matter on T2-weighted images. The first major discriminator is to distinguish
between hypomyelinating disorders and other types of white matter disorders.22
Hypomyelination is characterized by a mild hyperintensity of the white matter on T2weighted images in combination with a hyperintense (normal), isointense or mildly
hypointense white matter signal relative to the cortex on T1-weighted images; other
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white matter disorders are characterized by prominent hyperintensity on T2-weighted
images and prominent hypointensity on T1-weighted images.22 The next discriminator is
the aspect of the white matter abnormalities (confluent or isolated and multifocal) and
the preferential involvement of different brain structures.9 Additional MRI features, such
as swelling or atrophy, calcifications, the presence of cysts or white matter rarefaction
(visualized best by use of the fluid-attenuated inversion recovery (FLAIR) sequence)
and/or contrast enhancement assist in the further differentiation between different white
matter disorders. Some diseases have biochemical signatures that can be identified by
proton MR spectroscopy (MRS).
For patients and families the establishment of a specific diagnosis and phenotypic
designation are of major significance. Having a diagnosis often brings relief, particularly
to those families who have been seeking a diagnosis for a long time. It opens doors to
medical facilities, assists in prognostication, guides disease management and helps
families to make decisions on medical procedures. Although leukodystrophies are now
frequently recognized on MRI, establishing a specific diagnosis remains a difficult task.

GENETICS
When a white matter disorder is suspected on the basis of MRI features, certain disease
characteristics argue for a genetic rather than acquired disease: the presence of
confluent and bilaterally symmetric white matter abnormalities as compared to multifocal
isolated lesions with an asymmetrical distribution on MRI,22 familial occurrence, the
absence of features suggestive of acquired conditions (e.g. inflammatory or vascular
abnormalities) and the presence of clinical, radiological or biochemical findings that point
to a specific genetic disorder.
Leukodystrophies are caused by mutations in single genes and follow a Mendelian
inheritance pattern. The traits can be autosomal recessive with homozygous or
compound heterozygous gene variants, X-linked recessive, autosomal dominant with
paternal or maternal inheritance, autosomal dominant de novo, or mitochondrial with
maternal inheritance.
Rare monogenic disorders have provided unique opportunities to identify genes mutated
in humans and address biological questions on the underlying pathogenesis. Throughout
the years, the landscape of Genetics has undergone incredible advancements. The
history of the identification of causal gene mutations started in the eighties, with the
“candidate gene approach”: testing whether mutations in a known gene coding for a
protein with a specific biological role are involved in the genetic predisposition to a
human disease. This approach was also successful for the field of white matter
disorders; focusing on myelin associated genes resulted in the identification of several
mutated genes, such as the X-linked myelin gene proteolipid protein 1 (PLP1) for
Pelizaeus-Merzbacher disease,23 and the GALC gene, encoding the enzyme
galactocerebrosidase, which is involved in the metabolism of a major myelin lipid, for
Krabbe disease.24,25 Next, genetic linkage studies were initiated to detect additional
genes mutated in leukodystrophies. This approach requires genotyping of relatively large
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numbers of samples from patients and unaffected family members to identify the
chromosomal location of the mutated gene and then narrow down the critical region.26
The genes located in the candidate region are screened using the Sanger sequencing
technique.27 Linkage studies resulted in the identification of numerous genes such as
TREX1, encoding 3-prime repair exonuclease 1, mutated in Aicardi-Goutières
syndrome,28 DARS2, encoding a tRNA synthetase, in Leukoencephalopathy with brain
stem and spinal cord involvement and lactate elevation (LBSL),29 and MLC1, encoding a
membrane protein, in Megalencephalic leukoencephalopathy with subcortical cysts
(MLC).30 Linkage studies are extremely laborious and have often been unsuccessful due
to small kindred sizes, genetic heterogeneity and de novo inheritance patterns.
Alternative strategies, such as the application of quantitative proteomic analysis to
identify GLIALCAM as the second causal gene for MLC,31 have resulted in a few
additional successes, but still many leukodystrophy patients remained without a
molecular diagnosis.

The recent introduction of high-throughput, genome-wide technologies that are able to
rapidly sequence the base pairs of the entire genome or exome (consisting of all coding
regions of the genome) led to revolutionary changes in the field of genetics. As of 2010,
multiple research groups have demonstrated the power of Next-Generation-Sequencing
(NGS) through the identification of pathogenic mutations in previously intractable genetic
disorders. Whole exome sequencing (WES) is presently the most successful NGS
technique; it involves a query in the entire coding sequence of the human genome by
capturing and sequencing the exons of all annotated protein-coding genes.32 Its
application led to an exponential increase in the number of molecularly determined,
ultra-rare leukodystrophies. In a study in a cohort of 71 unsolved patients suspected of a
leukodystrophy, the application of WES resulted in the detection of diagnostic
pathogenic variants in 35%.33 A retrospective study among three cohorts of unclassified
leukodystrophy patients demonstrated that with the introduction of WES, the number of
classified cases has risen from 50% in 2010 to 80% in 2016.34 Interestingly, the yield did
not only involve new genes, but also led to the expansion of the clinical spectrum of
known disorders as well as the recognition of variants in genes that had thus far only
been associated with entirely different disease phenotypes, not specifically involving the
white matter or even the CNS.34
The advances in genetic testing have been a great step forward, as a definitive,
genetically confirmed diagnosis is crucial for genetic and clinical counseling and enables
functional studies that enhance the understanding of the molecular basis of a disorder.
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OVERVIEW OF DISEASES DISCUSSED IN THIS THESIS

1

The work described in this thesis is focused on four relatively “new” leukodystrophies:
LBSL, MLC, H-ABC and VWM.

LBSL

MLC

H-ABC

VWM

Leukoencephalopathy
with brainstem
and spinal cord
involvement and
lactate elevation

Megalencephalic
leukoencephalopathy
with subcortical
cysts

Hypomyelination with
atrophy of the
basal ganglia
and cerebellum

Vanishing White
Matter

recessive
DARS2
mutations

recessive MLC1
or GLIALCAM
mutations
dominant
GLIALCAM
mutations

dominant
TUBB4A
mutations
unknown gene or
genes

recessive
EIF2B1,EIF2B2,
EIF2B3, EIF2B4
or EIF2B5
mutations

AR, autosomal recessive; AD, autosomal dominant

Leukoencephalopathy with brainstem and spinal cord involvement and
lactate elevation (LBSL)
LBSL was identified in 2003 in 8 patients, on the basis of a distinct MRI pattern
consisting of inhomogeneous cerebral white matter abnormalities and selective
involvement of brainstem and spinal cord tracts (Table 1).35,36 Patients generally have a
normal early development and display motor deterioration in childhood or adolescence,
with signs of ataxia and spasticity, involving the legs more than the arms. At neurological
examination, patients typically have decreased position and vibration sense.35 Most
patients have elevated lactate in the abnormal white matter on MRS (Figure 2),
suggesting a defect in mitochondrial energy production. In 2007, genetic linkage analysis
revealed that patients have recessive mutations in DARS2, a nuclear gene encoding the
mitochondrial aspartyl-tRNA synthetase (mtAspRS), an enzyme involved in the
mitochondrial protein synthesis.29 This discovery enabled further study of the clinical
disease spectrum and the disease mechanism at a molecular and cellular level. Amino
acylation assays revealed that different DARS2 mutations have different effects on the
expression, enzyme activity, localization and dimerization of mtAspRS.37 Most LBSL
patients have one mutation in intron 2 of DARS2. A splicing reporter construct revealed
that such mutations have different effects on the splicing of exon 3 in different cell
types.38
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Table 1 | MRI criteria for the diagnosis LBSL36

1

Minor
criteria

Major criteria

Signal abnormities of:
Cerebral white matter (relative sparing of
subcortical white matter)
Dorsal columns and lateral corticospinal tracts of
the spinal cord
Pyramids at the level of the medulla oblongata or
decussation of the medial lemniscus or both
Splenium of the corpus callosum
Posterior limb of the internal capsule
Superior and inferior cerebellar peduncles
Intraparenchymal part of the trigeminal nerve
Mesencephalic trigeminal tracts
Anterior spinocerebellar tracts in medulla
oblongata
Cerebellar white matter

Figure 2 | Lactate elevation in MRS.
In the LBSL patient a lactate peak is
visible at 1.3 ppm in the abnormal white
matter.

Megalencephalic leukoencephalopathy with subcortical cysts (MLC)
MLC is an infantile onset disease characterized by macrocephaly and delayed onset of
neurological deterioration. The disease was recognized in the nineties independently in
India and in the Netherlands.39,40 A few years after disease onset, patients develop
cerebellar ataxia and spasticity; they may become wheelchair dependent after several
years. Epilepsy is a common feature.41 No systematic study of lifespan has been
performed, but mortality is generally low.41 MRI shows diffusely abnormal and swollen
cerebral white matter and subcortical cysts (Table 2).22,41
Table 2 | MRI criteria for the diagnosis MLC22,41
Diffuse cerebral white matter signal abnormality
Swelling of the abnormal white matter
Subcortical cysts, defined as areas with same signal intensity as CSF on all pulse sequences
including FLAIR, or rarefaction (signal intensity close to CSF but not the same) in the anterior
temporal region and possibly also in the frontal and parietal regions
Central structures including corpus callosum and internal capsule are relatively spared
Cortical and central grey matter structures are not affected
Brainstem and cerebellar white matter show no or mild signal abnormality and are not swollen

Brain biopsies collected from MLC patients revealed intramyelinic vacuoles within the
white matter and the end-feet of astrocytes (Figure 3).42,43 In 2000, genetic linkage
studies performed by a Turkish-French consortium revealed a locus for MLC on the long
arm of chromosome 22.44 A year later, the information of multiple families present at the
VU University medical center in Amsterdam was used to identify the mutated gene,
KIAA0027, which was renamed into MLC1.30 The gene’s function was unknown at that
time, and experiments were initiated to elucidate its features. In 2010 it was described
that some MLC patients without an MLC1 mutation showed major MRI improvement and
lacked motor decline. MRI abnormalities initially resembled those of patients with classic
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MLC, but from the second year of life, the white matter abnormalities decreased and
largely or complete normalized; the cysts decreased in size and sometimes
disappeared.45 It was found that in addition to MLC1, GLIALCAM was a second gene
mutated in this disease: patients with recessive mutations have the classic phenotype
and patients with dominant mutations have the improving phenotype. 31

Figure 3 | Patient brain tissue with vacuoles. (A) Electron microscopy images of a brain biopsy
sample from an MLC patient show vacuoles in a myelin sheath. (B) Magnification shows that the
vacuoles are lined by a membrane with the typical periodicity of myelin. (C) Vacuoles are also present in
astrocytic endfeet (asterisks). Adapted from van der Knaap et al.42 with permission from Springer Nature,
copyright 1996 and from Duarri et al.43 with permission from Elsevier, copyright 2011.

During the past years, the understanding of the disease mechanism of MLC has taken
major steps forward. It is now known that MLC1 is an astrocyte specific membrane
protein involved in brain ion and water homeostasis46,47 and that GlialCAM is a
chaperone of MLC1 that ensures its localization in the membrane of astrocytic
endfeet.31,48 Mutations in these genes result in a defect in brain volume regulation by
astrocytes and with that, white matter edema. Research on MLC has increased the
knowledge of not only the disease, but also brain volume regulation in general, which is
an elementary aspect of multiple neurological diseases.

Hypomyelination with atrophy of the basal ganglia and
cerebellum (H-ABC)
In 2002, H-ABC was recognized as a new disease entity in a group of patients with
variably delayed early development, extrapyramidal movement abnormalities, ataxia and
spasticity.49 They exhibited uniform and highly characteristic brain MRI findings
consisting of diffuse hypomyelination and atrophy of the basal ganglia (neostriatum) and
the cerebellum (Table 3).49 The disappearance of the basal ganglia without evidence of
remaining scar tissue on MRI was indicative of atrophy by means of apoptosis rather
than necrosis. In keeping with the MRI features, histopathology studies showed a lack of
myelin in the cerebral hemispheres with evidence of both hypomyelination as well as
low-grade myelin loss and a subtotal degeneration of the putamen with loss of neuronal
cells.50 The findings suggested that the pathophysiological mechanism in H-ABC relies
on two processes: a disturbance of normal development and degeneration.
As parents of H-ABC patients were not related and no siblings were affected, a dominant
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de novo inheritance pattern was suspected, restraining the application of linkage studies
to identify the underlying genetic defect. The arrival of NGS facilitated new search
strategies: in 2013, 11 patients were selected on the basis of very strict clinical and MRI
criteria. WES analysis revealed they all harbored the same heterozygous de novo
mutation in the TUBB4A gene, encoding WXEXOLQ ȕ-4A.51 In the same period, also
Dystonia type 4 (alias “whispering dysphonia”) was found to be associated with
dominant TUBB4A mutations.52,53 Patients presented at adolescent or adult age and
MRI of the brain revealed no abnormalities. It was puzzling that such divergent
syndromes were caused by defects in the same gene.
Table 3 | MRI characteristics of H-ABC49
No abnormalities of the cerebral cortex
Diffuse cerebral hypomyelination; over time further myelin loss and white matter atrophy
Major criterion: small or absent putamen, without evidence of lesions in this region
Minor criterion: reduced size of the head of the caudate nucleus
No abnormalities of thalamus and globus pallidus
Atrophy of the cerebellum, especially at the vermis, characterized byshrunken folia and large
cerebellar fissures

Vanishing White Matter (VWM)
In 1993, 1994 and 1996 a disease was described in three groups of children, including
some affected siblings.54-56 Patients exhibited similar clinical features54-56 and shared an
MRI pattern of diffuse, homogeneous white matter abnormalities with a signal almost
identical to the signal of the ventricles (Figure 4B, Table 4).56 MRS revealed profound
decrease or absence of brain metabolites in the abnormal white matter.55,56 Autopsy
findings substantiated disappearance of the cerebral white matter and the disease was
named Vanishing White Matter (Figure 4D).56,57

Figure 4 | MRI and pathology in VWM. (A) Axial FLAIR image of a control shows a hypointense signal of
the cerebral white matter relative to the cortex; (B) in the VWM patient the subcortical white matter has an
abnormal hyperintense signal and the deep white matter has a low signal intensity, similar to CSF,
indicative of cystic degeneration. (C) Macroscopic coronal section of a cerebral hemisphere in a control
and (D) in a VWM patient with end stage disease, showing that virtually all white matter is absent.
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The clinical phenotype of VWM consists of chronic progressive neurological deterioration
with ataxia and spasticity, as well as unusual episodes of rapid and major decline
provoked by stressors such as fever and minor head trauma.56 The disease was initially
described as a fatal disorder affecting young children, 55,56,58 but over time it became
clear that there is wide variability in age of onset and severity. 57,59 Although still rare,
VWM turned out to be one of the more prevalent leukodystrophies.7,20 Considering the
familial occurrence, autosomal recessive inheritance was suspected. A genetic linkage
study was established, focusing on Dutch patients.60,61 Most of the families involved
originated from a rural region in the east of the Netherlands where the population tented
not to migrate or intermarry with people from other regions. A founder effect was
suspected and a common ancestor was identified, which enabled identification of linkage
with a locus on chromosome 3 and helped narrowing down of the candidate region,
resulting in the detection of the first gene mutated in VWM: EIF2B5.60-62 Another Dutch
founder effect in the south of The Netherlands led to the detection of a second gene:
EIF2B2.62 Subsequently, it was shown that VWM can be caused by mutations in any of
the genes (EIF2B1-5) encoding the five subunits of the pentameric complex eukaryotic
WUDQVODWLRQLQLWLDWLRQIDFWRUH,)% H,)%ĮȕȖįDQGİ 61,63 The factor eIF2B is an
enzyme that is present in all cells and is essential for the initiation of translation of
mRNAs into proteins and for the regulation of the rate of protein synthesis under
different conditions, especially stress.64,65

Major
criteria

Table 4 | MRI criteria for the diagnosis of VWM 56
Either diffuse or extensive signal abnormalities of the cerebral white matter; the immediately
subcortical white matter may be spared
Part or all of the abnormal white matter has a signal intensity close to or the same as CSF on
proton density or FLAIR images, suggestive of white matter rarefaction or cystic destruction
If proton density and FLAIR images suggest that all cerebral white matter has disappeared,
there is a fluid-filled distance between ependymal lining and cortex, but not a total collapse of
the white matter
The disappearance of the cerebral white matter occurs in a GLIIXVH³PHOWLQJDZD\´SDWWHUQ
The temporal lobes are relatively spared, in the extent of the abnormal signal, degree of
cystic destruction, or both
No contrast enhancement

Minor
criteria

1
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Within abnormal white matter there is a pattern of radiating stripes on sagittal and coronal T1weighted or FLAIR images; on axial images dots and stripes are seen within the abnormal
white matter as cross-sections of the stripes
Lesions within the central tegmental tracts in the pontine tegmentum
Involvement of the inner rim of the corpus callosum, whereas the outer rim is spared

PATIENT CARE
With the growing number of defined disorders and the advances in imaging technology
and genetic testing, the majority of leukodystrophy cases now receive a molecular
diagnosis. A diagnostic test alone is, however, meaningless if not placed into a clinical
context. In order to adequately counsel patients and families, a profound knowledge of
the natural disease course of a disorder is warranted, including the variability in clinical
severity. As leukodystrophies share many of the clinical signs and symptoms, a common
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approach to symptomatic and preventive treatment is feasible. A helpful guideline for
standard care was recently developed by a leukodystrophy expert group, comprising
treatment goals for the most common symptoms such as motor impairment, seizures
and spasticity, an overview of common symptomatic medication and strategies for
potentially preventable medical complications.66 Nonetheless, specific leukodystrophies
also come with disease-specific symptoms and disease-specific risk factors: stringent
phenotyping and systematic study of prognostic factors are therefore elementary for the
improvement of medical care. Such studies are scarce in the field of leukodystrophies
due to the rarity of the disorders. Especially in newly defined disorders, the knowledge of
the clinical variability and natural disease course is very incomplete, hampering
counseling and adequate patient care.
Owing to recent technological developments such as gene therapy and stem cell
therapy, there is hope for therapeutic options for a growing number of
leukodystrophies.67 Also for the planning and evaluation of treatment trials, an in-depth
insight in the phenotypic spectrum of a disorder is essential. Although the results of the
first human trials are promising,68-70 for most leukodystrophies a curative therapy is still
years away. Until then, clinicians should aim for the most optimal medical care and
quality of life decisions in patients suffering from leukodystrophy today.

AIMS AND OUTLINE OF THIS THESIS
The general theme of this thesis concerns the clinical and genetic aspects of four
recently identified leukodystrophies. The project had three aims of equal importance.
The first aim was to better delineate the phenotypic and genotypic spectrum of
leukodystrophies in order to improve patient and genetic counseling. The second aim
was to provide natural history data, which is fundamental for the planning and evaluation
of future therapeutic trials. The third aim was to enhance the understanding of the
underlying disease mechanisms, a crucial step for the development of treatment
strategies.
In chapter 2, we describe the clinical characteristics and DARS2 mutations of a cohort of
78 LBSL patients and explore the application of agents that may modulate the genetic
defect. In chapter 3 we address the clinical and radiological characteristics of different
variants of MLC among 242 patients and the identification of differentiating features. In
chapter 4 we give an overview of phenotypic characteristics and TUBB4A mutations in
42 H-ABC patients and establish a genotype-phenotype correlation. A small group of HABC patients remained without a molecular diagnosis. In chapter 5 we report on the
identification of the second gene mutated in H-ABC in 16 patients with a shared Roma
ethnic background. In chapter 6 we present the results of a 12.5 year natural history
study on disease course in 296 genetically proven VWM patients. Next, in chapter 7 we
provide insight into dimensions of disability, health-related quality of life and age of onset
related differences in disease course in VWM. The main findings and implications of
these studies are summarized and discussed in chapter 8.
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ABSTRACT
Leukoencephalopathy with brainstem and spinal cord involvement and lactate
elevation is a disorder caused by recessive mutations in the gene DARS2, which
encodes mitochondrial aspartyl-tRNA synthetase. Recent observations indicate that
the phenotypic range of the disease is much wider than initially thought. Currently, no
treatment is available. The aims of our study were (i) to explore a possible genotype–
phenotype correlation; and (ii) to identify potential therapeutic agents that modulate
the splice site mutations in intron 2 of DARS2, present in almost all patients. A crosssectional observational study was performed in 78 patients with two DARS2
mutations in the Amsterdam and Helsinki databases up to December 2012. Clinical
information was collected via questionnaires. An inventory was made of the DARS2
mutations in these patients and those previously published. An assay was developed
to assess mitochondrial aspartyl-tRNA synthetase enzyme activity in cells. Using a
fluorescence reporter system we screened for drugs that modulate DARS2 splicing.
Clinical information of 66 patients was obtained. The clinical severity varied from
infantile onset, rapidly fatal disease to adult onset, slow and mild disease. The most
common phenotype was characterized by childhood onset and slow neurological
deterioration. Full wheelchair dependency was rare and usually began in adulthood.
In total, 60 different DARS2 mutations were identified, 13 of which have not been
reported before. Except for 4 of 42 cases published by others, all patients were
compound heterozygous. Ninety-four per cent of the patients had a splice site
mutation in intron 2. The groups of patients sharing the same two mutations were too
small for formal assessment of genotype-phenotype correlation. However, some
combinations of mutations were consistently associated with a mild phenotype. The
mitochondrial aspartyl-tRNA synthetase activity was strongly reduced in patient cells.
Among the compounds screened, cantharidin was identified as the most potent
modulator of DARS2 splicing. In conclusion, the phenotypic spectrum of
leukoencephalopathy with brainstem and spinal cord involvement and lactate
elevation is wide, but most often the disease has a relatively slow and mild course.
The available evidence suggests that the genotype influences the phenotype, but
because of the high number of private mutations, larger numbers of patients are
necessary to confirm this. The activity of mitochondrial aspartyl-tRNA synthetase is
significantly reduced in patient cells. A compound screen established a ‘proof of
principle’ that the splice site mutation can be influenced. This finding is promising for
future therapeutic strategies.
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INTRODUCTION
Leukoencephalopathy with brainstem and spinal cord involvement and lactate
elevation (LBSL, MIM 611105) is a rare autosomal recessive disease that was initially
described as a relatively mild disorder, characterized by juvenile onset of slowly
progressive ataxia, spasticity and dorsal column dysfunction.1-5 LBSL is associated
with a highly distinctive MRI pattern, consisting of signal abnormalities in the
periventricular cerebral white matter and specific brainstem and spinal cord tracts.1,6
In most patients, proton magnetic resonance spectroscopy of the abnormal white
matter reveals increased lactate.1,7,8 The definitive diagnosis of LBSL is established
by the demonstration of mutations in the gene DARS2 (MIM 610956). No treatment is
available for LBSL. DARS2 encodes mitochondrial aspartyl-tRNA synthetase, the
enzyme that attaches the amino acid aspartate to the correct mitochondrial transfer
RNA. Aspartyl-tRNA is necessary in the translation of mitochondrial messenger RNA
into protein. It is striking that almost all patients are compound heterozygous for two
DARS2 mutations and that one of the mutations is almost invariably a splice site
mutation in intron 2, upstream of exon 3.6 As a consequence of such a mutation,
exon 3 is not included in the messenger RNA, leading to a frameshift, premature stop
and absence of functional protein. These splice site mutations are, however, ‘leaky’.
This means that for part of the mutated messenger RNAs, exon 3 is included, from
which normal full-length protein is formed.9 Recent observations indicate that the
phenotypic spectrum in LBSL is much wider than originally assumed. Adult-onset
oligosymptomatic cases were described,7,8,10,11 as well as patients with infantile
onset, rapid neurological deterioration and early demise.12-14 The explanation for this
wide clinical variation is unclear. The first aim of the present study was to explore a
possible genotype-phenotype correlation in LBSL. We made an inventory of the
clinical characteristics and DARS2 mutations in a cohort of 78 LBSL patients and
evaluated a possible genotype-phenotype relationship. The second aim of the study
was to investigate the potential application of agents modulating the common intron 2
splice site mutations, with the aim to increase the amount of normal enzyme
produced. A compound screen was performed to identify modulators of the splicing
event.

MATERIALS AND METHODS
The study was performed with approval of the Institutional Review Board of the ‘VU
University Medical Center’, Amsterdam. Written informed consent for research on
patients’ cells was obtained from all patients or guardians of patients participating in
the study, in agreement with the Declaration of Helsinki.

Phenotypic inventory
A cross-sectional observational study was performed including all 68 patients with
two DARS2 mutations present in the Amsterdam LBSL patient database up to
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December 2012. The database contains patients referred to the VUMC Center for
Childhood White Matter Disorders in Amsterdam for genetic testing. Additionally, 10
Finnish patients, investigated in the Helsinki University Central Hospital, were
included. Clinical questionnaires were completed primarily by the patient’s physician
(77% of the patients). If this source was not available, the information was derived
from medical records, supplemented by information provided by the family. To avoid
differences in rating of the clinical phenotype, robust outcome measures were
chosen: age of onset, age at achieving unsupported walking, age at loss of walking
without support, full wheelchair dependency, Gross Motor Function Classification
System (GMFCS, Expanded and Revised version) and Manual Ability Classification
System (MACS) scores, cognitive ability and age at death. The GMFCS and the
MACS are international standards for the classification of locomotion and hand
function in patients with cerebral palsy (Supplementary Table 1).15,16 For cognitive
ability we used a 3-point score: normal level of function, learning disabilities and
severe cognitive impairment, as assessed by developmental milestones, school
performance and occupation. Magnetic resonance images of all patients were
available for evaluation. The studies were evaluated according to a standard
protocol.17

Genotypic inventory
Mutation analysis of DARS2 was performed as described previously.6 Several new
primers were used, which are listed in Supplementary Table 2. The presence of the
c.228-20T>C polymorphism on the same allele as another intron 2 mutation was
determined by sequence analysis of the equivalent PCR fragment obtained from the
parental DNA. If both parents carried the c.228-20T>C polymorphism, the patient’s
PCR fragment was cloned into a pGEM-T vector (Promega), which was then
transformed into E. coli and individual clones were sequenced. Genotype data of all
68 patients of the Amsterdam database up to December 2012 and the 10 patients of
the Helsinki database were documented. Additionally, the mutations of 42 published
patients with two DARS2 mutations were reviewed.10,11,13,18-21

Statistical analysis
Descriptive statistics were used to review the phenotypes and genotypes. To test
whether there is an association between age of onset and disease progression in the
first 10 years after disease onset, we performed a non-parametric resampling
procedure with 100 000 permutations to study the differences between the empirical
cumulative distribution functions over the ordinal severity scale of consecutive age-ofonset groups. Cox regression analysis was performed to study the relation between
the continuous covariate ‘age of onset’ and disease duration at the time of loss of
ambulation. The recursive partitioning technique of Hothorn et al. (2006)22 was used
to analyze whether categories of patients with different ages of onset could be
formed. Kaplan-Meier curves were constructed to visualize the probabilities for the
loss of the ability to walk without support and full wheelchair dependency relative to
the duration of the disease, with a distinction for age of onset. For patients in whom
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the event of loss of walking without support or full wheelchair dependency had not yet
occurred at the last clinical evaluation, the event was indicated as censored. The log
rank test was used to compare subgroups. Student’s t-test was used to assess the
difference in the levels of DARS2 intron 2 inclusion. Analyses were performed using
the statistical software program R and SPSS for Windows version 20.

Cell culture
Control and patient-derived lymphoblasts were obtained and cultured as described
previously.23 HEK293T cells were grown in Opti-MEM® (Invitrogen) and 10% fetal
bovine serum. Cells were cultured at 37°C and 5% CO2.

Enzyme assay
Mitochondria were isolated from lymphoblasts using the Mitochondrial Isolation Kit
(Miltenyi Biotec) according to the manufacturer’s protocol. Isolated mitochondria were
resuspended in reaction buffer [50mM HEPES - KOH pH 7.6, 25mM KCl, 12mM
MgCl2 with protease inhibitors (Roche)]. Mitochondrial extracts were obtained after
incubation in 0.5% NP40 for 10 min and centrifugation at 13 000 rpm for 10 min.
Mitochondrial extracts were run on a SDS-PAGE gel with 0.5% trichloroethanol and
protein loading was analyzed with the Gel DocTM EZ system (Bio-Rad).
Aminoacylation assays were carried out in 50mM HEPES -KOH pH 7.6, 25mM KCl,
12mM MgCl2, 2.5mM ATP, 0.2 mg/ml bovine serum albumin, 1mM spermine, 32 mM
stable-isotope labelled aspartate, 40 mM total E. coli tRNA (Roche) and
mitochondrial extract at 37°C. NaAc (0.1mM) pH 5.2 was added to the samples at
indicated time points to stop the reaction. Transfer RNAs were isolated immediately,
using acidic phenol/CHCl3/ IAA and ethanol precipitation. Aspartate was released
from the transfer RNA by incubation in 62.5mM borate buffer at pH 10.0 for 1 h at
42°C. Stable-isotope labelled aspartate was measured by liquid chromatography–
tandem mass spectrometry.

Compound screen
For the compound screen, a splicing reporter construct was used, containing the
most common mutation in patients with LBSL (c.228-21_-20delTTinsC), transfected
in HEK293T cells together with a pmCherry-N1 plasmid (Clontech) as control.
Splicing reporter constructs contained exon 2, intron 2, exon 3, intron 3 and part of
exon 4 of DARS2 fused to enhanced yellow fluorescent protein (EYFP), as previously
described.9 This reporter construct leads to expression of EYFP when exon 3 is
skipped. Compounds from the Spectrum Collection (Microsource), a library of 2000
FDA approved and natural compounds, were screened for their effect on expression
of the splicing reporter construct. HEK293T cells were transfected with
polyethylenimine (Polysciences) at 50% confluency. Cells were co-transfected with a
pmCherry plasmid to control for the number of cells, transfection efficiency and
possible other effects of the compounds on, for example, protein stability and cell
viability. At an earlier stage, we had found that sodium orthovanadate increased
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correct splicing of the third exon of DARS2, and this compound was therefore used
as a positive control. The stock solution of each compound was 100 mM dissolved in
1% dimethyl sulphoxide. Compounds were added 24 h after transfections at a final
concentration of 1 mM. After incubation for 24 h, cells were fixed in 4%
paraformaldehyde and EYFP and mCherry expression was measured on a Cellomics
ArrayScan VTI HCS Reader. The screen was done in duplicate. The 2000 screened
compounds were ranked based on the EYFP/mCherry ratio with the rank product
method.24 The top five hits from this analysis were used for further validation on
transfected HEK293 cells in different concentrations. The compounds that were used
for validation were obtained from Sigma. These selected compounds were also used
in combination with two additional constructs, one with intron 2 mutation c.228-20_11delinsCCCCCCCCCG and the other with c.228-20_-15delinsCCCCCA, to
demonstrate that the effects were not restricted to one single mutation, c.228-21_20delTTinsC.

RNA isolation and quantitative polymerase chain reaction
Transfected cells were harvested 48 h after transfection and 24 h after addition of the
compounds. Total RNA was extracted using TRIzol® (Invitrogen). First-strand
complementary DNA synthesis was carried out with SuperScript® III RT (Invitrogen).
PCR was done on complementary DNA with Platinum® Taq according to the
manufacturer’s protocol (Invitrogen). Quantitative PCR was performed using SYBR®
Green (Roche) on a LightCycler 480 (Roche). The primers are described in
Supplementary Table 2.

RESULTS
Phenotypic spectrum
The databases contained 78 patients with two DARS2 mutations. Patients for whom
no clinical information could be collected (n = 11) were excluded from the study. One
patient was excluded because of co-morbidity (serious hypoplasia of the right
cerebellar hemisphere).25 For some patients, the available clinical information was
incomplete; these patients were only excluded from the analysis for the subject of the
missing information. Sixty-six patients with LBSL (36 female and 30 male patients, 58
families, see Supplementary Table 3) were available for the clinical inventory. The
average age of the patients at the latest clinical evaluation was 24 years [standard
deviation (SD) 14 years, range 1–59 years].

Age of onset
The mean age at which patients first showed neurological signs, was 8 years (SD 8
years, median 5 years, range 0.4-40 years). In 53% of patients, the disease began
before the age of 6 and in 88% before the age of 18 years (Figure 1). Onset in late
teens was rare. Eight patients had adult onset, seven of whom were female. The
most common neurological sign was cerebellar ataxia, especially gait ataxia. One
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patient (Patient LBSL236) has thus far been asymptomatic. He had been referred for
a neurological examination at the age of 3 months because of abnormal muscle tone.
Cranial ultrasound examination revealed hyperechogenecity of both cerebral
hemispheres and MRI showed abnormalities typical of LBSL, after which the
diagnosis was confirmed by DNA analysis. He is presently a normal boy of 2 years.

Figure 1 | Age of onset and disease progression in the first 10 years. Plot of the number of
patients with LBSL per age category of disease onset, with a subclassification for disease progression
in the first 10 years after disease onset. Patients not being followed for 10 years are represented in
light blue, unless they were already categorized in the most severe groups (deceased or fully
wheelchair dependent).

Early motor development
The majority of patients achieved unsupported walking at a normal age. Nine of 63
patients showed a delayed development and three patients never achieved
unsupported walking.

Loss of ambulation
Only eight patients required an aid for walking before the age of 12 years and only
four became fully wheelchair dependent before 12 years. Patients in their teens were
more likely to have lost walking without support, but not to be fully wheelchair
dependent. In patients of 18 years and older, 50% required support for walking and
13% were fully wheelchair dependent.
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GMFCS and MACS

2

The majority of patients was able to walk without (GMFCS I-II) or with (GMFCS III)
support. Most patients had no (MACS I) or limited (MACS II) problems with handling
objects. Manual ability was generally less severely affected than ambulation. It was
exceptional for patients to score on the highest level V of both systems,
corresponding to complete wheelchair dependency and a severely limited manual
ability. This was only the case in a small number of patients with disease onset
before 2 years and rapid deterioration. Two middle-aged patients are currently also
severely handicapped (GFMCS IV or V and MACS IV).

Cognitive ability
Most patients had a normal cognitive ability, whereas 20% (12/62) required special
education. Serious intellectual impairment was observed in only two patients.

Mortality and survival
In this cohort of 66 patients, 15 individuals had reached the age of at least 35 years.
Only two patients had died. Both had infantile disease onset, rapid disease
progression and death before the age of 2 years.

Magnetic resonance imaging characteristics
Except for three patients, all patients in the databases fulfilled all major and one or
more minor MRI criteria for LBSL.14 Two siblings (Patients LBSL160/161) and Patient
LBSL223 lacked the major criterion of signal abnormalities throughout the pyramidal
tracts; there was no involvement of the pyramids at the medulla oblongata and the
lateral corticospinal tracts of the spinal cord. Patient LBSL223 lacked abnormalities in
cerebellum and brainstem at the age of 2 years (Supplementary Figure 1). Patient
LBSL229 showed additional signal abnormalities in the anterior funiculus over the
entire length of the spinal cord. In general, in late onset mildly affected patients, the
cerebral white matter abnormalities were less profound than in severely affected
patients (Supplementary Figure 2).

Correlation between age of onset and disease severity
Forty-two patients were available for the comparison between age of onset and
disease severity after 10 years. We divided the patients in age of onset categories
that are in common use in medicine: infantile (0 to 52 years), early juvenile (2 to 56
years), late juvenile (6 to 512 years), teenage (12 to 518 years), and adolescent and
adult (18 years and older). When comparing these patient categories, earlier onset
was related to a more severe neurological deterioration in the first 10 years after
disease onset (p=0.00011, Figure 1). When studying the relationship between the
continuous covariate age of onset and the time at loss of ambulation, only the time
that patients became fully wheelchair dependent correlated with the age of onset (cox
regression analysis, p=0.014). Based on the time at full wheelchair dependency,
evidence was found for the categorization into two groups of patients (age of onset
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0–1.5 years and age of onset 41.5 years; p-value=0.022). Patients with an infantile
onset lost the ability to walk without support (p=0.0001) soonest after disease onset
and became fully wheelchair dependent sooner (p<0.0001, Figure 2). All the adult
onset patients were still ambulant, without or with support, at the last clinical
evaluation.

Figure 2 | Loss of ambulation in relation to age of onset. Kaplan-Meier plots showing the
probability of walking without support (left) and not being fully wheelchair dependent (right) in relation
to disease duration for patients with an onset before or after the age of 1.5 years, respectively.

Genotypic variation
Since the discovery of DARS2 mutations in 38 patients with LBSL in 2007,6 we have
confirmed the diagnosis of LBSL by DNA analysis in 40 additional patients (39
families). Of the mutations found, 13 have not previously been published. In addition,
42 patients with two pathogenic mutations have been published by others.8,10-13,18,19,21
An overview of all 60 known mutations is shown in Figure 3 and the mutations of our
patients are listed in Supplementary Table 3. The mutations are spread over the
entire DARS2 gene (Figure 3). Ninety-four per cent (113/120) of the patients had an
intron 2 mutation in the polypyrimidine tract just upstream of exon 3. Thirteen
different mutations were found in this region with c.228-21_-20delTTinsC being the
most common (88/120). In all Amsterdam database patients, these intron 2 mutations
co-segregated with a single nucleotide polymorphism (c.228-20T>C) on the same
allele, which resulted in a modified description of some earlier published mutations
(Supplementary Table 3). All patients in our database were compound heterozygous.
Four patients (two families) have been described with homozygous mutations.10,12 In
Patient LBSL44 three mutations were found that were predicted to be pathogenic.
For this patient, no parental DNA was available to investigate the allelic distribution.
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Figure 3 | DARS2 mutations. Schematic representation of the DARS2 gene and the distribution and
frequencies (in brackets) of patients in our databases and all published mutations. The exons are
displayed in proportion, the introns are shortened. Splice site mutations are indicated in purple,
missense mutations in blue, deletions in green, and nonsense mutations in red. a: Scheper et al.,
2007;6 b: Uluc et al., 2008;5 c: Isohanni et al., 2010;25 d: Mikhaylova et al., 2009;19 e: Lin et al., 2010;26
f: Labauge et al., 2011;20 g: Sharma et al., 2011;27 h: Galluzzi et al., 2011;13 i: Miyake et al., 2011;12
j: Synofzik et al., 2011;10 k: Huang et al., 2012;21 l: Tzoulis et al., 2012;18 m: Moore et al., 2012;11
n: Steenweg et al., 2012;14 o: mutation was previously published with a different annotation; p:
p.Arg274Serfs*9 in current HGVS nomenclature; q: p.Glu424Asnfs*2 in current HGVS nomenclature.
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Genotype-phenotype relation
Of 66 phenotyped patients with LBSL, 25 patients had a private mutation and 31
patients had a unique combination of mutations. The fact that only 22 patients had a
combination of DARS2 mutations shared by other unrelated patients hampered the
study of a genotype–phenotype correlation. In the 45 patients who had the common
c.228-21_-20delTTinsC mutation and different mutations on the second allele, the
clinical severity ranged from childhood onset disease with loss of ambulation before
adulthood to very slowly progressive adult onset disease. There was no evident
relationship between the location or type of the second mutation and disease
severity. Interestingly, the four patients with the most severe phenotype did not have
the common mutation, but had another intron 2 mutation. Two groups could be
formed with multiple patients sharing the same combination of mutations: c.228-21_20delTTinsC together with c.455G>T (n = 9) or with c.492+2T>C (n = 11). All patients
in these groups had a benign phenotype characterized by an onset in childhood up to
young adulthood followed by mildly progressive neurological deterioration. There was
no significant difference in clinical outcome between these groups or between these
groups and the rest of the patients. Two additional patients with the same genotype
(Patients LBSL103 and LBSL166, c.228-21_-20delTTinsC, c.397-2A>G) had a mild
disease with an adult onset. Only four patients did not have an intron 2 mutation
affecting the splicing of exon 3. This number was too small to conclude whether their
phenotypes are different. It was, however, striking that two of these patients (Patients
LBSL160/161) lacked some major MRI criteria, as described above. Another patient
who lacked some of the classical MRI characteristics (Patient LBSL223) had a
unique intron 2 mutation and a rather severe disease course. In seven of eight
affected sibling pairs, the first symptoms occurred within the same phase of life for
both patients, with a maximum difference of 3 years; in Patient HEL3 the symptoms
occurred 13 years later than in his brother (Patient HEL2). Among five affected
sibling pairs, mild differences in clinical severity of motor dysfunction or cognitive
problems were observed.

Decreased mitochondrial aspartylation in patients with LBSL
Mitochondrial aspartyl-tRNA synthetase activity was measured in mitochondrial
extract from lymphoblasts of four patients with LBSL (Patients LBSL8, LBSL44,
LBSL160 and LBSL266) and four control subjects. The patients had different
combinations of mutations and their phenotypes ranged from infantile onset disease
with severe neurological deterioration (Patient LBSL266) up to adult onset, mild
disease (Patient LBSL44) (Supplementary Table 3). The results show a substantial
loss of activity of mitochondrial aspartyl-tRNA synthetase in all patient cells compared
with control subjects (Figure 4 and Supplementary Figure 3). The level of residual
enzyme activity was in the same range for all patients with overlap in values for the
most severely and mildest affected patients.
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Compounds altering DARS2 exon 3 splicing

2

We have previously developed a yellow fluorescent protein (YFP) reporter construct,
in which increased splicing efficiency of intron 2 is reflected by a decrease in the YFP
signal.9 These results were validated at both the RNA and protein level. In the
present study, we used this construct with the most common splice site mutation to
screen compounds for their ability to modify the splicing efficiency of intron 2. Of the
2000 compounds ranked by the rank product method, the five compounds causing
the largest decrease in the EYFP/mCherry ratio in both screens were used for further
studies: gentian violet, cantharidin, pyrithione zinc, celastrol and alanyl-DL-leucine
(Supplementary Table 4).

Figure 4 | Mitochondrial aspartyl-tRNA synthetase activity in lymphoblasts. The aspartylation
activity in isolated mitochondria from four control and four patient lymphoblasts was measured. Activity
was strongly reduced in patient lymphoblasts (Patients LBSL8, LBSL44, LBSL160 and LBSL266) as
compared to control lymphoblasts (C1-C4).

Effects of all compounds except for alanyl-DL-leucine could be confirmed in separate
experiments using the reporter construct. The two additional reporter constructs with
different splice site mutations in the same region showed similar effects (Figure 5A).
Therefore, the identified compounds affect the splicing efficiency at the intron 2/exon
3 boundary independent of the exact mutation. To directly assess the effect on
messenger RNA splicing, reverse transcriptase PCR was performed to detect the
messenger RNA with and without the third exon of DARS2. In addition to sodium
orthovanadate, one of the selected compounds, cantharidin, showed a direct effect
on the splicing of the third exon. Both compounds increased the amount of correctly
spliced product (Figure 5B). There was a concentration-dependent effect up to 10
mM for cantharidin (Figure 5C). In experiments with a smaller number of different
concentrations, we showed that the concentration- dependent effects were
reproducible (Supplementary Figure 4A) and all three mutant reporter constructs
respond in a similar concentration-dependent manner (Supplementary Figure 4B).
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Cantharidin had a clear effect on splicing of intron 2 on the messenger RNA level
(Figure 5B) and was chosen to study the effect on lymphoblasts from patients with
LBSL. Two patient-derived lymphoblast cell lines and two control cell lines were
treated with 10 mM cantharidin for 24 h. Quantitative reverse transcriptase PCR on
RNA purified from these cells showed that cantharidin increased the correct splicing
of DARS2 exon 3 in these patient-derived cells. With the addition of cantharidin, the
percentage of messenger RNA without exon 3 was decreased on average from
11.3% to 5.4% (Figure 5D).

Figure 5 | Compounds affecting DARS2 exon 3 splicing. (A) The effects of selected compounds on
three different reporter constructs are shown. The effect of DMSO was set at a YFP/mCherry-ratio of
1. This ratio is decreased with all selected compounds except alanyl-DLleucine. The three different
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mutations in the reporter constructs show similar results. (B) Reverse transcriptase PCR was
performed on cells transfected with the reporter construct and treated with the indicated compound.
After isolation of total RNA and complementary DNA synthesis, the inclusion or exclusion of exon 3
was visualized by PCR with primers 2Fb and GFP-R (Supplementary Table 1) before agarose gel
electrophoresis. The expected sizes of the bands are 615 bp (without exon 3) and 682 bp (with exon
3) as indicated on the right. M represents a marker lane containing the Invitrogen 1Kb Plus DNA
ladder and the size of the band is indicated on the left. (C) The effect of increasing concentrations of
cantharidin on the YFP/mCherry-ratio is shown. (D) Relative expression of mitochondrial aspartyltRNA synthetase messenger RNA without exon 3 in control and patient lymphoblasts with and without
treatment of 10 mM cantharidin for 24 h. The expression of the variant without exon 3 is shown as the
mean percentage of total amount of mitochondrial aspartyl-tRNA synthetase messenger RNA ±
standard error of the mean. The asterisk indicates P<0.05.

DISCUSSION
In this study, we investigated the phenotypic variation in a relatively large number of
patients with LBSL. LBSL was originally described as a juvenile onset disorder with a
reliable, slow progression.1 Our study confirms that LBSL is a neurological disorder
with generally slow progression and low mortality, with in some cases even later
onset and slower disease course than initially described. Complete wheelchair
dependency is rare, especially before the age of 18 years. Life expectancy may be
normal for most patients; the oldest patient in this cohort is 59 years old. Patients with
LBSL have in general a better prognosis than most other hereditary
leukoencephalopathies, but the infantile onset cases are an exception. They form a
distinct category characterized by a more rapid neurological deterioration and - in the
most severe cases - early death. The implication of our observations is that both
paediatric and adult neurologists may meet patients with LBSL and need to be aware
of this disease. The patients included in the present study had been selected for
analysis of the DARS2 gene on the basis of specific MRI findings. A limitation to this
approach is that, possibly, LBSL patients with an atypical MRI pattern and
asymptomatic patients have been missed. So far, one index patient (Patient
LBSL236) and three siblings of patients with LBSL with the same pathogenic
mutations are known that are asymptomatic (Labauge et al., 201120 and personal
observations). We suspect that until now most early-onset patients have remained
undiagnosed because the severe phenotype is not widely known. Consequently, the
clinical spectrum of the disease may still be wider and the distribution over ages of
onset may be different to what is currently described. Almost all patients with LBSL
have compound heterozygous DARS2 mutations. Mitochondrial aspartyl-tRNA
synthetase is an enzyme that is essential for life and patients never have two null
mutations. These observations suggest that the range of permissive mutations
resulting in mitochondrial aspartyl-tRNA synthetase activity that is high enough not to
be lethal, but below a certain threshold for symptoms to appear, is narrow. The
c.228-21_-20delTTinsC mutation has not been reported in the homozygous state in
any LBSL patient, which is striking considering the relatively frequent occurrence of
this mutation in LBSL patients, and the high carrier rate of 1:95 that has been
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described in the Finnish population.25 It is also striking that there is no patient with
LBSL who is compound-heterozygous for two different intron 2 splice site mutations.
The intron 2 splice site mutations are leaky and allow the production of some normal
protein. It is possible that the presence of an intron 2 splice site mutation on both
alleles leads to another pathology, but we suspect that this may not lead to a
disease. We postulate that the remaining mitochondrial aspartyl-tRNA synthetase
activity in patients’ cells is largely derived from the allele with the ‘leaky’ intron 2
mutation, whereas the second mutation probably is a functional null allele. Patient
LBSL44 had three predictively pathogenic mutations; it is most likely that the intron 2
mutation is located on one allele, and the two other mutations on the other allele,
leading to one null allele. We found that a known single nucleotide polymorphism
(c.228-20T>C) invariably co-segregates with mutations in the polypyrimidine tract in
intron 2 in patients from the Amsterdam database. It is unknown whether this is also
the case in other patients. Our finding raises the possibility that a single mutation in
this intron 2 tract may only be pathogenic when occurring in combination with this
single nucleotide polymorphism. Unfortunately, the heterogeneous nature of the
genotypes seriously hampered the genotype-phenotype correlation study. For a
proper genotype–phenotype correlation study much larger groups of patients are
required. Interestingly, four severe patients do not have the common c.228-21_20delTTinsC mutation seen in 45 milder patients. Patient LBSL263 has the same
mutations as a patient described in the literature who was also severely affected (the
presence of the abovementioned single nucleotide polymorphism was not
mentioned). Two groups of patients with similar mutations and a mild disease course
could be formed, suggesting that these genotypes are related to a benign phenotype.
Striking intrafamilial differences were absent. Outside our study, only one family has
been described with three affected siblings and these displayed remarkable
interindividual differences.12 Our observations support the hypothesis that there is a
genotype–phenotype correlation. Intrafamilial differences are most likely explained by
the influence of environmental and other genetic factors. We developed an enzyme
assay to assess mitochondrial aspartyltRNA synthetase activity and for the first time
confirmed its decreased activity directly in patient cells. Decreased activity of mutant
enzymes has been shown previously in in vitro aminoacylation assays from
overexpression studies,6,28 but it is difficult to extrapolate these results to patient
cells, where the activity is almost always determined by a combination of two different
mutant alleles. We demonstrate that the tested patient cells have a significantly
reduced mitochondrial aspartyl-tRNA synthetase activity. We found no clear
correlation between enzyme activity and severity of the phenotype. Possibly, the
assay we used was not sensitive enough to detect subtle differences. It could also be
that lymphoblasts are not the most suitable cells to show the differences; they might
be better detectable in other cell types, such as neuronal cells.
The high occurrence of splice site mutations makes the splicing process a promising
target for therapy. We have previously demonstrated that antisense oligonucleotides
can alter the splicing efficiency at the intron 2/exon 3 boundary.9 Despite the great
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progress in the field of antisense oligonucleotides in recent years, development of a
therapy based on the successful delivery of antisense oligonucleotides to the CNS
will probably not be possible through systemic administration.29 Therefore, we used a
compound library containing FDA-approved and natural compounds, many of which
are known to be able to cross the blood–brain barrier. With this library, a screen was
performed to find compounds that influence the intron 2/exon 3 splicing event. After
validation of hits from this screen, cantharidin was identified as the most effective
compound. It increased the inclusion of exon 3 in our reporter constructs and in
lymphoblasts from patients with LBSL. Cantharidin is a protein phosphatase 1 and 2A
inhibitor. It has previously been found to increase exon 7 inclusion in the SMN2 gene,
relevant for spinal muscular atrophy.30 Reducing protein phosphatase 1 activity
promotes usage of numerous alternative exons, indicating that protein phosphatase 1
activity plays a role in splice site selection.30 Cantharidin is too toxic for use in
patients,31 but this study provides proof-of-concept that influencing the splice site
mutations is possible and a highly promising therapeutic target for LBSL. Future
research should be directed at less toxic variants of cantharidin32 or other protein
phosphatase 1 or 2A inhibitors.
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SUPPLEMENTARY DATA
Supplementary Table 1 | Overview of the five levels of the GMFCS and MACS33
GMFCS: Gross Motor Function Classification System16
MACS: Manual Ability Classification System15

GMFCS

MACS

Motor function

Manual ability

LEVEL I

Walks without limitations

Handles objects easily and successfully

LEVEL II

Walks with limitations

LEVEL III

Walks using a hand-held mobility Device

LEVEL IV

Self-Mobility with limitations; may use
powered mobility
Transported in a manual wheelchair

Handles most objects but with somewhat
reduced quality and/or speed of
achievement
Handles objects with difficulty; needs
help to prepare and/or modify activities
Handles a limited selection of easily
managed objects in adapted situations
Does not handle objects and has
severely limited ability to perform even
simple actions

LEVEL V
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Supplementary Table 2 | Primers

2

Primers for sequencing
Oligo name
Exon Orientation
DARS2-Ex5F
Forward
5
DARS2-Ex5R
Reverse
DARS2-Ex6F
DARS2-Ex6R
DARS2-Ex7F
DARS2-Ex7R
DARS2-Ex8F
DARS2-Ex8R
DARS2-Ex10F
DARS2-Ex10R
DARS2-Ex11F
DARS2-Ex11R
DARS2-Ex13F
DARS2-Ex13R
DARS2-Ex15F
DARS2-Ex15R
cDARS2-1Fa
cDARS2-1Ra
cDARS2-1Fb
cDARS2-1Rb
cDARS2-3Fb
cDARS2-3Rb
cDARS2-4F
cDARS2-4R

6
7
8
10
11
13
15
1-3
1-6
10-15
14-17

Sequence
GCTTAAGTGATCCTCCTGTCT
TTCATGATGTGTCTACAATAAAATGC

Forward

GTAAAACGACGGCCAGCAGTGGGCTACTTAATGATAGAAAC

Reverse

CAGGAAACAGCTATGAGCAACATCTTGACCTCATGC

Forward

TGGTAAAACGACGCCGACGAAGCCTCAGATTTGTTGTACTA

Reverse

GTGTCTTGGCAGTAAATAAAAGTGGACCAAG

Forward

GCAGGAAATTGTCTCTGTCATTG

Reverse

AATCCCCTCTCACATCTACTACC

Forward

GGCCATTAGCACAGTGTCTG

Reverse

TTGCTCTAGCTCTGTAACAACG

Forward

TCATATTGCTTAACCCATGGTAA

Reverse

GCCACCACGCCTGACTAAT

Forward

GCACAGAACTGGCACAGCTA

Reverse

ATGCAGAGCAGCTCCATTTT

Forward

CCCGTAGAACAGAAAACCAGA

Reverse

GCAAACAACAACAACAACACAA

Forward

GAGAGTGGGAACTCCTGGAA

Reverse

TTGAACAAGCCCATCGAAAT

Forward

TGTTGCAGAGTTCACAGAGGA

Reverse

GGACCTCAGTCGCAGGTTAT

Forward

TGACTTTTGCTGAGGTGCTG

Reverse

TGCAGCTCTGCATTGTGAAT

Forward
Reverse

GGAGGAAAATCCCAGAGAGC
AAAATCCAAATGATGCATGAAA

Primers for qPCR and RT-PCR
Oligo name

Orientation

Sequence
ACCAACACATGTGGAGAGTTGCG

2F

Forward

3/4R

Reverse

TGCCTTCGGTACTGAATCCATCC

2/4R

Reverse

GAGGCTGCCGACTTCGGTACTGA

2Fb

Forward

ACCATGGCATGTGGAGAGTTGCG

GFP-R

Reverse

GTTGTGGCGGATCTTGAAGT

28

29

LBSL222

LBSL147

LBSL72

LBSL73

LBSL2

LBSL187

LBSL166

LBSL103

LBSL269

LBSL168
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LBSL81

LBSL21

LBSL36

LBSL79

LBSL236

HEL8

HEL9

LBSL28

LBSL185

LBSL45

LBSL20

HEL1

HEL2

HEL3

HEL4

HEL5

HEL6

HEL10

LBSL44f

LBSL107

LBSL108

LBSL90

LBSL76

LBSL152

3

4

5

6

7

8

9
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15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

1

32

f

f

m

m

f

m

f

f

m

f

f

m

m

f

m

f

f

m

m

f

m

m

f

m

f

m

f

f

f

f

f

m

f

f

m

m

f

13 yrs c.228-21_-20delTTinsC

20 yrs c.228-21_-20delTTinsC

22 yrs c.228-21_-20delTTinsC

46 yrs c.228-21_-20delTTinsC

50 yrs c.228-21_-20delTTinsC

52 yrs c.228-21_-20delTTinsC

59 yrs c.228-21_-20delTTinsC

18 yrs c.228-21_-20delTTinsC

14 yrs c.228-21_-20delTTinsC

20 yrs c.228-21_-20delTTinsC

22 yrs c.228-21_-20delTTinsC

25 yrs c.228-21_-20delTTinsC

39 yrs c.228-21_-20delTTinsC

19 yrs c.228-21_-20delTTinsC

24 yrs c.228-21_-20delTTinsC

25 yrs c.228-21_-20delTTinsC

29 yrs c.228-21_-20delTTinsC

5 yrs c.228-21_-20delTTinsC

8 yrs c.228-21_-20delTTinsC

2 yrs c.228-21_-20delTTinsC

20 yrs c.228-21_-20delTTinsC

12 yrs c.228-21_-20delTTinsC

24 yrs c.228-21_-20delTTinsC

23 yrs c.228-21_-20delTTinsC

25 yrs c.228-21_-20delTTinsC

21 yrs c.228-21_-20delTTinsC

11 yrs c.228-21_-20delTTinsC

31 yrs c.228-21_-20delTTinsC

37 yrs c.228-21_-20delTTinsC

43 yrs c.228-21_-20delTTinsC

29 yrs c.228-21_-20delTTinsC

51 yrs c.228-21_-20delTTinsC

59 yrs c.228-21_-20delTTinsC

19 yrs c.228-21_-20delTTinsC

16 yrs c.228-21_-20delTTinsC

27 yrs c.228-21_-20delTTinsC

18 yrs c.155A>G

Agea Mutation 1b

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Asn52Ser

Amino acid
change

c.617_663del

c.550C>A

c.550C>A

c.536G>A

c.536G>A

c.536G>A

c.492+2T>C

c.492+2T>C

c.492+2T>C

c.492+2T>C

c.492+2T>C

c.492+2T>C

c.492+2T>C

c.492+2T>C

c.492+2T>C

c.492+2T>C

c.492+2T>C

c.455G>T

c.455G>T

c.455G>T

c.455G>T

c.455G>T

c.455G>T

c.455G>T

c.455G>T

c.455G>T

c.416T>C

c.397-2A>G

c.397-2A>G

c.374G>A

c.1876C>G

c.1679A>T

c.1679A>T

c.1345-17_-5del

c.1007G>A

c.455G>T

Mutation 2b

p.Phe207Cysfs*25

p.Gln184Lys

p.Gln184Lys

p.Arg179His

p.Arg179His

p.Arg179His

p.Met134_Lys165del

p.Met134_Lys165del

p.Met134_Lys165del

p.Met134_Lys165del

p.Met134_Lys165del

p.Met134_Lys165del

p.Met134_Lys165del

p.Met134_Lys165del

p.Met134_Lys165del

p.Met134_Lys165del

p.Met134_Lys165del

p.Cys152Phe

p.Cys152Phe

p.Cys152Phe

p.Cys152Phe

p.Cys152Phe

p.Cys152Phe

p.Cys152Phe

p.Cys152Phe

p.Cys152Phe

p.Ile139Thr

p.Met134_Lys165del

p.Met134_Lys165del

p.Arg125His

p.Leu626Val

p.Asp560Val

p.Asp560Val

p.Cys449_Lys521del

p.Arg336His

p.Ala522_Lys558del

p.Cys152Phe

Amino acid change

21 mo

12 mo

13 mo

nl

nl

13 mo

12 mo

15 mo

15 mo

10 mo

11 mo

18 mo

14 mo

14 mo

14 mo

38 mo

14 mo

14 mo

15 mo

11 mo

nl

15 mo

14 mo

11 mo

9 mo

11 mo

24 mo

12 mo

14 mo

13 mo

nl

11 mo

14 mo

15 mo

18 mo

Unsupported
walking

0.8 yrs

7 yrs

6 yrs

childhood

childhood

22 yrs

9 yrs

10 yrs

9 yrs

3 yrs

15 yrs

2 yrs

10 yrs

2 yrs

3 yrs

3 yrs

1 yrs

2 yrs

3 yrs

not yet

11 yrs

2 yrs

14 yrs

20 yrs

23 yrs

6 yrs

6 yrs

20 yrs

30 yrs

12 yrs

6 yrs

27 yrs

27 yrs

13 yrs

6 yrs

5 yrs

2 yrs

-

18 yrs

-

-

45 yrs

45 yrs

-

-

-

-

24 yrs

20 yrs

16 yrs

12 yrs

19 yrs

8 yrs

-

-

-

19 yrs

-

-

11 yrs

-

31 yrs

-

-

47 yrs

53 yrs

17 yrs

-

17 yrs

-

-

-

-

-

-

-

44 yrs

-

-

-

-

-

-

-

-

-

25 yrs

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

II

III

I

II

III

III

IV

II

I

II

I

II

III

III

II

III

IV

II

I

I

III

I

I

II

II

II

II

I

III

III

III

I

III

II

III

III

I

I

II

I

IV

I

I

II

I

I

II

I

II

II

III

I

I

I

II

I

I

I

I

I

II

I

I

II

I

I

II

I

-

nl
nl
nl
nl
nl
nl
nl
nl
nl
nl
nl
nl
nl
nl
nl

-

nl
Ļ
nl
nl
nl
nl
nl
nl
Ļ

-

nl
nl
nl
nl
Ļ
nl

-

-

nl

-

-

nl

-

Ļ

-

Ļ

Death

nl

First
Loss of unFull
neurological supported wheelchair GMFCSc MACSd Cognitive
signs
walking
dependency
abilitye

|

31

31

30

30

27

26

25

24

24

23

22

21

20

19

18

17

16

15

14

13

12

12

11

10

9

8

7

6

5

5

4

3

2

LBSL213

LBSL16

2

Family Gender

1

Patient

Supplementary Table 3 | Overview of phenotype and genotype LBSL patients
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45

2

LBSL111

LBSL208

LBSL161

LBSL160

LBSL50

62

63

64

65

66

33

58

57

57

56

55

54

53

52

51

50

49

48

47

46

45

44

43

42

41

39

40

38

37

36

36

35

35

34

m

f

m

m

f

f

m

f

f

m

f

f

m

f

f

f

f

m

m

f

m

m

m

m

f

f

f

m

m

12 yrs c.228-21_-20delTTinsC

c.228-20_-16delinsCCCCG

c.228-20_-15delinsCCCCCG
(c.228-15C>G)
c.228-20_-12delinsCCCCCCCCG

36 yrs c.1837C>T

15 yrs c.406A>T

23 yrs c.406A>T

16 yrs

c.228-20_-10delinsCCCCCCCCCCA
(c.228-10C>A)
7 yrs c.228-20_-10delinsCCCCCCCCCCA

4 yrs c.228-20_-10delinsCCCCCCCCCCA

45 yrs

c.228-20_-11delinsCCCCCCCCCG
(c.228-11C>G)
20 yrs c.228-20_-11delinsCCCCCCCCCG

19 yrs c.228-20_-12delinsCCCCCCCCCA

34 yrs c.228-20_-12delinsCCCCCCCCG

†

15 yrs

34 yrs

c.228-20_-15delinsCCCCCA
(c.228-15C>A)
8 yrs c.228-20_-15delinsCCCCCA

†

43 yrs c.228-20_-16delinsCCCCA

17 yrs c.228-20_-16delinsCCCCA

4 yrs c.228-21_-20delinsCC
c.228-20_-16delinsCCCCA
(c.228-16C>A)
13 yrs c.228-20_-16delinsCCCCA

23 yrs

13 yrs c.228-21_-20delTTinsC

22 yrs c.228-21_-20delTTinsC

17 yrs c.228-21_-20delTTinsC

29 yrs c.228-21_-20delTTinsC

33 yrs c.228-21_-20delTTinsC

24 yrs c.228-21_-20delTTinsC

20 yrs c.228-21_-20delTTinsC

19 yrs c.228-21_-20delTTinsC

p.Leu613Phe

p.Thr136Ser

p.Thr136Ser

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

p.Arg76Serfs*5

Amino acid
change

c.1877T>A

c.172C>G

c.172C>G

c.1726C>T

c.492+2T>C

c.455G>T

c.617_663del

c.536G>A

c.1069C>T

c.760G>A

c.492+2T>C

c.1886A>G

c.749T>C

c.133A>G

c.822_825del

c.1876C>G

c.716T>C

c.455G>T

c.295-2A>G

c.1345-17_-5del

c.1619C>G

c.818_821del

c.796C>T

c.788G>A

c.788G>A

c.787C>T

c.787C>T

c.742C>A

c.617G>A

Mutation 2b

p.Cys449_Lys521del

p.Leu626Gln

p.Arg58Gly

p.Arg58Gly

p.Pro576Ser

p.Met134_Lys165del

p.Cys152Phe

p.Phe207Cysfs*25

p.Arg179His

p.Gln357*

p.Gly254Ser

p.Met134_Lys165del

p.Tyr629Cys

p.Leu250Pro

18 mo

24 mo

22 mo

15 mo

14 mo

12 mo

18 mo

15 mo

13 mo

22 mo

never

nl

25 mo

24 mo

never

p.Arg274Serfs*8g
p.Ser45Gly

14 mo

18 mo

never

15 mo

p.Leu626Val

p.Leu239Pro

p.Cys152Phe

p.Ala100_Pro132del

12 mo

15 mo

p.Arg274Serfs*8g
p.Ser540*

13 mo

15 mo

14 mo

17 mo

24 mo

10 10 mo

14 mo

Unsupported
walking

p.Arg266*

p.Arg263Gln

p.Arg263Gln

p.Arg263*

p.Arg263*

p.Gln248Lys

p.Gly206Glu

Amino acid change

12 yrs

2 yrs

3 yrs

4 yrs

13 yrs

3 yrs

1 yrs

5 yrs

10 yrs

2 yrs

0.7 yrs

4 yrs

1 yrs

6 yrs

0.4 yrs

40 yrs

2 yrs

0.9 yrs

14 yrs

1.8 yrs

4 yrs

14 yrs

3 yrs

5 yrs

3 yrs

1 yrs

2 yrs

2 yrs

3 yrs

-

-

-

-

-

-

20 yrs

22 yrs

-

-

-

-

-

25 yrs

-

5.5 yrs

28 yrs

-

-

-

-

-

-

12 yrs

-

30 yrs

-

-

-

-

-

-

-

20 yrs

-

-

never walked never walked

-

5 yrs

16 yrs

never walked never walked

-

13 yrs

III

II

II

I

I

I

II

V

II

III

V

I

V

IV

V

II

II

V

III

III

II

I

III

IV

IV

II

II

I

Full
wheelchair GMFCSc
dependency

never walked never walked

-

22 mo

-

-

28 yrs

8 yrs

14 yrs

6 yrs

-

-

First
Loss of unneurological supported
signs
walking

-

Ļ

-

-

ĻĻ
Ļ
Ļ

-

-

-

-

-

-

1.8 yrs

nl

nl

nl

nl

nl

nl

nl

n/e

-

nl

Ļ

1.7 yrs
nl

n/e

nl

-

-

ĻĻ
nl

Ļ

-

-

-

nl

nl

nl

nl

-

-

Ļ

nl

-

Ļ

-

nl

nl

Death

at latest clinical evaluation; b Nomenclature according to http://www.hgvs.org/mutnomen/. Mutations that were published before with a different annotation are shown between brackets; c Gross Motor Function Classification

III

II

II

II

II

I

II

IV

II

II

V

I

V

III

V

I

IV

I

II

II

I

II

III

II

II

I

II

MACSd Cognitive
abilitye

g

p.Arg274Serfs*9 in current HGVS nomenclature.

System; d Manual Ability Classification System; e &RJQLWLYHDELOLW\QOQRUPDOLQWHOOLJHQFHĻOHDUQLQJGLVDELOLWLHVĻĻVHYHUHFRJQLWLYHLPSDLUPHQW; f In this patient a third pathogenic mutation was found: c.1273G>T, p.Glu425*;

a Age

m, male; f, female; nl, normal; mo, months; yrs, years; n/e, not evaluable

The table is organized by ascending sequence of mutation 1 and subsequently the sequence of mutation 2. Patients with similar genotypes are marked in the same color (white or green).

LBSL203

59

LBSL216

LBSL11

58

61

LBSL202

57

60

LBSL263

LBSL210

56

LBSL64

55

LBSL266

49

LBSL259

LBSL70

48

LBSL33

LBSL223

47

54

LBSL247

46

53

LBSL 119

45

LBSL275

LBSL 207

44

52

LBSL 14

43

LBSL191

LBSL15

42

LBSL229

LBSL8

41

51

LBSL7

40

50

LBSL199

LBSL91

39

Mutation 1b

|

38

Family Gender Agea

2

Patient

46
Chapter 2

LBSL: phenotype, genotype and therapy

|

47

2

Supplementary Figure 1A | Typical MRI findings. At the level of the brainstem (I), an abnormal
signal is seen in the medial lemniscus (red arrow), pyramidal tracts (blue arrow), intraparenchymal part
of the trigeminal nerve (light blue arrow), mesencephalic trigeminal nerve tracts (green arrow) and
superior cerebellar peduncles (yellow arrow). The subcortical cerebellar white matter is affected (III)
and there are signal abnormalities throughout the spinal cord (II). The axial images show
hyperintensity of the decussation of the medial lemniscus (red arrow) and pyramids (blue arrow) at the
level of the medulla (III) and involvement of the dorsal columns (red arrow) and lateral corticospinal
tracts (blue arrow) in the spinal cord (IV).

Supplementary Figure 1B | Atypical MRI findings. In LBSL223, there are no abnormalities in the
medial lemniscus and pyramidal tracts at the level of the brainstem (I; major criteria). There are no
cerebellar white matter abnormalities (II; minor criterion). The dorsal columns are affected (red arrow),
but the major criterion of signal abnormalities in the lateral corticospinal tracts is missing (III). In
LBSL229, the spinal cord is affected over the entire length (V), the axial image (IV) shows
abnormalities in the dorsal columns (red arrow), lateral corticospinal tracts (blue arrow) and the
anterior funiculus (purple arrow).
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Supplementary Figure 2 | Variable extensiveness of MRI abnormalities. On the left, T 2 -weighted
images of a classical, 20 year old LBSL patient (LBSL16) are shown. The periventricular white matter
(I), posterior limb of the internal capsule, splenium of the corpus callosum (II), medial lemniscus (red
arrow), pyramidal tracts (blue arrow), intraparenchymal part of the trigeminal nerves in the brainstem
(light blue arrow), mesencephalic trigeminal nerve tracts (green arrow) and the cerebellar white
matter have an abnormal signal (III). In the middle, T 2 -weighted images of a severe, infantile onset
case (LBSL266) at the age of five years are shown. The cerebral white matter is diffusely affected (I
and II) and the posterior limb of the internal capsule (black arrow) and globus pallidus (white arrow)
are abnormal (II). In the medulla, a diffuse hyperintens signal is seen; the inferior olives (black arrow)
are the only structures not affected (III). The FLAIR images on the right are from a 40 year old patient
with mild disease (LBSL229). They show small, multifocal white matter lesions around the ventricles
(I) and in the cerebellum (III). At the level of the basal ganglia the white matter is normal (II). The
multifocal lesions in this patient are suggestive of Multiple Sclerosis, but the combination with the
abnormalities in brainstem and spinal cord (supplementary figure 1B) is distinctive for the diagnosis
LBSL.
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Supplementary Figure 3 | Reproducibility of mitochondrial aspartyl-tRNA synthetase activity
measurements in control and patients’ lymphoblasts. The aspartylation activity in isolated
mitochondria from two control and two patient lymphoblast cell lines was measured as described in the
methods section. The means of three separate experiments ± standard deviation are shown.

Supplementary Table 4 | Top 5 hits of compound screen
Compound
YFP/mCherry ratio1
Gentian violet

0,53

Cantharidin

0,59

Pyrithione zinc

0,61

Celastrol

0,63

1Control

values observed in DMSO treated cells were set at a ratio of 1.
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Supplementary Figure 4 | Cantharidin and DARS2 exon 3 splicing. (A) The effect of different
concentrations of cantharidin on the reporter construct containing the c.228-21_-20delTTinsC is
shown. The YFP / mCherry-ratio in the presence of DMSO was set at 1. Values are means of three
separate experiments ± standard deviation. (B) The effect of varying concentrations of cantharidin, as
indicated below the figure, was tested on three different reporter constructs containing intron 2
mutations.
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Sir,

2.2

We thank Drs Bocca Vieira de Rezende Pinto and Sgobbi de Souza for their interest
in our recent overview paper on a cohort of patients with leukoencephalopathy with
brainstem and spinal cord involvement and lactate elevation (LBSL), caused by
DARS2 mutations.1 Their letter2 provides us with the opportunity to make specific
points clearer.
The authors give a summary of the information published to date and pay special
attention to exceptional cases, such as described by Miyake et al.3 and Synofzik et
al.4 Additionally, they comment that magnetic resonance spectroscopy does not
invariably reveal elevated lactate in patients with LBSL. They therefore suggest
replacing the name LBSL by ‘DARS2-related conditions’ or ‘DARS2-related spectrum
disorders’.
We agree that the use of an acronym as the name for a disease may suggest that all
patients fulfil all letters of the acronym at all stages of the disease. What is more, we
cannot exclude the possibility that patients with a different neurological or even nonneurological phenotype may have DARS2 mutations, which is not known because
DARS2 has not been analyzed in such patients. However, there is at present no
positive evidence for the existence of an entirely different phenotype caused by
DARS2 mutations and there is, therefore, at present no information that would justify
the name ‘DARS2-related conditions’. On the contrary, LBSL is a rather
homogeneous disease with limited variation in symptomatology. All or virtually all
known patients fulfil the ‘L’ for leukoencephalopathy, the ‘B’ for brainstem
abnormalities and the ‘S’ for spinal cord abnormalities.1 That not all patients had
elevated lactate in magnetic resonance spectroscopy was known from the time that
the name LBSL was coined.5 The information that has become available after the first
publication5 mainly concerns the severe variants.3,6 Strikingly, especially the
unusually severe cases fulfil all letters of the acronym.
For some disorders the addition of ‘spectrum’ is preferred to indicate that the clinical,
MRI and histopathological variation is much wider than initially indicated, and that the
original name does not cover all variants. This is, for instance, the case in ‘Zellweger
syndrome’, a name associated with a severe, infantile onset, multi-organ disease.7
The name ‘Zellweger spectrum disorders’ was introduced to include all disorders
caused by mutations in the same genes, and covers a much wider phenotypic range,
in which numerous patients lack many of the abnormalities observed in the infantile
variant.8 The variability in phenotypes related to DARS2 mutations, as far as currently
known,1 is in our opinion insufficient to speak of ‘DARS2-related spectrum disorders’.
Changing a name of a disease also comes with negative effects. To date, only the
acronym LBSL has been used. All papers on the subject can easily be found by using
this acronym. The name is informative and refers to generally shared features.
Weighing the pros and cons, we conclude that there is, at present, in our opinion,
insufficient reason to change the name LBSL.
We would like to indicate that cantharidin is not an ‘antisense oligonucleotide’, as
suggested by Bocca Vieira de Rezende Pinto and Sgobbi de Souza,2 but a
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compound that influences splicing. In our paper, we describe the influence of
cantharidin on the splicing defect of the DARS2 gene in cellular assays.1 Cantharidin
is, however, too toxic for application in humans. We propose that less toxic
compounds with the same effects should be searched for, such as some of the
pseudocantharidins described by Zhang et al.9 For alternative treatment options, Drs
Bocca Vieira de Rezende Pinto and Sgobbi de Souza refer to the paper of Synofzik
et al.,4 in which a single patient with exercise-induced paroxysmal gait ataxia was
described with the typical MRI of LBSL and a homozygous DARS2 mutation. This
patient showed an excellent dose-dependent, sustained positive response to a
carbonic anhydrase inhibitor. In view of this, Bocca Vieira de Rezende Pinto and
Sgobbi de Souza propose to investigate treatment of LBSL patients with
acetazolamide or another carbonic anhydrase inhibitor first. Although this is an
interesting option, we would like to comment that even though we know the largest
cohort of LBSL patients worldwide, we have not come across another LBSL patient
with exercise-induced paroxysmal ataxia. It is important to note that Synofzik et al.4
have not proven that the exercise-induced paroxysmal ataxia is part of the LBSL
phenotype. We therefore prefer an approach directed at what is known about the
basic defect.
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ABSTRACT
Objective: To provide an overview of clinical and MRI characteristics of the different
variants of the leukodystrophy “megalencephalic leukoencephalopathy with
subcortical cysts” (MLC) and identify possible differentiating features.
Methods: We performed an international multi-institutional, cross-sectional
observational study of the clinical and MRI characteristics in genetically confirmed
MLC patients. Clinical information was obtained by questionnaires for physicians and
retrospective chart review.
Results: We included 204 patients with classic MLC, of whom 187 had recessive
mutations in MLC1 (MLC1 variant) and 17 in GLIALCAM (MLC2A variant) and 38
patients with remitting MLC caused by dominant GLIALCAM mutations (MLC2B
variant). We observed a relatively wide variability in neurological disability among
patients with classic MLC. No clinical differences could be identified between MLC1
and MLC2A patients. MLC2B patients invariably had a milder phenotype with
preservation of motor function, while intellectual disability and autism were relatively
frequent. Systematic MRI review revealed no MRI features that distinguish between
MLC1 and MLC2A. Radiological improvement was observed in all MLC2B patients
and also in two MLC1 patients. In MRIs obtained in the early disease stage, absence
of signal abnormalities of the posterior limb of the internal capsule and cerebellar
white matter and presence of only rarefied subcortical white matter instead of true
subcortical cysts were suggestive of MLC2B.
Conclusions: Clinical and MRI features did not distinguish between classic MLC
patients with MLC1 or GLIALCAM mutations. Absence of signal abnormalities of the
internal capsule and cerebellar white matter are MRI findings that point to the
remitting phenotype.
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INTRODUCTION
Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is an infantileonset inherited disorder characterized by cerebral white matter edema.1-3 Magnetic
Resonance Imaging (MRI) shows diffuse signal abnormalities of the cerebral
hemispheric white matter. The swelling of the abnormal cerebral white matter is most
prominent in the first few years of life.1 Subcortical cysts are typically located in the
anterior temporal region and less consistently elsewhere.4 Two different MLC
phenotypes can be distinguished: a classic, deteriorating phenotype and a remitting
phenotype.5 Classic MLC is caused by recessive mutations in the MLC1 gene (MIM
605908) in the majority of cases: this variant is called MLC1 (MIM 604004).6 Classic
MLC caused by recessive GLIALCAM mutations (also known as HEPACAM, MIM
613925) is called MLC2A.6 Patients with remitting MLC or MLC2B (MIM 613926)
have dominant GLIALCAM mutations.7
Classic MLC starts with increasing macrocephaly in the first year of life; after a few
years, patients develop neurological signs, most commonly ataxia, spasticity and
epilepsy.1 Mortality is thought to be low, although no systematic study on survival has
been performed. Remitting MLC initially resembles classic MLC: patients generally
present with progressive macrocephaly and may have developmental delay, but
neurological deterioration does not occur and the MRI abnormalities improve or
normalize.
Among MLC1 patients, a relatively broad variation in disease severity has been
described, also for siblings and unrelated patients with the same mutations.8,9 So far,
no clinical differences have been recognized between patients with MLC2A versus
MLC1. It is unknown whether MRI features allow distinction between MLC1, MLC2A
and MLC2B before improvement occurs in the latter.
MLC is a rare disorder and large studies on the disease course are scarce.8,10,11
Systematic review of MRI characteristics has not been performed. The objective of
the current study is to identify potential different and perhaps discriminating clinical
and MRI features for different MLC variants, aiming at improved clinical recognition
and avoidance of unnecessary genetic testing.

PATIENTS AND METHODS
Study design
We performed an international, cross-sectional observational multicenter study
among all genetically proven MLC patients enrolled in the Amsterdam Database of
leukoencephalopathies between January 1991 and January 2017. The database
contains patients from over the world referred to VU University Medical Center for
MRI review and mutational analysis. A prerequisite for genetic testing was review of
clinical and MRI data in Amsterdam.1 We performed analysis of the MLC1 gene as
previously described,12 if necessary including analysis of MLC1 copy DNA (cDNA)12
and Multiplex Ligation-dependent Probe Amplification (MLPA).13 Analysis of the
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GLIALCAM gene was also performed as previously described.7 By DNA analysis in
the parents we confirmed that recessive variants were bi-allelic.

Standard protocol approvals, registrations, and patient consents
We received approval from the ethical standards committee for clinical evaluation,
systematic MRI review and review of the DNA findings and obtained informed
consent from the patients/guardians.

Clinical information

3

We analyzed clinical information available at the start of the study, supplemented by
information obtained via a clinical questionnaire for physicians. We focused on
measures that could be retrospectively assessed, including head circumference,
motor deterioration (especially loss of ambulation), seizures, and death. As formal,
standardized assessment of motor and cognitive development, autistic features,
behavioral problems and current cognitive function was not feasible, these items
were subjectively assessed by physicians and caretakers or derived from medical
records. The patients’ status at last examination was assessed by quantitative,
validated and widely used 5-level classification systems for gross motor function
(GMFCS), manual ability (MACS) and communication function (CFCS).14 Scores on
these scales range from I (no limitations) up to V (severe limitations; table e-1).
Patients with comorbidities affecting neurological function were excluded from the
study.

MRI scoring
We scored all available MRIs according to a standardized protocol.15 Specifically,
cysts were defined as areas with the same signal intensity of CSF on all pulse
sequences including FLAIR, while in rarefaction the signal intensity was close but not
the same.16

Statistical analysis
We used summary statistics to describe the clinical characteristics. Results were
reported by means +/- standard deviation for continuous variables that were normally
distributed, and median with 25th and 75th percentiles for non-normally distributed
data and ranges. We performed time-to-event analysis of the events ‘start of motor
deterioration’, ‘start of cognitive decline’, ‘first seizure’, ‘loss of walking without
support’, ‘loss of walking with or without support’ and ‘death’, with age as time
variable. Individuals in whom the respective event had not occurred at the last followup were indicated as censored for the respective analysis. Non-ambulatory patients
below the age of 18 months were not included in the analysis of loss of ambulation.
We estimated the median ages at which the events had occurred by plotting KaplanMeier curves. Group differences regarding disease variant were analyzed with the
log-rank test. We performed linear regression analysis to compare GMFCS, MACS
and CFCS scores in relation to age per disease variant. Statistical analysis was

MLC: characterization of disease variants

|

63

performed using SPSS version 22 (Armonk, NY: IBM Corp) and GraphPad Prism
version 6.07 (San Diego California USA).

RESULTS
Patients
245 MLC patients from 207 families were diagnosed with MLC by DNA analysis.
Three patients were excluded because of co-morbidity (Turner syndrome, asphyxia,
pituitary adenoma). In the case of limited clinical information due to loss to follow-up
or nonresponse, patients were selectively included in the analyses on the basis of
availability of information. Throughout the results’ section we report the number of
patients that were included in the different analyses in parentheses or in the
respective tables.
In total 242 MLC patients, of which 187 MLC1 patients, 17 MLC2A patients and 38
MLC2B patients, were included.

Clinical characteristics
Details are presented in Table 1. Macrocephaly in the first year of life was the most
common first disease sign and had been present in almost all patients in infancy.
Macrocephaly persisted in more than half of patients. Secondary normocephaly was
particularly common in MLC2B patients. Initial motor development was reported as
mildly delayed in the majority of patients and normal in a smaller number. All patients
except 12 MLC1 patients achieved unsupported walking, at a mean age of 16 months
(± 8, range 10 -72). Initial cognitive development was reported as normal in just over
half of patients with MLC1, MLC2A and MLC2B.
Kaplan-Meier curves on start of motor deterioration indicated that both MLC1 and
MLC2A patients showed the first signs of motor deterioration at a median age of 5
years (range 6 months - 41 years); there were no significant differences between the
curves (p=0.98; Figure 1A). None of the patients with MLC2B had a decline of motor
function; in 34% (10/29) some clumsiness remained.
Loss of walking without support occurred in the majority of patients with MLC1 and
MLC2A at ages ranging from 18 months to 43 years; Kaplan-Meier curves showed no
significant differences between MLC1 and MLC2A (p=0.66; Figure 1B). Median age
at loss of walking without support was estimated to be 15 years in MLC1 and 11
years in MLC2A. Patients with MLC2B all remained ambulatory.
Loss of walking with or without support (full wheelchair dependency) occurred in less
than half of patients with MLC1 and MLC2A and none of the MLC2B patients. There
were no significant differences between MLC1 and MLC2A patients (p=0.58; Figure
1C). Patients were most likely to become wheelchair dependent before the age of 15
years; after this age patients generally remained ambulatory, with or without support.
Behavioral problems were relatively common for all MLC variants; autism was most
common among MLC2B patients. Delayed onset cognitive decline was reported in
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almost half of patients with MLC1 and MLC2A, and none of the patients with MLC2B.
However, stable cognitive impairment was reported in a quarter of MLC2B patients.
The age at start of cognitive decline did not statistically differ between MLC1 and
MLC2A (log rank p=0.10). The patients’ cognitive levels at time of the inventory are
presented in Table 1.
At the time of clinical phenotyping, 109 patients had had at least one seizure, of
whom the majority had occasional seizures that were generally well controlled with
medication (Table 1). Kaplan-Meier curve analysis indicated that approximately 75%
of patients with MLC1 and MLC2A had had one or multiple seizures by the age of 20
years; the median age at the first seizure was 3 years, mode 2 years (Figure 1D).
Seizures were less common among patients with MLC2B (n=4/34). There were no
significant differences in onset of seizures between patients with MLC1 and MLC2A
(p=0.64).
Table 1 | Clinical characteristics at latest phenotyping
MLC1

MLC2A

MLC2B

187

17

38

Male / female

102 / 85

9/8

27 / 11

Median age at latest phenotyping
[quartiles]

13 y
[6 - 19 y]

15 y
[7 - 23 y]

7y
[2 - 13 y]

6'EHORZDJH\HDUV

99% (121/122)

88% (14/16)

88% (30/34)

&XUUHQWO\6'

93% (122/131)

73% (11/15)

56% (15/27)

$FKLHYHGPRQWKV

63% (88/138)

65% (11/17)

86% (30/35)

Achieved > 18 months

28% (38/138)

35% (6/17)

14% (5/35)

Not achieved

9 % (12/138)

0% (0/17)

0% (0/35)

38% (50/132)

31% (5/16)

88% (30/34)

7 % (9/132)

19% (3/16)

3% (1/34)

Well controlled epilepsy

46% (61/132)

44% (7/16)

6% (2/34)

Poorly controlled epilepsy

9% (12/132)

6% (1/16)

3% (1/34)

9% (8/86)

0% (0/15)

25% (9/36)

Other behavioral problems

29% (31/107)

20% (3/15)

28% (9/32)

Psychiatric diagnosis

14% (15/111)

7% (1/14)

3% (1/30)

Current cognitive function
Normal

37% (48/129)

31% (5/16)

73% (24/33)

Learning difficulties

21% (27/129)

25% (4/16)

15% (5/33)

Mild mental retardation

26% (34/129)

31% (5/16)

12% (4/33)

Severe mental retardation

16% (20/129)

13% (2/16)

0% (0/33)

Study characteristics
Number of patients

Head circumference

Walking without support

Seizures
No history of seizures
Single seizure

History of behavioral problems
Autistics features

y, years
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Figure 1 | Disease course. Kaplan-Meier plots on (A) onset of motor deterioration, (B) loss of walking
without support, (C) loss of walking with or without support (full wheelchair dependency), (D) onset of
seizures and (E) survival, grouped by disease variant. Censored patients (absence of motor
deterioration, still walking without support, still walking with or without support, absence of seizures or
still alive at last follow up) are indicated by crosses.

Overview of GMFCS, MACS and CFCS scores in relation to age and disease variant
showed that there was a wide variability in clinical severity among patients with MLC1
and MLC2A (Figure 2). Linear regression analysis showed no significant differences
between the patients with MLC1 and MLC2A regarding GMFCS (p=0.30), MACS
(p=0.18), and CFCS scores (p=0.89). Gross motor function and dexterity were
generally well preserved in patients with MLC2B and communication function to a
lesser degree.
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Several classic MLC patients had very mild disease: 25% (17/68) of patients with
MLC1 and 45% (5/11) with MLC2A who were at least 12 years at latest clinical
evaluation were able to walk without support and had normal cognition or only
learning problems. For ages of 12 years and above, 32% (19/59) of patients with
MLC1 and 50% (5/10) with MLC2A had GMFCS, MACS and CFSC scores of I or II.

3

Figure 2 | Function levels. Overview of patients’ scores on the Gross Motor Function Classification
System (GMFCS), Manual Ability Classification System (MACS) and Communication Function
Classification System (CFCS) in relation to age, grouped by disease variant. Scores range from I (no
limitations) up to V (severe limitations; Supplementary Table 1).
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Survival was assessed in all 242 patients; seven were deceased (Figure 1E). Five
deceased patients had MLC1: four males died at age 7-22 years and one female at
age 56 years. Causes of death were respiratory insufficiency after neurological
deterioration following head trauma, suspected Sudden Unexpected Death in
Epilepsy (SUDEP), sepsis as complication of surgical procedure, cachexia and status
epilepticus. One deceased male MLC2A patient and one deceased male MLC2B
patient were suspected of SUDEP at ages of 23 and 3 years, respectively.
To assess a possible genotype-phenotype correlation in patients with MLC1 and
MLC2A, we compared loss of ambulation, wheelchair dependency and seizures in
groups of patients with three or more patients from two or more families with the
same mutations, who were at least 10 years at the clinical inventory. The number of
patients with MLC2A was too small for evaluation. Six groups of informative patients
with MLC1 were available for comparison; characteristics were very divergent within
each group (Supplementary Table 2), arguing against a genotype-phenotype
correlation.

MRI characteristics
MRIs were available for 187 patients and for 53 patients one or more follow up scans
were available; we evaluated a total number of 268 MRIs. Patients had their first MRI
at a median age of 2 years (range 4 months - 55 years). Follow-up scans were
obtained at a median age of 5 years (range 11 months - 43 years). The median
interval between the first and last MRIs was 4 years (range 3 months - 15 years).
Details of the first MRIs are presented in Supplementary Table 3. Extensive,
confluent signal abnormalities of the cerebral white matter were invariably present
and swelling was observed in all patients, except for one, in whom the first MRI was
obtained at 30 years. All patients had sparing of the optic radiation and most patients
had sparing in one or more regions of subcortical white matter (Figure 3). Several
patients also had some regional white matter sparing, mostly in the occipital region
(Figure 3). There were no clear differences in abnormalities between patients with
MLC1 and MLC2A. They all had an abnormal signal of the posterior limb of the
internal capsule, while in 54% of patients with MLC2B, in whom the MRI was
obtained before the age of 2 years, the signal of the internal capsule was already
normal (Figure 3). Widening of the ventricles and enlargement of the subarachnoid
space was rare in MLC1 and MLC2A patients in the early disease stage and more
common in MRIs performed in adolescence or adulthood. In MLC2B patients, some
enlargement of the subarachnoid spaces was already observed before the age of 2
years in nearly half of patients.
Subcortical cysts were present in all MLC1 patients and almost all MLC2A patients.
Forty-three percent of patients with MLC2B did not have true cysts, but only nearcystic rarefaction of subcortical white matter. Cysts or near-cystic rarefaction were
almost invariably present in both anterior temporal lobes. Additional cysts were
located in the frontal and parietal lobes, but never in the occipital lobe. Near-cystic
rarefaction of subcortical white matter could be located in all four lobes.
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The majority of MLC1 and MLC2A patients (~ 85%) had mild signal abnormalities of
the cerebellar white matter, which were less pronounced than the cerebral white
matter signal abnormalities (Figure 3). Patients with MLC2B never had cerebellar
white matter signal abnormalities; a few patients below the age of 10 months showed
some delay in myelination featured by a hyperintense rim of the subcortical cerebellar
white matter (Supplementary Figure 1). The cerebellar white matter was never
swollen. Almost all patients with MLC1, MLC2A and MLC2B had mild signal
abnormalities in the brainstem.

3

Figure 3 | MRI characteristics. MRI findings in an MLC1 patient at the age of 3 years (top), an
MLC2A patient at the age of 6 years (middle) and an MLC2B patient at the age of 10 months (bottom).
Sagittal T1-weighted images show anterior-temporal and frontoparietal cysts in the MLC1 patient (A),
an anterior-temporal cyst in the MLC2A patient (D) and some near-cystic rarefaction in the anteriortemporal region in the MLC2B patient (G). The T 2-weighted axial images of the hemispheres show
diffuse white matter abnormalities with some swelling (B, E, H). The sagittal images show some
sparing of the subcortical white matter in all patients, especially in the occipital region (A,D,G); in the
MLC2B patient the white matter is relative preserved in the occipital region (G). The classic MLC
patients have a double-line-shaped abnormal signal of the posterior limb of the internal capsule (B, E),
while the signal is normal in the MLC2B patient (H). The T 2-weighted axial images of the cerebellum
show a mildly hyperintense signal of the cerebellar white matter in the classic MLC patients (C, F) and
a normal signal in the MLC2B patient (I).
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Change over time
Details are presented in Table 2. Normalization of the signal and reversal of the
swelling of the white matter only occurred in MLC2B patients. In MLC1 and MLC2A
patients, the white matter signal abnormalities persisted or increased, with the
exception of two MLC1 patients who showed improvement. The number of cysts
generally remained the same or increased among patients with MLC1 and MLC2A; in
MLC2B a decrease of cysts and overall quantity of cystic white matter generally
occurred, although in all but one patient some cysts or near-cysts persisted.
Existing signal abnormalities of the posterior limb of the internal capsule and
cerebellar white matter never improved in patients with MLC1 and MLC2A. The few
patients with MLC2B, who had a rim of slightly abnormal cerebellar white matter on
the initial MRI, all showed normalization over time.
Table 2 | MRI characteristics: change over time
MLC1
MLC2A
Number of patients
29
5
Median interval [range]
4y [3m - 13y]
13y [1 - 15y]
Swelling cerebral WM
Normalization
0% (0/29)
0% (0/5)
Improvement
21% (6/29)
40% (2/5)
Unchanged
79% (23/29)
40% (2/5)
Increased
0% (0/29)
20% (1/5)
Signal abnormalities cerebral WM
Normalization
0% (0/29)
0% (0/5)
Improvement
6% (2/29)
0% (0/5)
Unchanged
73% (21/29)
40% (2/5)
Increased
21% (6/29)
60% (3/5)
Signal abnormalities PLIC
Not present
0% (0/26)
0% (0/5)
Normalization
0% (0/26)
0% (0/5)
Improvement
8% (2/26)
0% (0/5)
Unchanged
92% (24/26)
100% (5/5)
Enlargement ventricles and/or subarachnoid spaces
Not present
72% (21/29)
40% (2/5)
Unchanged
4% (1/29)
0% (0/5)
Increased
24% (7/29)
60% (3/5)
Number of cysts
Not present
0% (0/27)
0% (0/5)
Decreased
4% (1/27)
0% (0/5)
Unchanged
67% (18/27)
40% (2/5)
Increased
29% (8/27)
60% (3/5)
Signal abnormalities cerebellar WM
Not present
11% (3/28)
40% (2/5)
Normalization
3% (1/28)
0% (0/5)
Decreased
0% (0/28)
0% (0/5)
Unchanged
86% (24/28)
60% (3/5)
m, months; y, years; WM, white matter; PLIC, posterior limb of the internal capsule

MLC2B
19
3y [4m - 12y]
11% (2/19)
78% (15/19)
11% (2/19)
0% (0/19)
21% (4/19)
74% (14/19)
5% (1/19)
0% (0/19)
47% (9/19)
26% (5/19)
11% (2/19)
16% (3/19)
53% (10/19)
0% (0/19)
47% (9/19)
37% (7/19)
42% (8/19)
21% (4/19)
0% (0/19)
89% (17/19)
11% (2/19)
0% (0/19)
0% (0/19)
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DISCUSSION

3

MLC is caused by mutations in MLC1 or GLIALCAM. MLC1 is an astrocyte-specific
membrane protein involved in brain ion and water homeostasis.3,17 GlialCAM is a
chaperone of MLC1 ensuring its localization in astrocytic endfeet.7,18,19 So, both
MLC1 and GLIALCAM mutations affect MLC1 protein function. Additionally, GlialCAM
is involved in transport of other proteins, such as connexin 43 and the chloride
channel ClC2.20,21 Recessive CLCN2 mutations cause a leukoencephalopathy with
childhood or adult onset, characterized by mild motor dysfunction and often
retinopathy.22 Brain MRI shows restricted diffusion in the posterior limbs of internal
capsules, brain stem structures and cerebellar white matter, suggestive of myelin
microvacuolization.22 Pediatric patients have diffuse, mild cerebral white matter signal
abnormalities, while these are limited in adult onset cases. By contrast, in MLC the
cerebral white matter abnormalities are profound and diffusion is highly increased,
consistent with myelin macrovacuolization and increased extracellular spaces.23
Considering that GlialCAM is supposed to be a chaperone for both MLC1 and ClC2,
one might expect GLIALCAM mutations to cause disease features of both MLC1- and
CLCN2-associated diseases. The present study, however, confirms that MLC2A is
indistinguishable from MLC1 and by no means shares the MRI features of the
CLCN2- related disease. The exact roles of MLC1, GlialCAM and ClC2 in brain ion
and water homeostasis and their interaction remain to be elucidated.
The knowledge obtained from our study concerning a relatively large cohort of
patients can help physicians in clinical counseling of patients and families. MLC is a
fairly mild and slow disorder, with low mortality compared to other leukodystrophies.24
Nevertheless, there is a rather broad variation in clinical severity. Some patients
become wheelchair dependent a few years after onset, while others remain
ambulatory during adulthood. An interesting point is that slow motor deterioration
often occurs from a few years after presentation onwards, but that patients who are
ambulatory with or without support at the age of 15 years most likely remain
ambulatory. The study confirms that epilepsy is a common feature in MLC. It is
puzzling that most patients have well controlled epilepsy while only a few patients
have refractory epilepsy and ~25% remains seizure free. A salient observation is that
a considerable part of classic MLC patients exhibit only very mild signs during the
disease course; in two MLC1 patients a considerable improvement of the MRI
abnormalities occurred. The observed variability in disease severity - also among
patients who share the same mutations - may depend on individual differences in
compensatory volume regulatory mechanisms. The fact that remarkable
improvement of cerebral swelling may occur, as mostly observed in MLC2B patients
but also in a few classic MLC patients, suggests there is a window of opportunity for
therapy.
The multi-institutional and observational nature of this study comes with certain
limitations. In the absence of formal testing, measures like cognitive function and
presence of autistic features were scored based on subjective assessment by
physicians and caretakers. The application of time-to-event analysis and
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standardized scales such as GMFCS resulted in a robust representation of disease
progression, but missing data and inter-observer differences may have hampered the
evaluation of the clinical course. There are, however, no indications that nonresponse was in any way systematic or that censoring in the time-to-event analyses
was informative. The study limitations are at least in part compensated by the study
size considering the disease is very rare. The available results give an already
informative delineation of the clinical spectrum of MLC. Our ongoing data collection
will help include larger numbers of MLC2A patients and extend the follow-up.
One of the aims of this study was to identify features that can help distinguish
different MLC variants in early disease stages. Absence of MRI signal abnormalities
of the posterior limb of the internal capsule and cerebellar white matter and presence
of only rarefied subcortical white matter instead of actual cysts are features
suggestive of MLC2B. This knowledge can be applied to direct genetic testing in
patients suspected of the remitting phenotype. No distinguishing features have been
identified to discern MLC1 and MLC2A. Considering the much higher prevalence of
MLC1 gene defects, in cases of a classic presentation of MLC, this gene should be
tested first.
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SUPPLEMENTARY DATA
Supplementary Table 1 | Overview of the levels of the GMFCS, MACS and CFCS14

GMFCS: Gross Motor Function Classification System25
MACS: Manual Ability Classification System26
CFCS: Communication Function Classification System14

3

GMFCS

MACS

CFCS

Motor function

Manual ability

Communication

Walks without limitations

Handles objects easily and
successfully

Sends and receives with
familiar and unfamiliar
partners effectively and
efficiently

LEVEL II

Walks with limitations

Handles most objects but
with somewhat reduced
quality and/or speed of
achievement

Sends and receives with
familiar and unfamiliar
partners but may need
extra time

LEVEL III

Walks using a hand-held
mobility device

Handles objects with
difficulty; needs help to
prepare and/or modify
activities

Sends and receives with
familiar partners
effectively, but not with
unfamiliar partners

LEVEL IV

Self-Mobility with
limitations; may use
powered mobility

Handles a limited selection
of easily managed objects
in adapted situations

LEVEL V

Transported in a manual
wheelchair

Does not handle objects
and has severely limited
ability to perform even
simple actions

LEVEL I

Inconsistently sends
DQG»RUUHFHLYHVHYHQ
with familiar partners
Seldom effectively sends
and receives, even with
familiar partners
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Supplementary Table 2 | Genotype-phenotype correlation

MLC1 mutations

Number of
informative
patients
(families)

Median age at
phenotyping
[range]

c.135insC,
p.Cys46Leufs*34
homozygous

4 (4)

26 [ 14 -45] y

(a) (b) (d)

(a) (b)

(a) (c)

c.268_422del,
p.Cys90_Ile141del
homozygous

4 (3)

14 [10 - 20] y

(a) (d)

(a) (c) (d)

(b) (c)

c.278C>T,
p.Ser93Leu
homozygous

4 (4)

31 [14 - 39] y

(a) (b) (c)

(a) (b) (c)

(c) (d)

c.353C>G,
p.Thr118Met
homozygous

4 (3)

18 [12 - 24] y

(a) (c)

(a)

(a) (c)

c.424-3C>G,
p.?
homozygous

4 (2)

24 [19 - 27] y

(b) (c)

(a) (b)

(c) (d)

c.908_918delinsGCA,
p.Val303Glyfs*96
homozygous

5 (3)

16 [12 - 20] y

(a) (b)

(a)

(a) (b) (c)

Loss of
Wheelchair Seizures**
ambulation1 dependency*

3

y, years
*
(a): function not lost (b)/RVVDWDJH\HDUV (c): loss at age 6-10 years; (d): loss at age 0-5 years
**
(a): absent; (b): single seizure; (c): well controlled epilepsy; (d): moderately controlled/refractory epilepsy

Supplementary Figure 1 | Hyperintense cerebellar rim in MLC2B. MRI findings in an MLC2B
patient at the age of 5 months. The T2-weighted axial image of the cerebellum shows some delay in
myelination, characterized by a mildly hyperintense rim of the subcortical cerebellar white matter, while
the cerebellar white matter is otherwise adequately myelinated, as indicated by the low signal
intensity.
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Supplementary Table 3 | Characteristics first MRI
MLC1
AGE AT MRI
Number of patients

<2 years
50

MLC2A
\ears
91

<2 years
5

MLC2B
\ears

<2 years

11

28

\ears
2

CEREBRAL WM
Signal PLIC

3

normal

0% (0/49)

0% (0/89)

0% (0/5)

0% (0/11)

54% (15/28)

50% (1/2)

posterior part abnormal

2% (1/49)

7% (6/89)

20% (1/5)

9% (1/11)

14% (4/28)

50% (1/2)

double line throughout

92% (45/49)

93% (83/89)

80% (4/5)

91% (10/11)

32% (9/28)

0% (0/2)

6% (3/49)

0% (0/89)

0% (0/5)

0% (0/11)

0% (0/28)

0% (0/2)

92% (45/49)

21% (19/89)

60% (3/5)

10% (1/10)

29% (8/28)

0% (0/2)

frontal

13% (6/47)

27% (22/81)

40% (2/5)

20% (2/10)

11% (3/28)

50% (1/2)

temporal

13% (6/47)

26% (21/81)

80% (4/5)

20% (2/10)

25% (7/28)

100% (2/2)

parietal

21% (10/47)

61% (49/81)

80% (4/5)

50% (5/10)

36% (10/28)

100% (2/2)

occipital

38% (18/47)

84% (68/81)

80% (4/5)

80% (8/10)

57% (16/28)

100% (2/2)

50% (1/2)

abnormal throughout
Abnormal signal ALIC
Sparing subcortical WM

Sparing of WM in certain brain area(s)
frontal

0% (0/49)

6% (5/78)

0% (0/5)

0% (0/10)

0% (0/28)

temporal

0% (0/49)

3% (2/78)

0% (0/5)

0% (0/10)

4% (1/28)

50% (1/2)

parietal

0% (0/49)

6% (5/78)

0% (0/5)

0% (0/10)

14% (4/28)

100% (2/2)

4% (2/49)

12% (9/78)

20% (1/5)

10% (1/10)

11% (3/28)

100% (2/2)

Widening ventricles

occipital

6% (3/50)

25% (23/91)

0% (0/5)

27% (3/11)

7% (2/28)

50% (1/2)

Enlargement SAS

12% (6/50)

34% (31/91)

0% (0/5)

36% (4/11)

46% (13/28)

50% (1/2)

CYSTS AND NEAR-CYSTIC RAREFACTION OF THE WM
Number of cysts
0

0% (0/47)

0% (0/85)

40% (2/5)

10% (1/10)

43% (12/28)

50% (1/2)

1-2

64% (30/47)

36% (31/85)

20% (1/5)

30% (3/10)

36% (10/28)

50% (1/2)

3-6

34% (16/47)

52% (44/85)

20% (1/5)

40% (4/10)

21% (6/28)

0% (0/2)

>6

2% (1/47)

12% (10/85)

20% (1/5)

20% (2/10)

0% (0/28)

0% (0/2)

frontal

30% (14/47)

54% (46/85)

40% (2/5)

60% (6/10)

21% (6/28)

0% (0/2)

temporal

98% (46/47)

99% (84/85)

60% (3/5)

90% (9/10)

57% (16/28)

50% (1/2)

parietal

17% (8/47)

37% (31/85)

20% (1/5)

20% (2/10)

7% (2/28)

0% (0/2)

occipital

0% (0/47)

0% (0/85)

0% (0/5)

0% (0/10)

0% (0/28)

0% (0/2)

88% (42/48)

93% (79/85)

60% (3/5)

100% (11/11)

96% (27/28)

100% (2/2)

6% (3/50)

93% (79/90)

40% (2/5)

18% (2/11)

32% (9/28)

50% (1/2)

88% (44/50)

93% (79/90)

40% (2/5)

64% (7/11)

64% (18/28)

50% (1/2)

6% (3/50)

93% (79/90)

20% (1/5)

18% (2/11)

4% (1/28)

0% (0/2)

Cavum septi pellucidi

100% (50/50)

100% (90/90)

100% (5/5)

100% (11/11)

96% (27/28)

100% (2/2)

Cavum vergae

69% (34/49)

91% (79/87)

100% (0/5)

100% (11/11)

82% (23/28)

100% (2/2)

Location of cysts

Near cystic WM rarefaction

Overall quantity of cystic/near cystic WM
none or little
moderate
large

INFRATENTORIAL FINDINGS
Signal abn. cerebellar WM

96% (47/49)

78% (69/88)

80% (4/5)

90% (9/10)

18%* (5/28)

0% (0/2)

Signal abn. brainstem

96% (45/47)

95% (80/84)

100% (5/5)

91% (10/11)

86% (24/28)

100% (2/2)

abn., abnormalities; WM, white matter; PLIC, posterior limb of the internal capsule; ALIC, anterior limb of the internal capsule; SAS,
subarachnoid space; * subtle T2-hyperintense rim of the subcortical white matter, consistent with normal myelination stage up to ~5 months
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Hypomyelination with atrophy of the
basal ganglia and cerebellum: further
delineation of the phenotype and
genotype-phenotype correlation
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ABSTRACT
Hypomyelination with atrophy of the basal ganglia and cerebellum is a rare
leukoencephalopathy that was identified using magnetic resonance imaging in 2002.
In 2013, whole exome sequencing of 11 patients with the disease revealed that they
all had the same de novo mutation in TUBB4A ZKLFK HQFRGHV WXEXOLQ ȕ-4A. We
investigated the mutation spectrum in a cohort of 42 patients and the relationship
between genotype and phenotype. Patients were selected on the basis of clinical and
magnetic resonance imaging abnormalities that are indicative of hypomyelination
with atrophy of the basal ganglia and cerebellum. Genetic testing and a clinical
inventory were performed, and sequential magnetic resonance images were
evaluated using a standard protocol. The heterozygous TUBB4A mutation observed
in the first 11 patients was the most common (25 patients). Additionally, 13 other
heterozygous mutations were identified, located in different structural domains of
WXEXOLQȕ-4A. We confirmed that the mutations were de novo in all but three patients.
In two of these three cases we lacked parental DNA and in one the mutation was
also found in the mother, most likely due to mosaicism. Patients showed a
phenotypic continuum ranging from neonatal to childhood disease onset, normal to
delayed early development and slow to more rapid neurological deterioration.
Neurological symptomatology consisted of extrapyramidal movement abnormalities,
spasticity, ataxia, cognitive deficit and sometimes epilepsy. Three patients died and
the oldest living patient was 29 years of age. The patients’ magnetic resonance
images showed an absent or disappearing putamen, variable cerebellar atrophy and
highly variable cerebral atrophy. Apart from hypomyelination, myelin loss was evident
in several cases. Three severely affected patients had similar, somewhat atypical
magnetic resonance image abnormalities. The study results were strongly suggestive
of a genotype–phenotype correlation. The 25 patients with the common c.745G>A
mutation generally had a less rapidly progressive disease course than the 17 cases
with other TUBB4A mutations. Overall, this work demonstrates that the distinctive
magnetic resonance imaging pattern for hypomyelination with atrophy of the basal
ganglia and cerebellum defines a homogeneous clinical phenotype of variable
severity. Patients almost invariably have prominent extrapyramidal movement
abnormalities, which are rarely seen in patients with hypomyelination of different
origin. A dominant TUBB4A mutation is also associated with dystonia type 4, in which
magnetic resonance images of the brain seem normal. It is highly likely that there is a
disease continuum associated with TUBB4A mutations, of which hypomyelination
with atrophy of the basal ganglia and cerebellum and dystonia type 4 are the
extremes. This would indicate that extrapyramidal movement abnormalities constitute
the core feature of the disease spectrum related to dominant TUBB4A mutations and
that all other features are variable.
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INTRODUCTION
The leukodystrophy hypomyelination with atrophy of the basal ganglia and
cerebellum (H-ABC; MIM 612438) is a rare childhood disease that is clinically
characterized by extrapyramidal movement abnormalities, spasticity, cerebellar
ataxia and sometimes epilepsy.1 The prominent extrapyramidal movement
abnormalities are a distinguishing feature of H-ABC, because cerebellar ataxia and
spasticity are the typical disease manifestations of hypomyelination. The diagnosis of
H-ABC is based on MRI criteria (Figure 1 and Supplementary Figure 1).1 The two
most important MRI features are hypomyelination and an extremely small or no
visible putamen, without evidence of a lesion in the region, in the presence of a
normal-sized thalamus and globus pallidus. The caudate nucleus may be small.
Additionally, cerebellar atrophy is present in virtually all patients. Follow-up studies
have shown the progressive nature of the disease, with clinical deterioration and MRI
evidence of disappearance of the putamen, further loss of myelin and cerebral
atrophy in addition to the cerebellar atrophy.2
Since the description of H-ABC in 2002, 21 cases have been reported.1-6 All cases
were isolated and therefore the mode of inheritance was hypothesized to be
dominant de novo, precluding the possibility of identifying the mutated gene by
conventional genetic linkage analysis. Whole exome sequencing is ideal in such
situations and recently led to the identification of a dominant c.745G>A de novo
mutation in the TUBB4A gene (MIM 602662) in 11 patients with H-ABC.7 TUBB4A
HQFRGHV WXEXOLQ ȕ-$ ZKLFK LVKLJKO\ H[SUHVVHG LQ WKH EUDLQ RQO\ 7RJHWKHUZLWKĮWXEXOLQȕ-tubulin is the principal constituent of microtubules (Figure 2). Interestingly,
mutations in the same gene were recently associated with dystonia type 4 (DYT4;
MIM 128101), which is characterized by adolescent or adult onset ‘whispering
dysphonia’, ‘generalized dystonia’ and a unique ‘hobby horse’ ataxic gait.8-10 Brain
MRI is reportedly normal in this disorder. The patients with dystonia all have the
same missense mutation in the N-terminal autoregulatory domain of TUBB4A:
c.4C>G.8,9,11
In this study, we focused only on patients with the H-ABC phenotype. Our aim was to
investigate the spectrum of TUBB4A mutations in these patients, achieve a better
delineation of the clinical spectrum including the MRI abnormalities, and evaluate a
possible genotype-phenotype correlation.

PATIENTS AND METHODS
We identified patients with H-ABC in the Amsterdam Database of
Leukoencephalopathies on the basis of the following MRI criteria: (i)
hypomyelination, defined as a mildly elevated T 2-signal intensity of most cerebral
white matter in combination with a mild T1-hypointensity, T1-isointensity or mild T1hyperintensity relative to the cortex;12 and (ii) absent or barely visible putamen
without signal abnormality in the region where the putamen should be. In addition, we
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included patients with hypomyelination in whom the putamen was decreased in size,
but still well visible, and who had prominent extrapyramidal signs.

4

Figure 1 | MRI findings in a typical H-ABC
patient. Sagittal T1-weighted (A–D) and
axial T2-weighted (E and F) and T1weighted (G and H) images in Patient HA23
with the common c.745G>A mutation at the
age of 1.5 years (A, C, E and G) and 13
years (B, D, F and H).
The early MRI shows a mildly hyperintense
white matter signal on T1-weighted (C and
G) and T2-weighted (E) images, indicating a
moderate lack of myelin.
In the late MRIs, the white matter T1-signal
is subtly reduced, indicating loss of some
myelin (D and H). The cerebellar atrophy
increases over time (A–D), especially of the
vermis (A and B).
At 1.5 years, a small putamen is present that
has lost some of its normal grey matter
signal (red arrows); the caudate nucleus is
normal (yellow arrows in E and G). Note that
at the age of 13 years, the putamen is no
longer visible (red arrows) and that the
caudate nucleus is slightly atrophic (yellow
arrows in F and H). Over time, the lateral
ventricles show a slight increase in size (E–
H), indicating some loss of white matter
volume.

We obtained DNA from patients and parents through blood or fibroblasts. Patients
who fulfilled the MRI criteria but of whom no DNA was available were excluded from
the study. To collect clinical information, we used a standardized data collection form
for physicians, with items on disease onset, developmental milestones, growth, motor
function, cognition and death. If this source was not available (5% of cases),
information was provided by families, supplemented by information derived from
medical records. The study received approval of the institutional review board of the
VU University Medical Center and written informed consent was obtained from the
parents.
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Figure 2 | Structure of tubulin. (A) Linear representation of the seFRQGDU\ VWUXFWXUH RI ȕ-tubulin,13
showing the positions of the amino acids mutated in the H-ABC patients described here. Colored
boxes indicate the 3D structural domains: the globular N-terminal nucleotide binding domain is blue,
the core helix is yellow, the second domain is pink and the C-terminal outer surface domain is orange.
+HOLFHVDUHVKRZQDVUHGER[HVȕ-sheets as blue arrows, and loops as orange threads. Modified from
Wade, with permission of Springer14 and from Amos, with permission of Elsevier. 15 (B) 3D structure of
WKHĮȕ-tubulin heterodimer.13 The ȕ-WXEXOLQLVVKRZQLQEOXHWKHĮ-WXEXOLQLQJUHHQ+HOLFHVȕ-sheets
and loops are shown as ribbons, arrows and threads, respectively. The mutated residues are
highlighted as red spheres. Most mutated residues are located at the intradimer interface. Met388 is
located at the interdimer interface. (C  Įȕ-Tubulin heterodimers bind head-to-tail along their
longitudinal direction into protofilaments, which then laterally interact with each other to form
microtubules. Modified from Vydra and Havelka.16

Magnetic resonance imaging evaluation
For each patient, at least one MRI study was available. Two investigators (E.M.H.
and M.S.vdK.) evaluated MRI images according to a standard protocol. 17 Because
the images had been obtained at various centers, the applied pulse sequences and
the quality were variable. Sagittal T1-weighted and transverse T2-weighted images
were available for all patients. To obtain a semi-quantitative measure for the degree
of myelination in relation to calendar age, 11 structures were scored for a signal
relative to the cortex on T1- and T2-weighted images independently, as shown in
Supplementary Table 1A (modified from Plecko et al.18). White matter myelination
was graded with 2 points for normal to mild T 1 hyperintensity and for normal to mild
T2 hypointensity, 1 point for T1- and for T2-isointensity and 0 points for normal to mild
T1 hypointensity and for normal to mild T2-hyperintensity, all relative to the cortex.
Scores were shown relative to the age-related maximum score, based on the normal
maturation of the brain as described by Barkovich et al.19 The maximum score rose
with age, depending on the progress of myelination and was 22 points for both T 1-
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and T2-weighted images in patients from the age of 18 months onwards. If not all
items could be scored, the overall intensity of the cerebral hemispheric white matter
was reported (Supplementary Table 1A). The putamen, caudate nucleus, globus
pallidus and thalamus were scored for size (normal/small/absent) and T2-signal
intensity (normal/increased). Cerebral atrophy, defined by enlargement of the lateral
and third ventricles and subarachnoid spaces, cerebellar atrophy and callosal
atrophy were scored as absent, mild or severe. To reduce inter-observer variability,
we only scored items on the protocol as present if they were easily evaluable and
obvious; equivocal findings were scored as absent.

Mutation analysis

4

Genomic DNA was extracted from whole blood, lymphoblasts or fibroblasts. The four
exons and intron–exon boundaries of the human TUBB4A gene (MIM 602662;
RefSeq accession number NM_006087) of the patients were amplified by PCR and
analyzed by Sanger sequencing (primer sequences in Supplementary Table 2).
Pathogenicity of novel missense mutations was assessed by in silico analysis using
SIFT (Sorting Intolerant From Tolerant) and PolyPhen. 20,21 Parental DNA was
investigated for the amplicon containing the index patient’s mutation.
To investigate how the mutations identified in this study might affect the microtubule
VWUXFWXUH ZH PDSSHG HDFK DIIHFWHG DPLQR DFLG WR D SUHGLFWHG ERYLQH Įȕ-tubulin
protein secondary structure13 and processed data from the Protein Database (1JFF)
in FirstGlance (http://firstglance.jmol.org) using Jmol (http://www.jmol.org) to visualize
the mutated residues in a 3D protein structure.13

RESULTS
In total, 42 unrelated patients (age range 2-29 years) were included in the study. In a
few patients, one or two items of the clinical inventory were missing; these patients
were left out of the analysis only for the subject of the missing information.
Consanguinity was present in none of the families. One patient (HA127) had a halfbrother from the same mother with the same phenotype and TUBB4A mutation. This
brother was not included in the study because of lack of clinical information and MRI.

Clinical phenotype
Detailed clinical characteristics of all patients are described in Supplementary Table
1B and a summary is presented in Table 1. Patient HA103 was not included in the
comparison of clinical characteristics because of comorbidity with Down syndrome.5
Median age of onset was 6 months (range birth - 3 years). The most common
presenting signs were developmental delay, hypotonia, nystagmus and deterioration
of motor function. Although not mentioned as a presenting sign, extrapyramidal
movement abnormalities, most commonly dystonia, rigidity or both and rarely
choreoathetosis, were almost invariably observed (41 of the 42 cases). Follow-up
ranged between 2 and 28 years. The neurological development varied from normal
early development (17%) to absence of intentional movements (10%). Walking
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without support was achieved in 45% of patients (age range 10 months to 4 years),
of which only 35% managed it before the age of 18 months. All patients lost the
ability to walk without support between 2 and 12 years of age, except for three
patients, who are presently between 5 and 7 years old. Sixty-three per cent of the
patients initially acquired normal (23%) or limited (40%) speech. They started to lose
their speech from a median age of 7 years (range 2-15 years). Currently only one
patient has normal speech (age 7 years), whereas 11 patients have dysarthria (age
range 5–22 years) and 29 have no speech (age range 2-29 years). 58% percent of
patients require tube feeding. One patient received a tracheostomy at age 15 and is
on continuous ventilation. Three patients are deceased (at ages of 12, 20 and 25
years).
Table 1 | Clinical data on 41 H-ABC patients
General characteristics
TUBB4A: c.745G>A
Number of patients
25
Gender (male / female)
12 / 13
Median age (range)*
14 y (2 - 29 y)
Patients with affected sibling(s)
1
Median age of onset (range)
1.5 y (3 mo - 3.0 y)
Neurological development
Maximum motor milestone
walking without support
76%
standing/walking with support
20%
rolling over / sitting
4%
touching / grasping
0%
no intentional movements
0%
Maximum language
normal
38%
single words/ short sentences
62%
none
0%
Maximum level of comprehension
normal
32%
decreased intelligence
68%
social awareness only
0%
Neurological symptomatology
Spasticity
96%
Ataxia
88%
Extrapyramidal movements
96%
Seizures
12%
Current speech
normal
4%
dysarthria
44%
no speech
52%
Current level of comprehension
normal
0%
decreased intelligence
100%
social awareness only
0%
Other characteristics
Tube feeding (range age at start)
46% (11 - 26 y)
Height < 2SD
40%
Weight < 2SD
48%
Microcephaly
9%
Deceased patients (age range)
4% (12 y)

Other TUBB4A mutations
16
7/8
10 y (3 - 25 y)
0
3 mo (birth - 6 mo)

0%
12%
38%
25%
25%
0%
6%
94%
6%
38%
56%
94%
31% (remainder n.e.)
100%
53%
0%
0%
100%
0%
19%
81%
75% (1 - 9 y)
87%
88%
69%
13% (20 - 25 y)

*Age at time of obtaining clinical characteristics; mo, months; y, years; n.e., not evaluable
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Magnetic resonance imaging characteristics
A total of 108 MRI scans were available for the 42 patients. Patients had their first
MRI aged between 6 months and 23 years; 30 patients obtained one or more followup scans at ages between 10 months and 29 years. Results are summarized in
Table 2 and Supplementary Figure 1; data about each patient are presented in
Supplementary Table 1A.

4

Myelination: Hypomyelination was present in all patients older than 18 months
(Figure 1). In younger patients, myelination was always delayed, but they were too
young to establish the diagnosis of hypomyelination.12 Only one patient (HA48) had
advanced myelination on the first MRI at 5 years of age, with a mildly hyperintense
T1-signal and a mildly hypointense to isointense T2-signal of the cerebral white
matter relative to the cortex. Five patients had an almost complete lack of myelin on
the first MRI (age range 1-3 years; Figure 3). Myelination scores in patients older
than 18 months ranged from 1–22 of 22 points for T1-weighted images and 1-8 of 22
points for T2-weighted images. These T2 scores were reached on the basis of a
hypointensity of the brainstem, cerebellar white matter and genu and splenium of the
corpus callosum; all other structures were generally T2-hyperintense. The brainstem
was the only structure that had a hypointense or isointense T2-signal relative to the
cortex in all patients, followed by the cerebellar white matter (41%) and splenium of
the corpus callosum (20%). In 11 of 30 patients with follow-up MRIs, progressive loss
of myelin was documented (age range at latest MRI 6-29 years, Figure 1).
Progression of myelination was only seen in two of the six patients who had the first
MRI before the age of 18 months.
Basal ganglia and thalamus: The putamen was small in 14 and absent in 20
patients on the first MRI. A normal sized putamen was seen in only eight patients
who had their first MRI at a young age (6 months to 3 years of age). On follow-up, in
all patients the putamen had started to disappear or had disappeared altogether
(Figures 1 and 3). The caudate nucleus was completely absent in only two patients
on the first MRI and in one additional patient on follow-up (Supplementary Figure 2).
The size was normal in 70% of patients on early MRI (<2 years after onset), whereas
it was normal in only 10% of patients who underwent MRI later than 12 years after
onset. The process of disappearance of the putamen and caudate nucleus was
characterized by loss of the typical grey matter signal, resulting in a signal intensity
similar to the hypomyelinated white matter on T2-weighted images, as documented
for the putamen in 19 patients and for the caudate nucleus in 13 patients (Figures 1
and 3, Supplementary Figure 2). This loss of grey matter signal was followed by
actual absence of the structure on follow-up, as documented for the putamen in six
patients and for the caudate nucleus in one patient. The globus pallidus and
thalamus were of normal size and signal in all patients at all stages of the disease.
Cerebral and cerebellar atrophy: Disappearance of the caudate nucleus led to
widening of the frontal horns of the lateral ventricles. Additionally, in several patients
there was moderate to severe dilatation of lateral and third ventricles (Figures 1 and
4). On the first MRI, 93% of patients had cerebellar atrophy, of which 58% was
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restricted to the cerebellar vermis. On follow-up, only one patient had no cerebellar
atrophy at the age of 9 years.
Table 2 | Summary MRI findings in 42 HABC patients

Number of patients
Age patients*
Myelination1
Moderate lack of myelina
Severe lack of myelinb
Almost complete lack of myelinc
Basal Ganglia
Putamen
normal
small
absent
Caudate nucleus
normal
small
absent
Atrophy
Cerebral atrophy
absent
moderate
severe
Atrophy corpus callosum absent
moderate
severe
Cerebellar atrophy
absent
moderate
severe

MRI <2 years
after onset

05,DQG
years after onset

05,\HDUV
after onset

23
6 mo - 5 y

34
2 - 12 y

10
13 - 29 y

52%
35%
13%

59%
20.5%
20.5%

30%
50%
20%

30.5%
39%
30.5%
70%
26%
4%

3%
38%
59%
47%
44%
9%

0%
30%
70%
10%
80%
10%

78%
18%
4%
83%
17%
0%
9%
74%
17%

56%
38%
6%
41%
50%
9%
6%
50%
44%

20%
60%
20%
0%
80%
20%
0%
10%
90%

*Age at moment of obtaining clinical characteristics; mo, months; y, years
1 In patients < 12 months myelination age is scored relative to calendar age
a Defined as hyperintense signal of the cerebral hemispheric white matter on T1-weighted images and
hyperintense signal on T2-weighted images relative to cortex
b Defined as isointense signal of the cerebral hemispheric white matter on T1-weighted images and hyperintense
signal on T2-weighted images relative to cortex
c Defined as hypointense signal of the cerebral hemispheric white matter on T1-weighted images and
hyperintense signal on T2-weighted images relative to cortex

Genotype
In 25 patients, a heterozygous c.745G>A TUBB4A mutation was identified. Thirteen
other TUBB4A mutations were identified in 17 patients (Table 3), always in the
heterozygous state. All affected highly conserved nucleotides and amino acids and
none were present in dbSNP135 or the 1000 Genomes Project, supporting their likely
pathogenicity. The mutations were all predicted to be pathogenic by in silico analysis
with Polyphen, SIFT, or both. In 39 patients, the mutation was de novo. In one patient
(HA163), we found the same heterozygous mutation in the asymptomatic mother’s
blood; we had no other sources of her DNA to prove mosaicism. For two patients, no
parental DNA was available; one of them (Patient HA127) had an affected sibling.
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Table 3 | Overview of TUBB4A mutations in H-ABC patients
Nucleotide Exon Amino acid Number Protein domain & putative function
change*
change*
of
patients

4

c.4C>T
c.5G>A

1
1

p.Arg2Trp
p.Arg2Gln

2
1

c.716G>T

4

p.Cys239Phe

1

c.730G>A
c.731G>T
c.745G>A

4
4
4

p.Gly244Ser
p.Gly244Val
p.Asp249Asn

3
1
25

Second globular domain - T7-loop: Interacts with the
GTP nucleotide at N-WHUPLQDOVLGHRIWKHĮ-tubulin;
important for longitudinal interaction between tubulins

c.968T>G

4

p.Met323Arg

1

Second globular domain - H10: longitudinal interactions

c.1054G>A

4

p.Ala352Thr

2

c.1061G>A

4

p.Cys354Tyr

1

c.1099T>A
c.1099T>C
c.1162A>G
c.1163T>C
c.1164G>A

4
4
4
4
4

p.Phe367Ile
p.Phe367Leu
p.Met388Val
p.Met388Thr
p.Met388Ile

1
1
1
1
1

N-terminal, globular GTPase domain -autoregulatory
MREI domain
Core helix - H7: connects the N-terminal and second
domain; important for nucleotide binding; key part for
microtubule assembly

Second globular domain - S9: Taxol binding site,
important for dynamics
Second globular domain - S9: Taxol binding site,
important for dynamics - key part for microtubule
assembly
Second globular domain - S10: Taxol binding site,
important for dynamics
C-terminal outer surface domain - H11: hypothesized to
be involved in the binding of MAPs and motor proteins
and in longitudinal interactions

* Nomenclature according to http://www.hgvs.org/mutnomen/
+KHOL[6ȕ-strand; T, loops connecting helices and strands; GTP, guanosine triphosphate; MREI, methioninearginine-glutamic acid – isoleucine; MAP, microtubule associated protein

0XWDWLRQVZHUHIRXQGLQDOOWKUHHWXEXOLQȕ-4A monomer domains that serve different
functions: (i) the globular, N-terminal, nucleotide binding domain; (ii) the second
globular domain; and (iii) the C-terminal outer surface domain (Figure 2A and Table
3).11,13,15,22-24 Visualizing the mutated amino acids in a 3D map revealed that most
variants are positioned at the intradimer interface (Figure 2B). Three patients,
however, have a mutation at position Met388, which is located at the interdimer
interface (Figure 2B and C).

Genotype-phenotype correlation
When comparing the clinical and MRI characteristics of the 25 patients with the
common, previously published, c.745G>A mutation to those of the 16 patients with
other TUBB4A mutations, the latter group was more severely affected (Table 1). The
first signs occurred at an earlier age and no patient in this group achieved walking
without support, in contrast to 76% of the patients with the common mutation. All
patients who did not acquire any intentional movements had a mutation different from
c.745G>A. Patients in this group were also more likely never to speak, have only
social awareness, seizures and growth problems. Seizures occurred in half of the
patients with other mutations and in 12% of patients with the common mutation.
Patients with the common mutation initially all had only moderate lack of myelin on
MRI (Supplementary Table 1A); some of them lost myelin over time, resulting in a
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profound lack. Several patients with another mutation had profound or almost
complete lack of myelin at an early stage. None of the patients with the c.745G>A
mutation developed severe cerebral or callosal atrophy, whereas 24% of the patients
with other mutations developed both.
Three severely affected patients (Patients HA140, HA163 and HA165) showed a
similar MRI pattern (Figure 3 and Supplementary Table 1A) that was somewhat
atypical for H-ABC: they initially had a normal putamen and from early on an almost
complete lack of myelin. They were the only patients with a mutation located in the NWHUPLQDOGRPDLQRIWKHȕ-tubulin protein structure (Table 3 and Figure 2A).

4



Figure 3 | Atypical MRI abnormalities.
MRI of Patient HA140, with a c.4C>T mutation
at the age of 1.5 (A, C and E) and 4 years (B, D
and F). From early on, there is an almost
complete lack of myelin, characterized by a
hypointense signal of the white matter on T1weighted images (C and D). The white matter
signal is strikingly hyperintense on T2-weighted
images, as compared to other H-ABC patients
(E and F). At the age of 1.5 years, the putamen
(red arrow) and caudate nucleus (yellow arrow)
are normal sized (E). At the age of 4 years, the
caudate nucleus (yellow arrow) shows slight
atrophy and the putamen (red arrow) has
started to lose the hypointense grey matter
signal (F).



Figure 4 | Extensive MRI abnormalities.
Sagittal T1-weighted (A–D) and axial T2weighted (E and F) images of Patient HA51
with a c.1061G>A mutation at the age of 2 (A,
C and E) and 7 years (B, D and F). The white
matter has an intermediate to low signal on the
T1-weighted images (C and D) and a high
signal on the T2-weighted images (E and F),
indicating a severe, almost complete, lack of
myelin. There is serious loss of cerebral white
matter volume from early on (C and E), which
increases over time (D and F). The cerebellar
atrophy is profound, involving both the vermis
(A and B) and the hemispheres (C and D). By 2
years of age, the putamen (red arrow) is absent
and the head of the caudate nucleus (yellow
arrow) is entirely flat (E).
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DISCUSSION
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H-ABC is defined by distinctive MRI abnormalities.1,2 The recent elucidation of its
genetic background7 allows a more complete investigation of the H-ABC phenotypic
spectrum, which is the subject of the present study.
The mutations responsible for H-ABC reside in TUBB4A, which encodes one of the
PHPEHUV RI WKH KLJKO\ FRQVHUYHG ȕ-WXEXOLQ SURWHLQ IDPLO\ ȕ-tubulins form
KHWHURGLPHUV ZLWK Į-tubulins; these alteUQDWLQJ Į- DQG ȕ-tubulin subunits form
copolymers that assemble into microtubules (Figure 2C). Microtubules are an
essential component of the cytoskeleton and act as a highly versatile scaffold to
determine cell shape and cell shape changes, and form a backbone for cell organelle
and vesicle movement.25,26 An essential feature is their dynamic instability, i.e. the
ability to rapidly de- and repolymerize, allowing a fast response to the environment.27
Their function relies on numerous processes, such as GTP-binding and hydrolysis,
heterodimer stability, binding of kinesin superfamily proteins and microtubule
associated proteins and lateral and longitudinal interactions. 25 Tubulin heterodimers
FRQWDLQGLIIHUHQWĮ- DQGȕ-tubulin isotypes, which are encoded by different genes and
are hypothesized to serve distinct cellular functions.26,28
A spectrum of neurological disorders has been associated with mutations in tubulin
genes TUBA1A, TUBA8, TUBB, TUBB2B and TUBB3.29-33 Many of these diseases
display cortical malformations and other developmental anomalies of the brain as a
result of disturbed neuronal migration. We did not observe cortical malformations in
any H-ABC patients. Although most neurological disorders caused by mutations in
tubulin genes are malformative, H-ABC is a degenerative disease.
Mutations observed in patients with H-$%&RFFXULQDOOWKUHHSUHGRPLQDQWWXEXOLQȕ4A protein domains. They are all located near the intradimer or interdimer interface
and probably affect heterodimerization or polymerization. We suspect that the
common pathophysiological mechanism of the mutations is alteration of microtubule
dynamics or stability. The defectuous microtubule system may hamper axonal
transport, leading to axonal dysfunction and loss, as has also been shown for certain
mutations in TUBB3.34 Infantile onset axonal dysfunction impedes the process of
myelination; ongoing axonal dysfunction is associated with myelin loss. Disrupted
transport may also account for the neuronal loss in basal nuclei and cerebellar
cortex.
Considering the absence of any evidence of local scar tissue on MRI, the
disappearance of the putamen was previously suggested to be caused by neuronal
apoptosis rather than necrosis.1 In most patients, we saw a putamen on early MRIs,
although smaller than normal, but sometimes even of normal size. On follow-up MRI,
we documented a decrease in size in all cases. We also documented that the
disappearance of the putamen and sometimes the caudate nucleus is preceded by a
loss of grey matter signal resulting in a signal similar to the white matter, in line with
the hypothesis of underlying apoptosis. A histopathology study confirmed the subtotal
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degeneration of the putamen and the near-total loss of neuronal cells.2 Why the
putamen, caudate nucleus and cerebellar cortex are the most prominently affected
grey matter structures in H-ABC is unclear. TUBB4A is expressed almost exclusively
in the brain; within the brain its expression is highest in the cerebellum, followed by
the putamen and white matter.8,25 ,W LV OLNHO\ WKDW WXEXOLQ ȕ-4A function is most
important in the latter areas.
The clinical characteristics of patients with H-ABC are rather homogeneous, but of
variable severity. In our cohort of patients, a more benign phenotype was seen in
patients with the common c.745G>A mutation than in the patients with other
mutations. The initial motor development in the patients with the common mutation
was generally normal or mildly delayed. As described by Simons et al.,7 these
patients generally acquired the ability to walk with or without support and lost this
ability after a variable number of years. Language and cognitive function were
relatively preserved, but at a later stage most patients became dysarthric and lost
their speech. Patients with other mutations generally had a more severe phenotype.
They showed a profound delay in motor development and never achieved walking
without support; half of the patients acquired minimal or no intentional movements.
Cognitive function was less well preserved and most patients never acquired any
speech. A striking finding is that these patients often also showed stunted growth and
microcephaly. Although patients with the common mutation showed typical MRI
abnormalities of comparable severity, the severity was more variable for patients with
other mutations. In particular, the degree of hypomyelination was variable in the latter
patients, and in some of them, MRI evidence of myelin was almost completely
lacking. The numbers of patients with other mutations are too small to further
distinguish the genotype-phenotype correlation within this group, but it is interesting
that the three patients with an Arg2 mutation in the N-terminal domain showed
remarkably similar MRI abnormalities, with a more striking T2-hyperintensity and T1hypointensity of the cerebral white matter than in the other H-ABC patients and an
initially normal sized putamen. This suggests that these mutations are associated
with this particular phenotype.
Intriguingly, a heterozygous change of Arg2 to glycine in TUBB4A has been
associated with DYT4, whereas heterozygous changes to glutamine or tryptophan at
the same residue result in a severe H-ABC phenotype. Arg2 is part of the
methionine-arginine-glutamic acid-isoleucine domain, which has an important
IXQFWLRQ LQ WKH DXWRUHJXODWLRQ RI ȕ-tubulin messenger RNA stability.11 All three
changes have been shown to perturb the autoregulated instability of TUBB4A
PHVVHQJHU 51$ UHVXOWLQJ LQ LQFUHDVHG ȕ-tubulin synthesis.11 Arg2 is positioned at
the intra-dimer interface and forms a salt bridge with Asp249, one of many
electrostatic interactions within and between monomers in this region.13 Asp249 is
the residue altered by the common c.745G>A mutation. One possible explanation for
the strikingly different clinical outcomes is that the mutation of Arg2 to the relatively
FKHPLFDOO\ LQHUW JO\FLQH LQ '<7 UHVXOWV LQ GHUHJXODWLRQ RI WXEXOLQ ȕ-4A protein
levels,35 EXW KDV OLPLWHG HIIHFW RQ WKH IXQFWLRQ RI WKH UHVXOWLQJ WXEXOLQ ȕ-4A protein.
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Conversely, substitution of the positively charged Arg2 with either the large polar
glutamine or hydrophobic tryptophan is likely to substantially alter the structure of
WXEXOLQȕ-4A at the intra-dimer interface in addition to perturbing TUBB4A messenger
RNA autoregulation. Due to the methionine-arginine-glutamic acid-isoleucine domain
feedback mechanism this combination of effects results in increased levels of the
WR[LFWXEXOLQȕ-$PXWDQWSURWHLQUHODWLYHWRWKHOHYHOVRIRWKHUȕ-tubulins.

4

The designation ‘dystonia type 4’ (DYT4, MIM 128101) was applied to a single large
pedigree with adolescent or adult onset autosomal dominant dystonia. Recently,
another heterozygous variant in TUBB4A was found in an unrelated individual with
old age onset segmental dystonia, including spasmodic dysphonia and
oromandibular dystonia, and a positive family history,9 suggesting that DYT4 may
also have a broader phenotypic variation than observed in the single pedigree and
may be related to more than one TUBB4A mutation.
Only heterozygous missense mutations have been reported in TUBB4A, supporting
the idea that mutant TUBB4A-associated diseases are caused by dominant negative,
toxic effects rather than loss of function of the encoded protein.33 Within families,
patients consistently have the same clinical presentation, supporting a genotype–
phenotype correlation. No asymptomatic or oligosymptomatic carriers have been
reported, making variable penetrance unlikely. The disease severity of H-ABC
precludes offspring, which is consistent with the fact that the disease is typically
caused by de novo mutations. The occurrence of a TUBB4A mutation in a patient’s
asymptomatic mother is best explained by maternal mosaicism, which has been
described before in an H-ABC family.7 We suspect that the patient described here
with an affected sibling is another example of maternal mosaicism.
The known disease spectrum associated with TUBB4A mutations has now become
quite broad. On the most severe end of the spectrum are neonatal onset H-ABC
patients, who never acquire intentional movements and have a disturbance of normal
myelin formation together with progressive myelin loss and degeneration of the
putamen, caudate nucleus, cerebrum and cerebellum. On the other end of the
spectrum are DYT4 patients with late adult-onset dystonia, without MRI evidence of
structural brain abnormalities.8,9 The only characteristic shared by the H-ABC and
DYT4 phenotypes is the occurrence of extrapyramidal signs. It is likely that the full
phenotypic spectrum associated with TUBB4A mutations is a continuum with the two
known phenotypes as extremes, indicating that apart from extrapyramidal movement
abnormalities no clinical or MRI characteristic is obligatory. The patients presented in
this paper do, however, show a well-defined, rather homogeneous phenotype with
highly characteristic MRI abnormalities, indicative of a distinct disease. We therefore
suggest maintaining the acronym H-ABC for patients with extrapyramidal movement
abnormalities and hypomyelination in combination with atrophy of the putamen and
cerebellum.

H-ABC: TUBB4A genotype and phenotype

|

93

With respect to TUBB4A genetic analysis, extrapyramidal movement abnormalities
form the only obligatory item to indicate the need for testing. Any extra finding that
points to H-ABC, such as hypomyelination, putamen atrophy or cerebellar atrophy,
reinforces this indication. Cerebellar atrophy is non-specific and observed in other
hypomyelinating disorders, but in the context of extrapyramidal movement
abnormalities, TUBB4A analysis is warranted. This is even truer for the combination
of extrapyramidal movement abnormalities and hypomyelination if the putamen
appears normal, because extrapyramidal movements abnormalities are unusual in
patients with hypomyelination of different origin.
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SUPPLEMENTARY DATA

4

Supplementary Figure 1 | MRI findings in H-ABC. Sagittal T1-weighted images (1-3 A and B) and
axial T2-weighted (1-3 C) and T1-weighted (1-3 D) images in a 3-year-old unaffected individual (1 AD), patient HA127 at the age of 3 years (2 A-D) and patient HA27 at the age of 29 years (3 A-D). Both
patients have the common c.745G>A mutation.
Note the diffusely hyperintense signal of the cerebral white matter in the patients on T2-weighted
images as compared to the healthy person (1C, 2C, 3C). On the T1-weighted images, the cerebral
white matter signal is hyperintense in the unaffected individual (1B,1D), mildly hyperintense in the
young patient (2B,2D) and isointense relative to the cortex in the adult patient (3B, 3D). In the young
patient, the corpus callosum has a normal thickness (2A) and a mildly hypointense signal on the T2weighted image (2C), while in the adult patient, the corpus callosum is thin (3A) and has a high signal
on the T2-weighted image (3C).
Note the normal anatomy of the caudate nucleus (yellow arrow) and putamen (red arrow) in the
unaffected individual (1C). In both patients, the putamen is absent (red arrows in 2C, 3C). The head of
the caudate nucleus is a bit small in the young patient (2C) and is smaller in the adult patient (3C).
The cerebellar vermis shows marked atrophy in both patients (2A, 3A).
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Ļ
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Ļ
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Ļ
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Ĺ
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Ĺ
Ĺ
6/22

T2
4/22

less myelin
absent putamen
yes
yes

+
+
++
+

absent
smaller, =

T1
15/22

+
+
29 y

absent
nl, =

T1
Ĺ
Ĺ
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Ĺ
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Ļ
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Ĺ
Ĺ
Ĺ
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nl, =

T1
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ļ
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Ĺ
Ĺ
Ĺ
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+
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Ĺ
Ĺ
Ĺ
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Ĺ
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Ļ
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Ļ
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Ļ
Ĺ
Ļ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
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Ĺ
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Ĺ
Ĺ
Ĺ
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Ļ
Ļ
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Ļ
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Ĺ
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Ĺ
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Ĺ
Ĺ
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Ļ
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Ĺ
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Ĺ
=
Ĺ
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Ĺ
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Ĺ
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Ĺ
Ĺ
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Ļ
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Ļ
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Ļ
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Ĺ
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Ļ
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Ĺ
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Ĺ
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Ĺ
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3/22

less myelin
yes
yes
yes

+
+
++
++
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+
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Ĺ
Ĺ
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Ĺ
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Ĺ
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Ļ
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Ĺ
Ĺ
Ĺ
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Ĺ
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Ļ
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Ĺ
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Ĺ
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Ļ
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Ļ
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Ĺ
Ĺ
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Ĺ
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Ĺ
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Ļ
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Ĺ
Ĺ
Ĺ
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VPDOOHUĹ

T1
13/22

+
+
2.8 y

VPDOOĹ
VPDOOĹ

1.2 y
T1
T2
Ĺ
Ļ
=
Ĺ
=
=
=
Ĺ
=
Ĺ
Ĺ
=
Ĺ
=
=
Ĺ
=
Ĺ
=
Ĺ
=
Ĺ
14/22
5/18

HA143

36

T2
2/22

no
yes
yes
yes

+
+
+
+

VPDOOĹ
small, =

T1
1/22

+
4y

nl, =
nl, =

1.5 y
T1
T2
=
=
Ĺ
Ĺ
Ĺ
=
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
1/22
2/22

HA140

|

Age at first MRI
Myelination
Brainstem
Posterior limb internal capsule
Cerebellar white matter
Anterior limb internal capsule
Central part centrum semiovale
Corpus callosum
splenium
genu
Parieto-occipital white matter deep
subcortical
Frontal white matter
deep
subcortical
Score vs age-related max. score*
Basal ganglia
Putamen (size, T2-signal)
Caudate nucleus (size, T2-signal)
Atrophy
Ventricular enlargement
Enlargement subarachnoid spaces
Atrophy corpus callosum
Cerebellar atrophy
vermis
hemispheres
Age at latest MRI
Myelination
Score vs age-related max. score*
Basal Ganglia
Putamen (size, T2-signal)
Caudate nucleus (size, T2-signal)
Atrophy
Ventricular enlargement
Enlargement subarachnoid spaces
Atrophy corpus callosum
Cerebellar atrophy
vermis
hemispheres
Change over time
Change in myelination
Progression atrophy putamen
Progression cerebral atrophy
Progression cerebellar atrophy

Patient ID

Patient number
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Patient number
37
38
39
40
41
42
Patient ID
HA176
HA113
HA146
HA103
HA163
HA159
Age at first MRI
1.0 y
2.5 y
4.0 y
8 mo
1.0 y
10 mo
Myelination
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
T1
T2
Brainstem
Ĺ
Ļ
=
Ļ
Ĺ
Ļ
Ĺ
Ļ
=
=
Ĺ
Ļ
Posterior limb internal capsule
Ĺ
Ĺ
=
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ļ
Ĺ
Ĺ
Ĺ
Cerebellar white matter
Ĺ
Ļ
=
Ĺ
=
Ļ
=
=
Ļ
Ĺ
Ĺ
=
Anterior limb internal capsule
Ĺ
Ĺ
=
Ĺ
=
Ĺ
=
Ĺ
Ļ
Ĺ
Ĺ
Ĺ
Central part centrum semiovale
=
Ĺ
=
Ĺ
Ĺ
Ĺ
=
Ĺ
Ļ
Ĺ
=
Ĺ
Corpus callosum
splenium
Ĺ
Ĺ
=
Ĺ
Ĺ
Ĺ
=
Ĺ
Ļ
Ĺ
Ĺ
Ĺ
genu
Ĺ
Ĺ
=
Ĺ
Ĺ
Ĺ
=
Ĺ
Ļ
Ĺ
Ĺ
Ĺ
Parieto-occipital white matter deep
=
Ĺ
=
Ĺ
Ĺ
Ĺ
=
Ĺ
Ļ
Ĺ
Ĺ
Ĺ
subcortical
=
Ĺ
=
Ĺ
=
Ĺ
=
Ĺ
Ļ
Ĺ
=
Ĺ
Frontal white matter
deep
=
Ĺ
=
Ĺ
=
Ĺ
=
Ĺ
Ļ
Ĺ
Ĺ
Ĺ
subcortical
=
Ĺ
=
Ĺ
=
Ĺ
=
Ĺ
Ļ
Ĺ
=
Ĺ
Score vs age-related max. score*
17/22
4/17
11/22
2/22
17/22
4/22
13/21
3/12
1/22
1/18
19/21
3/13
Basal ganglia
Putamen (size, T2-signal)
nl, =
absent
absent
absent
nl, =
nl, =
Caudate nucleus (size, T2-signal)
nl, =
VPDOOĹ
nl, =
VPDOOĹ
nl, =
nl, =
Atrophy
Ventricular enlargement
+
+
Enlargement subarachnoid spaces
Atrophy corpus callosum
+
+
+
Cerebellar atrophy
vermis
++
+
+
+
+
hemispheres
+
+
+
Age at latest MRI
6y
4.4 y
12 mo
3.3 y
2.2 y
Myelination
T1
T2
T1
T2
T1
T2
T1
T2
Score vs age-related max. score*
15/22
4/22
17/22
3/22
13/22
3/17
1/22
2/22
22/22
8/22
Basal Ganglia
Putamen (size, T2-signal)
small, Ĺ
absent
absent
small, =
small, Ĺ
Caudate nucleus (size, T2-signal)
small, =
nl, =
VPDOOĹ
nl, =
nl, =
Atrophy
Ventricular enlargement
+
+
Enlargement subarachnoid spaces
Atrophy corpus callosum
++
+
+
Cerebellar atrophy
vermis
++
+
+
++
+
hemispheres
+
++
+
Change over time
Change in myelination
less myelin
no
no
no
more myelin
Progression atrophy putamen
yes
absent putamen absent putamen
yes
yes
Progression cerebral atrophy
no
no
no
yes
no
Progression cerebellar atrophy
no
no
no
yes
yes
The table is organized by descending age of patients. * If not all items could be scored, the overall intensity of the cerebral hemispheric white matter is indicated.
y, years; mo, months; vs, versus; max, maximum; T1, T1-weighted image; T2, T2-ZHLJKWHGLPDJHĹK\SHULQWHQVHĻK\SRLQWHQVH LVRLQWHQVHUHODWLYHWRWKHFRUWH[QHQRWHYDOXDEOHQO
normal; -, not present; +, present; ++, severe
** this case had been previously published in Wolf et al. 36
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HA106

2/0

never
supported
walking
n.a.

Initial motor development

Unsupported walking
Maximum motor milestone

+

-

-

Dystonia / ridigity

Seizures

Special findings

Age and cause of death

25 y,
resp. failure

5y
<2 SD, <2 SD,
<2 SD

-

Choreoathethosis

Tube feeding since
Height, weight, head
circumference

+

status
unknown

nl, nl, nl

-

-

+

+

+

+

dysarthria
decreased
intelligence
+

no speech
decreased
intelligence
+

+

nl

nl

Ataxia

12 y
single words,
6y

14 mo
unsupported
walking
10 y

7y
single words,
10 y

Spasticity

Full wheelchair dependency
Maximum spoken language,
up to age
Maximum level of
comprehension
Current speech
Current level of
comprehension
Truncal hypotonia

Loss of unsupported walking

delayed

First signs
nl

3y

motor
deterioration

c.745G>A

4 mo

c.730G>A

-

m

no head
control

Age at first signs

Mutation

1/0

-

Consanguinity parents

Unaffected / affected siblings

m

Gender

1980, 25 y

2
HA20 /
LD_0440.0
1980, 22 y

status
unknown

21 y
<2 SD, < 2 SD,
< 2 SD

-

-

+

-

+

+

10 y
single words,
7y
decreased
intelligence
dysarthria
decreased
intelligence
+

3y
unsupported
walking
7y

mildly delayed

motor delay

9 mo

c.745G>A

2/0

-

f

3
HA62 /
LD_0605.0
1982, 20 y

decreased
intelligence
no speech
decreased
intelligence
+

social
awareness only
no speech
social
awareness only
+

20 y,
peritonitis

2.5 y
<2 SD, <2 SD,
<2 SD

blind

-

+

+

-

-

-

nl, nl, nl

26 y

-

perceptive
hearing loss**
26 y
nl, < 2 SD,
nl

-

+

-

+

+

8y
single words,
15 y
decreased
intelligence
no speech
decreased
intelligence
+

never
supported
walking
n.a.

mildly delayed

nystagmus

9 mo

c.745G>A

1/0

-

f

1984 / 29 y

HA36

6

-

+

-

+

+

nl, 6 y

none

+

16 y

16 mo
unsupported
walking
12 y

nl

motor
deterioration

2.5 y

c.745G>A

2/0

-

m

1983, 29 y

HA27

5

n.a.

n.a.

rolling over

never

delayed

motor delay,
spasticity

4 mo

c.1164G>A

2/0

-

m

1983, 11 y

HA12

4

-

nl, nl, nl

20 y

-

-

+

-

+

+

no speech
decreased
intelligence
+

nl

nl, 8 y

8y

18 mo
unsupported
walking
4y

mildly delayed

motor delay,
gait problems

3y

c.745G>A

2/0

-

f

1987, 23 y

HA129

7

-

<2 SD, nl, nl

16 y

-

-

+

+

+

+

2.3 y
single words,
3y
decreased
intelligence
no speech
decreased
intelligence
+

never
supported
walking
n.a.

mildly delayed

motor delay

1y

c.745G>A

2/0

-

m

1989, 23 y

HA26

8

-

<2 SD, nl, nl

+
15 y:
tracheostomy
and ventilation
8y

+

+

+

+

decreased
intelligence
no speech
decreased
intelligence
+

none

n.a.

n.a.

holding objects

never

2 mo
no head control,
decreased
vision
delayed

c.716G>T

0/0

-

f

1989, 23 y

HA15

9

|

Year of birth, age*

1

4

Patient ID

Patient number

Supplementary Table 1B | Clinical characteristics of 42 H-ABC patients
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10

+

+

-

-

Choreoathethosis

Dystonia / ridigity

Seizures

Special findings

Age and cause of death

-

19 y
nl, < 2SD,
nl

+

-

nl, < 2 SD,
nl

-

-

+

+

+

+

decreased
intelligence
dysarthria
decreased
intelligence
+

decreased
intelligence
no speech
decreased
intelligence
+

+

nl, 5 y

nl, 6 y

never
supported
walking
n.a.

mildly delayed

motor delay

1.75 y

c.745G>A

0/0

-

m

1991, 21 y

9y

Ataxia

Tube feeding since
Height, weight, head
circumference

11
HA07

13 y

33 mo
unsupported
walking
7y

9 mo
motor delay,
hypotonia
mildly delayed

c.745G>A

Spasticity

Full wheelchair dependency
Maximum spoken language,
up to age
Maximum level of
comprehension
Current speech
Current level of
comprehension
Truncal hypotonia

Loss of unsupported walking

Unsupported walking
Maximum motor milestone

Initial motor development

First signs

Age at first signs

Mutation

1/0

-

Consanguinity parents

Unaffected / affected siblings

f

1989, 23 y

HA04

Gender

Year of birth, age*

Patient ID

Patient number

12

-

16 y
nl, <2 SD,
<2 SD

-

-

+

+

+

+

6y
short sentences,
3y
decreased
intelligence
dysarthria
decreased
intelligence
+

17 mo
unsupported
walking
5y

mildly delayed

motor delay

1y

c.745G>A

1/0

-

f

1992, 20 y

HA44

13

-

nl, <2 SD,
nl

-

-

+

+

+

+

15 y
syllables,
15 y
decreased
intelligence
no speech
decreased
intelligence
+

never
supported
walking
n.a.

6 mo
motor delay,
hypotonia
delayed

c.745G>A

0/0

-

m

1993, 9 y

HA23

14

-

9y
<2 SD, <2SD,
<2 SD

-

+

+

-

n.e.

+

decreased
intelligence
no speech
social
awareness only
+

none

n.a.

never
no intentional
movements
n.a.

delayed

nystagmus

1.5 mo

c.5G>A

5/0

-

f

1994, 18 y

HA165***

15

-

nl, <2 SD,
nl

-

-

+

-

+

+

no speech
decreased
intelligence
-

nl

nl, 3 y

10 y

15 mo
unsupported
walking
10 y

3y
dystonia,
dysarthria
nl

c.745G>A

0/0

-

m

1994, 18 y

HA48
1996, 16 y
m
1/0
c.1061G>A
birth
nystagmus,
hypotonia
delayed
never

n.a.
n.a.
none

1995, 12 y
m
2/0
c.1054G>A
4 mo
motor delay,
hypotonia
delayed
never
supported
standing
n.a.
n.a.
none

+
9y
<2 SD, <2 SD,
<2 SD
-

4y
<2 SD, <2 SD,
nl
-

+

+

blind

-

+

-

-

-

+

+

+

social
social
awareness only awareness only
no speech
no speech
social
social
awareness only awareness only
+
+

rolling over

17
HA51

16
HA54

18

-

unknown
<2 SD, <2 SD,
nl

-

-

+

-

+

+

decreased
intelligence
no speech
decreased
intelligence
-

unknown

-

3y
unsupported
walking
5y

mildly delayed

spasticity

1.5 y

c.745G>A

unknown

-

m

1996, 10 y

HA71
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19

never

Unsupported walking
Maximum motor milestone

n.a.
single words,
6y

Full wheelchair dependency
Maximum spoken language,
up to age
Maximum level of
comprehension
Current speech
Current level of
comprehension
Truncal hypotonia

-

+

-

-

Choreoathethosis

Dystonia / ridigity

Seizures

Special findings

Age and cause of death

-

<2 SD, <2 SD,
unknown

-

Ataxia

Tube feeding since
Height, weight, head
circumference

+

Spasticity

no speech
decreased
intelligence
+

nl

n.a.

Loss of unsupported walking

crawling

delayed

motor delay

4 mo

c.745G>A

Initial motor development

First signs

Age at first signs

Mutation

1/0

-

Consanguinity parents

Unaffected / affected siblings

m

Gender

1992, 15 y

HA136

20

-

11 y
nl, <2 SD,
nl

-

-

+

-

+

+

decreased
intelligence
dysarthria
decreased
intelligence
+

nl, present

8y

24 mo
unsupported
walking
6y

mildly delayed

motor delay

1.5 y

c.745G>A

1/0

-

m

1998, 14 y

HA82

21

-

11 y
<2 SD, <2 SD,
nl

-

+

+

-

+

+

no speech
decreased
intelligence
+

nl

11 y
single words,
7y

27 mo
unsupported
walking
10 y

6 mo
hypotonia,
ataxia
mildly delayed

c.745G>A

3/0

-

m

1998, 14 y

HA97

22

-

<2 SD, <2 SD,
<2 SD

-

+

+

-

n.e.

+

social
awareness only
no speech
social
awareness only
+

none

n.a.

never
no intentional
movements
n.a.

delayed

hypotonia

4 mo

c.730G>A

0/0

-

f

2000, 12 y

HA32

23

nl, <2 SD,
nl
12 y, cachexia,
respiratory
failure

-

+

+

+

+

+

decreased
intelligence
dysarthria
decreased
intelligence
+

nl, 8 y

7y

20 mo
unsupported
walking
6y

3y
motor
deterioration
nl

c.745G>A

2/0

-

f

2000, 10 y

HA132

24

-

<2 SD, <2 SD,
nl

-

-

+

-

n.e.

+

decreased
intelligence
no speech
social
awareness only
+

none

n.a.

never
no intentional
movements
n.a.

2 mo
hypotonia, no
head control
delayed

c.968T>G

0/0

-

f

2000, 11 y

HA90

-

<2 SD, nl,
nl

-

-

+

+

+

+

decreased
intelligence
dysarthria
decreased
intelligence
+

nl, unknown

-

17 mo
unsupported
walking
5y

1.5 y
gait problems,
dysarthria
nl

c.745G>A

2/0

-

m

25
HA66 /
LD_0313.0
2001, 11 y

26

-

9y
<2 SD, <2 SD,
<2 SD

-

-

+

-

n.e.

+

decreased
intelligence
no speech
social
awareness only
+

none

n.a.

n.a.

rolling over

never

delayed

hypotonia

6 mo

c.1054G>

1/0

-

m

2005, 10 y

HA40

27

-

<2 SD, nl, nl

-

-

-

-

-

+

+

dysarthria
decreased
intelligence
-

nl

n.a.
short sentences,
6y

never
supported
walking
8y

4 mo
motor delay,
spasticity
mildly delayed

c.745G>A

1/0

-

m

2002, 11 y

HA75

|

Year of birth, age*

Patient ID

4

Patient number
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-

-

-

Seizures

Special findings

Tube feeding since
Height, weight, head
circumference



-

-

7y
<2 SD, <2 SD,
<2 SD

-

-

+

-

+

+

n.a.

-

8y
<2 SD, nl,
<2 SD

-

-

+

-

+

+

decreased
intelligence
no speech
decreased
intelligence
+

none

-

<2 SD, nl, nl

-

-

-

+

-

-

+

short sentences,
7y
decreased
intelligence
dysarthria
decreased
intelligence
-

48 mo
unsupported
walking
4.5 y

2y
extrapyramidal
movements
mildly delayed

c.745G>A

3/1

-

f

2005, 5 y

HA127

31

-

<2 SD, nl, nl

-

-

-

+

+

+

+

decreased
intelligence
no speech
decreased
intelligence
+

single words

-

23 mo
unsupported
walking
2y

mildly delayed

motor delay

1y

c.745G>A

1/0

-

f

32
HA86 /
LD_0345.0
2005, 5 y

-

nl, nl, nl

-

-

+

+

-

+

+

6y
single words,
3y
decreased
intelligence
no speech
decreased
intelligence
-

13 mo
unsupported
walking
4y

2y
motor and
language delay
nl

c.745G>A

1/0

-

f

2006, 6 y

HA107

33

c.1099T>C
2 mo
motor delay,
epilepsy
delayed
never
no intentional
movements
n.a.

c.745G>A
2y
motor and
language delay
mildly delayed
18 mo
unsupported
walking
-

-

never
supported
sitting
n.a.

delayed

nystagmus

birth

c.4C>T

1/0

+
+
1y
<2 SD, <2 SD,
<2 SD

+
-

-

-

-

+

<2 SD, nl, nl

+
n.e.

+

-

3y
<2 SD, <2 SD,
<2 SD

-

+

+

-

-

+

n.a.
n.a.
short sentences,
none
none
4y
decreased
social
social
intelligence
awareness only awareness only
dysarthria
no speech
no speech
decreased
social
social
intelligence
awareness only awareness only
+
+

0/0

0/0

m

f
-

f

HA140
2007, 5 y

HA143
2007, 5 y

HA124
2007, 5 y
-

36

35

34

|





+

Dystonia / ridigity

Age and cause of death

-

Choreoathethosis

nl, nl, nl

-

social
awareness only
no speech
social
awareness only
-

decreased
intelligence
nl
decreased
intelligence
-

-

none

nl, present

Ataxia

n.a.

n.a.

rolling over

holding objects
n.a.

never

6 mo
nystagmus,
motor delay
delayed

c.1163T>C

1/0

-

f

2005, 8 y

HA173

30

never

6 mo
hypotonia,
ataxia
delayed

c.1099T>A

2/0

-

f

2004, 8 y

HA172

29

-

22 mo
unsupported
walking
-

2y
motor delay,
gait problems
mildly delayed

c.745G>A

2/0

m

2004, 7 y

HA149

28

Spasticity

Full wheelchair dependency
Maximum spoken language,
up to age
Maximum level of
comprehension
Current speech
Current level of
comprehension
Truncal hypotonia

Loss of unsupported walking

Unsupported walking
Maximum motor milestone

Initial motor development

First signs

Age at first signs

Mutation

Unaffected / affected siblings

Consanguinity parents

Gender

Year of birth, age*

Patient ID

Patient number
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37

-

+

-

-

Choreoathethosis

Dystonia / ridigity

Seizures

Special findings

2.5 y
nl, <2 SD,
nl
-

-

+

+

+

-

+

39

40

3y
nl, nl, <2 SD
-

nl, nl, nl
-

-

-

+

-

n.e.

+

social
awareness only
no speech
social
awareness only
+

none

n.a.

never
no intentional
movements
n.a.

delayed

nystagmus

5 mo

c.1162A>G

0 /0

-

m

2008, 4 y

HA103****

+

-

-

+

-

+

+

dysarthria
decreased
intelligence
+

nl

single words,
5y

10 mo
unsupported
walking
-

nl

gait problems

1.25 y

c.745G>A

1/0

-

f

2007, 5 y

HA146

41

nl, <2SD,
<2SD
-

-

-

-

+

-

-

decreased
intelligence
no speech
social
awareness only
+

none

n.a.

never
supported
sitting
n.a.

3 mo
nystagmus,
hypotonia
delayed

c.4C>T

0/0

-

f

2009, 3 y

HA163

42

-

nl, nl, nl

-

-

-

+

+

+

+

no speech
decreased
intelligence
+

nl

short sentences,
2y

18 mo
unsupported
walking
2y

3 mo
nystagmus, mild
hypotonia
mildly delayed

c.745G>A

3/0

-

f

2010, 2 y

HA159

4

The table is organized by descending age of patients. * Age at moment of obtaining clinical characteristics; ** this patient has a deletion of the OTOA gene; *** this case had been previously
published in Wolf et al.36; **** this patient has Down syndrome.
f, female; m, male; nl, normal; mo, months, y, years; -, not present; + present; n.a., not applicable; n.e., not evaluable.

3y
<2 SD, <2 SD,
nl
-

+

social
awareness only
no speech
social
awareness only
+

social
awareness only
no speech
social
awareness only
+

+

n.a.
none

never
touching
objects
n.a.

delayed

nystagmus

birth

c.731G>T

0/0

-

m

2007, 4 y

n.a.

Ataxia

Tube feeding since
Height, weight, head
circumference
Age and cause of death

38

HA113

none

never
reaching for
objects
n.a.

5 mo
developmental
delay
delayed

c.730G>A

Spasticity

Full wheelchair dependency
Maximum spoken language,
up to age
Maximum level of
comprehension
Current speech
Current level of
comprehension
Truncal hypotonia

Loss of unsupported walking

Unsupported walking
Maximum motor milestone

Initial motor development

First signs

Age at first signs

Mutation

1/0

-

Consanguinity parents

Unaffected / affected siblings

m

Gender

2007, 5 y

HA176

|

Year of birth, age*

Patient ID

Patient number
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Supplementary Table 2 | Primer used for TUBB4A sequencing
Primer name

Sequence

TUBB4A-exon1F

5’-GTCTCCGCCGCATCTTCC-3’



TUBB4A-exon1R

5’-TCCAAAGACTCCCAGGTTGC-3’

TUBB4A-exon2+3F

5’-GGCTTCCCCTCTCTCAACTC-3’

TUBB4A-exon2+3R

5’-CACCCCATCTCTGGTCTGTG-3’



TUBB4A-exon4F-a

5’-CCAGGTGGTGGAGAGACAGA-3’



TUBB4A-exon4R-a

5’-AGAAGTGCAGGCGAGGAAAG-3’

TUBB4A-exon4F-b

5’-CAACGAGGCACTCTACGACA-3’

TUBB4A-exon4R-b

5’-CTGGTCAGGGGTGCGAAG-3’

TUBB4A-exon4R-b2

5’-GTTCTTGGCATCGAACATCTGC-3’

TUBB4A-exon4F-c

5’-CTTTCCTCGCCTGCACTTCT-3’

TUBB4A-exon4R-c

5’-ACAGGTGGGAAGCGATGG-3’



TUBB4A-exon4F-3’

5’-ATGGACGAGATGGAGTTCAC-3’



TUBB4A-exon4R-3’

5’-AGGTCTGCAAAGTTAAAGGT-3’







F, forward; R, reverse

Supplementary Figure 2 | Loss of grey matter signal basal ganglia. Axial T2-weighted images of
patient HA15 at the age of 1 year (A) and 11 years (B). In A, note the absence of a visible putamen
(red arrow). The caudate nucleus (yellow arrow) is small and has a signal similar to the abnormal
white matter signal, instead of a grey matter signal. 10 years later, the caudate nucleus has entirely
disappeared (yellow arrow in B).
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Sir,

4.2

We thank Dr Carvalho and colleagues for their insightful letter,1 which compliments
our recent paper on hypomyelination with atrophy of the basal ganglia and
cerebellum (H-ABC).2 The authors present two H-ABC patients with a TUBB4A
mutation. One mutation is novel, one has been reported before in three patients.1,2
Carvalho et al. stress that their patients presented with a more severe phenotype
than observed in the group of now 30 patients with the common c.745G>A,
p.Asp249Asn mutation, reinforcing our previous suggestion of a genotype-phenotype
correlation. In our paper, we compared the phenotypes of H-ABC patients with the
common TUBB4A mutation and H-ABC patients with other TUBB4A mutations, but
refrained from correlations within the group of patients with other mutations.2 The
growing number of publications now allows further analysis of the genotype–
phenotype relationship. The overview of all published cases by Carvalho et al. in
Table 21 provided us with the opportunity to look at the MRI and clinical
characteristics in more subgroups of patients with the same mutations.
Initially, in the absence of a DNA diagnostic test, the diagnosis H-ABC was entirely
based on strict MRI criteria, of which hypomyelination and disappearance of the
putamen were the most important.3 Since Simons et al.4 described the association
between H-ABC and TUBB4A mutations, DNA testing became the gold standard for
the diagnosis. The disease spectrum associated with TUBB4A mutations has been
expanding since. In our paper, we included patients with a less typical MRI, showing
late and only mild putaminal atrophy.2 The new literature on patients with
hypomyelination and a TUBB4A mutation makes clear that some patients do not
have evident atrophy of the putamen.5-10 Several of these reports concern young
children; considering that in less typical presentations of H-ABC, atrophy of the
putamen may become apparent only after a few years,2 it is possible that the
putaminal atrophy will develop later in these patients. In other reports, however, MRIs
made at more advanced ages (8, 10, 16, 38, 42 and 45 years) still show no atrophy
of putamen,6-8 indicating that putaminal atrophy does not occur in all patients with
hypomyelination and a TUBB4A mutation. Additionally, it is becoming clear that the
degree of hypomyelination varies. In some H-ABC patients, MRI features indicate a
severe to almost complete lack of myelin in the cerebral white matter,2,3 while recent
publications describe
patients
with
MRI features suggesting milder
5,7,8,11
hypomyelination.
At the mildest end of the disease spectrum is late-onset
dystonia type 4, which lacks brain MRI abnormalities altogether.12-14
When looking at groups consisting of more than two patients with the same TUBB4A
mutation, it becomes evident that, despite the wide range of phenotypes associated
with a TUBB4A mutation, particular mutations are consistently associated with a
specific phenotype (Table 1). Patients with a c.4C>G, p.Arg2Gly mutation have a
‘dystonia type 4’ phenotype. Patients with a c.730G>A, p.Gly244Ser and the common
c.745G>A, p.Asp249Asn mutation have a ‘classic’ H-ABC phenotype, but more
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severe for the first mutation than for the second. Most patients with c.785G>A,
p.Arg262His and c.1228G>A, p.Glu410Lys mutations are initially diagnosed as
‘unclassified hypomyelinating leukoencephalopathy’ and are subjected to extensive
evaluations to establish a diagnosis. Their MRI shows hypomyelination and
cerebellar atrophy, but no or only equivocal putamen abnormalities. The three
patients with a c.1228G>A, p.Glu410Lys mutation show a milder lack of myelin and a
milder phenotype than the other patients with a hypomyelinating
leukoencephalopathy caused by a TUBB4A mutation. So, the genotype definitely
influences the phenotype.
A remaining question concerns the diagnostic work-up. In patients fulfilling the MRI
criteria for H-ABC, TUBB4A analysis should be the first and only test. In patients with
hypomyelination and no evident putaminal atrophy on MRI, the diagnosis becomes a
challenge. In our overview paper, we suggest that in cases of hypomyelination
without putaminal atrophy, prominent early extrapyramidal abnormalities should
prompt TUBB4A testing. This opinion is shared by several.1,7 Other authors stress
the absence of extrapyramidal movement abnormalities in their patients and
emphasize the difficulty of establishing the correct diagnosis in such patients.9,10 In
our experience, early extrapyramidal signs are present in most patients with a
TUBB4A mutation facilitating the diagnosis. In cases of hypomyelination without
extrapyramidal signs and without evident putaminal atrophy on MRI, TUBB4A is only
one of the genes to be considered.
It remains puzzling that mutations in the same gene can lead to a spectrum of brain
abnormalities and clinical phenotypes. Apparently, different TUBB4A mutations have
diverse effects on tubulin function. The description of genotype-phenotype
associations may contribute to a better understanding of the pathophysiological
consequences of TUBB4A mutations.
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Table 1 | MRI & clinical characteristics in patients with the same heterozygous TUBB4A
mutation
Mutation

Number of
patients
MRI features
(references)

c.4C>G,
p.Arg2Gly

20 (12-14)

Normal brain MRI

4 (1,2)

- Moderate to severe
hypomyelination
- Atrophy of putamen
- Cerebellar atrophy

30 (2,4,6,7)

- Moderate
hypomyelination
- Atrophy of putamen
- Cerebellar atrophy

c.730G>A,
p.Gly244Ser

4.2
c.745G>A,
p.Asp249Asn

c.785G>A,
p.Arg262His

c.1228G>A,
p.Glu410Lys

mo, months; y, years

3 (6,7,10)

3 (5,7,11)

Clinical characteristics
- Normal psychomotor development
- Onset at 13-42 y
- Segmental or generalized dystonia,
‘hobby horse gait’, spasmodic dysphonia
- Variable severity
- Onset at 4-5 months
- Delayed motor development or hypotonia
- Maximum motor milestone ranged from
no intentional movements to walking
with support
- Progressive, severely disabling motor
dysfunction
- Extrapyramidal signs reported in all
patients
- Normal or mildly delayed early motor
development
- Onset at 3 mo-4.5 y
- All achieved walking with or without
support
- Progressive, disabling motor dysfunction
- Extrapyramidal signs reported in all
patients but one

- Moderate
hypomyelination
- No evident atrophy of
putamen (age range
7 mo-8 y)
- Initially normal
cerebellum, progressive
cerebellar atrophy in
follow up of two patients

- Onset at 2-3 months
- Delayed motor development
- Maximum motor milestone ranged from
no head control at 1 y to unsupported
sitting for a few seconds
- Severe motor disability
- In two patients no extrapyramidal signs
reported at 1-3 y

- Mild hypomyelination
- No evident abnormalities
of putamen (age range
6-38y)
- Progressive cerebellar
atrophy

- Normal or mildly delayed early
development
- Onset at 1 y
- All achieved unsupported walking, but
ataxic gait
- Onset of slow motor deterioration at 4-20 y
- Loss of walking: not yet / 12 y / 25 y for
the three patients reported
- Mild dystonia in all three patients
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Sir,

4.3

We thank Dr Erro and colleagues1 for their interest in our overview paper on the
clinical and genotypic spectrum in patients with hypomyelination with atrophy of the
basal ganglia and cerebellum (H-ABC).2 In our cohort, we found a more benign
phenotype in 25 patients with the common c.745G>A mutation than in 16 patients
with other mutations in TUBB4A, suggesting a relation between genotype and
phenotype. We pointed out that the disease spectrum associated with TUBB4A
mutations has become quite broad and put forward the suggestion that the full
TUBB4A-related disease spectrum is a continuum with severe variants of H-ABC2
and the adult dystonia type 4 (DYT4) as extremes. 3,4 In contrast to what their title
suggests, the letter of Erro et al.1 endorses this concept. The authors describe a
patient fulfilling the MRI criteria of H-ABC, harboring a novel TUBB4A mutation, with
a milder presentation than so far seen in other H-ABC patients. A milder disease
course has previously been described in several TUBB4A mutated patients with
hypomyelination in the absence of basal ganglia lesions.5,6 So far, all reports of
TUBB4A mutated patients support the existence of a clear genotype-phenotype
correlation. However, it should be noted that, as we showed for the common
c.745G>A mutation, each individual mutation is also associated with certain variation
in disease severity. In single cases with a novel mutation, it is not possible to be
certain of the associated clinical variation. In this respect, we should wait for more
reports of the c.941C>T mutation before conclusions can be drawn on the associated
clinical spectrum. We agree that functional studies are needed to better understand
how mutatiRQVLQȕ-tubulin disrupt affected cells. One clue was recently provided by
Pizzino et al.,7 describing patients with isolated hypomyelination harboring TUBB4A
mutations that were predicted to disrupt the lateral contacts between tubulin
protofilaments, while the common c.745G>A mutation seen in H-ABC patients is
predicted to interfere with longitudinal polymerization.
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ABSTRACT
Objective: To identify the gene defect in patients with hypomyelination with atrophy of
the basal ganglia and cerebellum (H-ABC) who are negative for TUBB4A mutations.
Methods: We performed homozygosity mapping and whole exome sequencing
(WES) to detect the disease-causing variant. We used a Taqman assay for
population screening. We developed a luciferase reporter construct to investigate the
effect of the promoter mutation on expression.
Results: Sixteen patients from 14 families from different countries fulfilling the MRI
criteria for H-ABC exhibited a similar, severe clinical phenotype, including lack of
development and a severe epileptic encephalopathy. The majority of patients had a
known Roma ethnic background. Single nucleotide polymorphism array analysis in 5
patients identified one large overlapping homozygous region on chromosome 13.
WES in 2 patients revealed a homozygous deletion in the promoter region of UFM1.
Sanger sequencing confirmed homozygosity for this variant in all 16 patients. All
patients shared a common haplotype, indicative of a founder effect. Screening of
1,000 controls from different European Roma panels demonstrated an overall carrier
rate of the mutation of 3 - 25%. Transfection assays showed that the deletion
significantly reduced expression in specific CNS cell lines.
Conclusions: UFM1 encodes ubiquitin-fold modifier 1 (UFM1), a member of the
ubiquitin-like family involved in posttranslational modification of proteins. Its exact
biological role is unclear. This study associates a UFM1 gene defect with a disease
and sheds new light on possible UFM1 functional networks.
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INTRODUCTION
Hypomyelination with atrophy of the basal ganglia and cerebellum (H-ABC) (MIM
612438) is a rare leukodystrophy that was identified by MRI pattern analysis. 1 The 2
most important MRI features are hypomyelination and a very small or absent
putamen. The disease is associated with dominant de novo mutations in the TUBB4A
gene (MIM 602662), encoding tubulin ȕ-4A.2,3 In the Amsterdam Database of
Leukoencephalopathies a small number of patients fulfilling the MRI criteria of H-ABC
did not harbor a pathogenic TUBB4A mutation, suggesting that mutations in at least
one other gene are involved in the disease. In this study, we aimed at identifying the
causal genetic defect in this group of unsolved H-ABC cases.

METHODS
Standard protocol approvals, registrations and patient consents
We received approval from the ethical standards committee for gene identification
research on patients with unclassified leukoencephalopathies at the VU University
Medical Center Amsterdam. Written informed consent was obtained from the
guardians of the patients participating in this study.

5
Patients
Sixteen patients from 14 families fulfilled the following MRI criteria for H-ABC: (i)
hypomyelination, defined as a mildly elevated T 2-signal intensity of most cerebral
white matter in combination with mild T 1-hypointensity, T1-isointensity or mild T1hyperintensity relative to the cortex;4 and (ii) very small or absent putamen without
signal abnormality indicating lesion or scarring in the region where the putamen
should be. We obtained DNA from all patients, parents and unaffected siblings and
obtained clinical data by a standardized form for physicians. We performed KaplanMeier analysis in SPSS version 22 (SPSS Inc., Chicago, IL) to estimate the median
survival. For each patient, at least one MRI was available. Two investigators
evaluated MRIs by visual assessment, as previously described.3

Analysis of the TUBB4A gene
Sanger sequencing of the TUBB4A gene was performed in 16 patients as previously
described.3 In addition, we performed multiplex ligation-dependent probe
amplification (MLPA) analysis of the TUBB4A gene in 9 patients according to
manufacturer’s instructions (MRC-Holland, Amsterdam, the Netherlands; complete
description of the MLPA probe mix is available upon request).

Single nucleotide polymorphism (SNP) array analysis
We executed SNP array analysis (CytoScan HD array; Affymetrix, Santa Clara, CA)
according to the manufacturer’s protocol in 5 patients to identify runs of homozygosity
larger than 1 Mb and overlapping regions (Nexus version 7 [BioDiscovery,
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Hawthorne, CA]). SNP array-based genotypes were created using Chromosome
Analysis Suite 2.1.0.16 (Affymetrix).

Whole exome sequencing (WES)
We performed WES on genomic DNA from 2 patients and analyzed data as
previously described.5 Based on family data indicating consanguinity and shared
Roma (Gypsy) ethnic background for several families, variant filtering was executed
under the hypothesis of a homozygous recessive inheritance model. We focused on
rare variants, exonic as well as intronic, located in the identified overlapping
homozygous region, filtering for a minor allele frequency of less than 1% in public
databases (dbSNP, 1000 Genomes Project, Exome Variant Server, and NHLBI
Exome Sequencing Project) as well as an occurrence below 1% in the heterozygous
state and absence in the homozygous state in our in-house WES control database.

Segregation of the UFM1 variant and exclusion of other mutations in the
region of interest

5

After identification of the Chr13(GRCh38): g.38349765_38349767del UFM1 variant
by WES, hereafter called c.-273_-271delTCA (NM_001286704.1), we performed
segregation analysis in all patients, parents and healthy siblings by Sanger
sequencing. In 3 patients, we investigated all exons and intron-exon boundaries of
the protein encoding genes present in the overlapping homozygous region that was
identified by SNP array analysis by Sanger sequencing. Primers were designed using
Primer 3, V.0.4.0. (Supplementary Tables 1 and 2).6

Microsatellite marker haplotype analysis
To analyze a possible founder effect in all patients and see if the shared haplotype
identified by SNP array analysis could be further narrowed down, we genotyped
microsatellite and SNP markers spanning 2.4 Mb around UFM1 (Supplementary
Table 3) in 16 patients, 24 parents and six siblings. For the microsatellite marker
analysis we analyzed PCR products with an Applied Biosystems (Mulgrave,
Australia) Genetic Analyzer 3730 with GS-500 Liz as a size standard. For the SNP
marker analysis we performed Sanger sequencing. We used control DNA from CEPH
individual 1347-02 as a reference and analyzed the data with GeneMapper v3.7.

Carrier frequency rate analysis
We tested a panel of 670 Roma controls from a range of subisolates collected for
population genetic and genetic epidemiology studies7 for the c.-273_-271delTCA
UFM1 mutation using custom-designed TaqMan SNP Genotyping Assays (Applied
Biosystems, primers in Supplementary Table 4). Because one individual originating
from a community in Eastern Slovakia was homozygous for the variant, we
subsequently screened an additional panel of 273 samples from Roma adults from
Eastern Slovakia8 and a panel of 57 samples from inhabitants of the community in
question.
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Logarithm of the odds (LOD) score
Upon identification of the candidate variant, we calculated a LOD score on the basis
of the following assumptions: autosomal recessive pattern of inheritance, complete
penetrance and equal distribution between male and female participants. We applied
2 calculations, one based on all 12 families in which DNA of both parents was
available, and one excluding the families that were used for the original candidate
region and candidate variant selection to avoid possible ascertainment bias.
Unaffected siblings were also included.

Construction of UFM1 promoter reporters and transfections
We cloned the wild-type and mutant UFM1 promoter (c.-1889 to c.-1 of
NM_001286704.1) into the pNL1.1 reporter (Promega, Madison, WI) using the
infusion protocol (Clontech; Mountain View, CA; oligonucleotide primers in
Supplementary Table 5). The pNL1.1 plasmid encodes nanoluciferase, a sensitive
reporter protein for chemiluminescence-based assays (Promega). We transfected the
UFM1 promoter reporters into HeLa (cervix carcinoma), SY-5Y (neuroblastoma),
H02-F2 (oligodendrocytoma), and U373 (astroglioma) cell lines. The pNL1.1 empty
vector was included as negative control. To normalize for transfection differences, we
cotransfected the pGL3 plasmid (Promega) that expresses firefly luciferase driven by
the SV40 promoter (Promega). All cells were grown in DMEM/F-12 with 10% fetal
ERYLQHVHUXPDWÛ&XQGHU&22. We performed the transfections in white, half
area 96-well-plates with clear bottom. One day before transfection we seeded 3,000
cells per well. We transfected 5 ng pNL1.1-based vector and 75 ng pGL3 vector
using Fugene 6 (1:3 ratio of Fugene 6:DNA; Promega). We measured firefly
luciferase and nanoluciferase activity with a microplate reader (Victor2; Perkin-Elmer
Life Sciences, Waltham, MA) 40 hours post-transfection according to the
PDQXIDFWXUHU¶V SURWRFRO 1DQROXFLIHUDVH DFWLYLW\ ZDV QRUPDOL]HG WR ILUHIO\ OXFLIHUDVH
activity. Results were expressed as mean of 2 independent experiments performed
in duplicate. Factor correction was applied to eliminate between-session variation.9
Differences were analyzed by Student t-test.

RESULTS
Sixteen patients from 14 families were included in the study; 3 patients had similarly
affected deceased siblings for whom we did not have DNA. Parental consanguinity
was reported in 7 families and 2 families were related. All but 2 families were known
to originate from the Roma population, which led us to suspect a common founder
effect. In our search strategies, we therefore chose to focus on a rare variant with
homozygous autosomal recessive inheritance.
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The clinical phenotype consists of a severe encephalopathy with early
death
Detailed clinical characteristics of all patients are described in Supplementary Table
6. In Table 1 we compared the present cohort with our published cohort of 41
patients with H-ABC with TUBB4A mutations, separately considering patients with
the common TUBB4A mutation and patients with a different mutation, who exhibited
a more severe phenotype.3
All current patients demonstrated severe developmental delay, typically without
intentional movements and language development. Almost all patients exhibited
spasticity and extrapyramidal movement abnormalities, mostly dystonia. Seizures
were frequent and present in all patients 18 months and older. The epilepsy was
often severe and drug-resistant, including West syndrome. Stunted growth was
frequent and all patients had microcephaly. Six patients underwent tracheostomy
between 6 and 17 months, 4 of whom were on intermittent or permanent ventilation.
Median survival was 2 years. Nine patients died at ages between 7 months and 7
years, most often due to respiratory insufficiency. Compared to the cohort of
TUBB4A-mutated patients, the present patients were all at the most severe end of
the H-ABC spectrum.

5

MRI shows severe hypomyelination, putamen atrophy and distinctive
caudate nucleus abnormalities
Detailed MRI findings are outlined in Supplementary Table 7, and a summary is
presented in Table 2, comparing the MRI characteristics of this cohort of patients to
the early MRI characteristics in TUBB4A-mutated patients with H-ABC.3
The first MRIs invariably revealed severe lack of myelin (Figure 1) suggesting
hypomyelination, although a single MRI does not allow an MRI-based diagnosis of
hypomyelination in infants. None of the patients showed a normal putamen and in all
patients the caudate nucleus was small. In all the lateral part of the head of the
caudate nucleus showed an area of abnormally high signal on T 2-weighted images,
resulting in a signal intensity similar to the hypomyelinated white matter. By contrast,
in patients with TUBB4A mutations, the caudate nucleus signal was normal (74%) or
hyperintense throughout (26%).3 Atrophy of the caudate nucleus led to widening of
the anterior horns of the lateral ventricles. In addition, in 50% of patients there was a
moderate dilation of lateral and third ventricles. On the first MRI, 56% of patients had
mild cerebellar atrophy, restricted to the vermis.
The follow-up MRIs showed slight progress of myelination after 3 - 13 months in 3 out
of 5 patients with a follow-up scan, but myelination remained severely deficient,
confirming hypomyelination. In 2 patients progression of the cerebral atrophy was
observed. In 4 patients who initially lacked cerebellar atrophy, follow-up MRIs
revealed cerebellar atrophy after 3 - 15 months.
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Table 1 | Clinical data on TUBB4A and UFM1 mutated H-ABC patients

General characteristics
Number of patients
Sex (male / female)
Median age (range)b
Patients with affected sibling(s)
Median age at first signs (range)
Neurological development
Maximum motor milestone
walking without support
sitting to walking with support
touching / grasping / holding
no intentional movements
Maximum language
single words up to normal
none
Maximum level of comprehension
normal or decreased
social awareness only
Neurological symptomatology
Spasticity
Ataxia
Extrapyramidal movements
Seizures
Current speech
normal or dysarthric speech
no speech
Current level of comprehension
decreased intelligence
social awareness only
Other characteristics
Tube feeding (range age at start)
Tracheostomy (range age at start)
Height < 2SD
Weight < 2SD
Microcephaly
Deceased patients (age range)

TUBB4A common

Other TUBB4A

mutation (c.745G>A)a
25
12 / 13
14 y (2 - 29 y)
1
1.5 y (3 mo - 3.0 y)

mutationsa
16
7/8
10 y (3 - 25 y)
0
3 mo (birth - 6 mo)

UFM1 founder
mutation
16
8/8
18 mo (3 mo - 7 y)
7 (5 families)
2 mo (birth - 3 mo)

76%
24%
0%
0%

0%
50%
25%
25%

0%
0%
6%
94%

100%
0%

6%
94%

0%
100%

100%
0%

44%
56%

0%
100%

96%
88%
96%
12%

94%
31% (remainder n.e.)
100%
53%

81%
n.e.
75%
 

48%
52%

0%
100%

0%
100%

100%
0%

19%
81%

0%
100%

46% (11 - 26 y)
0%
40%
48%
9%
4% (12 y)

75% (1 - 9 y)
6% (15 y)
87%
88%
69%
13% (20 - 25 y)

81% (6 mo - 4 y)
38% (10 - 17 mo)
73%
62%
100%
56% (7 mo - 7 y)

aData from Hamilton et al.3; bAge at time of obtaining clinical characteristics
mo, months; y, years; n.e., not evaluable because of lack of intentional movements

Genetic analysis identifies UFM1 as the only candidate gene
Sanger sequencing was negative for TUBB4A mutations in 16 patients, and MLPA
analysis revealed neither TUBB4A deletions nor duplications in the 9 patients who
were investigated.
An SNP array identified a 0.8-Mb overlapping homozygous region on chromosome
13q13 (genomic coordinates 37,940,556-38,786,096 GRCh38) shared by all 5
patients in whom the SNP array was performed (Figure 2A). This region
encompasses long intergenic noncoding RNAs, the UFM1 gene and the first six
exons of the FREM2 gene (NM_207361.5). UFM1 encodes ubiquitin fold modifier 1.
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FREM2 encodes FRAS1-related extracellular matrix protein 2 and is associated with
Fraser syndrome, a developmental and malformative disorder involving multiple
organs.
WES analysis of 2 patients revealed a single homozygous 3 bp deletion in the
promoter of UFM1 [MIM 610553] as candidate causal mutation: c.-273_-271delTCA
(NM_001286704.1, dbSNP rs747359907). No other rare variants were detected in
the candidate region. The variant has been reported to dbSNP in heterozygous state
by 2 independent submitters with unknown allele frequency. UFM1 mutations have
not been associated with a disease phenotype. The deleted nucleotides are
moderately to highly conserved based on PhyloP conservation scores ranging from
0.32 to 2.09 and Phast conservation scores from 0.89 to 0.98.
Sanger sequencing confirmed that segregation of the UFM1 deletion was in perfect
agreement with inheritance of the disease in all families.
Sanger sequencing of all exons and intron-exon boundaries in the shared haplotype
in 3 patients revealed no other possible pathogenic variants.

5


Figure 1 | MRI findings in TUBB4A (left) and UFM1 (right) mutated patient with hypomyelination
with atrophy of the basal ganglia and cerebellum. Sagittal T1-weighted (A-D) and axial T2weighted (E, F) and T1-weighted (G, H) images in a patient with the common dominant c.745G>A
TUBB4A mutation at age 3 years (A, C, E, G) and a patient with the homozygous recessive UFM1
mutation at age 13 months (B, D, F, H). The patient with the common TUBB4A mutation shows a
mildly hyperintense white matter signal on T1-weighted (C, G) and T2-weighted (E) images, indicating
a moderate lack of myelin. In the UFM1-mutated patient, the white matter T1 signal is hypointense,
indicating a profound lack of myelin (D, H). This patient also shows mild cerebral atrophy (F, H). Both
patients have a mild cerebellar atrophy (A-D), most notable at the vermis (A, B). In both patients, there
is no putamen visible and there is no visible lesion in this region (arrowheads in E-H). In the TUBB4Amutated patient, the caudate nucleus has a normal signal (arrow in E). In the UFM1-mutated patient,
the caudate nucleus is atrophic and the lateral part of the head has an abnormal hyperintense T2
signal (arrow in F) and hypointense T1 signal (arrow in H).
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Table 2 | Summary early MRI findings in TUBB4A and UFM1 mutated patients
TUBB4A-mutated patients
MRI <2 years after onset a

UFM1mutated patients

23
6 mo - 5 y

16
3 mo - 2 y

52%
35%
13%

0%
87%
13%

30.5%
39%
30.5%
70%
26%
4%
0%

0%
13%
87%
0%
100%
0%
100%

78%
22%
83%
17%
9%
91%

37%
63%
69%
31%
19%
81%

Number of patients
Age of patientsb
Myelinationc
Moderate lack of myelind
Severe lack of myeline
Almost complete lack of myelinf
Basal ganglia
Putamen
normal
atrophic
not visible
Caudate nucleus
normal
atrophic
not visible
Abnormal signal of lateral aspect
Atrophy
Cerebral atrophy
absent
present
Atrophy corpus callosum
absent
present
Cerebellar atrophy
absent
present
mo, months; y, years
a Data from Hamilton et al.3

b Age at MRI (for the UFM1 mutated patients in the case of multiple MRIs the latest MRI is ranked)
c In patients < 12 months myelination is scored relative to calendar age
d Defined as hyperintense signal of the cerebral hemispheric white matter on T -weighted images and
1

hyperintense signal on T2-weighted images relative to cortex
e Defined as isointense signal of the cerebral hemispheric white matter on T -weighted images and hyperintense
1

signal on T2-weighted images relative to cortex
f Defined as hypointense signal of the cerebral hemispheric white matter on T -weighted images and hyperintense
1

signal on T2-weighted images relative to cortex

LOD score calculation confirms linkage and haplotype analysis reveals a
founder effect
LOD score calculations for the UFM1 variant showed a maximum LOD score of 9.18
when all 12 families were included in the calculation, and a maximum LOD score of
5.32 when the families used for identification of the UFM1 variant were excluded.
Haplotype analysis showed that all patients were homozygous for an identical
haplotype containing the UFM1 mutation, indicative of a founder effect
(Supplementary Table 3). The smallest putative shared region was flanked by
microsatellite markers D13S219 and D13S1288 (Figure 2B).
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Figure 2 | Founder mutation haplotype analysis. Schematic representation of the candidate region
on chromosome 13q13 containing UFM1 and part of FREM2. The area of overlapping haplotype is
highlighted in light blue: section A depicts the results of the single nucleotide polymorphism (SNP)
array in 5 patients: 238 overlapping homozygous SNPs starting with rs17068530 and ending with
rs248423 (shown in black), flanked by rs9532135 and rs9566363 (shown in red). Section B depicts
the microsatellite and SNP markers analyzed in the candidate region, which confirmed the presence of
a common haplotype in all patients (markers depicted in black), flanked by microsatellite markers
D13S219 and D13S1288 (shown in red).



Population screening reveals high carrier rates in Roma subisolates

5

An important step for validation was to prove absence of homozygosity for the UFM1
deletion among healthy Roma individuals. Screening of 670 Roma controls revealed
30 carriers with an overall carrier rate of 4.5% among different Roma communities
across Europe and one individual who was homozygous for the deletion.
Retrospective review of this case revealed that this sample was derived from a boy
suffering with severe encephalopathy with spasticity, who had died at age 2.5 years
and had erroneously been included among the controls. He had a similarly affected
sibling, who had also died. No imaging had been performed, but the severe
phenotype was similar to that of the patients in this study. The child lived in an
endogamous community in Eastern Slovakia with a high rate of consanguinity. An
additional panel of Eastern Slovak Roma samples revealed a carrier frequency of
3.3% (9 out of 273). Subsequent investigation of the carrier rate in the specific
community where the homozygous individual came from revealed a carrier rate of
approximately 25% (14 out of 57 individuals).

The promoter mutation reduces reporter gene expression in specific
CNS cell lines
To study the effect of the deletion on promoter activity in different cell types, the
candidate promoter sequence with or without the deletion was cloned into luciferase
vectors and transfected into different cell lines to test its activity. The deletion
significantly reduced promoter activity in SY-5Y and U373 but not in HeLa and HOGF2 cell lines (Figure 3).
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Figure 3 | c.-271_-271delTCA reduces UFM1 promoter activity in SY-5Y neuroblastoma and
U373 astroglioma cell lines. (A-D) c.-273_-271delTCA in human UFM1 (hUFM1) promoter
significantly reduces reporter gene expression in SY5Y (p 5 0.001) and U373 (p 5 0.014) but not in
HeLA (cervix carcinoma) or HOG-F2 (oligodendrocytoma) cell lines. Promoter activity was measured
with dual luciferase reporter assays. The nanoluciferase/firefly luciferase ratio measured in cells
transfected with wildtype hUFM1 was arbitrarily set at 1 on the y-axis. delTCA indicates cells
transfected with human UFM1 promoter harboring c.-273_-271delTCA. Data represent mean 6 SD
values obtained from 2 independent experiments testing the luciferase activity in duplo and were
analyzed by 2-tailed t test.

DISCUSSION
This study, focused on identifying the mutated gene in patients with H-ABC without
TUBB4A mutations, revealed a homozygous 3 bp deletion in the UFM1 promoter
area, which perfectly segregates with the disease. Most patients were known to have
a Roma background, and haplotype analysis indicated that the shared UFM1 deletion
originates from a common ancestor. Within the candidate region the UFM1 promoter
deletion was the only candidate. The Taqman screening assay confirmed a high
carrier frequency and absence of homozygosity for the mutation among healthy
Roma controls. Worldwide, our centers in Amsterdam and Washington know by far
the highest number of patients with H-ABC and until now we have not identified other
UFM1 mutations in unrelated families. The genetically isolated Roma population
harbors several unique autosomal recessive disorders caused by “private” founder
mutations in genes, in which no other mutations have been found until now. 10, 11 In a
luciferase assay we showed that the UFM1 promoter deletion results in a significantly
reduced transcription activity only in selected neural, but not in other cell lines. This
finding supports the pathogenicity of the mutation and suggests a cell-specific effect.
UFM1 encodes ubiquitin-fold modifier 1 (UFM1), a ubiquitin-like (UBL) protein, which
is ubiquitously expressed, including in brain.12 UFM1 is hypothesized to posttranslationally modify (“ufmylate”) proteins in a manner analogous to
ubiquitination.12,13 Ubiquitin and UBL pathways are involved in control of numerous
functions, including signal transduction, transcriptional regulation and stress
response.14 Several studies indicate an association between the UFM1 pathway and
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both neurodevelopment and neurodegeneration.15, 16 Its exact biological role and
working mechanism are poorly understood. Most evidence points to a role of UFM1
in endoplasmic reticulum homeostasis and protection against apoptosis. 17-19
Genetic defects in the ubiquitin-proteasome system have been associated with
several neurologic disorders, particularly cerebellar ataxias.20, 21 Recently, various
recessive mutations in UBA5, encoding UFM1 activating enzyme 5 (UBA5), were
associated with a progressive, childhood-onset cerebellar ataxia.19, 22, 23 The most
severe variants presented with infantile onset encephalopathy with hypotonia,
spasticity, movement abnormalities, refractory epilepsy, microcephaly, failure to
thrive, and cerebellar atrophy,19, 22 similar to the encephalopathy in our patients.
Strikingly, biochemical and experimental findings indicated that the described UBA5
mutations result in UFM1 system impairment.19, 22, 23 Drosophila models with
knockdown of UBA5 and UFM1 homologues exhibited a neurologic phenotype with
reduced motor activity and shortened lifespan, with UFM1 knockdown resulting in the
most severe phenotype.23 CNS-specific knockout of Ufm1 in mice caused neonatal
death with microcephaly and apoptosis of neurons in specific brain regions. 22

5

Altogether, existing data suggest that the UFM1 system is crucial for neuronal
development, function, and protection against apoptosis.14-19, 22, 23 This concept is
substantiated by the current study, showing association of UFM1 mutations with an
infantile onset, severe epileptic encephalopathy and failure of development.
Intriguingly, while the Ufm1 knockout mouse showed apoptosis in restricted brain
areas, MRI also suggests apoptosis of selected neuronal cell populations in both
TUBB4A and UFM1 related H-ABC, substantiated by histopathology in the first.1, 24
Muona et al. suggest that ufmylation may be spatiotemporally regulated and cell
type-specific.22 Specificity is reinforced by the results of our transfection studies
showing that only selective neural cell lines are vulnerable for the promoter mutation.
The relationship between H-ABC caused by monoallelic TUBB4A mutations and HABC caused by biallelic UFM1 mutations is unclear. TUBB4A mutations are
associated with a disease spectrum ranging from early infantile, severe
encephalopathy to adult onset dystonia type 4, with a strong genotype-phenotype
correlation.3 All patients with the c.-273_-271delTCA UFM1 promoter mutation have
an early infantile, severe encephalopathy with early death. Although the UFM1mutated patients fulfill the MRI criteria of H-ABC, they consistently have an additional
feature: signal abnormality of the lateral part of the head of the caudate nucleus
suggestive of local apoptosis. This feature has not been observed in TUBB4A-related
H-ABC and may be pathognomonic for UFM1-related H-ABC. Whether UFM1-related
disease and TUBB4A-related disease are basically variants of one disease or
unrelated phenocopies is still to be clarified. The striking similarity between the two
suggests that the encoded proteins may be at least partially involved in the same
processes. A possible link could be that ufmylation is involved in the regulation of
microtubule dynamics, which has been shown for other UBLs. 25 Recently, recessive
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ZNF335 mutations were described in a single family, in which patients displayed
features compatible with early onset severe H-ABC.26 Further confirmation and
characterization are necessary, but if the finding is confirmed in other families,
studies focused on poVVLEOHFURVVURDGVRIWXEXOLQȕ-4A, ubiquitin-fold modifier 1 and
zinc finger protein 335 are warranted. Considering that a few patients with H-ABC are
presently still genetically unclassified despite targeted Sanger sequencing and whole
exome and genome sequencing, some more genes and proteins may be added.
The current study sheds new light on possible UFM1 functional networks and directly
benefits patients and families. The identification of the disease-causing variant
enables better clinical and genetic counseling, the possibility of prenatal testing and
the option of carrier testing in populations with a high carrier frequency.
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SUPPLEMENTARY DATA
Supplementary Table 1 | Primers Sanger sequencing UFM1 gene
exon 1-forward
exon 1-reverse
exon 2-forward
exon 2- reverse
exon 3-forward
exon 3- reverse
exon 4-forward
exon 4- reverse
exon 5-forward
exon 5-reverse
exon 6-forward
exon 6-reverse

5

5’-TAAAAGCGCCATCTAGCATG-3’
5’-CGAGCCAGGAAAGTAGATGAA-3’
5’-TGTTCTGGATTCATTCCGGCA-3’
5’-CATTGACTCCTGGTGTTTTCA-3’
5’-CCAGATTGGCTACAGTAGTGGAA-3’
5’-CATGGAAATGATGGGTCAAA-3’
5’-GGTATTTGTACCCCATTCTTGC-3’
5’-TTGGGGCTTTTTGTATTTAATTTT-3’
5’-TGGCAAATCTCTTTCCTTGC-3’
5’-ATAACCCCACCCACTCCTCT-3’
5’-AAAGCTTGGAATTGGGGTCT-3’
5’-TGCCTGATTTCAATTTTACAACAA-3’

Supplementary Table 2 | Primers Sanger sequencing exon 1 - 6 FREM2 gene
exon1-1-forward
5’-GGCGGTGTCTCTTGTTGTCT-3’
exon1-1-reverse
5’-CCTCCACCTCCAGTACCAGT-3’
exon1-2-forward
5’-CTGCAGCTGCGCTATGAC-3’
exon1-2-reverse
5’-CCTCCAATTCCAGTTCAAAGA-3’
exon1-3-forward
5’-CCTTCACTCAGAGGGATCTGC-3’
exon1-3-reverse
5’-GTTTCACCCTCTGCCAGTGT-3’
exon1-4-forward
5’-CCCATCACCTTAGTGCCT-3’
exon1-4-reverse
5’-GGATGCAAGTAAAGGGTAAAGG-3’
exon1-5-forward
5’-GGCTACTCGAGTGGCCCA-3’
exon1-5-reverse
5’-TCATCAGTTTCCTCATTGGTC-3’
exon1-6-forward
5’-TGTCTTAGAAAATGGGGCTACTG-3’
exon1-6-reverse
5’-TCATTGGTGGGAATGATTACA-3’
exon1-7-forward
5’-TTCTGATGGCATTAACTTTTCA-3’
exon1-7-reverse
5’-CGTCTCTGTAATAAGCCATGTCC-3’
exon1-8-forward
5’-ATGGCAACAGATTTAGATTC-3’
exon1-8-reverse
5’-CATCATCAGCTGTGTGGATGT-3’
exon1-9-forward
5’-TTCACTCAGCTGCAACTGGC-3’
exon1-9-reverse
5’-TGAAGCCACATTCTCAGGAA-3’
exon1-10-forward
5’-GACCCCAAGTGATGAAGATC-3’
exon1-10-reverse
5’-TCTCAGGAAACAAGGATAACCAA-3’
exon2-forward
5’-TGTTTCTGTTAGGAGGAAAAAGG-3’
exon2-reverse
5’-TTGTCTACAGCAAATACCAGGTT-3’
exon3-forward
5’-TGTCAGCGATTGAATGTATGTG-3’
exon3-reverse
5’-TTCCTGCCAATTTTTATACCAGA-3’
exon4-forward
5’-TTTCAGGATAAAATGACATGCAA-3’
exon4-reverse
5’-TTCCATTTTCCTGTCAACACA-3’
exon5-forward
5’-TTCCTCCTTTTCCTCCCACT-3’
exon5-reverse
5’-CGTCAAAGGTGAAATCCTGAA-3’
exon6-forward
5’-TGACCATTAAAATGCTGTGTATGA-3’
exon6-reverse
5’-TCATTGTTTTAGATTCCCATTTTT-3’
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Supplementary Table 3 | Markers around the founder UFM1 c.-273_-271delTCA mutation
Microsatellite
Physical positiona
Result
marker / SNP
(chr.13, GRCh38)
D13S219
36,584,422
Variable length
D13S894

38,164,372

All patients homozygous and identical

rs693729

38,253,841

All patients homozygous and identical

D13S218

38,458,195

All patients homozygous and identical

rs7991701

38,664,953

All patients homozygous and identical

rs11147724

38,686,522

All patients homozygous and identical

D13S1288

38,949,158

Variable length

Overview of markers and results of genotyping. Physical genomic location UFM1 gene:
chr13:38,349,770 - 38,363,006.
a For microsatellite markers the physical position of the 5’ end of the PCR product is shown

Supplementary Table 4 | Primers Taqman assay
forward
5’-GCCATCTAGCATGAGCTCTTAGG-3’
reverse
5’-CCTCCGAAGTTGTTGCTATCCAA-3’

Supplementary Table 5 | Infusion primers UFM1 reporter construct
forward
5’-GGTAAAGCCACCATGAATGTATTTTCTGAAGCAGCA-3’
reverse
5’-AGTGTGAAGACCATGGTGGTGCCGGAATGAATC-3’
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Age and cause of death

Tracheostomy from age, ventilation
Tube feeding from age
Height, weight,
head circumference

Special findings

Seizures, severity

Maximum motor milestone
Maximum spoken language
Maximum level of
comprehension
Truncal hypotonia
Spasticity
Ataxia
Choreoathethosis
Dystonia / rigidity

First signs

HA79

10 mo, 10 mo
nl, nl,
<2 SD
7y, cardiorespiratory
complications

-,11 mo
<2 SD, <2SD,
<2 SD
-

5 y, respiratory
insufficiency

+

+

perceptive
hearing loss
-,<2 SD, nl,
<2 SD
2 y, cardiorespiratory
arrest

+, severe
epilepsy

none
none
social
awareness only
+
+
n.e.
+

motor delay

hypertonia,
irritability
none
none
social
awareness only
+
+
n.e.

yes
2010, 2 y
m
+
2/0
2 mo

HA119

yes
2013, 16 mo
m
+
0 /1
3 mo

HA189

-,4y
<2 SD, <2 SD,
<2 SD

yes
yes
2009, 7 y
2004, 5 y
m
f
unknownb
+
unknownb
0/1
3 mo
birth
hypotonia,
hypotonia,
motor
poor feeding
deterioration
none
none
none
none
social
social
awareness only awareness only
+
+
+
n.e.
n.e.
+
+
+
+, refractory;
EEG:
+
hypsarrhythmia

HA128

5 (4)

6 (5)

hypotonia,
motor delay

no
2012, 2 y
f
+
0/0
2 mo

HA186

7 (6)

dysphagia

yes
2013, 2 y
f
0/0
3 mo

HA195

-

2 y, respiratory
insufficiency

2 y, cause
unknown

holding objects
none
none
none
social
social
awareness only awareness only
+
+
+
+
n.e.
n.e.
+
+
+, controlled;
+, severe
+, refractory
EEG: intermittent
epilepsy
epilepsy
hypsarrhythmia
perceptive
decreased
hearing loss
vision
6 mo, -, 13 mo, +
6 mo
9 mo
9 mo
<2 SD, <2 SD,
nl, >2 SD,
<2 SD, <2SD,
<2 SD
<2 SD
-

none
none
social
awareness only
+
+
n.e.
-

motor delay

yes
2011, 2 y
m
+
0/1
1 mo

HA152

8 (7)

perceptive
hearing loss
-,<2 SD, <2 SD,
<2 SD
2 y, cardiopulmonary
arrest

+, complex
febrile seizures

none
none
social
awareness only
+
+
n.e.
+
+

motor delay

yes
2009, 18 mo
m
+
0/0
3 mo

HA116

|

Roma ethnic background
Year of birth, agea
Sex
Consanguinity parents
Healthy / affected sibs
Age at first signs

Patient ID

Supplementary Table 6 | Clinical characteristics of 16 patients with autosomal recessive H-ABC
Patient number (family number)
1 (1)
2 (2)
3 (2)
4 (3)
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-

perceptive
hearing loss
12 mo, +
6 mo
nl, nl,
<2 SD

+, severe
epilepsy

-

17 mo, +
11 mo
<2 SD, <2SD,
<2 SD

tracheomalacia

+, severe
epilepsy

-

-,11 mo
< 2 SD, nl,
< 2SD

-

none
none
none
none
social
social
awareness only awareness only
+
+
+
+
n.e.
n.e.
+
+

Axial
hypotonia

2014, 16 mo
f
+
0/1
2 mo

yes

11 (10)
HA205

The table is organized by descending age of patients; siblings are paired.
a Age at moment of obtaining clinical characteristics; b adopted; c second cousin of patients 2 and 3.
f, female; m, male; nl, normal; mo, months, y, years; -, not present; + present; n.e., not evaluable

Age and cause of death

Tracheostomy from age, ventilation
Tube feeding from age
Height, weight,
head circumference

Special findings

Seizures, severity

none
none
social
awareness only
+
+
n.e.
-

stridor,
dyspnea

hypotonia,
poor feeding

First signs

Maximum motor milestone
Maximum spoken language
Maximum level of
comprehension
Truncal hypotonia
Spasticity
Ataxia
Choreoathethosis
Dystonia / rigidity

2014, 18 mo
f
1/1
1 week

yes

10 (9)
HA201

2011, 18 mo
m
0/0
birth

yes

9 (8)
HA133

Year of birth, agea
Sex
Consanguinity parents
Healthy / affected sibs
Age at first signs

Roma ethnic background

Patient number (family number)
Patient ID
yes

13 (11)
HA169

-

nl, nl, -

-,-

-

1 y, respiratory
insufficiency

-,6 mo
< 2 SD, nl,
< 2SD

blind

-

2015, 3 mo
2012, 12 mo
f
m
+
0/1
7/1
2 mo
birth
axial hypotonia,
difficulty
breathing
breathing
problems
none
none
none
none
social
social
awareness only awareness only
+
+
+
+
n.e.
n.e.
+
-

yes

12 (10)
HA204

+
+
n.e.
+
+, severe
epilepsy
perceptive
hearing loss
-, +
8 mo
<2 SD, <2SD,
<2 SD

+, refractory
epilepsy
blind, hearing
loss
10 mo, +
8 mo
<2 SD, <2SD,
<2 SD
-

none
none

head control
none
social
awareness only
+
n.e.
+

-, <2SD, <2SD

blind and deaf,
laringomalacia
-, 6 mo

-

-

none
none
social
awareness only
+
n.e.

hypotonia, no
eye contact

2014, 7 mo
f
+
2/0
2 mo

yes

16 (14)
HA194

9 mo, respiratory 7 mo, respiratory
insufficiency
insufficiency

n.e.

deafness,
hypertonia

psychomotor
regression

no
2016, 9 mo
m
0/0
3 mo

yes
2016, 11 mo
f
4/0
3 mo

HA214

15 (13)

14 (12)c
HA211

UFM1 founder mutation causes recessive variant of H-ABC
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Supplementary Table 7 | MRI findings in 16 patients with autosomal recessive H-ABC
1
2
3
4
Patient number
Patient ID
HA128
HA79
HA189
HA119
Age at first MRI
6 mo
11 mo
5 mo
4 mo
Myelination
T1
T2
T1
T2
T1
T2
T1
T2
Brainstem
Ĺ
Ļ
Ĺ
Ļ
=
Ļ
=
Ļ
Posterior limb internal capsule
Ĺ
Ļ
Ĺ
Ĺ
Ĺ
Ļ
=
Ĺ
Cerebellar white matter
=
=
=
=
=
=
=
=
Anterior limb internal capsule
=
Ĺ
Ĺ
Ĺ
=
Ĺ
Ļ
Ĺ
Central part centrum semiovale
Ļ
Ĺ
=
Ĺ
Ļ
Ĺ
Ļ
Ĺ
Ĺ
Ĺ
=
=
Ļ
=
Corpus callosum
splenium
Ĺ
Ļ
genu
=
=
Ĺ
Ĺ
=
=
Ļ
Ĺ
Parieto-occipital white matter deep
Ļ
Ĺ
=
Ĺ
Ļ
Ĺ
Ļ
Ĺ
subcortical
Ļ
Ĺ
=
Ĺ
Ļ
Ĺ
Ļ
Ĺ
Frontal white matter
deep
Ļ
Ĺ
=
Ĺ
Ļ
Ĺ
Ļ
Ĺ
subcortical
Ļ
Ĺ
=
Ĺ
Ļ
Ĺ
Ļ
Ĺ
Score vs age-related max. scorea
9/19
8/8
16/22
3/17
7/17
7/7
3/16
4/5
Basal ganglia
Putamen (size, T2-signal)
absent
absent
absent
VPDOOĹ
Size caudate nucleus
nl
small
small
small
T2-signal caudate nucleus
SDUWLDOO\Ĺ
SDUWLDOO\Ĺ
SDUWLDOO\Ĺ
SDUWLDOO\Ĺ
Atrophy
Ventricular enlargement
+
+
Enlargement subarachnoid spaces
Atrophy corpus callosum
+
+
Cerebellar atrophy
vermis
+
+
hemispheres
Age at latest MRI
12 mo
2y
17 mo
Myelination
T1
T2
T1
T2
T1
T2
Score vs age-related max. scorea
14/22
9/17
16/22
5/22
14/22
4/21
Basal ganglia
Putamen (size, T2-signal)
absent
absent
VPDOOĹ
Size caudate nucleus
small
small
smaller
T2-signal caudate nucleus
SDUWLDOO\Ĺ
SDUWLDOO\Ĺ
SDUWLDOO\Ĺ
Atrophy
Ventricular enlargement
+
+
Enlargement subarachnoid spaces
+
Atrophy corpus callosum
+
+
Cerebellar atrophy
vermis
+
+
+
hemispheres
Change over time
Change in myelination
more myelin
no
more myelin
Progression atrophy putamen
absent putamen absent putamen
no
Progression cerebral atrophy
no
yes
yes
Progression cerebellar atrophy
yes
no
yes
Ĺ

=

=
Ĺ
Ĺ
Ĺ
Ĺ
7/21

=

=
=
=
=
=
11/22

no
absent putamen
no
yes

+
-

absent
small
SDUWLDOO\Ĺ

T2
8/22

20 mo

+
+
+
-

T1
8/22

absent
small
SDUWLDOO\Ĺ

=
Ĺ
Ĺ
Ĺ
Ĺ
7/7

Ļ

T2
Ļ
=
=
Ĺ
Ĺ

absent
small
SDUWLDOO\Ĺ

=
Ļ
Ļ
Ļ
Ļ
9/17

T2
Ĺ
Ĺ
=
=
Ļ

T2
Ļ
=
Ļ
Ĺ
Ĺ

6
HA186
5 mo

+
+
+
+
-

absent
small
SDUWLDOO\Ĺ

Ļ

Ļ
Ĺ
Ĺ
Ĺ
Ĺ
11/17

Ĺ

T2
Ļ
Ļ
=
Ļ
Ĺ

Ĺ
Ļ
Ļ
Ļ
Ļ
9/22

T1
=
Ĺ
=
=
Ļ

7
HA195
13 mo

=

=
Ĺ
Ĺ
Ĺ
Ĺ
7/9

-

absent
small
SDUWLDOO\Ĺ

Ļ
Ļ
Ļ
Ļ
15/21

Ĺ
Ĺ

8
HA116
7 mo
T1
T2
Ĺ
Ļ
Ĺ
Ļ
=
=
=
Ĺ
=
Ĺ

|

T1
=
=
=
=
=

5
HA152
17 mo
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-

T2
Ļ
=
Ļ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
Ĺ
5/5

+
+
+
-

T1
Ĺ
Ĺ
Ĺ
=
Ļ
=
=
Ļ
Ļ
Ļ
Ļ
9/16
absent
small
SDUWLDOO\Ĺ

T2
Ļ
=
=
Ĺ
Ĺ
=
=
Ĺ
Ĺ
Ĺ
Ĺ
6/7

10
HA201
4 mo

absent
small
SDUWLDOO\Ĺ

T1
Ĺ
Ĺ
=
Ĺ
Ļ
Ĺ
=
Ļ
Ļ
Ļ
Ļ
10/17

9
HA133
5 mo
T2
Ļ
Ļ
Ļ
=
Ĺ
Ļ
Ļ
Ĺ
Ĺ
Ĺ
Ĺ
11/13

+
+
+
-

absent
small
SDUWLDOO\Ĺ

T1
Ĺ
Ĺ
=
=
Ļ
Ĺ
Ĺ
Ļ
Ļ
Ļ
Ļ
10/21

11
HA205
10 mo

+
+
-

VPDOOĹ
small
SDUWLDOO\Ĺ

12
HA204
3 mo
T1
T2
Ĺ
Ļ
=
=
=
=
=
Ĺ
Ļ
Ĺ
Ļ
Ĺ
Ļ
Ĺ
Ļ
Ĺ
Ļ
Ĺ
Ļ
Ĺ
Ļ
Ĺ
5/11
4/4

14
HA211
7 mo
T1
T2
Ĺ
Ļ
Ĺ
Ļ
=
=
=
Ĺ
Ļ
Ĺ
Ĺ
Ļ
Ĺ
Ļ
Ļ
Ĺ
Ļ
Ĺ
Ļ
Ĺ
Ļ
Ĺ
10/21
9/11
absent
small
SDUWLDOO\Ĺ
+
-

13
HA169
7 mo
T1
T2
Ĺ
Ļ
Ĺ
Ļ
=
=
Ĺ
Ĺ
=
Ĺ
Ĺ
=
Ĺ
=
=
Ĺ
=
Ĺ
=
Ĺ
=
Ĺ
16/21
7/11
absent
small
SDUWLDOO\Ĺ
+
+
+
-

T2
Ļ
Ļ
Ĺ
=
Ĺ
Ļ
Ļ
Ĺ
Ĺ
Ĺ
Ĺ
9/11

+
+
-

absent
small
SDUWLDOO\Ĺ

T1
=
=
=
=
Ļ
Ĺ
Ĺ
Ļ
Ļ
Ļ
Ļ
8/21

15
HA214
7 mo

T2
6/8

more myelin
absent putamen
no
yes

+
-

absent
small
SDUWLDOO\Ĺ

T1
6/19

6 mo

absent
small
SDUWLDOO\Ĺ

16
HA194
3 mo
T1
T2
=
=
Ĺ
Ļ
Ļ
Ĺ
Ļ
Ĺ
Ļ
Ĺ
=
Ĺ
Ļ
Ĺ
Ļ
Ĺ
Ļ
Ĺ
Ļ
Ĺ
Ļ
Ĺ
4/11
3/4

|

y, years; mo, months; vs, versus; max., maximum; aFrom Hamilton et al.3, T1, T1-weighted image; T2, T2-ZHLJKWHGLPDJHĹK\SHULQWHQVHUHODWLYHWRFRUWH[
Ĺ K\SHULQWHQVHVLJQDORIWKHODWHUDODVSHFWRIWKHKHDGRIWKHFDXGDWHQXFOHXVĻK\SRLQWHQVHUHODWLYHWRFRUWH[ LVRLQtense relative to cortex; nl, normal; -, not present; +, present

Patient number
Patient ID
Age at first MRI
Myelination
Brainstem
Posterior limb internal capsule
Cerebellar white matter
Anterior limb internal capsule
Central part centrum semiovale
Corpus callosum
splenium
genu
Parieto-occipital white matter deep
subcortical
Frontal white matter
deep
subcortical
Score vs age-related max. scorea
Basal ganglia
Putamen (size, T2-signal)
Size caudate nucleus
T2-signal caudate nucleus
Atrophy
Ventricular enlargement
Enlargement subarachnoid spaces
Atrophy corpus callosum
Cerebellar atrophy
vermis
hemispheres
Age at latest MRI
Myelination
Score vs age-related max. scorea
Basal ganglia
Putamen (size, T2-signal)
Size caudate nucleus
T2-signal caudate nucleus
Atrophy
Ventricular enlargement
Enlargement subarachnoid spaces
Atrophy corpus callosum
Cerebellar atrophy
vermis
hemispheres
Change over time
Change in myelination
Progression atrophy putamen
Progression cerebral atrophy
Progression cerebellar atrophy
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ABSTRACT
Objective: To comprehensively describe the natural history of Vanishing White Matter
(VWM), aiming at improving counseling of patients/families and providing natural history
data for future therapeutic trials.
Methods: We performed a longitudinal multicenter study among 296 genetically
confirmed VWM patients, 134 males and 162 females. Clinical information was obtained
via questionnaires for physicians and chart review.
Results: First disease signs occurred at a median age of 3 years (mode 2 years, range
before birth - 54 years); 60% of patients were symptomatic before the age of 4 years.
The nature of the first signs and symptoms varied for different ages of onset. Overall,
motor problems were the most common presenting sign, especially in children.
Adolescent and adult-onset patients were more likely to exhibit cognitive problems early
after disease onset. 102 patients were deceased. Multivariable Cox regression analysis
revealed a positive relation between age of onset and both preservation of ambulation
and survival. Absence of stress-provoked episodes and absence of seizures predicted
more favorable outcome. In patients with onset before 4 years, earlier onset was
associated with more severe disability and higher mortality. For onset from 4 years on,
disease course was generally milder, with a wide variation in severity. There were no
significant differences for sex or for the five eIF2B gene groups. The results confirm the
presence of a genotype-phenotype correlation.
Interpretation: The VWM disease spectrum consists of a continuum with extreme wide
variability. Age of onset is a relatively strong predictor for disease course.
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INTRODUCTION
Vanishing White Matter (VWM; OMIM 603896)1-3 is one of the more prevalent
leukodystrophies.4 It is caused by recessive mutations in any of the genes EIF2B1-5.5,6
Patients typically have a normal early development, followed by chronic progressive
neurological deterioration with ataxia and spasticity and additionally stress-provoked
episodes of rapid decline.2 No curative treatment is available.7 While VWM was initially
recognized as a disorder of young children,1,2,8 it has become apparent over time that
disease onset and severity vary widely, from antenatal or early-infantile onset disease
with rapid demise9-11 to adult onset slow disease.3,12 There is evidence for a genotypephenotype correlation.13-15 It has been suggested that sex influences disease course. 15,16
Profound knowledge of the epidemiology and natural history of VWM is essential for
physicians to counsel patients and families and make decisions regarding the
management of the disease. In addition, studies of the natural history of diseases are
valuable for enhanced understanding of the pathophysiology, evaluation of genotypephenotype correlations and establishment of baselines for therapeutic trials. Studies on
natural disease course in VWM are scarce and rather small. 14,16,17 We here report the
results of a 12½-year natural history study of VWM, focusing on the occurrence of
neurological signs/symptoms in relation to age and disease duration and the identification
of prognostic factors. Standardized inventory of dimensions of disability will be addressed
in a separate paper.

6

PATIENTS AND METHODS
Study design
Between January 2004 and October 2016 we performed a multicenter longitudinal
observational study on all genetically proven VWM patients enrolled in the Amsterdam
Database of leukoencephalopathies. The database contains all VWM patients referred
for mutational analysis and 17 additional patients referred for Magnetic Resonance
Imaging (MRI) analysis and genetically tested elsewhere. Written informed consent for
research was obtained from the patients participating in the study or their guardians. The
study was approved by the ethical standards committee of the VU University Medical
Center, Amsterdam.

Clinical information
We obtained information on disease course by customized clinical questionnaires
completed by the patient’s physician or the patient and/or family members in consultation
with the authors. If these sources were not available, we performed retrospective chart
review. The questionnaires aimed at robust parameters that could easily be assessed by
physicians, also when reviewing the patient file retrospectively, and by parents. The
inventory involved items on demographic details, pregnancy and delivery, early motor
development, early cognitive development, disease onset and presenting signs,
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provoking factors, episodes of deterioration, disease course, neurological signs and
symptoms, and survival. Data on medical history were obtained retrospectively when the
patient entered the study. From that time onwards, data were collected prospectively.
Data were checked for internal consistency and consistency with other data. Patients
with another disease affecting neurological function in addition to VWM were excluded
from the study.

6

We used age of onset to categorize the patients into the following six groups: antenatalearly infantile: <1 year (1), late infantile: 1 - <2 years (2), early juvenile: 2 - <4 years (3),
juvenile: 4 - <8 years (4), late-juvenile-adolescent: 8 - <18 years (5) and adult-onset: 
years (6). Clinical disease onset was defined as the age at which the first neurological
sign had been noted retrospectively. Clinical disease duration was defined as the time
from disease onset onwards.
Patients were scored as having lost walking without support when they could no longer
walk without equipment or help of another person; they were scored as having lost
walking with or without support when fully wheelchair-dependent. In order to avoid
introducing a bias by omitting patients who were more seriously affected and did not
achieve walking, we scored patients who presented before 18 months and never
achieved walking as having lost ambulation at disease onset and scored patients who
had mildly delayed early development and never achieved walking, but presented with
signs of neurological deterioration later than 18 months, as having lost ambulation at 18
months. Patients who died before 18 months or were not followed until that age, were not
included in analyses concerning ambulation.
The disease course was defined as exacerbating if one or more episodes of acute major
neurological deterioration occurred. Presence or absence of ovarian failure was
assessed in females from 16 years at latest follow-up.

Statistical analysis
We used summary statistics to describe the clinical characteristics. Patient
characteristics were reported by median and quartiles and/or ranges for non-normally
distributed data. Nominal and ordinal data were analyzed by Chi-squaUH WHVW )LVKHU¶V
exact test or Kruskal-Wallis test to study differences between age-of-onset groups. We
performed time-to-HYHQW DQDO\VLV RI WKH HYHQWV µGLVHDVH RQVHW¶ µORVV RI ZDONLQJ ZLWKRXW
VXSSRUW¶ µORVV RI ZDONLQJ ZLWK RU ZLWKRXW VXSSRUW¶ µVWDUW RI WXEH IHHGLQJ¶ µVWDUW RI FOHDU
FRJQLWLYH GHFOLQH¶ µILUVW VHL]XUH¶ DQG µGHDWK¶ ZLWK DJH DQG GLVHDVH GXUDWLRQ DV WZR
separate time variables. Individuals in whom the respective event had not occurred were
censored for the item at the latest follow-up. We estimated median ages and disease
durations at events by Kaplan-Meier curves. Group differences regarding age of onset,
sex, exacerbating disease course and affected gene were analyzed with log-rank test.
For analyses regarding affected genes, each genotype (combination of two mutations)
was represented once. If one genotype was observed in multiple patients, the median
score was calculated by survival analysis. We used Cox proportional hazards models to
calculate hazard ratios for predictors of survival and loss of walking with or without
support with age of onset as continuous variable and sex, presence of episodes and
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presence of seizures as categorical variables. Because for the variable ‘seizures’ the
number of missing values was considerably higher than for other variables, we performed
multiple imputation for this parameter, with the other variables as predictive values,
including cumulative hazards for ‘loss of walking with or without support’ and ‘survival’,
creating five datasets on which Cox regression analysis was performed. Statistical
analysis was performed using SPSS version 22 (Armonk, NY: IBM Corp) and GraphPad
Prism version 6.07 (San Diego California USA).

RESULTS
Patients
In total 305 VWM patients were eligible for the study, referred from 198 centers
worldwide. Nine patients were excluded because of co-morbidity (i.e., Down syndrome,
biliary atresia, galactosemia, glutaric aciduria type 1, encephalocele and cortical
dysplasia, Leigh syndrome due to LRPPRC mutations, and perinatal asphyxia), leaving
296 patients (134 males and 162 females) from 261 families. Genetic analysis revealed
that five patients had mutations in EIF2B1, 49 in EIF2B2, 23 in EIF2B3, 22 in EIF2B4,
and 197 in EIF2B5. In the case of missing data, patients were selectively included in the
analyses on the basis of available information. Throughout the results section we report
the number of patients that were included in the different analyses in parentheses or in
respective tables.

Clinical and demographic characteristics
The characteristics of the studied cohort are shown in Table 1. The age of the patients at
the latest follow-up or death ranged from 3 months to 62 years and disease duration
ranged from 1 week up to 39 years. For 63% of patients we obtained clinical
questionnaires completed by physicians, in 10% questionnaires were completed by the
patient and/or family members in consultation with the authors. For the remaining
patients information was obtained by chart review. Patients geographically originated
from Africa (n=1), Australia and New Zealand (n=11), Asia (n=26), South America (n=28)
North America (n=56) and Europe (n=174). The database contains all known Dutch VWM
patients (n=33); based on our numbers, the incidence in the Netherlands is estimated to
be 1:80.000 live births or higher. Parental consanguinity was reported in 20% (42/210) of
the families.
Table 1 | Characteristics of the VWM natural history study cohort
Number of patients
296
Number of families
261
Male / female
134 / 162
Affected gene
EIF2B1
5
EIF2B2
49
EIF2B3
23
EIF2B4
22
EIF2B5
197
Median age at latest follow-up [quartiles] n=296
11 [5 - 25] years
Median disease duration at latest follow-up [quartiles] n=291 6 [2 - 13] years
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Age of onset
The distribution of age of onset was heavily skewed to the right; on the interval 18-54
years it was rather uniform (Figure 1A). Median age of onset was 3 years (mode 2 years,
range before birth - 54 years). 87 percent of the patients had an onset before 18 years
and 60% before 4 years. 34 patients were symptomatic before the age of 1 year, seven
of whom had an antenatal onset. When categorizing the patients in the six age of onset
groups, early juvenile (2 - <4 years) onset was most common (Figure 1B). An overview of
clinical characteristics classified by age of onset group is depicted in Supplementary
Table 1. An outline of disease course per age of onset group is depicted in Figure 2.

Presentation

6

An overview of all presenting signs and symptoms is given in Table 2. Motor problems,
especially gait problems, were the most common presenting sign. The nature of the first
signs or symptoms varied for patients with different ages of onset (Supplementary Table
2). Antenatal onset was characterized by intrauterine growth retardation,
oligohydramnios, reduced fetal movements, or contractures at birth, in variable
combinations. After birth, these patients often presented signs of encephalopathy with
irritability, somnolence and seizures. Several severe, mostly infantile and early-juvenile
onset cases presented with similar signs of encephalopathy. Loss of acquired motor skills
was common among all age of onset groups. Patients with late-juvenile, adolescent or
adult-onset were more likely to present with non-motor signs, such as cognitive or
psychiatric problems.
Fifty-three percent of presentations had occurred after a provoking event (Supplementary
Table 1). Infection (often with fever) was the most common trigger (54%). Common types
of infection were upper respiratory tract infection, flu, urinary tract infection, otitis, gastrointestinal infection and viral rashes. Head trauma was the second most common trigger
(44%); most often concerning mild trauma such as a fall while playing. Occasional
triggers were vaccination and acute fright.
Seven patients were asymptomatic at study closure. Three of them had not had any
disease signs: one had been genetically tested because of an affected sibling and was
clinically asymptomatic at 5 years; two patients, currently 6 and 18 years, had been
identified by incidental findings in brain imaging performed because of head trauma and
headache. The other four patients had been identified by brain imaging for transient
neurological signs: vertigo, lowered consciousness and anopia after head trauma,
unprovoked dizziness and one-sided vision loss. They are currently asymptomatic at the
ages of 8, 12, 12 and 43 years.

Early development
Early motor development was delayed in 25% of patients (69/276). For patients with
onset <1 year (group 1), in 47% (15/32) no developmental problems had been noticed
until subacute deterioration occurred at 3-8 months. Remaining patients (53%) had mild
or severe development delay. The majority had reached some motor milestones ranging
from head control to unsupported sitting, but 19% (6/32) never developed intentional
movements.
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Figure 1 | Distribution of age of onset. (A) Histogram representing the number of patients per age of
onset (years) for 291 VWM patients. (B) Distribution of patients per age of onset group per sex.

In most patients with onset 1 - <2 years (group 2), early motor development was reported
as normal. Forty percent (n=20/50) had mild developmental delay. Among these patients,
maximum motor milestones ranged from crawling (n=2), supported walking (n=6) to
unsupported walking (n=11).
1LQHW\ SHUFHQW   RI SDWLHQWV ZLWK RQVHW  \HDUV JURXSV    DQG   KDG D
normal early motor development. All four age groups contained a few patients who were
reported to have had mild developmental delay (overall 10%).
Early cognitive
development was abnormal in 14% of patients, predominantly in patients with onset <2
years (Supplementary Table 1).
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Figure 2 | Disease course per age of onset group. Age at onset of VWM and age at times of loss of
walking without support, full wheelchair-dependency, start of tube feeding and death among 291 patients
(numbers of patients for each item are shown in Supplementary Table 1). The horizontal arrows range from
birth to the longest follow up in the respective age of onset group. The numbers below the horizontal
arrows indicate the median age (years) at the respective event as estimated using Kaplan-Meier curves.

Ambulation and loss of ambulation

6

Unsupported walking was achieved in none of the patients with onset <1 year (group 1),
in 74% of patients with onset 1 - <2 years (group 2) and in all patients with clinical onset
\HDUV JURXSV- 6). There were significant differences in age and disease duration at
loss of walking without support and wheelchair-dependency when comparing the 6 age of
onset groups (Supplementary Table 1, Figure 3A). Sub-analysis of groups 4, 5 and 6
RQVHW\HDUV UHYHDOHGQRVLJQLILFDQWGLIIHUHQFHUHJDUGLQJGLVHDVHGXUDWLRQDWORVV of
walking without support (log-rank p=0.55) and loss of walking with or without support
(p=0.82).

Neurological signs
Table 3 presents DQRYHUYLHZRIWKHSDWLHQWV¶FXUUHQWVWDWXVDWWKHODVWFOLQLFDOLQYHQWRU\
with a subdivision for disease duration. Spasticity was often present; ataxia was the
second most common neurological sign. Speech was affected in most patients;
swallowing was affected in less than half of patients. Vision and hearing were generally
well preserved. Optic atrophy had been reported in 17 patients, but was not investigated
systematically. Seizures had occurred in 60% of patients; later disease onset was
associated with a lower incidence and adult-onset patients were least likely to develop
seizures (Supplementary Table 1). In few patients the first seizure had occurred prior to
other presenting signs that led to the diagnosis VWM. The nature of seizures was
variable, including non-motor seizures and focal onset seizures with and without impaired
awareness. Generalized onset tonic-clonic seizures were most common. Most patients
had occasional seizures, mostly well controlled with medication, less often moderately
controlled. Few patients had refractory epilepsy; this was reported most often in groups 1
and 2 (onset <2 years) and also occurred in groups 3- RQVHW- <18 years), but never
LQJURXS RQVHW\HDUV 
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Table 2 | Overview of presenting signs/symptoms in 288 patients

Presenting symptoms/signs

Frequency

Median age at
Provoked by
presentation [range]
trigger*

Gait problems
106
3y [14 mo - 45 y]
Ataxia / clumsiness
51
3 y [11 mo - 35 y]
Weakness / hypotonia
24
2 y [3 mo - 40 y]
Loss of motor skills following infection
24
22 mo [3 mo -16 y]
Seizures
22
19 mo [2 mo - 25 y]
Loss of motor skills
21
2 y [2 mo - 33 y]
Cognitive / memory problems
20
11 y [18 mo - 54 y]
Loss of motor skills following head trauma
19
2 y [14 mo - 19 y]
Somnolence / coma following infection
16
2 y [8 mo - 14 y]
Developmental delay
11
18 mo [8 mo - 2y]
Spasticity/hypertonia
11
3 y [18 mo - 20 y]
Psychosis /confusion / behavioral change
10
19 y [2 - 43 y]
Irritability / encephalopathy
8
14 mo [8 mo - 14 yrs]
Antenatal signs
7
antenatally
Severe headache / migraine
7
13 y [3 - 33 y]
Speech problems / dysarthria
7
3 y [13 mo - 26 y]
Somnolence / coma following minor head trauma
6
6 y [23 mo - 19 y]
Fatigue / lethargy
6
2 y [8 mo - 33 y]
Dizziness / vertigo
5
8 y [2 - 45 y]
Depression
4
35 y [25 - 43 y]
Asymptomatic [incidental finding / affected sibling]
3
2 y [18 mo - 6 y]
Vision problems
3
31 y [4 - 33 y]
Amenorrhea / infertility
2
22 y [19 - 25 y]
Deterioration following vaccination
2
9 mo [5 - 14 mo]
Paresthesia
1
19 y
Ύthe proportion among informative patients is presented; y, years; mo, months

55 / 97
28 / 45
17 /23
24 / 24
12 / 20
0 / 11
1 / 18
19 / 19
16 / 16
0/7
6/9
3/9
5/5
0/7
3/7
3/6
6/6
2/5
1/4
0/4
2/3
1/3
0/2
2/2
0/1

Mortality
Survival analysis revealed that overall median survival was 38 years (Figure 3C, left), at
median disease duration of 24 years (Figure 3C, right); 102 patients were deceased. OF
deceased patients, median age at death was 6 years (range 3 months - 60 years),
median disease duration at death was 3 years (range 1 week - 30 years). There was a
significant difference in age and duration at death for the six age of onset groups (Figure
3D, Supplementary Table 1).
Death rate was considerably higher in groups 1-3 (onset <4 years), in which overall 47%
(82/174) of patients were deceased, than for groups 4- RQVHW\HDUV LQZKLFK
(18/117) had died. No significant difference regarding survival duration (log rank p=0.77)
and disease duration at death (p=0.74) between groups 4-6. Deceased patients were
generally in an advanced, often vegetative stage. Ninety-eight percent was wheelchairdependent and 80% received tube feeding. Respiratory failure was the leading cause of
death (61%). In a high proportion of patients, deterioration preceding death was triggered
by infection (40%). Other causes of death were discontinuation of life support, coma,
refractory epilepsy and cachexia.
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Table 3 | Status and neurological signs in relation to disease duration
Overall
(n=214)
Spasticity
Clumsiness / ataxia1
Hypotonia
Extrapyramidal signs
Speech2
normal
dysarthria
no speech
Dysphagia
Vision
normal
decreased
blind

Current activity - children
normal school
special education
learning not possible
Current activity - adults
normal employment
adjusted employment
day-care
bedridden

Disease
duration
5 - <10 y
(n=57)

Disease
duration
\
(n=74)

75% (62/83)

82% (175/214)
81% (153/189)
52% (69/133)
28% (29/104)

70% (46/66)
71% (41/58)
25% (9/36)

79% (45/57)
87% (47/54)
38% (13/34)
26% (7/27)

92% (68/74)
87% (60/69)
37% (15/41)
32% (13/41)

32% (58/183)
44% (80/183)
24% (45/183)
40% (70/177)

43% (24/55)
33% (18/55)
24% (13/55)
38% (23/60)

26,5% (14/53)
47% (25/53)
26,5% (14/53)
43% (20/47)

27% (20/75)
49% (37/75)
24% (18/75)
38% (27/70)

65% (117/181)
26% (48/181)
9% (16/181)

66% (38/58)
24% (14/58)
10% (6/58)

69% (38/55)
22% (12/55)
9% (5/55)

60% (41/68)
33% (22/68)
7% (5/68)

81% (45/56)
14% (8/56)
5% (3/56)

92% (47/51)
4% (2/51)
4% (2/51)

96% (66/69)
4% (3/69)
0% (0/69)

56% (24/43)
18% (8/43)
26% (11/43)

42% (18/43)
37% (18/43)
21% (9/43)

22% (13/58)
45% (26/58)
33% (19/58)

32% (29/90)
43% (39/90)
25% (22/90)

50% (16/32)
19% (6/32)
31% (10/32)

14% (5/36)
58% (21/36)
28% (10/36)

36% (8/22)
55% (12/22)
9% (2/22)

14% (7/49)
12% (6/49)
45% (22/49)
29% (14/49)

33% (1/3)
0% (0/3)
67% (2/3)
0% (0/3)

43% (3/7)
14% (1/7)
29% (2/7)
14% (1/7)

8% (3/39)
13% (5/39)
46% (18/39)
33% (13/39)

Hearing
normal
90% (158/176)
decreased
7% (13/176)
deaf
3% (5/176)
Cognition
normal
38% (55/144)
borderline functioning/mild deficit 35% (50/144)
moderate up to profound deficit
27% (39/144)

6

Disease
duration
0 - <5 y
(n=83)

1

nine patients were left out as coordination was not evaluable due to absence of intentional movements
scored in patients from 2 years of age
y, years
2

Disease course and provoking factors
An exacerbating disease course was described in 82% of patients (Supplementary Table
1). The median number of episodes was 3, mode 1 (often at first presentation), range 125 episodes (n=162 patients). In 99% of patients the episodes involved motor problems
(197/198 patients), most often gait problems, ataxia and paresis. Cognitive function was
affected in 50% (71/142 patients), including loss of language, cognitive slowing, memory
problems and loss of social interaction. Sixty-two percent of the patients had had one or
more episodes of coma or altered consciousness (Supplementary Table 1). Coma and
irritability were mostly observed in patients with early onset: 87% of patients with coma
(55/63 patients) and 92% of patients with irritability (58/63) had a disease onset <8 years.
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Figure 3 |
Disease
progression.
Kaplan-Meier
plots on (A) full
wheelchairdependency
(loss of walking
with or without
support) in
relation to age
(left) and
disease duration
(right), per age
of onset group;
(B) onset of
cognitive decline
in relation to age
(left) and
disease duration
(right), per age
of onset group;
(C) overall
survival in VWM
patients in
relation to age
(left) and
disease duration
(right; the 95%
confidence limits
are depicted by
shaded areas);
and (D) survival
in relation to age
(left) and
disease duration
(right), per age
of onset group.
In all plots
censored
patients (still
ambulant,
absence of
cognitive decline
or alive at last
follow up) are
indicated by
crosses.
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Episodes of deterioration were provoked by febrile infections in 80% (154/193) of patients
with episodes, head trauma in 58% (106/182) and infection without fever in 27%
(42/155). Other provoking factors mentioned less often were anesthesia in 16% (15/92),
acute psychological stress or fright in 18% (27/150) and heat in 5% (8/83). In many more
patients heat was mentioned as a factor adversely affecting function, but in most
recovery occurred immediately after cooling down. There were incidental reports of
deterioration after the use of alcohol, sleep deprivation, growth spurt, vaccination and a
severe allergic reaction. Seizures were also reported as provoking factor for loss of motor
function, although they may also have occurred secondary to deterioration.
Earlier disease onset was associated with higher sensitivity to febrile infections; fever
caused deterioration in 86% of patients with exacerbating disease course and onset <4
\HDUV YHUVXV  RI SDWLHQWV ZLWK RQVHW  \HDUV +HDG WUDXPD DV SURYRNLQJ IDFWRU
was reported with tKH KLJKHVW UDWH LQ SDWLHQWV ZLWK RQVHW  - <8 years (Supplementary
Table 1).
After an episode of deterioration, patients rarely (10%) showed complete recovery
(19/183 episodes); only few (3%; 5/183) showed almost complete recovery; the majority
of episodes (51%; 93/183) were followed by partial recovery or persisting severe
handicap (23%, 42/183). In 13% (24/183) death was a direct consequence of an episode
of deterioration, most often concerning patients with disease onset <2 years.

6

Analysis of the influence of episodic deterioration on survival and preservation of
ambulation by Kaplan-Meier plots indicated that an exacerbating disease course had an
unfavorable effect on outcome (Figure 4A).

Sex
A VWM prevalence ratio of males to females of 1:1.21 was found. The distribution of age
of onset categories per sex (Figure 1B) showed that imbalance was largest in the adultonset group, but statistical analysis of distribution did not reveal significant differences
(p=0.43). Time-to-event analysis of survival and loss of walking without and with support
showed some differences between sexes, but not statistically significant (Figure 4B).

Prognostic factors
Kaplan-Meier plots indicated that exacerbating disease course had unfavorable effects
on survival and preservation of ambulation (Figure 4A). Multivariable Cox regression
analyses revealed that earlier age of onset, episodic deterioration and seizures had
significant positive associations with death and loss of ambulation as independent
prognostic indicators, while there were no sex-based differences in outcome (Table 3).

Reproductive organs
Female patients: information on ovarian function was available for 56 of 74 women above
16 years. In 86% signs of ovarian failure were reported. Eleven patients had primary and
17 had secondary amenorrhea. Four patients had amenorrhea or infertility without further
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specification; 16 patients had irregular menses. Additionally, ovarian dysgenesis was
found at ultrasound examination in one patient at the age 3 years and at autopsy in two
patients who died at 10 months and 6 years.2,18 Six women had offspring. There were no
reports of episodic deterioration during or shortly after pregnancy.
Male patient: except for one case of infertility due to oligozoospermia, there were no
reports of involvement of reproductive organs. Of the 26 males older than 16 years, four
had offspring.

Other organs
Involvement of other organs was observed in seven patients with onset <1 year (group
1), which involved congenital cataract (n=4), renal hypo-dysplasia (n=2) and
hepato(spleno)megaly (n=2). Furthermore, autopsy of a girl with antenatal disease onset
revealed mild pancreatitis.18 Several patients with disease onset at later ages also
presented diseases of other organs, but these were never reported in >1 patient and will
not be considered here.

Other features
Height was within normal ranges in 82% of patients (133/163), 18% had a height below
normal (29/163, mainly patients with onset <8 years). Weight was normal in 79%
(125/159), 16% of patients was underweight (26/159) and 5% overweight (8/159). Head
circumference was normal in the majority of patients (132/169), 12% had microcephaly
(21/169, most with onset <4 years) and 10% had macrocephaly (16/169, mainly patients
with age of onset groups 1-3 in advanced disease stages). Two patients received a
ventriculoperitoneal shunt because of suspected increased intracranial pressure, without
clinical improvement. Headache was the most commonly reported additional problem,
described in 26 patients, often referred to as migraine and reported to be severe in
approximately half of the cases. Dizziness was described in six patients, including vertigo
and orthostatic hypotension. Signs of peripheral neuropathy were described in three
patients and scoliosis in seven patients.
History of depression had been described in 21 patients (median age at start 30 years,
range 12-47 years). In 23 patients, enhanced aggression, erratic behavior or other
behavioral problems had been reported, mostly in adulthood.

Genotype-phenotype correlation
Among all 296 patients, the total number of different mutation combinations was 157. No
statistically significant differences were observed for the five eIF2B gene groups
regarding age of onset (log rank p=0.31) and survival (log rank p=0.65). Only for the
parameter “loss of walking without support” an overall significant difference was observed
(log rank p=0.025). Ambulation was better preserved in the group of patients with EIF1B1
mutations, but this group was very small (only five patients) and therefore not necessarily
representative. When excluding these five patients from the analysis, no overall
differences remained for the groups EIF2B2-EIF2B5 (log rank p= 0.12).
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Figure 4 | Disease
progression in
relation to episodic
deterioration and
sex. (A) Survival
(left) and loss of
walking with or
without support
(right) in relation to
disease duration,
grouped by disease
course with and
without episodic
deterioration. (B)
Survival (left) and
loss of walking with
or without support
(right) in relation to
disease duration,
grouped by sex. In
all plots censored
patients (alive or still
ambulant at last
follow up) are
indicated by crosses.

6
Table 3 | Multivariable Cox regression analyses of factors affecting survival and loss of walking
with or without support
Survival
Preservation of ambulation
Factor

n

Hazard ratio
[95% CI]

p value

n

Hazard ratio
[95% CI]

p value

259

1.07 [1.02-1.13]

0.009

213

1.05 [1.01-1.09]

0.008

0.28

0.53

Age of onset
continuous variable
Sex
male

118

1.0 (reference)

female

141

1.26 [0.83-1.93]

absent

46

1.0 (reference)

present

213

0.33 [0.12 -0.91]

95

1.0 (reference)

118

1.13 [0.78-1.64]

40

1.0 (reference)

173

0.25 [0.11-0.56]

Exacerbating course
0.033

0.001

History of seizures*
absent

97

1.0 (reference)

present

162

0.42 [0.21-0.85]

*information was imputed for 75 patients

0.016

88

1.0 (reference)

125

0.27 [0.16-0.45]

<0.001
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To assess the mutation-specific genotype-phenotype correlation, we compared all
available groups of at least three patients from different families with the same mutation
combination. In most groups of patients with similar genotype, severity measures, such
as age of onset and survival, were rather consistent, but some variability was present,
especially for mutations associated with a milder phenotype (details in Supplementary
Table 3). The homozygous p.Arg113His mutation in EIF2B5 was most frequent (n=36)
and most often, but not invariably, associated with a mild phenotype.33

Intrafamilial variation
There were 31 sibling-pairs and two families with three affected siblings. The majority
siblings were categorized in the same age of onset group (18/33). In all other families,
siblings were categorized in two subsequent age of onset groups (15/33), without
exception. Disease course and severity among siblings were relatively similar. Siblings
with early onset disease (<2 years) showed homogeneous phenotypes with rapid
deterioration. With childhood or adult-onset, more individual variation was observed and
siblings could show divergent phenotypes with involvement of different domains.

DISCUSSION
The present study was designed to delineate the natural history of VWM. Although often
referred to as an early childhood onset, rapidly fatal disorder, VWM is a heterogeneous
disorder with an extremely broad phenotypic range. Age of onset is an important
determinant of prognosis in VWM.14,19 To study the effect of age of onset in more detail,
we discerned six groups on the basis of observed and expected clinical differences.
Patients with antenatal-early infantile onset (<1 year) invariably have a devastating,
rapidly progressive disease course. They are less likely to show any recovery after an
episode of deterioration and often remain encephalopathic or comatose. Many patients
suffer from refractory epilepsy. Involvement of extra-cerebral organs is seen in this group
only. In all patients death occurs several months after presentation.
Patients with late-infantile onset (1 - <2 years) typically show rapid decline after
presentation, with loss of supported gait followed by wheelchair-dependency after
months to a few years. Death occurs after several years in the majority of patients.
Presentation in the third year of life is most common. Patients with early-juvenile onset (2
- <4 years) often present with motor deterioration after a provoking event. Disease course
in this group is more variable, but generally fairly progressive. Some patients immediately
lose ambulation, while in the majority ambulation is preserved in the first months to years
and wheelchair-dependency follows after a median time of 7 years. Numerous patients
die after one to several years, but other patients reach adulthood, although invariably
severely handicapped.
Patients with juvenile onset (4 - <8 years) mostly present with motor problems, with or
without a provoking event; a few patients present with learning difficulties. The variation
in decline of motor function is rather wide, with some patients becoming wheelchair-
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dependent after a few years or even decades, while others remain ambulant. Mortality is
low.
Patients with late-juvenile to adolescent onset (8 - <18 years) often present with motor
problems and some with behavioral or learning problems or migraine. Rate of loss of
ambulation, cognitive decline and mortality are similar to the juvenile onset group.
Adult-onVHW SDWLHQWV  \HDUV  SUHVHQW ZLWK D EURDG SDOHWWH RI VLJQV DQG V\PSWRPV
Gait problems are common, but various less typical presentations occur, such as
cognitive, psychological or fertility problems or seizures. Rate of loss of ambulation and
mortality do not significantly differ from patients with onset from 4 - <18 years, while
cognitive decline soon after presentation is much more common among adult-onset
patients.

6

Thus, within the VWM spectrum, two key disease courses can be distinguished:
presentation before 4 years (60% of cases in the current cohort) is generally followed by
a rapidly progressive, motor-dysfunction dominated course with a profound age of onset
effect on disease course. Presentation after 4 years (40%) is associated with a more
heterogeneous, less progressive course with low mortality, independent of the exact age
of onset. These are not strictly separated phenotypes and much variation is seen, with
some early-onset patients having an unexpectedly slow disease course and some lateonset patients experiencing rapid decline and death. The fact that the VWM spectrum is
a continuum with antenatal onset, rapidly fatal disease and late-adult-onset, mild disease
as extremes, suggests that perhaps even more extreme phenotypes are currently
missed. It is unknown how many miscarriages and stillbirths are caused by EIF2B1-5
mutations. On the other hand, mild adult-onset variants of VWM may be largely
underdiagnosed, due to the less typical presentation and the lack of awareness among
adult neurologists, and perhaps some adults never become symptomatic. For most
leukodystrophies, later age of symptomatic onset is generally associated with a slower
rate of clinical progression.20 It is an interesting finding that in VWM, apart from the longer
symptom-free interval, presentation in adulthood is not associated with a more favorable
disease course from clinical onset onwards than presentation in later childhood or
adolescence. Strikingly, the variation between affected siblings is limited for any age of
onset, suggesting a predominant effect of genetic factors over environment. The
presence of acute episodic deterioration is an important negative influencer of the chronic
disease course in VWM for all ages of onset, but stressors cannot be simply classified as
environment; their effect is related to the intrinsic vulnerability of the patient. In any case,
the finding underlines the importance of preventive measures such as avoiding head
trauma, antibiotics and antipyretics for all patients. 7
Independent of the age of onset, most females who reach adulthood have ovarian failure
and few have children. Also few men who reach adulthood have children; oligospermia
was found in one. Whether men with VWM may have testicular dysfunction has not been
investigated.
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Prior studies have addressed sex-related differences among VWM patients, such as the
male:female imbalance among adolescent/adult-onset patients and possible differences
in disease severity.15-17 It has been argued that females would be more susceptible to
VWM16 or have a more benign disease course than males. 15 We further investigated the
effect of sex, but did not confirm consistent clinical differences between males and
females. Although we also observed an overrepresentation of females among adult-onset
cases, this finding was not statistically significant. No female or male predisposition for
death or loss of ambulation could be objectified by Cox regression analysis. Still larger
numbers of patients are required to definitively address the question of sex differences in
VWM.
We aimed for robust parameters of disease progression. We should, however, bear in
mind that certain parameters, like wheelchair-dependency, may partially be influenced by
other factors, such as motivation. For survival, differences in clinical practice, medical
resources and cultural preferences on how to deal with end stage disease impact
outcome. Several items were scored based on subjective assessment by patients,
caretakers and physicians. In the absence of formal testing, parameters like onset of
cognitive decline, vision and hearing are rather rough indicators of the respective items.
In addition, inter-observer differences, selection and information bias may hamper the
evaluation of the clinical course in VWM patients. In natural history studies, assessments
would optimally be prospective and take place at regular intervals from disease onset
until death in all patients. As a result of the multi-center nature of the study and the wide
variability in disease course, we had to deal with incomplete datasets and censored data;
survival analysis is the appropriate statistical method to analyze such datasets.
Nevertheless, being the largest study until now, most limitations are lessened or
overcome by the large number of patients included in this study, delineating the clinical
spectrum of VWM.
There are currently no curative treatment options for VWM, but the technological
progress in the field of leukodystrophies is promising.21,22 The prospect of curative
therapy has intensified the need to document the natural history of VWM. Natural history
derived estimates facilitate study design of clinical trials, selection of clinically relevant
endpoints and determination of which patient population to target. In this view, the current
work may serve as a reference point to design and evaluate future therapeutic
interventions.
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100%
n=88/88
3y
n=65/81
1y
n=65/81
7y
n=47/79
4y
n=47/79

2y
n=37/42
2 mo
n=37/42
3y
n=31/39
1y
n=31/39

9y
n=174/235
3y
n=174/235
18 y
n=125/229
8y
n=125/229

*Estimated median time to loss
walking without support (duration)

*Estimated median age of full
wheelchair dependency

*Estimated median time to full
wheelchair dependency (duration)

13 y
n=20/45

18 y
n=20/45

8y
n=31/46

14 y
n=31/46

100%
n=48/48

9%
n=4/44

6 [5 - 17] y
n=7

13 [9 - 23] y
n=7

n.a.
n=7/49

n.a.
n=7/49

40%
n=18/45

5 [4-6] y
n=49

n.a.
n=6/38

n.a.
n=6/38

21%
n=7/34

33 [23-42] y
n=38

\HDUV
(6)
n=38

20 y
n=11/27

33 y
n=11/27

15 y
n=16/27

25 y
n=16/27

100%
n=30/30

11%
n=3/28

14 [4 - 22] y
n=5

20 y
n=12/35

56 y
n=12/35

7y
n=21/35

44 y
n=21/35

100%
n=37/37

3%
n=1/35

10 [4 - 14] y
n=6

29 [16 - 34] y 37 [29 - 50] y
n=5
n=6

n.a.
n=5/30

n.a.
n=5/30

54%
n=14/26

11 [8-15] y
n=30

4 - <8 years 8 - <18 years
(4)
(5)
n=49
n=30

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

n.a.

p-value
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0 mo
n=4/4

8 mo
n=4/4

0 mo
n=4/4

8 mo
n=4/4

0%
n=0/4

74%
n=34/46

94%
n=237/253

*Estimated median age of loss of
walking without support

Ambulation***

Achieved walking without support

9%
n=6/65

21%
n=7/33

63%
n=10/16

9 [6 - 15] y
n=31

4 [2 - 8] y
n=23

14%
n=31/221

17 y
n=31/90

8y
n=23/51

7 [3 - 13] y
n=31

20 y
n=31/90

10 y
n=23/51

2 [1 - 6] y
n=23

9 [6 - 14] mo
n=28

72%
n=58/81

66%
n=29/44

7 [3 - 10] mo
n=28

6 [1 - 13] y
n=102

Median age of death
[quartiles]

8 mo
n=28/33

9 mo
n=28/33

43%
n=12/28

3 y [9 mo - 9 y]
n=100

24 y
n=100/291

*Estimated median time to death
(duration)

Median disease duration at death
[quartiles]
Neurological development
Abnormal cognitive development

38 y
n=102/296

53%
n=138/258

*Estimated median age of death

Survival

Onset provoked by trigger

Supplementary Table 1 | Clinical characteristics classified by age of onset group
Overall**
<1 year
1 -<2 years 2 - <4 years
(1)
(2)
(3)
n=296
n=33
n=51
n=90
Disease onset
Median age of clinical onset
3 y [22 mo-7 y]
4 [2-7] mo
18 [17-22] mo
2 [2-3] y
[quartiles]
n=291
n=33
n=51
n=90

SUPPLEMENTARY DATA
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4y
n=96/155
5y
n=103/173

*Estimated median time to
cognitive decline (duration)

*Estimated median time to first
seizure (duration)

61%
n=14/23

62%
n=135/219
64%
n=154/239
46%
n=106/228

Episode(s) of coma or reduced /
altered consciousness
Deterioration following febrile
infection

Deterioration following head
trauma
34%
n=14/41

77%
n=36/47

75%
n=33/44

88%
n=43/49

2y
n=25/36

2y
n=19/26

3y
n=23/38

67%
n=48/72

83%
n=65/78

72%
n=47/65

93%
n=80/86

8y
n=30/50

8y
n=22/45

15 y
n=21/65

57%
n=25/44

58%
n=23/40

49%
n=20/41

76%
n=34/45

9y
n=13/24

17 y
n=16/31

n.a.
n=7/42

52%
n=12/23

35%
n=8/23

48%
n=10/21

68%
n=17/25

11 y
n=11/21

19 y
n=11/22

n.a.
n=5/24

24%
n=7/29

29%
n=8/28

30%
n=8/27

59%
n=17/29

n.a.
n=7/20

0y
n=28/31

n.a.
n=3/28

y; years, mo; months, n.a.; not applicable, n.e.; not evaluable
* Kaplan-Meier estimates
** for five patients the age of onset was unknown, therefore the numbers in the “overall” column do not always correspond to the sum of the numbers per age
of onset group
*** RQO\SDWLHQWVZKRDFKLHYHGDJHPRZHUHLQFOXGHGSDWLHQWVZKRSUHVHQWHG <18 mo and never achieved walking were scored as having lost
ambulation at onset and patients who never achieved walking, but presented with signs of neurological deterioration later than 18 mo were score as having
lost ambulation at 18 mo

0%
n=0/19

81%
n=17/21

82%
n=212/259

Exacerbating disease course
84%
n=21/25

6 mo
n=17/22

n.e.

5 mo
n=16/22

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
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Disease course

27 y
n=75/219

6

Other neurological functions
*Estimated median time to start
tube feeding (duration)
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Supplementary Table 2 | Overview of presenting signs/symptoms per age of
onset group

Presenting symptoms/signs
Antenatal signs
Irritability / encephalopathy
Seizures
Somnolence / coma / lethargy /
fatigue
Deterioration following
vaccination
Developmental delay
Weakness / hypotonia
Gait problems
Ataxia / clumsiness
Spasticity/hypertonia
Loss of motor skills
Speech problems / dysarthria
Cognitive / memory problems
Psychosis /confusion /
behavioral change
Depression
Severe headache / migraine
Dizziness / vertigo /
paresthesia
Vision problems
Amenorrhea / infertility
Asymptomatic (incidental
finding / affected sibling)

<1
year
(1)
n=33
21%
3%
21%

1 - <2
years
(2)
n=51
8%
12%

2 - <4
years
(3)
n=87
1%
2%

4 - <8
years
(4)
n=49
2%

8 - <18
years
(5)
n=30
3%
7%


years
(6)
n=38
11%

6%

16%

14%

4%

10%

5%

3%

2%

-

-

-

-

3%
21%
3%
39%
-

16%
6%
35%
14%
10%
35%
4%
2%

1%
5%
49%
25%
1%
24%
2%
-

6%
47%
33%
6%
10%
2%
18%

13%
33%
7%
17%
3%

8%
32%
11%
5%
8%
5%
24%

-

-

2%

2%

3%

16%

-

-

1%

-

17%

11%
3%

-

-

1%

-

7%

8%

-

-

-

2%
-

-

5%
5%

-

2%

1%

2%

-

-
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Supplementary Table 3 | Phenotypic characteristics in patients with similar genotypes
Genotype1

Number of
informative
patients
(families)

Age of onset
categories2;
median age of
onset3 [range]

Median
survival
[age range]

Number of
deaths
[age range]

Number of
Median time
patients who
(duration)
lost walking
to loss of
without
walking
support
without
[duration
support4
range]

p.Gly200Val,
p.Glu213Gly

9 (9)

[2] [3]
2 y [12 mo - 2 y]

11 y
[4 - 34 y]

0

4/9
[0 - 4 y]

n.a.

p.Gly200Val,
p.Pro291Ser

5 (3)

[1]
3 mo [ant. - 4 mo]

5 mo
[3mo - 2 y]

5
[3 mo - 2 y]

no
ambulation

no ambulation

p.Glu213Gly
homozygous

12 (10)

[3] [4]
3 y [2 - 6 y]

22 y
[6 - 38 y]

0

9 / 12
[0 - 24 y]

8y

3 (3)

[3] [5] [6]
17 y [2 - 22 y]

25 y
[4 - 29 y]

0

2/3
[1 - 11 y]

11 y

p.Thr91Ala,
homozygous

8 (6)

[3] [4] [5]
6 y [3 - 16 y]

37 y
[16 - 46 y]

3
[16 - 29 y]

7/8
[0 - 19 y]

6y

p.Thr91Ala,
p.Arg113His

4 (3)

[3] [5] [6]
14 y [3 - 35 y]

21 y
[6 - 47 y]

0

3/4
[1 - 7 y]

3y

p.Thr91Ala,
p.Arg339Trp

4 (3)

[2] [3]
23 mo [21 mo -2 y]

8y
[4 -14 y]

4
[4 -14 y]

4/4
[0 - 2 mo]

0 mo

p.Leu106Phe
homozygous

6 (4)

[2] [3]
22 mo [12 mo- 3 y]

6y
[4 - 16 y]

2
[6 - 16 y]

5/6
[0 - 1 y]

2 mo

p.Arg113His
homozygous

36 (35)

[2] [3] [4] [5] [6]
17 y [18 mo - 54 y]

33 y
[8 - 62 y]

4
[30 - 60 y]

16 / 32
[0 - 22 y]

16 y

p.Arg113His,
p.Arg299His

5 (4)

[3] [4] [5]
6 y [3 - 9 y]

17 y
[6 - 35 y]

4
[6 - 23 y]

5/5
0 - 10 y]

5y

p.Arg113His,
p.Arg315His

5 (5)

[3] [4] [5]
4 y [3 - 11 y]

16 y
12 - 22 y]

0

4/5
[0 - 10 y]

7y

p.Arg113His,
p.Arg339Gln

7 (6)

[2] [3]
2 y [18 mo - 3 y]

11 y
[3 - 16 y]

2
[3 - 8 y]

6/6
[0 - 3 y]

1y

p.Arg113His,
p.Arg339Trp

3 (3)

[3]
2 y [2 - 3 y]

10 y
[7 - 25 y]

1
[10 y]

3/3
0 - 2 y]

1y

p.Arg113His,
p.Ala403Val

3 (3)

[2] [3]
3 y [18 mo - 3 y]

8y
[7 - 10 y]

1
[10 y]

3/3
[0 - 4 y]

0y

p.Arg136Cys
homozygous

3 (3)

[2] [3]
23 mo [18 mo - 2 y]

6y
[5 - 6y]

1
[5 y]

1/1
[6 mo]

6 mo

p.Arg269Gln
homozygous

5 (4)

[1] [2]
18 mo [6 - 18 mo]

2y
[15 mo - 10 y]

3
[15 mo - 2 y]

4/4
[0 - 8 mo]

2 mo (3x no
ambulation)

p.Arg315Gly
homozygous

5 (4)

[2] [3]
2 y [18 mo - 3 y]

4y
[2 - 26 y]

2
[4 - 26 y]

2/3
[0 y]

2 mo

EIF2B2

EIF2B3
p.Ala87Val
homozygous
EIF2B5

6

1 mutations

are represented according to the following transcripts: EIF2B2: NM_014239.3, EIF2B3:
NM_020365.3, EIF2B5: NM_003907.2
2 (1) onset < 1 year, (2) onset 1 -< 2 years, (3) onset 2 - < 4 years, (4) onset 4 - <8 years, (5) onset 8 < 18 years, (6) RQVHW\HDUV
3 y, years; mo, months; ant., antenatally
4 calculated by Kaplan-Meier survival analysis
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ABSTRACT
Objective: To assess the degree of disability and health-related quality of life (HRQL)
in Vanishing White Matter (VWM) patients, aiming at improving patient/family
counseling and providing natural history data for future therapeutic trials.
Methods: We performed a longitudinal multicenter study among 296 patients. We
REWDLQHG +HDOWK 8WLOLWLHV ,QGH[ +8,  DVVHVVPHQWV LQ SDWLHQWV  \HDUV DQG *X\¶V
1HXURORJLFDO 'LVDELOLW\ 6FDOH *1'6  DVVHVVPHQWV LQ SDWLHQWV  \HDUV
Results: HUI data were available for 171 patients and follow-up data in 63. GNDS
scores were obtained in 114 patients and follow-up in 39. Disease duration at
assessment ranged between 0.5-38 years. Median HUI Health Index was 0.21
(quartiles -0.14 - 0.69) on the HUI3 scale that ranges from -0.36 (most disabled state)
to 1 (no handicap). Median GNDS sum score was 21 (quartiles 10 - 33) on the GNDS
scale that ranges from 0 (normal) to 60 (most disabled). In patients with onset <4
years, earlier onset was associated with more severe disease course and higher
PRUWDOLW\)RURQVHW\HDUVUDWHRIGHWHULRUDWLRQYDULHGLQGHSHQGHQWRIH[DFWDJHRI
onset. Ambulation and dexterity were most affected, followed by cognition, which was
affected earlier in adult-onset patients. In later stages, patients were more likely to
develop problems with speech, bladder and bowel function.
Interpretation: Our results provide insight in the natural disease course of VWM and
illustrate that the clinical spectrum is highly variable, ranging from limited disability to
profound handicap in various domains. The variability is dependent on age of onset.
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INTRODUCTION
Vanishing White Matter (VWM) is a leukodystrophy caused by mutations in any of the
genes EIF2B1-5, which encode a complex involved in mRNA translation and its
regulation under different stress conditions.1 The classical phenotype is characterized
by early childhood onset chronic neurological decline with spasticity and ataxia. In
addition, many patients show striking sensitivity to stressors, such as febrile infection
and minor head trauma, which may cause rapid neurological deterioration, coma and
death.
The disease course and severity in VWM are extremely variable. 1,2 Because the few
available studies on the natural disease course are of limited size, 2,3 we initiated the
Vanishing White Matter natural history study. One part concerned a longitudinal study
on the disease course (chapter 6). An important conclusion of this study was that age
of onset is a strong predictor of the rate of disease progression and death in patients
with disease onset before the age of 4 years, whereas for disease onset from 4 years
on the disease course is highly divergent and independent of the exact age of onset.
The aim of the present part of the natural history study is to obtain insight into
dimensions of disability and to estimate health-related quality of life (HRQL) in
patients with VWM in order to facilitate counseling and provide natural history data for
future therapeutic trials. We present the natural disease course in a large cohort of
patients with VWM by means of two validated clinical scales on disability: Health
Utilities Index (HUI) and Guy's Neurological Disability Scale (GNDS).

PATIENTS AND METHODS

7
Study design
Between January 2004 and October 2016 we performed a longitudinal observational
study among all genetically proven VWM patients enrolled in the Amsterdam
Database of leukoencephalopathies (chapter 6). For the present study, we followed
patients from enrolment into the database and prospectively assessed HUI scores
from the age of 2 years and GNDS scores from the age of 8 years between one and
four time points. HUI and GNDS scores were assessed by proxies (physicians or
parents) and sporadically by self-assessment, using postal or digital forms,
telephone-interviews or in-person interviews. Informed consent was obtained from
the patients or their guardians and the study was approved by the ethical standards
committee of the VU University Medical Center, Amsterdam.

Instruments
Health Utilities Index: The HUI4 is a well validated instrument to assess health
status and HRQL. It has been used extensively as an outcome measure in
population health surveys and clinical studies - including neurological disorders - in
patients from the age of 1 year on.5-8 The system consists of a set of distinct
attributes (dimensions) of health status that enable valuation of function-specific
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scores (single-attribute utility scores) as well as generic multi-attribute preferencebased measures of quality life (HUI Health Index) at a point in time. We applied the
HUI Mark 3 (HUI3) proxy version, which consists of eight attributes: Vision, Hearing,
Speech, Ambulation, Dexterity, Emotion, Cognition and Pain. Each attribute has five
or six levels4 (Supplementary Table 1A) and single-attribute scores range between 0
(severe impairment in that domain) and 1 (no impairment; Supplementary Table 1B).
Additionally, one attribute of the HUI Mark 2 (HUI2) system on Self-care was
measured. We used well-established HUI decision tables to generate HUI2 and HUI3
single-attribute utility scores for each patient at each assessment.9,10 We applied
coding algorithms to obtain overall HUI3 Health Index scores, which provide a global
HRQL estimation as product of the distinct attribute scales (Supplementary Table
1C).10 The HUI Health Index score represents the patient’s state on a scale from 0
(equivalent to death) to 1 (equivalent to perfect health). The minimum score is a
negative score ( -0.36) and all negative scores indicate a most disabled state that
was rated ‘worse than dead’ in the preference survey among the general
population.10 A difference of 0.03 or greater in HUI Health Index score is considered
clinically meaningful.11,12
In the case of missing data we applied inspection and logical deduction according to
guidelines of Naeim et al., if possible.13 If more than 2 attribute scores were missing,
the concerning inventory was excluded from the study (1% of the inventories). We
used hot deck imputation with pattern similarity to impute the few remaining missing
values up to a maximum of two domains.13 Imputations were only calculated for the
HUI3 attribute scores on Cognition in 3% of the inventories and for the scores on
Emotion in 1% of the inventories.

7

In order to analyze the evolution of HUI Health Index scores over time, we gave each
patient a baseline score, corresponding to age-matched reference scores from HUI
Mark3 reference population data14,15 for the time point ‘disease onset’. As references
scores are not available for individuals younger than 5 years, we also applied the
reference score of 0.92 of the general population at age 5 for patients under 5. For
death we used a score of -0.5, deviating from the HUI utility scale where death is
defined as a value of 0. We did this, because numerous patients had negative scores
during life, while being happy, as evaluated with the Emotion score, which is not in
line with worse than dead. Also the score of such patients would otherwise rise from
below 0 during life to 0 at death. Changing death status from zero to -0.5 alters the
meaning of the negative scores, but does not influence the statistical characteristics
of the scale. We gave deceased patients in whom no HUI questionnaire was
obtained because of age younger than 2 years or because of nonresponse a score
for two time points (baseline score at onset and end score at death).
Guys Neurological Disability Scale: The GNDS, also known as the Neurological
disability Scale (NDS) or the UK Neurological disability Scale (UKNDS), is a reliable
measure to assess neurological disability.16 The system was created to assess
outcome measures in Multiple Sclerosis (MS) in a generic, patient-oriented,
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multidimensional way, not biased towards any particular disability.16 As VWM and MS
are comparable in terms of involvement of central nervous system white matter
structures and chronic disease progression with additional episodic worsening, we
decided to apply the GNDS to assess the neurological function in our cohort of VWM
patients. Nowadays, the scale is also applied in other neurological disorders, such as
spina bifida and neuropathy.17,18 The system has proven to also be reliable when
applied as a postal questionnaire.16,19 The questionnaire is directed to assess the
patient’s disability in the previous month on the basis 12 separate subcategories:
Cognitive disability, Mood disability, Visual disability, Speech and communication
disability, Swallowing disability, Upper-limb disability (hereafter called ‘Arm’, Lowerlimb disability (hereafter called ‘Leg’), Bladder disability, Bowel disability, Sexual
disabilities, Fatigue, and ‘Other disabilities’. Each domain is scored according to a six
level severity scale ranging from 0 (no disability) up to 5 (maximum possible
disability; Supplementary Table 4). The grades in each sub-scale are arranged so
that each step represents approximately the same level of disability in each domain.
An overall score describing the patient’s total disability (GNDS sum score) is reached
by summing up all 12 sub-scores, with a minimum of 0 and a maximum of 60 in the
case of maximum possible disability. A change of three or more points in the sum
score is considered as clinically relevant.16,20
We followed the GNDS system instructions16 for dealing with missing values: missing
values on Mood disability were scored as the mean of the Cognitive disability and
Fatigue scores (2% of the inventories); missing scores on Fatigue were scored as the
mean of Cognitive and Mood disability (2% of the inventories). For Sexual disabilities,
we imputed the score on the basis of the round off mean of the Leg, Bladder and
Bowel disability scores in the case of a missing score and also in the case of young
and/or celibate patients (89% of the inventories), in order to avoid an
unrepresentative bias towards a good outcome. Because of the large number of
imputations for Sexual disability, we left this item out in the results section except for
the calculation of the GNDS sum score. In the case of missing values in other
domains, we performed hot deck imputation in a manner similar to the processing of
the HUI data, up to a number of two missing values. When more items were missing,
the inventory concerned was excluded from analysis (5% of the inventories). For the
domains Vision, Swallowing, Bladder, Bowel and Others we imputed the scores in
1% of the inventories.

Age of onset categories
We used age of onset information derived from the natural history study on disease
course (Chapter 6) to categorize the patients into the same six groups for the current
study: antenatal - early infantile: <1 year (1), late infantile: 1 - <2 years (2), early
juvenile: 2 - <4 years (3), juvenile: 4 - <8 years (4), late-juvenile -adolescent: 8 - <18
years (5) and adult-RQVHW\HDUV 6). The disease onset was defined as the age
at which the first neurological sign had in retrospect been noted. The disease
duration was defined as the time from disease onset onwards.
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For certain analyses we preferred a less detailed subdivision of age of onset groups;
on the basis of the results of the natural history study (Chapter 6) and the current
study, we chose the following categories: early onset: <4 years; intermediate onset: 4
- <18 years and late onset: \HDUV

Analysis and statistics
We performed data analysis and descriptive statistics with SPSS version 22 (Armonk,
NY: IBM Corp) and GraphPad Prism version 6.07 (San Diego California USA).

7

We compared HUI Health Index scores in relation to disease duration per age of
onset group via linear mixed models, with fixed effects for age of onset group and
disease duration, and their two-way interaction. Although not all were normally
distributed, we analyzed the degree of disability per HUI attribute and GNDS domain
per age of onset category by mean values, as this represented the center of the four
XSWRVL[OHYHOGDWD¶VGLVWULEXWLRQPRVWDFFXUDWHO\
We created spider plots using eight selected HUI single attribute scores and nine
selected GNDS domain scores. For the HUI, the attribute Pain was omitted because
pain was not a prominent feature and the score of this attribute is known to be less
reliable.21 For the GNDS, Sexual ability, Fatigue and Other were omitted because
these scores were not very informative in our patient population. The spider plot data
separately concern mild, intermediate and severe disability as assessed by the HUI
Health Index and GNDS sum scores. The values in the spider plots represent mean
scores for the early (<4 years) and late (t18 years) age of onset patient categories.
By contrasting these two categories, we aimed at more clearly illustrating the effect of
age of onset on the relative involvement of different domains along the disease
course. The two age of onset categories were compared using the independent
samples t-test; a p-value <0.05 was considered significant. In the plots on GNDS
scores, the order of domains was based on the order of the items in the
questionnaires. The order of the HUI domains was adapted to create analogy with
the GNDS spider plots for overlapping items. N.B. for the HUI a higher score is
associated with better function, while for the GNDS a higher score is associated with
worse function.
We used linear regression to analyze the relation of GNDS sum scores and HUI
Health Index scores as well as domain specific scores with comparable disabilities
measured by both HUI and GNDS within patients at similar time points.

RESULTS
Study population
Two hundred ninety six patients were eligible for the natural history study. Five
patients were excluded because of lack of information on age of onset, bringing the
total to 291. An overview of obtained data is provided in Table 1. Two hundred sixty
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two patients were eligible for formal HUI scoring on the basis of the age criterion of
\HDUV:HREWDLQHGDWOHDVWRQHURXQGRIIRUPDO+8,LQYHQWRU\LQRISDWLHQWV
(171/262) at disease durations ranging from 6 months to 38 years. In several patients
more than one HUI inventory was performed, bringing the total number of HUI
inventories on 258.
)RU*1'6VFRULQJSDWLHQWVZHUHHOLJLEOHRQWKHEDVLVRIWKHDJHFULWHULRQRI
years. In 64% of patients (114/178) at least one round of GNDS inventory was
obtained at disease durations ranging from 1 to 38 years. In several patients more
than one GNDS inventory was performed, bringing the total number of GNDS
inventories on 172.

Table 1 | Overview of obtained HUI and GNDS scores per age of onset group
Age of onset number Deceased patients
Number of formal
Number of formal
group
of
only included in
HUI scores
GNDS scores
patients
HUI baseline
(258 scores in 171
(172 scores in 114
(total:
patients)
patients)
+ end scores*
291)
(total: 60)
1
2
3
4
1
2
3
4
<1 y (1)
33
27
2
1 - <2 y (2)
51
13
19
7
1
3
2
2 - <4 y (3)
90
16
35
15
4
1
20
5
1
1
4 - <8 y (4)
49
2
20
10
7
2
21
6
6
2
8 - <18 y (5)
30
1
12
5
3
1
12
5
3
1
\ 
38
1
20
6
1
19
6
1
Median disease duration
6 y 10 y 16 y
23 y
9 y 16 y 24 y
23 y
[quartiles]
[3-11] [5-18] [10-30] [16-28] [6-15] [9-24] [15-31] [16-28]
y = years; *In these patients no formal HUI scoring had been performed because of age younger than
2 years or because of nonresponse: they received scores for two time points (baseline score at onset
and end score at death).

HUI Health Index
The overall median HUI Health Index score derived from formal assessments across
all time points was 0.21 (quartiles -0.14 - 0.69). Thirty-six percent of scores (93/258)
was negative. In addition to the formal assessments, we gave all patients a standard
baseline score at disease onset. In some patients the HUI score initially improved as
a result of a better score at the first formal assessment as compared to the standard
baseline score. We gave 60 deceased patients in whom no formal HUI scoring had
been performed a standard baseline score and the end score of -0.5 for death. The
disease course per patient on the basis of all HUI scores from disease onset up to
last follow-up or death is depicted in Figure 1A. There was a wide variability in
disease course, but later onset was generally associated with less disability and
lower mortality. The HUI Health Index scores per age of onset group in relation to
disease duration are depicted in Figure 1B and show a wide variability.
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Figure 1 | Disease course in VWM patients as assessed by HUI Health Index scores. Graphs
depict disease course in relation to age (A) and disease duration (B). One line represents one patient.
Age of onset groups are marked by different colors. Scores range from -0.50 (dead) to 1 (perfectly
healthy). Solid lines represent patients in whom one or more formal scores were obtained. Dotted lines
represent patients in whom only baseline and death scores were available. In some patients the score
initially improves as a result of a better score at the first formal assessment compared to the standard
baseline score.
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Analysis at group level by linear mixed model analysis showed that the course of HUI
Health Index scores differed significantly between the age of onset groups (p <0.001;
Figure 2). Disease progression was most rapid in group 1 (age of onset <1 year),
followed by group 2 (age of onset 1- <2 years) and subsequently group 3 (age of
onset 2 -\HDUV 2YHUDOOVFRUHVLQJURXS RQVHW\HDUV ZHUHVOLJKWO\ORZHU
than in groups 4 (age of onset 4-<8 years) and 5 (age of onset 8-<18 years), but
there were no significant differences between the latter three groups.

Figure 2 | Mixed models linear analysis for HUI Health Index per age of onset group. Overall
there was a significant age of onset effect on disease progression (p<0.001), but there were no
significant differences between groups 4 (onset 4 - <8 years), 5 (onset 8 - \HDUV DQG RQVHW
years). The lines of groups 4 and 5 overlap and are therefore depicted as dashed lines.

HUI single-attribute scores
The frequency of scores per HUI attribute is displayed in Supplementary Table 3.
Reduced quality of life was found in one or more of the eight attributes in all but 15
out of 258 inventories. In decreasing order of frequency, the attributes affected most
severely on the basis of mean single-attribute scores were Ambulation, Self-care,
Dexterity, Cognition, Speech, Vision, Emotion, Pain and Hearing.
We observed that patients with early onset disease had different clinical
characteristics than patients with late onset disease: dependent on age of onset,
there were differences in the distribution of disability scores in different stages of the
disease. We therefore made spider plots presenting the distribution of the HUI single
attribute scores (except for Pain) for the early and the late age of onset categories
and separately for mild, intermediate and severe disability, as assessed by the
overall HUI Health Index score (Figure 3, upper panel). In the case of mild disability,
early onset was typically associated with motor signs (ambulation and dexterity
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disability and loss of self-care), while late onset patients more often presented
cognitive problems early in the disease course (Figure 3A). Along with disease
progression, there was a profound loss of function on multiple attributes. In the
intermediate disability stage, motor problems were already severe in early onset
patients (Figure 3B). In the case of severe disability, profound motor problems, loss
of self-care and moderate up to severe cognitive decline was invariably present in
both age of onset categories (Figure 3C). Hearing and Emotion were generally
spared. An overview of mean scores and confidence intervals of all HUI attributes for
all three age of onset categories is presented in Supplementary Figure 1.

7

Figure 3 | Spider plots of selected HUI and GNDS scores for the early and late age of onset
categories. Mean HUI single attribute scores and GNDS domain scores are shown for three different
GLVHDVH VWDJHV IRU HDUO\  \HDUV EODFN OLQH  DQG ODWH  \HDUV RUDQJH OLQH  RQVHW 9:0 +8,
+HDOWK ,QGH[ VFRUHV RI  - 1.0 represent mild to no disability (A), scores of 0 - <0.5 represent
intermediate disability (B) and scores of -0.36 - 0 represent severe disability (C). HUI Attribute scores
range from 0.0 (most disabled) to 1.0 (normal status). GNDS sum score <10 represents mild disability
(D), 10 - <30 represents intermediate disability (E  DQG D VFRUH  UHSUHVHQWV VHYHUH disability (F).
GNDS domain scores range from 0 (normal status) to 5 (total loss of function). HUI Attributes and
GNDS domains in which the scores of the early and late age of onset categories are significantly
different are indicated by *(p<0.05), **(p<0.01) and ***(p<0.001).
In the plots on GNDS scores, the order of domains was based on the order of the items in the
questionnaires. The order of the HUI domains was adapted to create analogy with the GNDS spider
plots for overlapping items. N.B. for the HUI a higher score is associated with better function, while for
the GNDS a higher score is associated with worse function.
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Quality of life - Impact on emotion
Considering the large number of negative formal HUI Health Index scores (n=93),
representing a state considered worse than dead by the general population, we
evaluated the scores on the HUI attribute Emotion (Figure 4). The majority of
patients, including those with negative HUI health index scores, scored in the two
most positive emotion scores (‘happy and interested in life’ or ‘somewhat happy’). Of
patients with the lowest HUI Health Index scores (<-0.2), only 28% scored in the two
most severe Emotion scores (‘very unhappy’ or ‘so unhappy that life is not
worthwhile’); in patients with the second lowest HUI Health Index scores (-0.2 - <0),
this was 7%. In total, only eight out of 258 Emotion scores represented a state ‘so
unhappy that life is not worthwhile’.

7
Figure 4 | Individuals’ HUI Emotion scores in relation to their formal HUI Health Index scores.
HUI Health Index scores range from -0.36 (most disabled state) to 1 (no handicap). 1= Happy and
interested in life; 2= Somewhat happy; 3=Somewhat unhappy; 4= Very unhappy; 5= So unhappy that
life is not worthwhile.

Guys Neurological Disability Scale
The overall median GNDS sum score (across all time points) was 21 (quartiles 10 33). The distribution of scores per GNDS domain is displayed in Supplementary
Table 4. Disability was found in one or more of the 12 domains in all of the 172
inventories. In decreasing order of frequency, the leading causes of morbidity on the
basis of mean scores were disabilities concerning Legs, Arms, Cognition, Bladder,
Speech, Other, Fatigue, Bowel, Mood, Swallowing and Vision. The discrepancy
between the HUI and GNDS scores on visual function can be explained by the
difference in rating systems, where the HUI does and GNDS does not consider
wearing glasses/contact lenses as abnormal (Supplementary Tables 1 and 2).
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To analyze the differences in clinical characteristics in various stages of the disease
between patient with early and late disease onset, we made spider plots to depict the
distribution of GNDS domain scores (except for Sexual ability, Fatigue and Other) for
the early and the late age of onset categories and separately for mild, intermediate
and severe disability, as assessed by the GNDS sum score (Figure 3, lower panel).
In correspondence with the HUI results, early onset cases typically presented motor
signs in early disease stages (Arm and Leg disability), while late onset patients more
often presented cognitive problems early in the disease course (Figure 3D). Along
with disease progression, there was loss of bladder and bowel function.
Speech/Communication was better preserved in late onset cases (Figure 3E - F).
Mood was relatively spared among early onset cases. An overview of mean scores
and confidence intervals of all GNDS domain scores for the three age of onset
categories is presented in Supplementary Figure 2.

Other problems
In 51% of the questionnaires (87/172) other problems due to VWM were mentioned
in addition to the 11 GNDS domains. The most commonly reported problems were
muscle spasms/cramps, limb pain and headache, followed by dizziness and seizures
(Supplementary Table 5).

Correlation HUI and GNDS scores

7

In order to evaluate the relation between the disability scores derived from the HUI
and the GNDS, we compared the overall HRQL scores from both systems and a
found significant correlation between individuals’ HUI Health Index and GNDS sum
score (p<0.001, r2 = 0.82, Supplementary Figure 3). Comparison of scores on
domains that were covered by both systems, obtained at the same time points,
showed a significant correlation for all domains (p<0.001); ‘HUI3 Cognition’/‘GNDS
Cognitive disability’(r2 =0.57), ‘HUI3 Vision’/‘GNDS Visual disability’(r2 =0.69), ‘HUI3
‘HUI3
Speech’/
‘GNDS
Speech/communication
disability’,
(r2 =0.57),
2
Ambulation’/’GNDS Leg disability’ (r =0.78), and ‘HUI3 Dexterity’/‘GNDS Arm
disability’(r2 =0.77).

DISCUSSION
The purpose of this study was to estimate HRQL in VWM patients with different ages
of onset and disease courses in a standardized way and on the basis of broaderranging domains than the robust clinical parameters applied in the other part of the
natural history study (Chapter 6). Disability is an important disease consequence as it
determines the patients’ capabilities to perform daily activities. It is an essential
parameter for health services because it defines the type and level of care needed
and it determines the social and economic impact of the disease. Assessment of
quality of life may contribute to better understanding between physicians, patients
and caregivers. Also for proper trial design it is crucial to have information on
changes on clinical scales over time.
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Our results show that VWM is a heterogeneous disorder with diverse disease
trajectories. Analysis of disease progression on the basis of HUI Health Index scores
indicates a clear age of onset effect, although even within age of onset groups
relatively broad individual variability is seen. As reported (chapter 6), disease onset
<2 years is invariably associated with a rapidly progressive, fatal disease. In other
age of onset groups variability is wider. No significant differences in the rate of
deterioration are present between patients with juvenile onset (4 - <8 years), latejuvenile to adolescent onset (8 - \HDUV DQGDGXOWRQVHW \HDUV 7KHOLQHDU
mixed model gives a global indication of disease progression on group level, but no
individual
conclusions
should
be
drawn
from
these
predictions.
(YDOXDWLRQ RI SDWLHQWV¶ Vcores on the different HUI attributes and GNDS domains
provides insight into the distribution of loss of function over time. The domains
ambulation and dexterity are most severely affected. The majority of patients are
dependent on carers for eating, bathing, dressing and/or toilet use. Over time, loss of
bladder and bowel function occurs and in advanced disease stage speech and
swallowing are affected. Compared to children, who have prominent motor problems
early in the disease, adult onset patients have more prominent cognitive problems in
early disease stages and they are more likely to have preserved speech function in
advanced disease stages. Vision and hearing remain relatively intact in all patients.
In general, pain is not a prominent feature.
The attribute utility scores of the HUI do not only represent a measure of health
status, but also embody the subjective views of society on objectively defined health
status features, as obtained from a random sample of 504 people from Hamilton,
Ontario, Canada.10 A remarkable finding of our study was that, despite the outcome
that 1/3 of HUI +HDOWK ,QGH[ VFRUHV UHSUHVHQWHG D µZRUVH WKDQ GHDWK¶ KHDOWK VWDWH
PRVW SDWLHQWV ZHUH SHUFHLYHG DV µKDSS\¶ RU µVRPHZKDW KDSS\¶ DV LQGLFDWHG E\ WKH
VFRUHV RQ WKH +8, DWWULEXWH µ(PRWLRQ¶ 7KLV GLVFUHSDQF\ VXJJHVWV WKDW WKH VRFLHW\¶V
perspective may not correspond to the perceived quality of life of affected individuals
or their care-givers. Compared to the reference point of a healthy individual, the life of
a VWM patient would appear dreary. However, from the perspective of a patient,
quality of life may be perceived very differently. This phenomenon is known as the
µGLVDELOLW\ SDUDGR[¶ WKH ILQGLQJ WKDW SHRSOH ZLWK VHULRXV DQG SHUVLVWHQW GLVDELOLWLHV
report that they experience a good or excellent quality of life while to most external
observers, these individuals seem to live an undesirable life.22 Along with disease
progression, patients may adjust their subjective perception of quality of life and
adapt to their new functional abilities. This change of internal standards and values or
µUHVSRQVH-VKLIW¶23 is not represented in the HUI. The HUI detects change in symptoms
and functions, but the values of health states are fixed and are not allowed to shift
according to the experience of patients or carers. Importantly, in the majority of
SDWLHQWVWKHUHVSRQVHVZHUHJHQHUDWHGE\SUR[LHVDVWKHSDWLHQWV¶FRQGLWLRQVGLGQRW
allow self-report. There is evidence that both parents and health professionals tend to
provide lower valuations for HRQL than affected patients themselves, 24-26 suggesting
that the discrepancy between HRQL as perceived by the patients and as perceived
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by society would be even greater. The here observed finding that perceived quality of
life by patients and carers contrasts with HRQL as measured through public
preferences has been described before in other neurological disorders, such as
Duchenne muscular dystrophy and cerebral palsy.26,27 No agreement exists on how
to rate HRQL and do justice to both the objective function and the subjective
judgement. Consequently, different HRQL scoring systems rate similar clinical
conditions in different ways and a perfect system does not exist.
This study has some limitations. The multicenter nature of the study prohibited the
application of strict intervals for the clinical scoring. Death was a common cause of
missing data and together with loss to follow-up resulted in numerous missing data in
all age of onset groups. We have no evidence that non-response was in any way
systematic. The large number of patients included enhanced the power of the study,
compensating for missing data. Another issue is that the interpretation of the data
was hampered by survival effects, with longer follow-up and therefore more follow-up
data on patients with milder disease course.
This study also has important strengths, including the large population size for a rare
disease, the longitudinal character with a study duration of 12½ years, and the use of
standardized instruments that have been extensively validated in diverse
populations.5,16,19,28,29 The latter also enables the comparison of the burden of VWM
to other patient groups. The finding that evaluation of scores on domains that were
covered by both the HUI and the GNDS showed a significant correlation for all
domains supports the application of these questionnaires in VWM. Overall, this study
provides robust insights into domains of disability in VWM and reveals age of onset
related differences in disease course.

7
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SUPPLEMENTARY DATA
Supplementary methods
Supplementary Table 1| Health Utilities Index Classification System
1A. HUI Scoring
HUI Mark 2 - SELF-CARE
1 Eats, bathes, dresses, and uses the toilet normally for age
2 Eats, bathes, dresses, or uses the toilet independently with difficulty.
3 Requires mechanical equipment to eat, bathe, dress, or use the toilet independently.
4 Requires the help of another person to eat, bathe, dress, or use the toilet.
HUI Mark 3 - VISION
Able to see well enough to read ordinary newsprint and recognize a friend on the other side of the street, without
1
glasses or contact lenses.
Able to see well enough to read ordinary newsprint and recognize a friend on the other side of the street, but with
2
glasses.
Able to read ordinary newsprint with or without glasses but unable to recognize a friend on the other side of the
3
street, even with glasses.
Able to recognize a friend on the other side of the street with or without glasses but unable to read ordinary
4
newsprint, even with glasses.
Unable to read ordinary newsprint and unable to recognize a friend on the other side of the street, even with
5
glasses.
6 Unable to see at all.
HUI Mark 3 - HEARING
1 Able to hear what is said in a group conversation with at least three other people, without a hearing aid.
Able to hear what is said in a conversation with one other person in a quiet room without a hearing aid, but
2
requires a hearing aid to hear what is said in a group conversation with at least three other people.
Able to hear what is said in a conversation with one other person in a quiet room with a hearing aid, and able to
3
hear what is said in a group conversation with at least three other people, with a hearing aid.
Able to hear what is said in a conversation with one other person in a quiet room, without a hearing aid, but unable
4
to hear what is said in a group conversation with at least three other people even with a hearing aid.
Able to hear what is said in a conversation with one other person in a quiet room with a hearing aid, but unable to
5
hear what is said in a group conversation with at least three other people even with a hearing aid.
6 Unable to hear at all.
HUI Mark 3 - SPEECH
1 Able to be understood completely when speaking with strangers or friends.
Able to be understood partially when speaking with strangers but able to be understood completely when
2
speaking with people who know me well.
3 Able to be understood partially when speaking with strangers or people who know me well.
Unable to be understood when speaking with strangers but able to be understood partially by people who know
4
me well.
5 Unable to be understood when speaking to other people (or unable to speak at all).
HUI Mark 3 - AMBULATION
1 Able to walk around the neighbourhood without difficulty, and without walking equipment.
Able to walk around the neighbourhood with difficulty; but does not require walking equipment or the help of
2
another person.
3 Able to walk around the neighbourhood with walking equipment, but without the help of another person.
Able to walk only short distances with walking equipment, and requires a wheelchair to get around the
4
neighbourhood.
Unable to walk alone, even with walking equipment. Able to walk short distances with the help of another person,
5
and requires a wheelchair to get around the neighbourhood.
6 Cannot walk at all.
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HUI Mark 3 - DEXTERITY
1 Full use of two hands and ten fingers.
2 Limitations in the use of hands or fingers, but does not require special tools or help of another person.
Limitations in the use of hands or fingers, is independent with use of special tools (does not require the help of
3
another person).
Limitations in the use of hands or fingers, requires the help of another person for some tasks (not independent
4
even with use of special tools).
Limitations in use of hands or fingers, requires the help of another person for most tasks (not independent even
5
with use of special tools).
Limitations in use of hands or fingers, requires the help of another person for all tasks (not independent even with
6
use of special tools).
HUI Mark 3 - EMOTION
1 Happy and interested in life.
2 Somewhat happy.
3 Somewhat unhappy.
4 Very unhappy.
5 So unhappy that life is not worthwhile.
HUI Mark 3 - COGNITION
1 Able to remember most things, think clearly and solve day to day problems.
2 Able to remember most things, but have a little difficulty when trying to think and solve day to day problems.
3 Somewhat forgetful, but able to think clearly and solve day to day problems.
4 Somewhat forgetful, and have a little difficulty when trying to think or solve day to day problems.
5 Very forgetful, and have great difficulty when trying to think or solve day to day problems.
6 Unable to remember anything at all, and unable to think or solve day to day problems.
HUI Mark 3 - PAIN
1 Free of pain and discomfort.
2 Mild to moderate pain that prevents no activities.
3 Moderate pain that prevents a few activities.
4 Moderate to severe pain that prevents some activities.
5 Severe pain that prevents most activities.

1B. HUI Single-Attribute Utility Functions
Level

7

Selfcare Vision
Hearing
Speech
HUI 2
HUI 3
HUI 3
HUI 3
1
1.00
1.00
1.00
1.00
2
0.85
0.95
0.86
0.82
3
0.55
0.73
0.71
0.67
4
0.00
0.59
0.48
0.41
5
n.a.
0.38
0.32
0.00
6
n.a.
0.00
0.00
n.a.
From Torrence GW et al.9 and Feeny D et al.10
n.a.: not applicable

Ambulation
HUI 3
1.00
0.83
0.67
0.36
0.16
0.00

Dexterity
HUI 3
1.00
0.88
0.73
0.45
0.20
0.00

Emotion
HUI 3
1.00
0.91
0.73
0.33
0.00
n.a.

Cognition
HUI 3
1.00
0.86
0.92
0.70
0.32
0.00

Pain
HUI 3
1.00
0.92
0.77
0.48
0.00
n.a.

1C. HUI3 Multi-Attribute Utility Function
Level
Vision
Hearing
Speech
Ambulation
Dexterity
Emotion
Cognition
Xn
b1
b2
b3
b4
b5
b6
b7
1
1.00
1.00
1.00
1.00
1.00
1.00
1.00
2
0.98
0.95
0.94
0.93
0.95
0.95
0.92
3
0.89
0.89
0.89
0.86
0.88
0.85
0.95
4
0.84
0.80
0.81
0.73
0.76
0.64
0.83
5
0.75
0.74
0.68
0.65
0.65
0.46
0.60
6
0.61
0.61
n.a.
0.58
0.56
n.a.
0.42
From Feeny D et al.10
Where xn is the attribute level and b n is the attribute utility score.
Formula (Dead - Perfect Health scale) u* = 1.371 (b1 * b2 * b3 * b4 * b5 * b6 * b7 * b8) - 0.371
where u* is the utility of a chronic health state on a utility scale where healthy has a utility of 1.00.
n.a.: not applicable

Pain
b8
1.00
0.96
0.90
0.77
0.55
n.a.
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Supplementary Table 2 | Guy's Neurological Disability Scale
1. Cognitive disability
0 No cognitive problems.
1 Cognitive problems not noticeable to family or friends.
2 Cognitive problems noticeable to family or friends but not requiring help from others.
Cognitive problems requiring help from others for normal daily affairs; patient is fully orientated in time, place and
3
person.
4 Cognitive problems requiring help from others for normal daily affairs; patient is not fully orientated.
5 Patient is completely disorientated in time, place and person.
2. Mood disability
0 No mood problems
1 Asymptomatic on current drug treatment.
2 Mood problems present but not affecting the patient's ability to perform any of their usual daily activities.
3 Mood problems affecting the patient's ability to perform some of their usual daily activities.
4 Mood problems preventing the patients from doing all their usual daily activities.
5 Mood problems requiring inpatient management.
X Unknown (scored as the mean of the cognitive and fatigue disability scores rounded the nearest integer).
3. Visual disability
0 No visual problems.
1 Visual problems (blurred vision, diplopia, scotomas) but patient is still able to read ordinary newspaper print.
2 Unable to read ordinary newspaper print.
3 Unable to read large newspaper print.
4 Unable to count fingers if they hold their hand out in front of them.
5 Unable to see hand movement if they move their hand in front of them.
4. Speech and communication disability
0 No speech problems.
1 Speech problems which does not require the patient to repeat themselves when speaking to strangers.
2 Speech problems which require the patient to repeat themselves when speaking to strangers.
3 Speech problems which require the patient to repeat themselves when speaking to their family and close friends.
Speech problems making speech difficult to understand; patient is able to communicate effectively by using
4
sign language or the help of their carers.
Speech problems making speech difficult to understand, patient is unable to communicate effectively by using
5
sign language or the help of their carers.
5. Swallowing disability
0 No swallowing problems.
1 Needs to be careful when swallowing solids or liquids but not with most meals.
Needs to be careful when swallowing solids or liquids with most meals; patient is able to eat food of normal
2
consistency.
3 Needs specially prepared food of modified consistency.
4 Tendency to choke with most meals.
5 Dysphagia requiring nasogastric or gastrostomy tube.
6. Upper limb disability – referred to as “Arm”
0 No upper limb problem.
1 Problems in one or both arms, not affecting the ability to do any of the functions listed.
2 Problems in one or both arms, affecting some but not preventing any of the functions listed.
3 Problems in one or both arms, affecting all or preventing one or two of the functions listed.
4 Problems in one or both arms preventing three or all of the functions listed.
5 Unable to use either arm for any purposeful movements.
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7. Lower limb disability - referred to as “Leg”
0 Walking is not affected.
1 Walking is affected but patient is able to walk independently.
2 Usually uses unilateral support (single stick or crutch, one arm) to walk outdoors, but walks independently indoors.
Usually uses bilateral support (two sticks or crutches, frame, or two arms) to walk outdoors, or unilateral support
3
(single stick or crutch, or one arm) to walk indoors.
Usually uses wheelchair to travel outdoors, or bilateral support (two sticks or crutches, frame, or two arms) to walk
4
indoors.
5 Usually uses a wheelchair indoors.
8. Bladder disability
0 Normal bladder problems.
1 Asymptomatic on current drug treatment.
2 Urinary frequency, urgency, or hesitancy with no incontinence.
Occasional urinary incontinence (once or more during the last month but not every week) or intermittent
3
catheterisation without incontinence.
Frequent urinary incontinence (once a week or more during the last month but not daily) or occasional urinary
4
incontinence despite regular intermittent catheterisation.
5 Daily urinary incontinence or permanent catheter (urethral/suprapubic) or penile sheath.
9. Bowel disability
0 No bowel problems.
1 Asymptomatic on current drug treatment or constipation not requiring any treatment.
2 Constipation requiring laxatives or suppositories or faecal urgency.
3 Constipation requiring the use of enemas.
Constipation requiring manual evacuation of stools or occasional faecal incontinence (once or more during the last
4
month but not every week).
5 Weekly faecal incontinence.
10. Sexual disabilities
0 Normal sexual functions or persons who are voluntarily celibate.
1 Reduced sexual interest.
2 Problems satisfying oneself or sexual partner.
3 Physical problems interfering but not preventing sexual function.
4 Autonomic problems interfering but not preventing sexual function.
5 Physical or autonomic problems totally preventing sexual function.
X Unknown or not applicable (scored as the mean of the lower limb, bladder, and bowel disability scores rounded to
the nearest integer).
11. Fatigue
0 Absent.
1 Occasional fatigue (present some days).
2 Frequent fatigue (present most days).
3 Fatigue affecting the patient's ability to perform some of their usual daily activities.
4 Fatigue preventing the patient from doing all their usual daily activities.
5 Fatigue preventing the patient from doing all their physical activities.
X Unknown (scored as the mean of the cognitive and mood disability scores rounded to the nearest integer).
12. Other disabilities
0 Absent.
1 Asymptomatic on current drug treatment.
2 Problems, present, but are not affecting the patient's ability to perform any of their usual daily activities.
3 Problems affecting the patient's ability to perform some of their usual daily activities.
4 Problems preventing the patient from doing all their usual daily activities.
5 Problems requiring hospital admission for assessment or treatment.
From Sharrack B et al.16
The GNDS is also known as the Neurological disability Scale (NDS) or the UK Neurological disability Scale (UKNDS)
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Supplementary results
Supplementary Table 3 | Frequency distribution of HUI attribute levels
HUI3
HUI3
HUI3
Level
Cognition Emotion Vision
1 (normal)
77
150
136
2
46
65
72
3
10
20
3
4
46
15
10
5
31
8
17
6 (most disabled)
48
n.a.
20
Mean single0.65
0.89
0.85
attribute score
The mode frequency is highlighted in green

HUI3
Speech
134
47
29
9
39
n.a.

HUI3
Hearing
238
4
2
4
0
10

0.76

0.95

HUI3
HUI3
Dexterity Ambulation
66
46
51
31
8
18
30
30
33
30
70
103
0.53

HUI3
Pain
134
72
32
17
3
n.a.

HUI2
Self-care
71
45
3
139
n.a.
n.a.

0.90

0.43

0.39

Supplementary Table 4 | Frequency distribution of GNDS score per disability domain

Level
Cognitive Mood Visual*
0 (normal)
54
105
122
1
2
2
12
2
10
24
15
3
52
20
7
4
35
14
7
5 (total loss of
19
7
9
function)
Mean domain
2.40
1.17
0.79
score

Speech /
Communication
79
23
0
31
9

Swallowing
Arm Leg Bladder Bowel Fatigue Others**
120
40 34
85
101
72
85
9
8
15
0
10
19
1
6
13 13
14
22
22
19
9
32 11
7
9
27
25
11
33 17
11
10
8
22

30

17

1.76

1.03

46

82

2.86 3.21

55

20

24

20

2.14

1.28

1.72

1.76

The mode frequency is highlighted in green
* The discrepancy between the HUI and GNDS scores on visual function can be explained by the difference in rating
systems, where the HUI does and GNDS does not consider wearing glasses/contact lenses as abnormal
(Supplementary Tables 1A and 2).
** see Supplementary Table 5

Supplementary Table 5 | Overview GNDS domain ‘Other’ problems
Reported problem
muscle spasms / cramps
pain limbs
Headache/migraine
Dizziness
Seizures
Spasticity
Osteoporosis
Rigidity
Balance problems
Autonomic neuropathy
Scoliosis
Aggression
Gastroparesis
Decubitus

n=
24
15
14
9
9
5
3
3
1
1
1
1
1
1
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Supplementary Figure 1 | Distribution of HUI attribute levels. Mean scores per attribute level and 95% confidence
intervals are shown for patients with (A) mild disability - +8,+HDOWK,QGH[- 1.0, (B) intermediate disability - HUI
+HDOWK,QGH[- <0.5 and (C) severe disability - HUI Health Index -0.36 - <0.0, with a subdivision for age of onset.
A single-attribute score of 1.0 represents normal status, a score of 0.0 represents a most disabled status.
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Supplementary Figure 2 | Distribution of GNDS scores per domain. Mean scores per domain and 95% confidence
intervals are shown for patients with (A) mild disability – GNDS sum score < 10, (B) intermediate disability - GNDS
sum score 10- < 30 and (C) severe disability - *1'6VXPVFRUHZLWKDVXEGLYLVLRQIRUDJHRI onset. A domain
score of 0 represents normal status and a score of 5 total loss of function.
* For this function the confidence interval ranges from -3 to 7.
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Supplementary Figure 3 | Correlation HUI Health Index and GNDS sum score. Linear regression analysis shows
a significant correlation between individuals’ HUI Health Index scores and GNDS sum scores

7
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White matter disorders comprise a large group of diseases with diverse pathologic
mechanisms. Genetic white matter disorders, leukodystrophies, mostly affect
children. They collectively have an estimated incidence of 1 in ~7500 livebirths,1 but
each individual disease is extremely rare, qualifying for the term “orphan disease”.
This term implies two separate but related concepts: I) the diseases affect only small
numbers of individuals, II) the diseases are largely neglected by professionals.2 As a
consequence, the field of leukodystrophies has long suffered from a deficit of medical
and scientific attention and knowledge. Fortunately, over the past 3 decades major
developments have been made in the classification and recognition of
leukodystrophies, owing to technological developments such as advanced brain
imaging techniques and advanced genetic analyses. Curative therapies are currently
restricted to only a few specific diseases, but with improved understanding of the
pathologic mechanisms and increasing technological possibilities, hope for
therapeutic options is rising for a growing number of leukodystrophies. Such
developments may, however, not be relevant for patients suffering from
leukodystrophy today. Research should therefore also be focused on symptomatic
and supportive patient care.
The work described in this thesis concerns clinical and genetic aspects of 4 different
leukodystrophies. This chapter outlines the background of the research, summarizes
and discusses the main findings and implications, and addresses future directions.

CHALLENGES IN THE FIELD OF LEUKODYSTROPHIES
Establishing a diagnosis

8

“Leukodystrophy” is a broad term that captures a heterogeneous patient population
both in terms of clinical symptoms and age of onset. The presence of a white matter
disorder is usually established by MRI, but reaching a definitive diagnosis is a
challenging task. It requires detailed knowledge of clinical features and neuroimaging
details. Several diseases closely resemble each other. On the other hand,
phenotypes associated with one particular disease can be very divergent. Identifying
the hallmark radiological features as well as key differentiating clinical phenotypes is
an essential part of diagnostication.
A recent inventory by The Global Leukodystrophy Initiative (GLIA) indicated that only
a minority of members of the “Society for Inherited Metabolic Disorders” and the
“Child Neurology Society” felt comfortable with the neuroimaging patterns and
diagnostic approaches for leukodystrophies.3 The diagnostic work-up in
leukodystrophy patients is time- and money-consuming and burdensome for patients
and families. A retrospective survey among 269 patients suspected of a
leukodystrophy indicated that, on average, 20 diagnostic tests were performed in
each patient.4
An important point of note is that establishing a radiological diagnosis is only possible
if the disorder has already been defined. Obtaining a molecular diagnosis is only
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possible if the associated gene defect has already been identified. Fortunately, the
combination of MRI, careful clinical evaluation and next generation sequencing
(NGS) is extremely powerful for both expediting the diagnostic process and
dramatically reducing the number of unsolved cases.

Scattered data
In phenotyping surveys, large cohorts of patients are required to reliably study
disease characteristics and to relate phenotype to genetic and environmental factors.
Increasing the numbers of patients in a survey increases the likeliness of identifying
patterns, for instance regarding provoking or prognostic factors that may otherwise
remain unnoticed. The extreme rarity of the different leukodystrophies has
unfortunately hindered adequate patient enrollment in epidemiological and
observational studies. Research initiatives are mostly small-scaled and monocentered, and different investigators often apply different methods and instruments,
hampering the comparison of data. Ideally, the collection of data would be multiinstitutional and systematic, with consistent use of data collection instruments.

International Classification of Diseases
Over the last years, the better access to MRI has led to improvement and
systematization of the diagnosis of leukodystrophies. Nevertheless, systems for
reporting and tracking such diagnoses are lacking. Consequently, the leukodystrophy
field is short of reliable epidemiological data on the prevalence and incidence of
disease variants in national and global populations. The true incidence may be higher
than currently reported.1,5 More detailed epidemiologic studies would be helpful, also
to justify financial support for research into these disorders based on their relevance
to public health. An additional difficulty for epidemiologic studies concerns the lack of
classification and condition-specific codes in the World Health Organization’s (WHO)
International Classification of Diseases (ICD). The ICD provides the international
standard diagnostic classification used for epidemiology studies, health system
management functions and clinical purposes. It allows monitoring of a diseases’
symptoms, their incidence and prevalence, as well as for instance observing
resource allocation trends.6 There are separate ICD codes for X-linked
adrenoleukodystrophy and metachromatic leukodystrophy, but more recently
described leukodystrophies such as Vanishing White Matter (VWM) are not explicitly
listed.7 The WHO, in collaboration with rare diseases organization Orphanet, has now
initiated an international advisory group on revision of the ICD codes. The new
release of ICD-11 will more adequately code rare diseases.8 Its recommendations
should strengthen the foundation for epidemiologic and fundamental research on rare
disease such as leukodystrophies, as electronic health record data can facilitate
research if patients with specific diseases can be easily and reliably identified.

Clinical knowledge
The presence of an MRI diagnosis or, preferably, molecular diagnosis, is an
important step for counseling of leukodystrophy patients and families. A common

8
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misconception, also among clinicians, is that all leukodystrophies are associated with
rapidly progressive loss of functions and early death. There is, however, very wide
variability in disease severity and one leukodystrophy can have a wide clinical
spectrum, also comprising relatively mild phenotypes. Physicians need sufficient
knowledge of the disease and the associated phenotypic spectrum to place a
diagnostic test into a clinical context. For the prediction of disease progression,
insight in prognostic factors such as age of onset and genotype-phenotype
correlations is required. For decisions on preventive and therapeutic strategies,
knowledge of disease’ symptoms in relation to disease stage and available
interventions is necessary. For many leukodystrophies, detailed clinical information is
not available, hampering the ability to provide patients and families with adequate
information on signs and symptoms, rate of progression and life expectancy.
Publications on rare diseases often concern the extreme and unusual cases, which
introduces a bias. Systematic inventories of diseases’ clinical spectra and natural
disease courses are scarce. Even if clinical characteristics of a disorder have been
investigated, it should be taken into account that concerned physicians often have no
experience with the disease and depend on literature and guidelines for information
and decision making. Centralization of patient care may therefore improve the quality
and efficacy of services.7 However, since it is also desirable to deliver supportive
care close to home, optimal availability of clinical guidelines for non-expert physicians
remains warranted.

Translational studies

8

The functionality of the brain white matter relies on an ingenious interplay between
oligodendrocytes, astrocytes and axons. Accordingly, the disease mechanisms
underlying leukodystrophies are very complex. Recognition of the cellular and
molecular pathology behind a disease is crucial for the development of therapeutic
strategies. Important insights into the pathophysiology of leukodystrophies have been
achieved by neuropathological studies, for instance by their implications for the
understanding of which cell type is primarily affected. Autopsy material is
unfortunately scarce: for several leukodystrophies no neuropathology data are
available at all. Next, in vitro studies and animal models are key to further model
diseases. As the discovery of mutated genes associated with leukodystrophies allow
further unraveling of pathogenesis, the growing number of discoveries of mutated
genes leads to increased understanding of mechanisms of white matter injury.

Clinical trial design
Once treatment strategies become available, trial designs for rare diseases have to
meet the same rigorous standards as those for trials for more prevalent diseases. 9
They must ask important scientific questions, minimize bias, be adequately powered
and have prospect of achieving a scientifically acceptable answer. The power norm
comes with logistic challenges with regard to recruitment of patients. Randomized
controlled trials are often considered the gold standard for treatment evaluation, but
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may not be feasible for leukodystrophies due to inadequate power. Randomization
may also be of concern, as the different arms of a study may not be considered
equivalent by the study subjects and/or their physicians.10 An alternate design would
be to use historical controls or have participants serve as their own control. These
approaches may also be more efficient as they require fewer patients to be included.
In any case, appropriate trial design requires a thorough knowledge of the
epidemiology and natural history of a disorder, providing a reference point for the
evaluation of therapeutic interventions.

OBJECTIVES
To improve the care for leukodystrophy patients worldwide in all aspects, the Center
for childhood white matter disorders in Amsterdam performs multi-disciplinary
research. This includes clinical phenotyping, defining of novel disorders, molecular
genetic studies and the exploration of disease mechanisms. The final goal is to
establish curative treatment for these patients. A crucial element for moving forward
in the understanding of disease mechanisms is bringing together experts from
diverse disciplines and study a disease at different levels.11 There are different ways
to approach a complex biological process. One is the “bottom-up” approach. This
starts with the gene, followed by protein sequence and function and next, all
additional biological levels. Balancing this with a “top-down” approach, taking the
patient as the starting point, may identify additional research questions and
measurable goals that are grounded in patient’s needs. All in all, studying a
leukodystrophy by an integrated approach of bidirectional causation (Figure 1) can
help to further unravel disease mechanisms and establish therapy designs.
Observations from clinical phenotyping are often a starting point for the further
unraveling of disease mechanisms, offering guidance for basic research.

8

Figure 1 | System biology approach of bidirectional causation. Insights in disease mechanisms
can be obtained by studying how functions arise in dynamic interactions. Loops of interacting
downward and upward causation can be built between all levels of biological organization. Adapted
from Noble 2006.12

198

|

Chapter 8

This thesis addresses the clinical and genetic features of 4 different “new”
leukodystrophies: LBSL, MLC, H-ABC and VWM. The overall objectives were
threefold:
I)

Better delineate the phenotypic and genotypic spectrum of leukodystrophies in
order to improve patient information and genetic counseling
II) Provide natural history data for the planning and evaluation of future therapeutic
trials
III) Enhance the understanding of the underlying disease mechanisms

KEY FINDINGS AND IMPLICATIONS
Leukoencephalopathy with brainstem and spinal cord involvement and
lactate elevation (LBSL)

8

LBSL is a leukodystrophy with a highly distinctive MRI pattern consisting of cerebral
white matter abnormalities and selective involvement of brainstem and spinal cord
tracts.13,14 The disease was initially described as a juvenile onset disease with slowly
progressive ataxia, spasticity and dorsal column dysfunction.13,15-18 Patients have
recessive mutations in the DARS2 gene, encoding the mitochondrial aspartyl-tRNA
synthetase (mtAspRS).19 The identification of the gene defect facilitates studies on
the clinical disease spectrum and the exploration of therapeutic targets.
In chapter 2 we describe a cross-sectional observational study among LBSL patients.
Clinical data on 66 patients show that the disease severity ranges from infantile
onset, rapidly fatal disease to adult onset, very slow disease that may not limit life
expectancy. In most cases the disease presents in late-childhood or adolescence
and follows a mild course without sudden deteriorations. The study illustrates that not
all leukodystrophies are associated with rapid neurological decline and that patients
may remain stable for years. Almost all LBSL patients are ambulant without or with
support and they generally have preserved manual dexterity. Full wheelchair
dependency is very rare and usually does not occur before patients reach adulthood.
Patients presenting in their teens or in adulthood continue to be able to walk without
support in at least the first 10 years after onset. Few patients present before the age
of 18 months; they exhibit more profound cerebral white matter abnormalities and
show severe motor problems from early on. In all variants, including severe variants,
mortality is low. Of the studied cohort, 2 patients deceased. For the majority of
patients, life expectancy may be normal.
We provide an overview of all 60 DARS2 mutations that had been identified at time of
the study. The large genetic heterogeneity hampers a formal genotype-phenotype
study, but some mutations are consistently associated with a similar phenotype,
suggesting the existence of a genotype-phenotype correlation. Ninety-four percent
of patients had a splice site mutation in intron 2, and all but 4 patients from 2 families
were compound heterozygous.20,21 It is striking that homozygosity is very uncommon
among LBSL patients. This observation suggests that the range of permissive
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mutations is narrow. Mutations with a severe phenotypic effect are expected not to be
compatible with life in the homozygous state. This hypothesis has been substantiated
for another aminoacyl-tRNA synthetase (ARS) by an animal model.22 Biallelic
mutations with a mild phenotypic effect, on the other hand, may not give rise to a
disease phenotype at all. This theory is supported by the finding that the most
common DARS2 intron 2 mutation has a high carrier rate (1 in 95 individuals) in the
Finnish population.23 Since this variant has not been reported in the homozygous
state in any LBSL patient, its effect is presumable mild and homozygosity for this
variant probably does not lead to disease.
Over the recent years, numerous defects in genes encoding ARSs have been
associated with neurological diseases, including leukodystrophies.24,25 ARSs are
housekeeping proteins whose main recognized function is to catalyze the attachment
of amino acids to their cognate tRNAs, a key step in protein synthesis. 26 For most
amino acids, there are separate cytosolic and mitochondrial synthetases encoded by
different genes; the latter are given the same name as the genes encoding cytosolic
variants, appended with the number 2 (e.g., DARS encodes aspartyl-tRNA
synthetase (AspRS) and DARS2 encodes mitochondrial AspRS (mtAspRS)).
Intriguingly, the highly specific brainstem and spinal cord abnormalities observed on
MRI in LBSL patients (chapter 2) are also present in patients with Hypomyelination
with Brain stem and Spinal cord involvement and Leg spasticity (HBSL) caused by
DARS mutations.27 Defining the mechanisms that underlie tissue-specific effects of
mutations in various -ARS and -ARS2 genes is a challenging task. An interesting
feature of ARS biology is that many of these proteins have a second function,
unrelated to aminocylation, concerning a wide array of activities.28,29 Remarkably,
crystal structure analysis of certain cytosolic and mitochondrial ARSs has
demonstrated a similar 3D structure despite poor sequence homology of their
respective genes, raising the possibility of functional overlap. 30 The selective
vulnerability of structures observed in LBSL and HBSL suggests that perhaps the
cytosolic and mitochondrial AspRSs are both involved in a currently unknown, noncanonical function. Recently, a proteomics approach revealed the coexistence of
different forms of human mtAspRS; the next step is to decipher their biological roles
and possible contribution to functions unrelated to the aminoacylation process.31
Cells have an absolute need for ATP produced by mitochondria. Consequently, the
cell exerts constant surveillance and control of mitochondrial processes. It has been
suggested that mitochondrial translation ensures crosstalk between cellular programs
and cellular energy demands.29 The nervous system is known to be particularly
vulnerable to mitochondrial dysfunction due to its high energy demand. This may
partially explain the selective involvement CNS structures in LBSL. However,
considering the highly selective involvement of specific structures, additional factors
must play a role in the vulnerability. Observation of phenotypic characteristics in
LBSL patients, including radiological features, can provide clues for the
understanding of the cellular process underlying the disease. All patient exhibit
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involvement of multiple long-tracts. Consequently, it can be argued that LBSL might
originate from a defect that primarily involves neurons and axons, rather than a
defect of myelin, oligodendrocytes or astrocytes. A splicing reporter construct essay
by van Berge et al., indicates that the size of the effect of the intron 2 mutation differs
for different cell types. For part of the mutated messenger RNAs, exon 3 is still
included, resulting in normal, full-length protein. Neural cell types, particularly
neuronal cells, show more pronounced exclusion of exon 3. The variability in
vulnerability of different cell types could perhaps be explained by differences in
presence of splicing factors in different cell types and different anatomical brain
regions.32,33 In addition, it was found that also in normal mtAspRS mRNA, inclusion of
exon 3 occurs least efficiently in neuronal cells. These two effects may explain the
selective vulnerability of specific axonal tracts in LBSL. The hypothesis of neuronal
vulnerability for DARS2 mutations is further substantiated by a study investigating
transgenic mice in which DARS2 was specifically depleted in forebrain-hippocampal
neurons or myelin-producing cells.34 The results indicate that loss of DARS2 in
neurons leads to strong mitochondrial dysfunction and progressive loss of cells. In
contrast, myelin-producing cells seem to be resistant to cell death induced by DARS2
depletion, arguing that LBSL might originate from a primary neuronal and axonal
defect.

8

Insights in disease mechanisms provide guidance for therapeutic strategies.
Considering that almost all LBSL patients have an intron 2 splice site mutation and
that that these mutations are ‘leaky’,35 increasing the correct splicing of exon 3 is a
promising target for treatment. In chapter 2 we show that splicing efficiency can be
increased by the use of certain compounds. Using a library of 2000 FDA approved
compounds, cantharidin, a protein phosphatase inhibitor that dephosphorylates
splicing factors, was identified as the most potent compound to increase exon 3
inclusion. Its effect has previously been reported in studies on Spinal Muscular
Atrophy (SMA), shifting the proportion of SMN2 protein from a dysfunctional to a
functional form.36 Cantharidin is unfortunately a highly toxic agent, but the study does
provide proof-of-concept that influencing splice site mutations is possible. This holds
promise for the treatment of LBSL. Since cantharidin is also known to efficiently
inhibit various tumor cell lines, several investigations have been initiated to search for
viable methods to reduced its side effects and to identify analogues that inhibit
protein
phosphatase
similar
to
cantharidin
without
high
toxicity.37
Another potential therapeutic approach would be the application of antisense
oligodeoxynucleotides (ASOs), involving the application of short, chemically modified
fragments of DNA that bind cognate mRNA and thereby alter splicing. The
development of such therapies is still ongoing.

Megalencephalic leukoencephalopathy with subcortical cysts (MLC)
The brain is encased by a rigid bony skull. As a consequence, even small increases
in tissue volume can cause significant rises in intracranial pressure and compression
of brain tissue, with potentially dramatic consequences. Only in infants, in whom the
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skull sutures have not closed yet, compensation through abnormal increase in head
size may occur. To prevent injury caused by volume changes, the brain possesses a
sophisticated system for volume regulation. The disorder MLC exemplifies the
relevance of water homeostasis in the brain and the central role of astrocytes in this
process. The disease starts in infancy and is characterized by white matter edema
with increased brain size, accommodated by increased head size.38-40 MRI shows
diffuse signal abnormalities and swelling of the cerebral white matter as well as
subcortical cysts, typically located in the anterior temporal region. 38,41 Two different
MLC phenotypes can be distinguished: a classic, deteriorating phenotype and a
remitting phenotype.42 Classic MLC is caused by recessive mutations in the MLC1
gene in the majority of cases: this variant is called MLC1. 43 Few patients with classic
MLC have recessive GLIALCAM mutations, this variant is called MLC2A.43 Patients
with dominant GLIALCAM mutations have remitting MLC: this variant is called
MLC2B.44
To systematically evaluate clinical and MRI characteristics in MLC patients, we
initiated a multi-institutional observational study. In chapter 3 we report on the
clinical and radiological spectrum in 242 MLC patients. The first aim of the study
was to delineate the clinical spectrum of MLC, aimed at improved clinical counseling.
We describe a fairly mild and slow clinical course in most patients with classic MLC,
although the degree of disability is variable. The most common first disease sign is
macrocephaly in the first year of life. Initial motor development is usually mildly
delayed or normal. Almost all patients achieve unsupported walking. Slow motor
deterioration generally starts several years after disease onset. The majority of
patients eventually lose the ability to walk without support, at variable ages (ranging
from 1 to 43 years). Patients may become fully wheelchair dependent but many
remain ambulant. A new observation is that patients who are still able to walk with or
without support at the age of 15 years most likely retain this ability. Mortality is low. A
few patients die due to epilepsy-related causes.
MLC patients typically have early onset epilepsy. In general, epilepsy is an early and
prominent sign in cortical neuronal degenerative disorders, while in white matter
disorders epilepsy occurs less frequently and typically has a delayed onset, related to
advanced tissue damage.45,46 It is striking to see that in many MLC patients, epilepsy
is one of the first signs of the disease, occurring before onset of motor deterioration
(chapter 3). Another observation from the clinical inventory was the high susceptibility
(54% of patients with seizures) to develop seizures after a mild head injury.47 While
severe traumatic brain injury is a major cause of seizures, studies on the occurrence
of seizures after mild head trauma reveal no or only slightly increased risk.48,49 These
observations suggests that MLC patients may have a lowered threshold for seizures.
Additionally, the occurrence of status epilepticus is relatively high among MLC
patients, even though most have well controlled epilepsy, suggesting that a seizure,
once begun, evolves into status epilepticus relatively easily.47 These clinical
observations prompted further study of the mechanism of seizures in MLC.
Seizures were long thought to be primarily caused by malfunction of neurons, but in
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the last decades many studies have shown that alterations in astrocyte function also
play an important role in seizure pathogenesis.50 Being equipped with important ion
and water channels necessary for executing homeostatic functions, astrocytes are
central cells in brain volume regulation. In MLC patients, loss of function of the MLC1
protein due to MLC1 or GLIALCAM mutations leads to high water content in the brain
white matter. MLC1 is a membrane protein that is highly expressed in astrocytic
endfeet in the brain.51 GlialCAM is a chaperone of MLC1 which ensures its
localization in the membrane of astrocytic endfeet.52 Cell swelling studies have
demonstrated that MLC1 is involved in astrocyte volume regulation and disturbed
brain ion and water homeostasis.40,53 To study the basis of seizures in MLC, Dubey
et al. studied the effect of astrocyte dysfunction on neuronal networks in MLC mouse
models.47 MLC mice display progressive intramyelinic vacuolization, making them
excellent models to study the pathophysiology of MLC.53 The experiments
investigated the intrinsic excitability of pyramidal neurons in brain slices of MLC mice
and wild type mice by using whole-cell patch-clamp recordings. Intriguingly, the
excitability was unchanged in MLC mice, indicating that intrinsic hyperexcitability of
principal neurons is not the cause of seizures in MLC. Building on the information that
astrocyte ion and water homeostasis is disturbed in MLC, it was hypothesized that
MLC1 and GlialCAM might be necessary for the clearance of potassium (K+) from
the extracellular space. K+ release occurs during repetitive action potential firing and
removal of excess K+ is needed to prevent action-potential induced intramyelinic
edema.43 Clearance is also necessary to prevent hyperexcitability caused by
accumulation of extracellular K+. This theory was substantiated by the finding that
upon synaptic stimulation, there was a significant higher rise in extracellular K+ in
MLC mice as compared to controls.47 Furthermore, in MLC mice an increased
excitability of neuronal networks was observed.47 The work puts forward that
astrocyte dysfunction in MLC leads to disturbed K+ dynamics and network
hyperexcitability. As a consequence of this disturbance, MLC patients have a lowered
threshold for seizures; once a seizure has started, the train of action potentials
enhances the K+ buffering problem and increases the risk of status epilepticus.
These insights form an important step in the understanding of the pathophysiology of
MLC.
Recessive mutations in either MLC1 or GLIALCAM lead to loss of MLC1 function and
result in a similar clinical disease.52 42 It is remarkable that the 2 classic forms of the
disease, MLC1 and MLC2A, appear to be indistinguishable, as GlialCAM is also a
chaperone for other proteins, such as connexin 43 and the chloride channel
ClC2.54,55 It could therefore be hypothesized that loss of GlialCAM would result in
additional phenotypic characteristics besides the MLC phenotype. In line with this
theory, another aim of the work described in chapter 3 was to identify possible
features that differentiate between the different disease variants. The phenotypic
inventory and the systematic MRI review indicate that the clinical course and the
radiological pattern do not differentiate between MLC1 and MLC2A. One theory is
that GlialCAM may not be the only chaperone for connexin 43 and ClC2; other
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transporters may successfully compensate for loss of GlialCAM function.
MLC is a relatively mild disease in terms of progression rate and mortality. The fact
that some patients have homozygous nonsense mutations, indicates that the MLC1
protein is not be conditional for life. All MLC1 mutations lead to the same result,
namely major reduction or absence of the plasma membrane expression of MLC1 in
astrocytic endfeet.56 Accordingly, no clear genotype-phenotype correlation can be
established for MLC (chapter 3). A remaining question is what then explains the
observed variability in disease severity for different patients, even within families. A
possible explanation is that severity may depend on individual differences in
additional compensatory brain ion and water homeostasis mechanisms.
Compared to classic MLC patients, MLC2B patients have a milder phenotype with
preservation of motor function, while intellectual disability and autism are relatively
frequent. Radiological improvement is observed in all MLC2B patients and also in two
MLC1 patients. Certain findings in MRIs obtained in the early disease stage are
suggestive of MLC2B: absence of signal abnormalities of the posterior limb of the
internal capsule and the cerebellar white matter and presence of only rarefied
subcortical white matter instead of true subcortical cysts.
Overall, the findings of our study on the phenotypic characteristics of MLC can aid
physicians with the guidance and prognostication of patients. Furthermore, the
findings facilitate focused genetic testing in patients suspected of the remitting
phenotype. The observation that the latter group initially mimics classic MLC and
subsequently improves, raises the hope that if classic MLC is pharmacologically
corrected at an early stage, the disease may be reversible. Influencing of astrocytic
volume regulation appears to be an interesting target for therapeutic interventions for
this disorder.
In the near future, additional genes involved in brain ion and water homeostasis may
be discovered. By studying their effect on neuronal activity and their interaction with
MLC1, GlialCAM, aquaporin-4 and other astrocyte volume regulators, we can gain
more insight into the disease MLC and also learn about normal brain physiology.

Hypomyelination with atrophy of the basal ganglia and cerebellum
(H-ABC)
H-ABC is characterized by hypomyelination and atrophy of neostriatum and
cerebellum on both MRI and neuropathology studies. 57,58 The genetic cause of the
disease was identified in 2013, by the application of a whole exome sequencing
(WES) study in 11 patients selected on the basis of very strict clinical and MRI
criteria.59 All patients turned out to harbor the same heterozygous mutation in the
TUBB4A gene, underlining the successful selection of patients on the basis of a
strictly selected comparable phenotype. The discovery of the genetic cause of the
disease enabled further delineation of the phenotypic characteristics. In chapter 4 we
describe the clinical and genetic TUBB4A mutation spectrum in 42 patients fulfilling
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the MRI criteria of H-ABC. Patients showed a phenotypic continuum with neonatal
up to childhood onset, normal or delayed early development and slow to more rapid
neurological deterioration. Neurological symptomatology consisted of extrapyramidal
movement abnormalities, spasticity, ataxia, cognitive deficit and sometimes epilepsy.
Three patients died. On MRI, the degree of hypomyelination and basal ganglia
atrophy was variable. All patients had an absent or disappearing putamen. There
was a variable degree of cerebellar atrophy and highly variable cerebral atrophy.
Apart from hypomyelination, myelin loss was evident in several cases. Three
severely affected patients had similar, somewhat atypical MRI abnormalities. The
TUBB4A mutation observed in the first 11 patients was the most common (25
patients). Additionally, 13 other heterozygous mutations were identified. Patients with
the common mutation generally had a less rapidly progressive disease course than
the 17 cases with other TUBB4A mutations. MRI findings were very similar for
patients with similar genotypes. Overall, the findings of the study were strongly
suggestive of a genotype-phenotype correlation. Subsequent literature confirmed
this correlation (see chapter 4.2 and 4.3).

8

An array of neurological disorders has been associated with mutations in tubulin
genes.60,61 7KH FRPELQLQJ RI Į-WXEXOLQV ZLWK ȕ-tubulins allows the formation of
heterodimers that assemble into microtubules. Microtubules are essential
components of the cytoskeleton that act as highly versatile scaffolds to determine cell
shape and cell shape changes. They form a backbone for cell organelle and vesicle
movement.62,63 An essential feature is their dynamic instability, i.e. the ability to
rapidly de- and repolymerize, allowing a fast response to the environment. 64 The
TUBB4A gene encodes the brain-VSHFLILF WXEXOLQ ȕ$ which is highly expressed in
cerebellum, putamen and cerebral white matter.62 Besides H-ABC, dominant
TUBB4A mutations are also associated with another disorder: dystonia type 4
(DYT4). This disease typically present in adulthood, comprising spasmodic
dysphonia combined with other focal or generalized dystonia, while no abnormalities
are found on neuroimaging.65,66 We speculated that there might be a disease
continuum associated with TUBB4A mutations, of which H-ABC and DYT4 are the
extremes. In chapter 4.2 we discuss literature describing patients with isolated
hypomyelination of various degrees, without fulfilling the MRI criteria for H-ABC. In
the past years, several additional cases of isolated hypomyelination caused by
TUBB4A mutations were identified.67,68 Some of these patients only had subtle lack of
myelin and had remained without a genetic diagnosis for many years; the diagnosis
was finally solved with the application of WES.69-71 We suggested that in cases of
hypomyelination without putaminal atrophy, prominent early extrapyramidal
abnormalities should prompt TUBB4A testing. In the meantime, several patients with
a TUBB4A mutation have been diagnosed who do not exhibit extrapyramidal signs
(personal observations),72,73 underling the large phenotypic heterogeneity of the
disease spectrum related to dominant TUBB4A mutations. The presence of
distinctive clinical and radiological phenotypes associated with different mutations in
the TUBB4A gene suggests that mutations have diverse effects on tubulin function,

Summary and general discussion

|

205

probably compromising different cell types. Recent studies have shed further light on
the cell type-specific effects of different mutations. By using a combination of
histopathological, biochemical and cellular approaches, Curiel et al. determined how
specific TUBB4A mutations lead to either purely neuronal, purely oligodendrocytic or
combined defects, matching their respective associated phenotypes.74 The mutation
observed in DYT4 patients, who exhibit phenotypes attributable to neuronal
dysfunction, results in altered neuronal morphology, while tubulin quantity and
polymerization, oligodendrocyte morphology and myelin gene expression are
normal.74 Conversely, mutations associated with isolated hypomyelination result in
normal neuronal morphology, but altered oligodendrocyte morphology, myelin gene
expression, and microtubule dynamics.74 The MRI features of H-ABC, comprising
hypomyelination but also cerebral atrophy and loss of the neostriatum, suggest at
least in part underlying neuronal pathology. Interestingly, the TUBB4A mutation
commonly observed in H-ABC patients has overlapping cellular defects involving
both neuronal and oligodendrocyte cell types in vitro.74 The finding that the DYT4
mutation had no impact on microtubule dynamics suggests that this mutation might
act through a distinct mechanism.74 Intriguingly, a neuropathology study on autopsy
material of a patient with a severe variant with isolated hypomyelination
demonstrated increased oligodendrocyte density in the white matter and
accumulation of microtubules in oligodendrocytes.75 Neuropathology findings in
patients with classic H-ABC on the contrary, did not include increased
oligodendrocyte numbers, but profound lack of oligodendrocytes as well as some
axonal spheroids, indicative of axonal damage.74 Altogether the findings indicate that
different pathological effects of TUBB4A mutations probably arise from distinct
molecular mechanisms (Figure 2). An important implication is that for different
variants of the TUBB4A-disease spectrum, different therapeutic strategies may be
required, for instance when exploring cell replacement therapy or cell targeted gene
therapy.


Figure 2 | Schematic representation of the disease spectrum associated with TUBB4A
mutations. In DYT4 there is a primary neuronal dysfunction. In patients with isolated
hypomyelination, oligodendrocytes appear to be primarily affected. H-ABC patients exhibit a
combined phenotype: pathology and in vitro studies indicate that the cellular defect involves both
neuronal and oligodendrocyte cell types. Adapted from Curiel et al. 2017.74

New disease variant: In a small group of patients fulfilling the MRI criteria of H-ABC,
no pathogenic TUBB4A mutations could be identified. Close evaluation of the cases
revealed that the majority of these patients were born to consanguineous parents
and shared a Roma ethnic background. The 8-10 million European Roma/Gypsies
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compose the largest European genetic isolate, consisting of geographically dispersed
subisolates.76 They represent a unique founder population. The identification of a
growing number of Mendelian disorders and private mutations in this population
emphasizes their unique genetic heritage.77 Chapter 5 reports on the identification of
the second gene defect associated with H-ABC in 16 patients. Suspecting a
homozygous recessive mutation in a shared haplotype, we performed single
nucleotide polymorphism (SNP) array analysis in 5 patients and found one large
overlapping homozygous region on chromosome 13. Focused analysis of this region
in a WES dataset of 2 patients revealed a homozygous deletion in the promoter
region of the UFM1 gene as the only candidate. It is a striking thought that the variant
would have been missed if only the standard diagnostic WES pipeline at our
institution would have been applied. The promoter region of a gene is not part of the
standardly included region and this variant would have been excluded by the regular
filtering procedure. Even if the variant would have been identified by trio analysis, its
pathogenicity would have been unclear, since it is difficult often to predict the effect of
variants in the promoter region. This observation stresses the value of grouping of
patients on the basis of clinical, MRI and epidemiological characteristics, guiding
additional investigations such as SNP arrays to identify a region of interest which can
be subsequently studied in detail.
The new H-ABC variant is invariably associated with a disastrous disease course,
involving lack of development, refractory epilepsy and death in early childhood. MRI
shows a profound deficit of myelin and atrophy of the putamen and caudate nucleus.
Systematic MRI scoring revealed an additional feature: in all patients, the lateral head
of the caudate nucleus has an abnormal signal, suggestive of local apoptosis. This
feature was also present in additional, recently diagnosed cases of recessive H-ABC
(unpublished), suggesting it may be pathognomonic for this variant of the disorder.

8

As a next step, we performed Sanger sequencing to confirm segregation of the
UFM1 variant with the disease in all families. Haplotype analysis indicated that the
shared UFM1 deletion originates from a common ancestor. We further validated the
pathogenicity of the UFM1 variant by proving absence in homozygous state in 1000
healthy Roma controls.
Predictions on variants in non-coding regions of genes are generally not
straightforward. In order to further substantiate the pathogenicity of the UFM1
promoter variant, we performed transfection assays, showing that the deletion results
in reduced gene expression. The effect appeared to be cell-specific: only
neuroblastoma and astroglioma cell lines were affected by the mutation. The
selective involvement of cells and brain structures is an interesting target for further
analysis, aiming at improved cellular pathology-based classification of the
disease, as well as increased understanding of the role of the UFM1 gene.
Neuropathology studies of brain tissue obtained in patient autopsy would be a
valuable part of this process. This could, for instance, involve quantification of
neuronal, oligodendroglial and astrocytic cells, and analysis of morphologic features
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and molecular profiles by use of immunohistochemistry to discriminate between
primary and secondary myelin involvement and to characterize the pathology in
specific regions, such as the medial and lateral part of the head of the caudate
nucleus.
UFM1 encodes ubiquitin-fold modifier 1 (UFM1), a member of the ubiquitin-like
family. Ubiquitin is a well-established protein involved in post-translational
modification. There are several additional proteins with comparable tertiary structures
and supposedly comparably functions, such as UFM1 and the related process of
ufmylation. The physiological role of ufmylation is still poorly understood. The first
reports on its relevance originate from the fields of cancer, diabetes and ischemic
heart disease.78-80 Subsequent studies indicate an association between the UFM1
pathway and neurodevelopment and neurodegeneration as well as endoplasmic
reticulum (ER) homeostasis and protection against apoptosis.81-85 Colin et al. for
instance, demonstrated that defects in the UFM1 cascade result in increased ER
volume and deficient cellular response to stress induced by tunicamycin treatment.86
The discovery that mutations in both UFM1 (chapter 5) and UBA586-88 are associated
with a severe epileptic encephalopathy led to further investigations on the role of
ufmylation in brain development and function. In the meantime, additional cases have
been described by Nahorski et al, including a UFM1 mutation at a different location in
the gene.83 Both UFM1 and UBA5 mutations were shown to result in reduced, but not
absent cellular ufmylation, indicating its necessity for embryonic life. This finding is
consistent with the embryonic lethality of knockout models for the orthologous
genes.86,87 There are still many steps to be taken enhancing the understanding of the
ufmylation cascade and its role in recessive H-ABC, before therapeutic options can
be explored. Remaining questions are how to explain the striking resemblance of the
MRI patterns seen in H-ABC patients with TUBB4A and UFM1 mutations and explore
whether the genes are involved in overlapping pathways or networks.
An important benefit from the discovery of the new disease lies in the possibility of
better family counseling. The screening of controls from different European Roma
panels demonstrates that the carrier frequency of the UFM1 promoter variant is high
(up to 25%) in certain Roma communities (chapter 5). This finding indicates that the
mutation may be an important cause of early-onset leukodystrophy there. The
identification of the genetic cause facilitates prenatal testing and enables carrier
testing in populations with a high carrier frequency.

Vanishing White Matter (VWM)
VWM is an autosomal recessive disorder caused by mutations in any of the 5 genes
encoding the subunits of translation initiation factor 2B (eIF2B), a crucial element for
the initiation of protein synthesis and its regulation under conditions of cellular
stress.89-91 With a roughly estimated incidence of around 1:100,000, it is one of the
more common leukodystrophies.1,92 The actual occurrence may be underestimated
due to its challenging diagnosis. Especially in regions with a high rate of
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consanguinity, prevalence may be higher.93 Our database contains all known Dutch
VWM patients, enabling calculation of an estimated minimum incidence of 1:80,000
live births in the Netherlands (chapter 6). VWM is characterized by a progressive loss
of cerebral white matter, causing neurological decline with ataxia and spasticity. In
addition to chronic decline, rapid deterioration may occur upon exposure to various
stressors.89 Although often referred to as an early childhood onset, rapidly fatal
disorder, VWM is a heterogeneous disease with an extremely broad phenotypic
range. Age of onset is known to be an important determinant of prognosis.94,95
Studies on natural disease course in VWM are scarce and rather small. 95-97 In
chapter 6 we report the results of a 12½-year natural history study among 296
VWM patients, focusing on the occurrence of neurological signs and symptoms in
relation to age and disease duration and the identification of prognostic factors. The
disease spectrum is a continuum of phenotypes ranging from antenatal onset early
fatal disease up to late adult-onset, relatively mild disease. Onset at the age of 2
years is most common. Presentation before the age of 4 years is associated with
severe and rapid neurological decline and high mortality, while presentation after 4
years is associated with a less severe, more variable disease course independent of
the exact age of onset (Figure 3). Although motor problems are the most common
presenting feature, it is of importance that clinicians are aware of other possible
presenting signs/symptoms. Especially in the adult onset population, patients may
present with non-motor signs such as for instance cognitive decline or behavioral
change. Signs related to ovarian failure may be another clue for the diagnosis VWM.
There are no statistically significant differences between males and females in the
studied cohort, although it is striking that the female sex is more common among the
adult-onset cases. The finding that disease course was more severe for patients who
had episodic deterioration and seizures stresses the importance of preventive
measures and adequate treatment. Febrile infections should be avoided by
vaccinations under antipyretic prophylaxis, liberal antibiotic therapy strategy, and
prophylactic antibiotics, and minor head trauma should be avoided.98 Nonetheless, it
is unknown to what extent these factors influence the chronic disease course and to
what extent they are manifestations of a more severe disease variant.
The analysis of groups of patients with similar mutations confirms the presence of a
genotype-phenotype correlation. In the case of early onset, patients with similar
genotypes show highly comparable phenotypes and disease progression. In patients
with milder variants, more variability is observed for similar genotypes and between
siblings. We hypothesize that in the latter group, there is a larger influence of other
factors such as environment, e.g. exposure to factors that provoke episodic
deterioration.
Because of the central role of eIF2B in mRNA translation and protein synthesis,
remaining activity is conditional for life. Accordingly, VWM patients mainly have minor
mutations; they never have 2 null mutations that completely abolish eIF2B
activity.90,98
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Figure 3 | Clinical course of VWM in relation to age of onset.

Missense mutations are by far the most common mutation type in VWM, comprising
approximately 80% of all mutations.99 Mutations leading to absence of the protein,
such as deletions and frame shift mutations, are always seen in combination with a
missense mutation.98 We did not find significant differences in phenotypic
characteristics for the five eIF2B gene groups. Exploring DNA sequence alignments
becomes even more powerful when homology crystal structures are available for the
sequences. It would be of interest to further study mutations of VWM patients in the
context of the protein architecture of the subunits of the eIF2B complex. Mapping of
mutations on a 3D structure could lead to additional insights in their putative roles in
complex formation, stabilization and protein interactions. By establishing links with
the clinical severity, this could lead to enhanced understanding of the molecular
mechanism of the disease.
In view of the current absence of effective treatment options for VWM, the aim of
medical care is to maximize quality of life from the time of diagnosis through the end
of life. In that context, and also in the context of future clinical trials, it is essential to
have knowledge about dimensions of disability and health-related quality of life
(HRQL) in patients with VWM. In chapter 7 we present the natural disease course in
VWM patients by means of 2 validated clinical scales on disability: Health Utilities
Index (HUI) and Guy's Neurological Disability Scale (GNDS). In keeping with chapter
6, the results show that in patients with onset before the age of 4 years, earlier
disease onset is associated with more severe disease course. When onset occurs
from 4 years of age, the rate of deterioration is variable and independent of exact age
of onset. The functions ambulation and dexterity are most severely affected,
especially in young children. The next domain is cognition, which is affected sooner
with disease presentation in adult-onset patients. Along with disease progression,
patients are more likely to develop problems with speech and bladder and bowel
function. Vision and hearing remain relatively intact. Overall, this study provides a
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robust overview of domains of disability in VWM and reveals age of onset related
differences in disease course.
No agreement exists on how to rate HRQL and do justice to both objective function
and subjective judgement. Interestingly, we found a discrepancy between the
perceived quality of life by VWM patients and/or their carers and HRQL as measured
by the HUI through public preferences. In about 1/3 of scored patients, the calculated
HUI Health Index score represented a ‘worse than dead’ health state as assessed by
the general population. Nevertheless, the majority of patients received positive
scores on the attribute ‘Emotion’. This finding, also known as “disability paradox”,
might be an insightful point of note for physicians who counsels patients and families
when discussing prognosis.

8

Clinical observations can give important clues for the establishment of studies aiming
at unraveling pathogenesis. At the time, the grouping of several patients with a
similar disease phenotype led to the recognition that VWM patients are vulnerable to
stressors.89 An underlying mechanism involving the cellular stress response was
suspected. The identification of mutations in the EIF2B1-5 genes as disease cause
confirmed this theory.90 Over the next years, studies applying a range of different
approaches (i.e. neuropathology, proteomic and metabolomic analyses and animal
models) led to gradual enhanced understanding of the disease. 100-103 Important
breakthroughs concern the finding that astrocytes are central in the
pathomechanisms and that the integrated stress response (ISR) is disturbed.100-103 A
consequent hypothesis is that VWM patients might benefit from treatment strategies
involving interference with the ISR. In a recent study, treatment with Guanabenz, an
FDA-approved centrally-acting oral antihypertensive drug that inhibits stress-induced
GHSKRVSKRU\ODWLRQ RI H,)Į was tested in a VWM mouse model.104 There was a
significant improvement of the mice’ brain white matter, holding promise for the
application in patients. Bearing in mind the prospects therapeutic options, the current
natural history study may serve as a reference point to design and evaluate
therapeutic interventions.
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Table 1 | Summary of disease characteristics
LBSL

Classic
MLC

Genetic
causes

recessive
DARS2
mutations

recessive
MLC1 or
GLIALCAM
mutations

Number of
phenotyped
patients

66

204

Remitting
MLC

Dominant
H-ABC

Recessive
VWM
H-ABC

dominant
GLIALCAM
mutations

dominant
TUBB4A
mutations

recessive
UFM1
mutations

recessive
EIF2B1,
EIF2B2,
EIF2B3,
EIF2B4 or
EIF2B5
mutations

38

41

16

296

8y
2 mo
Median age of
macrocephaly macrocephaly
7 mo
3 y (before
(5 mo - 40
(birth - 3
onset (range)
at 0 - 12 mo
at 0 - 12 mo
(birth - 3 y)
birth - 54 y)
y)
mo)
*Median age at
loss of
none
walking
30 y
15 y
n.a.
18 mo
achieved
9y
without
ambulation
support
*Median age at
none
full wheelchair
n.a.
n.a.
n.a.
18 mo
achieved
18 y
dependency
ambulation
2 / 66
6 / 204
1 / 38
3 / 41
9 /16
102 / 296
Mortality
patients
patients
patients
patients
patients
patients
Evidence for
genotype+/++
+/++
phenotype
correlation
Likely
neurons,
primarily
oligoto be
neurons
astrocytes
astrocytes
astrocytes
affected cell
dendrocytes, determined
type(s)
or both
y, years; mo, months
* Kaplan Meier estimate; non-ambulant patients are scored has having lost ambulation at 18 months;
n.a.: not applicable: probability of event <50%

METHODOLOGIC CONSIDERATIONS
Challenges of clinical phenotyping and natural history studies
Study population: the sample population of a study cohort should be representative
of the complete disease population suffering from the respective disorder, avoiding
inclusion bias.105 A complete ascertainment is, however, impossible. One should then
aim for a random sample of prevalent patients. In the studies described, we included
all eligible, genetically proven patients who were referred to the Center for childhood
white matter disorders for MRI opinion and/or genetic testing. We have no indications
that specific subgroups have been missing out on inclusion, but we cannot rule out
certain biases. Asymptomatic or oligosymptomatic cases may have been
underrepresented, as well as atypical and/or strikingly mild or severe cases. An
important point of note is that most patients were diagnosed on the basis of MRI
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findings, applying MRI pattern recognition. This method has proven to be a very
powerful tool for the grouping of patients.106-108 The drawback is that atypical patients
who do not fulfill the MRI criteria for a specific diagnosis are underdiagnosed and left
out of the clinical inventory. Particularly for disorders with wide phenotypic variability,
sample sizes should be large in order to provide adequate statistical power. The
rarity of leukodystrophies hampers inclusion of large numbers of patients, but the
reported studies do contain the largest numbers of patients described for the
respective disorders so far. This was achieved by performing multicenter studies
including patients from over the world. It is important to bear in mind that socioeconomic influences and cultural preferences may influence the natural disease
course observed in patients.

8

Systematic assessments and use of instruments: Ideally, clinical assessment
would be prospective, performed by one single investigator and performed on regular
intervals from disease onset until death. Such an approach is unfortunately not
feasible, especially for rare diseases. In order to obtain large datasets, we relied on
the collaboration with many referring physicians. As a consequence, we had to limit
the extensiveness and frequency of assessments. We refrained from including
candidates in the case of significant language barriers between researchers and
referring clinicians. To promote homogeneity, we aimed for robust, easily quantified
measures of clinical course, such as age at first symptoms and age at loss of
ambulation. Nevertheless, certain inter-observer bias may have been introduced. To
obtain a uniform description of disease course over time, researchers preferably use
standardized rating scales that are validated for the disorder and for the age group of
the patients. Such systems do not exist for the specific disorders studied, nor for
leukodystrophies in general. For disease as rare as leukodystrophies, it does not
seem feasible to create disease specific systems. In the absence of disease specific
scoring systems, we aimed for the application of existing systems to would fit our
patient group. For motor function, we applied the GMFCS scale: this scale is widely
used to classify motor function in children with cerebral palsy (CP).109 The described
leukodystrophies are generally more heterogeneous conditions, but the conditions
share the common involvement of the pyramidal tracts as underlying pathology. A
recent publication by the creators of the system argues against the use of the system
in disorders other than CP, as it was not validated for other disorders.110 The fact that
we observed wide variability of scores among all levels of the system, does offer
some support for its application. The use of the system in children with Down
syndrome for instance is disputable, since the presence of a ceiling effect is
suggestive of serious content validity issues.110 Still, it is well-founded that the
creators of the GMFCS have brought about the potential need for a more generic
gross motor function classification system.110 This might also be of use for the study
of leukodystrophies. For metachromatic leukodystrophy (MLD), a disease specific 7level classification system has been developed on the basis of the conceptual ideas
and structure of the GMFCS: GMFC-MLD.111 The number of levels and the
descriptions are based on data from 59 individuals with MLD. Because children with
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MLD experience normal development before diagnosis, the GMFC-MLD incorporates
a level 0 to indicate normal development and describe the loss of function. This
would also be applicable to the majority of leukodystrophies. Since MLD is
characterized by a rapid deterioration of motor function, mobility aids are less
common and were therefore not included in the criteria for functional levels. Analysis
of interrater reliability indicated that the GMFC-MLD is a feasible tool for standardized
assessment of gross motor function in MLD, which can be used for the description of
the natural course of the disease and for evaluation of therapeutic options.111
Considering the heterogeneity of clinical course in leukodystrophies, it remains
questionable if it is feasible to incorporate all possible clinical states in one general
system.
To overcome the limitations of the absence of systems specifically validated for the
diseases studied, we always combined the application of standardized systems with
the use of customized clinical questionnaires, obtaining robust measures for disease
course specific for the disorder. This also enabled us to check for internal
consistency of data: in the case of inconsistencies we asked the referring clinicians to
re-evaluate the data or we omitted the data from the study. The application of a more
general rating system for VWM by using the Health Utilities Index (HUI), which also
enables overall HRQL score calculation, facilitates comparison of the burden of
disease with other diseases.112
With regard to MRI scoring, the heterogeneity of radiological characteristics in
different leukodystrophies necessitates application of disease specific scoring
systems. Consequently, comparison of features between different leukodystrophies is
hampered. It could be useful if for characteristics that occur in multiple
leukodystrophies, such as hypomyelination, a uniform scoring system would become
available.113

Data analysis: One of the difficulties of phenotyping studies is handling
incompleteness of data. If complete data (from disease onset to death) were
available for the entire sample population, analysis would be much more
straightforward (Figure 4). Considering the difficulty of obtaining clinical data in rare
diseases, we commonly chose to also include patients in whom not all the requested
data were obtained. Incompleteness of datasets requires specific approaches for
data analysis. For survival functions, especially if patients have already reached the
end point or are lost to follow up at the time of survey (Figure 4), the Kaplan-Meier
technique is the most appropriate method. The obtained estimates of time-to-events
are not necessarily unbiased. This is especially the case when there are large
numbers of “censored” patients (patients in whom the respective event has not yet
occurred at the time of survey).114
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Figure 4 | Schematic representation of the distribution of patients in a cohort at the time of
survey. LD = leukodystrophy. Top line: patients who have reached the endpoint before the end of the
survey. Middle line: patients who have not reached the endpoint at time of study closure. Bottom line:
patients who were lost to follow-up at the time of survey. Adapted from Confavreux and Compston
2006, with permission.114

Genetic testing

8

A prerequisite for patients to be included in our clinical phenotyping studies is the
presence of a genetically confirmed diagnosis. If a certain leukodystrophy is
suspected on the basis of characteristic MRI findings, focused Sanger sequencing
can be initiated.115 This approach results in a high diagnostic yield, due to the high
sensitivity of MRI pattern recognition. When a variant is found in the sequenced
gene, careful evaluation takes place on the basis of various lines of evidence such as
occurrence in online variant databases or scientific literature, species conservation, in
silico predictions and co-segregation with the disease in the family.116 Over the years,
elaboration of available information in online databases has increased the likelihood
of correct interpretation of variants. If no mutations are found, additional
investigations can be performed by sequencing the gene at complementary DNA
(cDNA) level to detect RNA splicing defects, duplications or deletions. Multiplex
ligation-dependent probe amplification (MLPA) can be performed to detect exon
deletions and duplications at DNA level. The interpretation of variants in promoter
and 5’ or 3’ non-coding regions can be substantiated in transfection studies using
reporter constructs. This latter type of experiments is not part of the standard genetic
investigation in most institutions and genetic diagnoses may therefore sometimes be
missed.
For unsolved leukodystrophy cases, the application of WES has proven to be a
successful and cost-effective method for providing a molecular diagnosis. The yield is
highest when focusing on a group of patients with a similar MRI pattern.108The
exponential rise in number of publications on the identification of genetic causes
confirms the achievements of WES. Nevertheless, the technique also comes with
technical and analytic limitations and little is known about the number of unsuccessful
attempts. Technical challenges concern for instance incomplete sequencing
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coverage of the exome or the inability to capture deep-intronic variants, variants in
regulatory elements, or copy number variants.117 Analysis of WES data involves
bioinformatic tools and applications that support the several steps such as raw data
quality assessment, alignment and variant prioritizing.118 The analysis can be
challenging due to genetic heterogeneity of the disease or localization of variants in
areas that are difficult to interpret, for instance regions for which pseudogenes are
present in the genome.Especially for the interpretation of equivocal variants, multiple
patients or families with comparable phenotype and mutations in the same gene and
are needed to prove pathogenicity. This underlines that, despite the tremendous
improvements in bioinformatics pipeline used for WES, good clinical phenotyping
remains an indispensable element of a diagnostic work-up.

THE VALUE OF A MOLECULAR DIAGNOSIS
The importance of the identification of the underlying cause in an individual with a
leukodystrophy is often underestimated. First of all, an established diagnosis
precludes further unnecessary testing and fruitless interventions. Quality of life often
improves with diagnosis, as it brings closure and allows the patient and family to
focus on optimal medical management, whether it is symptomatic or palliative care or
experimental treatments. In some cases, there is limited access to supportive care or
rehabilitative services when there is no diagnosis. A diagnosis may open the door to
adequate services.
Next, a genetic diagnosis enables counselling of recurrence risk, family screening
and prenatal testing or pre-implantation genetic diagnosis, if indicated and desired.119
Both for established and experimental treatments for leukodystrophies, it is clear that
the therapeutic window is limited to the early stages of the disease, when the brain is
still relatively intact. It is therefore crucial that clinicians are aware of a disease’s
presenting symptoms and clinical signs to ensure early establishment of diagnoses
and immediate referral if therapies are available. For instance for Metachromatic
Leukodystrophy and X-linked adrenoleukodystrophy, hematopoietic stem cell
transplantation (HSCT) can halt disease progression, but this is only succesful if
patients are presymptomatic or oligosymptomatic.120

THE VALUE OF CLINICAL PHENOTYPING
Natural history studies are important pillars of epidemiologic research on rare
conditions. By tracking the course of a disease over time, demographic, genetic,
environmental, and various other variables can be evaluated. Knowledge on the
natural course of a disease can also guide decisions for funders, health insurers, and
the pharmaceutical industry. Unfortunately, large phenotyping studies tend to be
unpopular, especially longitudinal studies, owing to the time taken to gather definitive
results. It would be unfortunate if in the clinic, as in the literature, a shift toward
genetic sequencing and analysis comes at the expense of skill and interest in clinical
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phenotyping.121,122 The items below illustrate the potential of clinical phenotyping for
leukodystrophy research and clinical practice.

Grouping of patients
Diagnostics: Phenotypic information is essential at several stages of the diagnostic
pathway. The challenge for genomic investigation is no longer the generation of DNA
sequencing data, but its interpretation. Downstream of genetic testing, phenotyping
data along with family history are necessary to filter, prioritize, and interpret potential
disease causing genetic variants. The recognition of the UFM1 gene defect (chapter
5) in H-ABC patients, for instance, would not have been possible on an individual
basis.
Identification of patterns: The inventory of clinical characteristics in larger groups of
patients allows for the study of similarities and differences among patients. This
increases the likeliness of identifying disease patterns, which may otherwise remain
unnoticed. Such patterns may involve subgroups within a uniformly classified
leukodystrophy, specific risk factors and potential epidemiological differences, for
instance with regards to sex or age.
Genotype-phenotype correlations: If a clear genotype-phenotype correlation has
been established for a disorder, such knowledge may guide clinicians in the
counseling, risk stratification and prognostication of patients. Analysis of mutation
type and its molecular effects may contribute to understanding of mechanisms
underlying disease phenotypes, as exemplified by the cell-specific effects observed
for different TUBB4A mutations. As functionally pathogenic variants in vitro may not
always manifest a phenotype in vivo, genotyping-phenotyping studies can provide
essential knowledge on the interpretation of variants in a gene.

8

Clinical implications
Leukodystrophies manifest with certain overlapping signs and symptoms that allow a
certain uniformity in the approach to care. But there are also disease-specific
features that require special care. A genetic testing result alone cannot provide
enough clarity without a comprehensive description of phenotype. Thorough
knowledge of the phenotype of a disorder is essential in order for physicians to
discuss with patients and families the disease and its prognosis in simple
understandable terms and to help make the best medical decisions regarding the
management of their disease. Insight into the prognosis is elementary for decisions
on education plan, invasive treatment (e.g. gastric tube feeding) and anticipation on
ergonomic adaptations (e.g. introducing a walker or a wheelchair). Literature on
clinical course can guide physicians and families in making decisions on care. It
should however be emphasized that clinicians should refrain from establishing a very
precise prognosis for individual patients on the basis of group level data.
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The availability of a detailed description of clinical features of a disorder can be of
help to evaluate differential diagnostic options and adequately diagnose patients.
Proper diagnosis can also have important consequences for prevention of redundant
therapeutic interventions. The clinical symptomatology and MRI of LBSL, for
instance, show some overlap with the most common leukoencephalopathy of young
adults, multiple sclerosis (MS). Correct recognition may prevent unnecessary
immunomodulating treatments in patients.

Insight in disease mechanisms and physiological processes
Clinical information and imaging patterns collected in phenotyping-genotyping studies
can guide basic research aimed at better understanding of pathophysiological
processes underlying leukodystrophies. For decades, the leukodystrophy field has
mainly focused on myelin, its loss and the need to reconstitute it. The discovery of so
many new causes for leukodystrophies and the increasing insight on cellular and
molecular pathomechanisms have made clear that the myelin-centered view on
leukodystrophies is no longer tenable. It has become clear that integrity and proper
function of the white matter are closely related to all its structural constituents and not
just to myelin. 53,123 The leukodystrophies described in this thesis comprise diverse
disease mechanisms, often not primarily involving oligodendrocytes (Table 1).
Selective vulnerability: Different areas of the brain take part in different networks
and have distinct functions, cellular compositions, metabolism and energy demands.
The complex functional topography is reflected in the complex patterns of selective
vulnerability seen in leukodystrophies. Observations from studying radiological and
clinical characteristics of a disease help to gain understanding of which structures are
affected. These observations can offer guidance for functional studies aimed at
further understanding of the underlying disease mechanisms.
Rare diseases, common insights͗ An interesting aspect of research on rare
diseases is that pathways or concepts may be identified that apply to a broader field.
The Undiagnosed Diseases Program of the National Institutes of Health in the US
has proven to successfully contribute to improvement of the understanding of more
common conditions.124 Monogenic diseases offer a unique opportunity to reveal the
function of proteins in human physiology and disease. Investigations on disease
mechanisms underlying leukodystrophies may function as a study model for more
common, acquired diseases. The latter are generally more difficult to study due to the
heterogeneity of underlying mechanisms. Acquired disorders and genetic white
matter disorders may share pathomechanisms. Consequently, there may be a
window for shared reparative therapies.123,125,126 This could, for instance, be explored
for disorders associated with reversible myelin vacuolization, which is observed in
several genetic disorders as well as in acquired diseases caused by toxic substances
and infections.
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Implications for therapeutic strategies

8

Understanding of the underlying pathomechanism of a disorder is conditional for
development of treatment strategies. The work described in this thesis illustrates that
the study of a patient cohort can provide valuable insights with regard to therapeutic
strategies. For instance for LBSL, the finding that ~95% of patients would benefit
from a therapy that modulates splicing makes this disease an attractive candidate for
therapeutic interventions. It suggests that a single strategy would suffice to treat
almost all patients.
Rational, scientifically based therapy development also requires a thorough
understanding of the natural history of a disease. For an intervention to receive
approval, research needs to demonstrate that the intervention has a clinically
meaningful effect on patients through adequate and well-controlled studies. These
studies must be based on a scientific foundation that includes knowledge of the
disease’s natural history. It has been reported that the top reason why rare disease
development programs fail at the U.S. Food and Drug Administration (FDA) is the
lack of natural history information.127 Natural history studies can shed light on the full
spectrum of genotypic and phenotypic features and help identify the types of patients
to study in a clinical trial, the duration of the trial, and the types of biomarkers and
outcome measures to use in the trial.128 In this view, the current work on VWM may
serve as a reference point to design and evaluate future therapeutic interventions.
From the data presented in chapter 6 and 7, we could for instance conclude that
effect of a future therapy could be demonstrated best when targeting patients with
age of onset before the age of 4 years. Patients presenting at later ages are more
likely to have a less progressive disease course, which would make it less feasible to
prove that a therapy is effective within a few years. Considering the high rate of loss
of ambulation in patients presenting before 4 years, preservation of ambulation could
be a good outcome parameter. This would exclude patients who never achieved
walking, which predominantly concerns patients with disease presentation before the
age of 1 year. Considering the very severe and devastating disease course observed
in these patients, this might not be the most eligible group of patients to target for
therapy. In addition, we conclude from our dataset that disease prevalence is very
low in this subgroup of patients.
When comparing some robust parameters of the natural disease course of VWM to
that of other leukodystrophies (see Table 1), it becomes clear that the different
diseases would require different strategies for selection of patients likely to benefit
from future therapies and clinically relevant endpoints. For instance for LBSL, a much
subtler parameter than loss of walking without support would be required to establish
improvement of motor function.

FUTURE PERSPECTIVES
Identification of novel genes and expansion of clinical spectra
In the coming years, the number genetically classified leukodystrophies will further
increase, whether it be novel diseases or identification of genetic causes of known
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leukodystrophies. With that, the mapping of all proteins and networks involved will
provide further insight in biological pathways and functional networks of the brain
white matter.
For monogenetic disorders, the classic “one-gene one-phenotype” paradigm is more
and more negated. As a consequence of the heterogeneity of clinical phenotypes
associated with different mutations in one gene, classification under one uniform
header can be challenging. New discoveries may instigate a more general
denomination for previously defined diseases, as could be suggested for H-ABC,
after the discovery of the broad spectrum of TUBB4A-related disorders.
Along with expending spectra, insights in the epidemiological distribution of disorders
may change. After their discovery, classic disease variants are recognized easiest,
as is for instance the case for childhood onset VWM. We suspect that until now, mild
variants of VWM, especially adult onset cases, have been underdiagnosed, because
of the less typical presentation and the lack of awareness among adult neurologists.
In general, diagnostic rates in adult onset genetic disorders tend to be lower than in
children due to multiple factors. The population exhibits heterogeneous phenotypes,
diagnostics are often focused on acquired diseases and parental and familial DNA is
often unavailable in adult onset cases, hampering the possibility of trio-based WES or
analysis of segregation of mutations. An illustrative example of a disorder with a shift
in the reported epidemiological distribution is X-linked adrenoleukodystrophy, which
was originally described as a rapidly progressive childhood onset disorder.129 The
initial phenotype was named ‘Childhood cerebral ALD’. Later on, the adult onset
variant adrenomyeloneuropathy was recognized more and more, and is now known
to be the most common form of X-ALD.130,131
The expected rise in the application of the whole-genome sequencing (WGS)
technique rather than WES will lead to increased identification of variants in noncoding regulatory sequences, such as intronic variants resulting in altered expression
or splicing. This may enhance the understanding of epigenetic mechanisms. The
rapid progress in genetic diagnostic technologies will also provide new challenges in
terms of care and counselling of patients and families as well as logistics regarding
the storage and analysis of big data.
Continuous need for phenotyping
An important point is that the easier access to genetic testing and therefore to
molecular diagnoses does not mean that stringent clinical phenotyping is no longer
necessary. A genetic diagnosis is not sufficient to predict disease course and perform
optimal clinical counseling. There are still many leukodystrophies in which systematic
inventory of clinical features in large groups of patients are lacking. Especially with
the prospect of therapeutic options, we stress the need for clinical phenotyping
studies.
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Also for the leukodystrophies described in this thesis, there is still a lot to gain from
follow-up phenotyping studies. This could for instance involve longer follow-up of
patients and establishment of larger datasets to answer questions on for instance
gender influence or subtypes of diseases. A proposed complement would be to
compare the output of questionnaires completed by different players involved (e.g.
the patients themselves versus parents versus clinicians).
Analysis of radiological features is an essential element of phenotyping. With
advancing MRI techniques, MRI pattern recognition becomes more sensitive. MR
Imaging at 3 Tesla can results in the identification of additional features as compared
to 1.5 Tesla imaging, as has been demonstrated for 4H leukodystrophy.132 Together
with advancing DNA technologies, leukodystrophies can be described in more and
more detail, revealing insights in for instance which structures or cell types are
involved, offering clues for basic studies and therapeutic strategies.
Phenotyping studies will always need renewing, as findings will not necessarily be
applicable to patients living a few decades from now. Diseases are influenced several
factors, like changing environmental circumstances and genetic effects. The latter are
also impacted by evolutionary changes.133

Global collaborations

8

Collaboration is the cornerstone of progress in the world of rare diseases. The ability
of the internet can greatly facilitate the formation of clinical research networks. A
crucial component of success with rare-disease research is establishing strong
connections with physicians and the patient community. Involvement of patient
advocacy groups and online platforms results in increasing awareness and funding
and facilitates the recruiting of patients and measurement of patient-reported
outcomes.
An increasing amount of detailed patient-related data is being collected over time in
electronic health records. This should facilitate the delineation of clinical syndromes
at a low cost.134 Advanced tools to enable systematic capture of clinical data would
benefit phenotyping studies. Regardless of this, successful phenotyping studies
require harmonization of instruments to describe phenotypes, improved exchange of
phenotypic data and a pragmatic assessment of what data to collect under different
clinical circumstances and at what point along the diagnostic pathway.
Web-based applications facilitate cross-talk between researchers working on highly
specialized topics. With regard to the identification of genetic causes of rare
diseases, the field would greatly benefit from enhanced data sharing. Research
output is enhanced by initiatives seeking to maximize sharing of genomic data, such
as GeneMatcher and the Global Alliance for Genomics and Health.135,136

Treatment strategies
Being monogenic disorders, leukodystrophies appear highly suitable for gene
therapy development, aiming at counteracting or replacing a malfunctioning gene

Summary and general discussion

|

221

within the cells adversely affected by the gene defect.137 Loss-of-function mutations
are amendable to the delivery of the natural functional gene, whereas gain-offunction mutations require reduction of the toxic gene product activity. As simple as
the concept sounds, there are many technical challenges to overcome.101 The first
clinical trial of gene therapy in the field of leukodystrophies has recently shown
encouraging therapeutic benefits.138 Recent studies are focused on gene therapy
targeting specific cell types such as oligodendrocytes.139 Gene therapy will however
not have the capability of restoring damaged tissue. Therefore, additional strategies
are warranted. Autologous hematopoietic stem cell (HSC) therapy, targeting
restoration of tissue macrophages, has proven to successfully cross-correct enzyme
deficiencies in a subset of leukodystrophies. For most disorders other strategies are
needed to halt further progression and repair existing damage. Cell replacement
therapy, where populations of healthy glial cells (oligodendrocytes and astrocytes) or
their precursors are transplanted in the CNS, is a promising treatment strategy for
leukodystrophies.140 At the Center for childhood white matter disorders, cell
replacement therapy for VWM is currently tested on mouse models closely
resembling the disease in humans. Issues to be addressed include which glial
precursor cell population should be focused on to correct for the defect in VWM, how
the brain microenvironment should be modulated for optimal improvement, how the
genetic defect can be corrected and which route of administration is most effective.141
While progress in the fields of gene and stem cell therapies is ongoing, there are still
many challenges to overcome for their implementation. For the near future, a focus
on pharmacological compounds may be the most promising approach.
Understanding of the underlying mechanism of a disease and the identification of
involved pathways are crucial steps in the identification of targets for therapy. Cell
models or patient cell lines may be used for drug screening, followed by application in
animal models representative to human diseases. Overall, interdisciplinary
collaborations are essential for further advancement in the identification and
development of therapeutic agents. A suggested approach is the exploration of
parallels between the fields of neuroscience and oncology. The two share several
important research themes, such as the influence of gene expression patterns and
microenvironmental factors on pathology, and the development of targeted therapies.
For leukodystrophies, this could for instance involve the identification of alternatives
for cantharidin as splicing modulator for LBSL or the application of knowledge on
microtubule stability from research on cytostatic drugs for H-ABC.
All in all, recent technological progress is changing the paradigm that
leukodystrophies are untreatable. Multimodal approaches targeting multiple aspects
of the disease are most likely to succeed in halting the disease process and repairing
the multifactorial complex pathology.142 Regardless of treatment strategy, consensus
should be achieved with regard to the inclusion and exclusion criteria for patient
selection, which requires comprehensive phenotyping and long term follow-up
studies.
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CLOSING REMARKS
Important progress is being made in diagnostic rates and understanding of pathologic
mechanisms in the field of leukodystrophies. Clinical phenotyping remains essential
to interpret genetic findings, perform optimal patient counseling and plan clinical
trials. Multidisciplinary and international collaborations are crucial to improve quality
of life for these groups of patients and eventually find a cure.

Key issues on leukodystrophies

8

 Leukodystrophies are a diverse group of diseases with heterogeneous
causes, clinical presentation and disease progression: not all
leukodystrophies are disastrous and fatal
 A molecular diagnosis is essential for clinical and genetic counseling
 Molecular understanding of disease cause and mechanisms are
conditional for the development of treatment strategies
 A diagnostic test alone has little meaning if not placed into a clinical
context
 Improved knowledge on natural disease course can only be achieved by
international, standardized and centralized collection of data and strong
connections with physicians and patient communities
 The study of genetic diseases in a multidisciplinary approach provides the
best chance of crucial insights into underlying pathophysiological
mechanisms
 LBSL has a broad phenotypic spectrum, but in the majority of cases the
disease course is mild and slow. The development of a successful
modulation of “leaky” splice site mutations in intron 2 is of importance for
95% of patients
 Classic MLC is a relatively mild leukodystrophy. Epilepsy is an early
feature, often occurring before motor decline. No clinical differences have
been found on the basis of affected gene (MLC1 or GLIALCAM)
 The clinical course of H-ABC caused by TUBB4A mutations ranges from
neonatal up to early juvenile presentation with rapidly progressive to more
gradual neurological decline. There is a strong genotype-phenotype
correlation
 Among unsolved H-ABC patients with a Roma ethnic background, the
genetic cause lies in a founder effect: all patients have the same mutation
in the promoter region of the UFM1 gene and exhibit a severe, fatal
epileptic encephalopathy
 VWM, one of the more common leukodystrophies, is associated with a
highly variable disease, ranging from antenatal onset rapidly fatal disease
up to adult-onset milder disease. Age of onset is an important predictor of
outcome
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ACHTERGROND
Het is 2012 als het leven van een 2-jarige jongen plotseling drastisch verandert. Tot
die tijd was hij een gezond, actief kind met een normale ontwikkeling. Nu lijdt hij aan
een bacteriële infectie met koorts en heeft hij problemen met coördinatie en lopen. Hij
gaat snel achteruit, verliest de vaardigheid om te lopen en wordt opgenomen op de
Intensive Care afdeling met een verlaagd bewustzijn. Er wordt een MRI scan
gemaakt, die uitgebreide afwijkingen van de witte stof van de hersenen toont. De
artsen vrezen voor een vorm van leukodystrofie. Leukodystrofieën vormen een groep
van zeldzame, erfelijke hersenziekten met vaak een slechte prognose. Niet duidelijk
is om welke vorm van leukodystrofie het gaat. De ouders van de jongen krijgen te
horen dat de verwachting is dat hij niet langer dan een jaar zal leven, een rampzalig
vooruitzicht. Nadat hij hersteld is van de infectie, toont de jongen een verrassend
herstel: hij leert opnieuw kruipen en na een paar maanden kan hij weer lopen. Er
blijven enkel wat subtiele coördinatieproblemen bestaan. Het blijft onduidelijk wat de
diagnose is. Als de jongen 4 jaar is, valt hij tijdens het spelen op zijn hoofd. Daarna
kan hij niet meer lopen en verschijnt er een tremor aan de handen. Een nieuwe
hersenscan toont opnieuw wittestofafwijkingen, maar de oorzaak is onbekend.
Ondertussen verwachten de ouders een tweede kind. De artsen hebben hun verteld
dat er een reële kans is dat dit kind ook leukodystrofie heeft. Het is niet mogelijk om
prenatale diagnostiek te doen, aangezien er geen specifieke diagnose is. Het kind
wordt gezond geboren, maar vertoont op 2-jarige leeftijd de eerste symptomen van
de hersenziekte. Uiteindelijk, na vele onderzoeken en second opinions, wordt er voor
beide kinderen een diagnose gesteld: zij lijden aan de leukodystrofie Vanishing White
Matter (VWM). Voor de ouders is het een opluchting om te weten wat er aan de hand
is en de puzzelstukjes op hun plaats te zien vallen. Hoewel er geen behandeling
bestaat voor de ziekte, maakt het hebben van de diagnose het mogelijk voor de
familie om zich te richten op gepaste medische en preventieve zorg en op kwaliteit
van leven voor hun kinderen. Ook is het nu mogelijk om prenataal onderzoek te doen
bij een volgende zwangerschap.

9

“Wittestofziekten” is de verzamelnaam van een groep ziekten waarbij voornamelijk of
uitsluitend de witte stof van de hersenen is aangedaan. Leukodystrofieën zijn de
erfelijke wittestofziekten. Er zijn vele verschillende vormen en elke ziekte is
zeldzaam, maar als groep zijn ze niet zo zeldzaam. De meeste ziekten zijn zeer
invaliderend. Er is helaas nog maar weinig bekend over de onderliggende
mechanismen van deze ziekten en over hoe de ziekten verlopen. De impact op het
leven van patiënten en families is enorm.
Het onderzoek dat in dit proefschrift wordt beschreven, werd verricht bij het Centrum
voor kinderwittestofziekten in Amsterdam. Het doel van dit centrum is het verbeteren
van de diagnostiek en patiëntenzorg voor kinderen met wittestofziekten. Het ultieme
doel is om de ziekten te kunnen genezen. Het ontrafelen van de mechanismen die
aan de ziekten ten grondslag liggen is een essentiële stap in deze richting. In dit
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proefschrift beschrijven we de nieuwe inzichten die zijn opgedaan voor verschillende
leukodystrofieën aan de hand van het bestuderen van het ziektebeloop.
De volgende twee secties bevatten achtergrondinformatie over leukodystrofieën en
genetica, belangrijk voor het begrijpen van de onderzoeksresultaten.

1. Leukodystrofieën
De hersenen bestaan uit grijze en witte stof. De grijze stof bevat de zenuwcellen en
is voornamelijk gelegen in de hersenschors aan de buitenkant van het brein. De witte
stof bevat de uitlopers van de zenuwcellen (axonen), die verschillende delen van de
hersenen onderling en met het ruggenmerg verbinden; het vormt de “bedrading” van
het zenuwstelsel (Figuur 1). De witte kleur komt van de aanwezigheid van myeline,
de isolatielaag van de zenuwbaan.

Figuur 1 | Witte stof. (A) Overzicht van een dwarsdoorsnede van de hersenen, waarop zichtbaar is
dat de grijze stof zich aan de buitenkant bevindt. De witte stof is aan de binnenkant gelegen. (B) Foto
van een geprepareerde dwarsdoorsnede van menselijke hersenen, die de wittestofbanen toont.

Bij veel neurologische ziekten wordt met name de grijze stof getroffen. Een bekend
voorbeeld van een grijzestofziekte is de ziekte van Alzheimer. Een veelvoorkomende
wittestofziekte is Multiple Sclerose (MS), een verworven ziekte die vooral op de
volwassen leeftijd voorkomt. Wittestofziekten worden ook wel leukoencefalopathieën
genoemd. Deze term stamt af van de Griekse taal: “leuko” = wit en “encefalopathie” =
ziekte van de hersenen. Indien een wittestofziekte erfelijk is, wordt gesproken van
leukodystrofie: “dys” = gestoord en “trofie” = groei. Bij deze groep van ziekten worden
patiënten vaak al op de kinderleeftijd getroffen. Geschat wordt dat ongeveer 1 op de
7600 kinderen wordt geboren met de erfelijke aanleg die een leukodystrofie tot
gevolg heeft. Motorische problemen staan doorgaans op de voorgrond en patiënten
kunnen last hebben van spasticiteit en een gestoorde coördinatie. Het beloop is vaak
ernstig en een aanzienlijk deel van de patiënten overlijdt ten gevolge van de ziekte.
Maar er is veel variatie en er zijn ook patiënten die een redelijk normaal leven leiden.
In de afgelopen 30 jaar is er veel vooruitgang geboekt op het terrein van onderzoek
naar leukodystrofieën. Dat begon met de introductie van de Magnetische Resonantie
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Beeldvorming (MRI) waarbij het mogelijk werd om de hersenen in detail af te
beelden. Het werd duidelijk dat verschillende wittestofziekten te onderscheiden zijn
op basis van gelijksoortige MRI patronen. Vervolgens werden er bij patiënten met
gelijke MRI afwijkingen ook afwijkingen (mutaties) in hetzelfde gen gevonden.

2. Genetica en onderliggende ziektemechanismen
Leukodystrofieën zijn monogenetische aandoeningen: dit type van overerving wordt
veroorzaakt door mutaties die optreden in één enkel gen. Een gen is een stukje
erfelijke materiaal (DNA) dat informatie bevat over de vorming van een bepaald eiwit
met een specifieke functie of eigenschap in het lichaam (Figuur 2). Met de
revolutionaire ontwikkelingen op het gebied van genetisch onderzoek worden er nu in
snel tempo nieuwe genen ontdekt die geassocieerd zijn met leukodystrofieën. Het
vinden van de genetische oorzaak is een essentiële stap voor het bestuderen van
onderliggende ziektemechanismen. Bovendien maakt het hebben van een
genetische diagnose het door de toepassing van prenatale diagnostiek of
preïmplantatie-diagnostiek mogelijk te voorkomen dat er binnen een familie opnieuw
een kindje met dezelfde wittestofziekte wordt geboren.
In het Centrum voor kinderwittestofziekten worden leukodystrofieën op
multidisciplinaire wijze bestudeerd. Er worden nieuw inzichten verworven op het
gebied van onder andere de klinische, radiologische, biologische en
neuropathologische aspecten. Het vanuit verschillende invalshoeken bestuderen van
een ziekte kan door kruisbestuivingen leiden tot belangrijke nieuwe inzichten (Figuur
2). Observaties aan de hand van onderzoek naar patiëntkenmerken vormen veelal
het beginpunt van het verder ontrafelen van hoe een ziekte werkt.

9

Figuur 2 | Overzicht van verschillende niveaus van de biologische organisatie van organismen.
Genen coderen voor eiwitten, die in het lichaam een specifieke functie uitvoeren en betrokken zijn bij
de vorming van netwerken, weefsel en organen. Het leven van mensen (en andere organismen)
berust op een samenspel van genen, eiwitten, weefsels, organen en de omgeving. Door dit
samenspel vanuit een multidisciplinaire aanpak te bestuderen worden nieuwe inzichten verkregen in
functies en ziektemechanismen.

Nederlandse samenvatting

|

237

OPZET EN DOEL VAN HET PROEFSCHRIFT
Met het groeiende aantal gedefinieerde leukodystrofieën en de vooruitgang in
beeldvormende technieken en genetisch onderzoek kan bij het merendeel van de
patiënten met een leukodystrofie nu een specifieke diagnose gesteld worden. Een
diagnostische test alleen heeft echter weinig betekenis wanneer deze niet in een
klinische context geplaatst kan worden. Een belangrijk deel van de symptomen van
verschillende wittestofziekten komt overeen, en daarmee ook de aanpak voor
symptomatische en preventieve behandeling. Maar om patiënten en families optimaal
te kunnen informeren, begeleiden en behandelen, is ziekte-specifiek inzicht in het
beloop, klinische variatie en risicofactoren essentieel. Het centrale thema van dit
proefschrift is het bestuderen van de klinische kenmerken (het fenotype) en de
genetische kenmerken (het genotype) van een viertal relatief recent geïdentificeerde,
“nieuwe” leukodystrofieën, namelijk;
- LBSL: leukoencefalopathie met hersenstam en ruggenmergafwijkingen en
verhoogd lactaat;
- MLC: megalencefale leukoencefalopathie met subcorticale cysten;
- H-ABC: hypomyelinisatie met atrofie van de basale kernen en het cerebellum;
- VWM Vanishing White Matter.
Omdat genoemde ziekten nog maar kort bekend zijn, is de kennis over de ziekten
zeer beperkt. Door middel van wereldwijde samenwerking met verwijzende artsen,
patiënten en families hebben we ziektekenmerken kunnen beschrijven onder voor
deze vier zeer zeldzame ziekten unieke aantallen patiënten.

Doelstellingen
I)

Het beter definiëren van de klinische en genetische kenmerken van vier
leukodystrofieën, om informatieverstrekking en patiëntenzorg door artsen te
verbeteren.
II) Het verkrijgen van inzicht in het natuurlijk beloop van de ziekten om in de
toekomst het evalueren van therapeutische behandelingen mogelijk te maken.
III) Het vergroten van de kennis over de onderliggende ziektemechanismen.

9

238

|

Chapter 9

RESULTATEN
In deze sectie worden voor de vier leukodystrofieën de belangrijkste
onderzoeksresultaten beschreven, voorafgegaan door een introductie over de ziekte.

Leukoencefalopathie met hersenstam en ruggenmergafwijkingen en
verhoogd lactaat (LBSL)
LBSL is een aandoening met een heel karakteristiek MRI patroon, waarop de witte
stof van de hersenen en specifieke structuren in de hersenstam en het ruggenmerg
een afwijkend signaal vertonen. De ziekte wordt meestal gekenmerkt door een
langzaam progressieve verstoring van de normale functie van de pyramidebanen (de
motorische banen), het cerebellum (de kleine hersenen die voor coördinatie zorgen)
en de achterstrengen (de banen voor het gevoel). LBSL stond initieel bekend als een
relatief milde ziekte, met presentatie van verschijnselen op latere kinderleeftijd. Door
de zeldzaamheid van de ziekte was er in 2012 nog maar weinig bekend over het
ziektebeloop en de variatie in ernst.
Wij hebben een studie verricht onder 78 patiënten om een beter inzicht te krijgen in
het spectrum van de ziekte. In hoofdstuk 2 beschrijven we dat de ziekte zeer
uiteenlopend kan verlopen, van presentatie in het eerste levensjaar met snelle
achteruitgang en vroeg overlijden, tot presentatie op de volwassen leeftijd met een
mild ziektebeloop. Met uitzondering van kinderen bij wie de ziekte zich al op heel
jonge leeftijd openbaart, gaan patiënten over het algemeen zeer langzaam achteruit.
Volledige rolstoelafhankelijkheid is zeldzaam en komt doorgaans pas op volwassen
leeftijd voor. Ernstige gevallen uitgezonderd, lijkt het erop dat de meeste patiënten
met LBSL een normale levensverwachting hebben.

9

LBSL is een recessieve ziekte; patiënten erven van beide ouders een mutatie in het
DARS2 gen. DARS2 codeert voor het eiwit “mitochondriaal aspartyl-tRNA
synthetase” (mtAspRS). Dit is een enzym dat een belangrijke functie vervult in de
mitochondriën, de energiecentrales van de cellen in het lichaam. We presenteren in
hoofdstuk 2 een overzicht van verschillende DARS2 mutaties die zijn gevonden bij
LBSL patiënten. Een van de observaties was dat bijna alle patiënten een specifiek
type mutatie hebben, een zogeheten splice-site mutatie in intron 2, die ervoor zorgt
dat een deel van het mtAspRS eiwit niet gevormd wordt. Veel patiënten zouden dus
baat hebben bij een therapie die het effect van deze splice-site mutatie ongedaan
maakt. In hoofdstuk 2 beschrijven we hoe we via laboratoriumonderzoek een middel
hebben geïdentificeerd dat aangrijpt op de splice-site mutatie en de vorming van het
eiwit gunstig beïnvloedt: cantharidine. Helaas is dit middel erg giftig, waardoor het
niet zomaar als behandeling kan worden ingezet. Er wordt veel onderzoek gedaan
naar cantharadine omdat het ook effectief is gebleken in de behandeling van kanker.
Ons onderzoek heeft aangetoond dat het principe werkt. Het zoeken naar een
minder toxische variant van het middel lijkt een veelbelovende weg vooruit in de
behandeling van LBSL.
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Megalencefale leukoencefalopathie met subcorticale cysten (MLC)
De hersenen liggen goed beschermd in een schedel. Het gevolg van deze harde
bescherming is dat er nauwelijks ruimte is voor verandering van volume van de
inhoud van die schedel. Een kleine toename van het volume, door bijvoorbeeld
bloeding of zwelling, leidt tot stijging van de druk en beknelling van hersenweefsel,
hetgeen desastreuze gevolgen kan hebben (“inklemming”). Om dergelijke schade te
beperken zijn de hersenen uitgerust met een ingenieus systeem voor
volumeregulatie. Alleen in de eerste 1 à 2 levensjaren is zwelling van de hersenen
minder een probleem, omdat de schedelnaden nog open zijn en versterkte groei van
het hoofd toelaten. Bij de ziekte MLC is er iets mis met deze volumeregulatie,
waardoor er in het eerste levensjaar zwelling van de hersenen optreedt. Toename
van de hoofdomtrek (megalencefalie) is doorgaans het eerste verschijnsel van de
ziekte, zonder dat er op dat moment andere symptomen zijn. De MRI van de
hersenen toont dat de witte stof een abnormaal signaal heeft en gezwollen is. Ook
zijn er cysten in de hersenen: holtes gevuld met vocht. Er zijn twee verschillende
vormen van de ziekte: de klassieke vorm, waarbij patiënten langzaam achteruit gaan,
en de verbeterende vorm, waarbij in de loop van de tijd vooruitgang optreedt.
Omdat er nooit systematisch was gekeken naar de klinische en MRI kenmerken van
de ziekte in een grote groep patiënten, zijn wij een samenwerking gestart met een
internationale groep artsen. Het doel was om de ziektekenmerken beter in kaart te
brengen en om te kijken of er bepaalde eigenschappen zijn, die helpen bij het
onderscheid maken tussen verschillende vormen van de ziekte. In hoofdstuk 3
beschrijven we de ziekte- en MRI kenmerken onder 242 MLC patiënten. Bij de
meeste patiënten met klassieke MLC werd gedurende de eerste jaren na de start van
de ziekte een langzame achteruitgang van de motoriek gezien. Opvallend was dat
wanneer patiënten op de leeftijd van 15 jaar nog niet volledig rolstoelafhankelijk
waren, zij ook hierna doorgaans het loopvermogen behielden. Er werd een laag
sterftegetal gezien. De 38 patiënten met verbeterende MLC hadden een duidelijk
milder ziektebeloop met behoud van motorische functies. Intellectuele beperkingen
en autisme kwamen wel relatief veel voor in deze groep. We konden enkele
radiologische kenmerken identificeren die in de vroege fase van de ziekte
differentiëren tussen klassieke en verbeterende MLC. We vonden geen verschil
tussen klassieke MLC door MLC1 mutaties en MLC door GLIALCAM mutaties. De
resultaten van de studie kunnen artsen van MLC patiënten helpen bij het bieden van
medische zorg en verstrekken van informatie over het ziektebeloop aan patiënten en
het gericht aanvragen van genetisch onderzoek naar de ziekte. Naar aanleiding van
observaties op het gebied van epileptische aanvallen bij patiënten met MLC werd er
een nieuwe studie opgezet waarbij een ziektemodel voor MLC werd gebruikt om aan
te tonen dat de ziekte waarschijnlijk berust op een defect in de kaliumbuffering in de
hersenen.
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Hypomyelinisatie met atrofie van de basale kernen en het cerebellum
(H-ABC)
Bij H-ABC patiënten is er een verstoring van de normale aanleg van myeline in de
hersenen. Bovendien toont MRI dat specifieke centrale kernen in de hersenen
afwezig zijn of in verminderde mate aanwezig. De zieke presenteert zich in de eerste
levensjaren. De belangrijkste symptomen zijn spasticiteit, coördinatieproblemen en
de aanwezigheid van ongewilde bewegingen. Bij de zoektocht naar de genetische
oorzaak van H-ABC in 2013 werden 11 patiënten geselecteerd aan de hand van
strenge MRI criteria en vergelijkbare klinische verschijnselen. Er werd ontdekt dat
deze patiënten allen dezelfde dominante mutatie hadden in het TUBB4A gen. De
identificatie van het genetisch defect maakte het mogelijk om vervolgens in een
grotere groep patiënten te bestuderen wat de ziektekenmerken waren. In hoofdstuk 4
beschrijven we de ziekte en MRI kenmerken onder 42 genetisch gediagnosticeerde
patiënten. Er bleken ook atypische gevallen van de ziekte te zijn en er waren sterke
aanwijzingen dat de ernst en vorm van de ziekte nauw samenhangt met de
specifieke lokalisatie van de mutatie in het TUBB4A gen. In dezelfde periode is
ontdekt dat TUBB4A mutaties ook geassocieerd zijn met een andere neurologische
ziekte, namelijk Dystonie type 4. Deze ziekte komt doorgaans pas op volwassen
leeftijd aan het licht en gaat niet gepaard met MRI afwijkingen. Vervolgens bleken
ook diverse gevallen van hypomyelinisatie zonder basale kernen afwijkingen te
berusten op mutaties in dit gen. Deze klinische observaties in patiënten waren de
basis voor vervolgstudies in het laboratorium die hebben bijgedragen aan nieuw
inzichten in het onderliggende ziektemechanisme.

9

Bij een klein deel van de patiënten die aan de MRI kenmerken van H-ABC voldeden,
kon bij DNA onderzoek geen mutatie in het TUBB4A gen gevonden worden. Dit deed
vermoeden dat er nog een tweede gen geassocieerd is met de ziekte. Het nader
bestuderen van de onopgeloste gevallen bracht het inzicht dat verschillende
patiënten afkomstig waren uit families met een Roma (zigeuner) achtergrond. Ook
bleken ouders van de patiënten veelal verwant te zijn. Derhalve was er een sterke
verdenking op een erfelijke aandoening met homozygote overerving, waarbij
patiënten van beide ouders dezelfde genetische variant overerven. Geavanceerd
genetisch onderzoek toonde aan dat 16 patiënten dezelfde homozygote mutatie in
het UFM1 gen hadden (hoofdstuk 5). Alle patiënten met UFM1 mutaties hadden een
zeer ernstige ziekte met moeilijk behandelbare epilepsie en sterfte op de jonge
kinderleeftijd. Screening onder verschillende Roma groeperingen toonde dat het
dragerschap van deze mutatie in bepaalde delen in Europa erg hoog is. De
ontdekking van de genetische oorzaak van deze vorm van H-ABC maakt het mogelijk
om in risicogroepen dragerschapstesten of prenatale screenings te verrichten.

Vanishing White Matter (VWM)
Bij VWM, een van de vaakst voorkomende leukodystrofieën, is er een proces gaande
waarbij de witte stof van de hersenen verdwijnt en geleidelijk wordt vervangen door
vloeistof. Het gevolg is, dat de hersenen van patiënten steeds minder goed
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functioneren en zij onder andere problemen krijgen met de motoriek. In eerste
instantie werd VWM vooral gediagnosticeerd bij jonge kinderen, met een presentatie
tussen het 2e en 6e levensjaar. Later werd duidelijk dat er ook gevallen zijn die zich
op veel jongere of juist veel latere leeftijd openbaren. De ziekte berust op mutaties in
5 verschillende genen die coderen voor eiwitten die een cruciale rol spelen bij de
regulatie van de vertaling van genetische informatie naar eiwit, in het bijzonder in
omstandigheden waarbij cellen in stress verkeren. Een typerend kenmerk van de
ziekte is dat bepaalde stressoren, zoals een infectie met koorts of een val op het
hoofd, ervoor kunnen zorgen dat patiënten plotseling achteruitgaan, en zelfs in coma
komen of overlijden.
Om meer inzicht te krijgen in het beloop van deze ziekte en de relatie met het
genotype is er in 2004 een database gestart waarin gedetailleerde informatie over
het ziektebeloop werd verzameld. In hoofdstuk 6 beschrijven we de resultaten van
een 12,5 jaar durende studie naar het natuurlijke beloop van de ziekte onder 296
genetisch bevestigde patiënten. Er is sprake van een zeer uiteenlopend
ziektebeloop, variërend van gevallen waarbij de eerste symptomen al voor de
geboorte aan het licht komen en waarbij patiënten snel overlijden, tot presentatie op
de volwassenen leeftijd met een relatief mild beloop. Een vroege beginleeftijd bleek
een ongunstige voorspeller voor de uitkomst. Andere voorspellers die samenhingen
met een ernstiger beloop waren de aanwezigheid van epileptische aanvallen en de
aanwezigheid van episodische achteruitgang uitgelokt door stressoren. Het is dus
van groot belang om maatregelen te nemen om de invloed van dergelijke stressoren
tegen te gaan. De bevindingen van deze studie illustreren dat alleen het hebben van
de diagnose VWM nog niet veel zegt over het te verwachten ziektebeloop. Het is
voor het counselen van patiënten en families essentieel om kennis te hebben over de
invloed van andere factoren, zoals de beginleeftijd.
Om meer inzicht te krijgen in de impact van de ziekte VWM op het dagelijks leven
van patiënten hebben we onderzoek gedaan naar domeinen van handicap en de
impact van de ziekte op de kwaliteit van leven. In hoofdstuk 7 beschrijven we het
ziektebeloop aan de hand van twee gestandaardiseerde vragenlijsten over handicap,
de Health Utilities Index (HUI) en Guy’s Neurological Disability Scale (GNDS). De
data tonen dat het merendeel van de patiënten veelal eerst problemen krijgt met het
lopen en de handvaardigheid, vooral op de kinderleeftijd. Zij krijgen doorgaans pas in
een later stadium problemen met het denken. Daar staat tegenover dat cognitieve
problemen bij patiënten met een ziektedebuut op de volwassen leeftijd juist vaak al
vroeg aanwezig zijn. In een gevorderd stadium van de ziekte doen zich ook
problemen voor op het gebied van spraak en de functie van blaas en darmen.
De HUI biedt de mogelijkheid om het functioneren van patiënten af te zetten tegen
het oordeel van gezonde mensen over een bepaalde gezondheidstoestand. Een
opvallende bevinding was dat buitenstaanders de levenskwaliteit van patiënten met
VWM doorgaans zeer laag of zelfs als ontoereikend zouden beoordelen, terwijl
patiënten met de ziekte of hun of families vaak nog veel levensvreugde ervaren.
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Al met al bieden de bevindingen inzicht in het ziektebeloop voor verschillende
varianten van de ziekte. De in hoofdstuk 6 en 7 besproken data over het natuurlijke
beloop van VWM dragen bij aan de planning van therapeutische trials.

RELEVANTIE
Dit proefschrift biedt nieuwe inzichten in het ziektebeloop van enkele
leukodystrofieën. Het onderzoek draagt bij aan een betere herkenbaarheid van de
ziektekenmerken en daarmee de kans op het stellen van een juiste diagnose. De
opgedane kennis helpt artsen bij het beter informeren van patiënten en families met
LBSL, MLC, H-ABC en VWM over het te verwachten ziektebeloop. Daarnaast dragen
observaties over ziekte-eigenschappen bij aan het beter begrijpen van de
onderliggende ziektemechanismen. Vooruitgangen in technologische ontwikkelingen
op het gebied van therapieën, zoals gentherapie en stamceltherapie, bieden hoop
voor curatieve behandeling voor een toenemend aantal leukodystrofieën. Ook voor
het opzetten en evalueren van behandelingsstudies is informatie over het
ziektebeloop en onderlinge variatie tussen patiënten onmisbaar. Ondanks de enorme
vooruitgang op het gebied van kennis over leukodystrofieën, blijven er nog vele
vragen. Gezien de complexiteit en zeldzaamheid van de ziekten is samenwerking,
zowel internationaal als interdisciplinair, de sleutel voor verdere vooruitgang.
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Leukodystrophies are a group of rare genetic disorders affecting
the white matter of the brain. Disease onset may be at any age,
mostly in childhood. There is only a limited understanding of the
mechanisms underlying leukodystrophies and most of these disorders
DUH QRW FXUDEOH DW WKLV SRLQW &OLQLFLDQV DUH FKDOOHQJHG E\ D GH¿FLW
of knowledge of phenotypic characteristics and disease course. In
this thesis, we delineate the clinical and genetic properties of four
different leukodystrophies, aimed at improved patient counseling,
enhanced understanding of underlying disease mechanisms and
providing natural history data for the planning and evaluation of future
therapeutic trials.

