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Chapter 8

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.

8

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
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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
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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

8

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.

8

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 The combining of α-tubulins with β-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-specific tubulin β4A, 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,
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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.

8

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

15163_E-Hamilton_BNW.indd 206

24-01-19 12:01

Summary and general discussion

|

207

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.

8

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

15163_E-Hamilton_BNW.indd 208

24-01-19 12:01

Summary and general discussion

|

209

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.

8

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
dephosphorylation of eIF2α, 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%

8

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

8

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

8

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 insights: 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.

8

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

15163_E-Hamilton_BNW.indd 220

24-01-19 12:01

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.

8

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

15163_E-Hamilton_BNW.indd 222

24-01-19 12:01

Summary and general discussion

|

223

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

Bonkowsky JL, Nelson C, Kingston JL, Filloux FM, Mundorff MB, Srivastava R. The
burden of inherited leukodystrophies in children. Neurology 2010;75:718-725.
Aronson JK. Rare diseases and orphan drugs. Br J Clin Pharmacol 2006;61:243-245.
Parikh S, Bernard G, Leventer RJ, et al. A clinical approach to the diagnosis of
patients with leukodystrophies and genetic leukoencephelopathies. Mol Genet Metab
2015;114:501-515.
Richards J, Korgenski EK, Srivastava R, Bonkowsky JL. Costs of the diagnostic
odyssey in children with inherited leukodystrophies. Neurology 2015;85:1167-1170.
Vanderver A, Prust M, Tonduti D, et al. Case definition and classification of
leukodystrophies and leukoencephalopathies. Mol Genet Metab 2015;114:494-500.
http://www.who.int/classifications/icd/en/ [online].
Brimley CJ, Lopez J, van Haren K, et al. National variation in costs and mortality for
leukodystrophy patients in US children's hospitals. Pediatr Neurol 2013;49:156-162
e151.
Ayme S, Bellet B, Rath A. Rare diseases in ICD11: making rare diseases visible in
health information systems through appropriate coding. Orphanet J Rare Dis
2015;10:35.
Appel LJ. A primer on the design, conduct, and interpretation of clinical trials. Clin J
Am Soc Nephrol 2006;1:1360-1367.
Griggs RC, Batshaw M, Dunkle M, et al. Clinical research for rare disease:
opportunities, challenges, and solutions. Mol Genet Metab 2009;96:20-26.
Pennisi E. Systems biology. Tracing life's circuitry. Science 2003;302:1646-1649.
Noble D. The music of life. Oxford: Oxford University press, 2006.
van der Knaap MS, van der Voorn P, Barkhof F, et al. A new leukoencephalopathy
with brainstem and spinal cord involvement and high lactate. Ann Neurol
2003;53:252-258.
Steenweg ME, van Berge L, van Berkel CG, et al. Early-onset LBSL: how severe
does it get? Neuropediatrics 2012;43:332-338.
Linnankivi T, Lundbom N, Autti T, et al. Five new cases of a recently described
leukoencephalopathy with high brain lactate. Neurology 2004;63:688-692.
Serkov SV, Pronin IN, Bykova OV, et al. Five patients with a recently described novel
leukoencephalopathy with brainstem and spinal cord involvement and elevated
lactate. Neuropediatrics 2004;35:1-5.
Tavora DG, Nakayama M, Gama RL, Alvim TC, Portugal D, Comerlato EA.
Leukoencephalopathy with brainstem and spinal cord involvement and high brain
lactate: report of three Brazilian patients. Arq Neuropsiquiatr 2007;65:506-511.
Uluc K, Baskan O, Yildirim KA, et al. Leukoencephalopathy with brain stem and
spinal cord involvement and high lactate: a genetically proven case with distinct MRI
findings. J Neurol Sci 2008;273:118-122.
Scheper GC, van der Klok T, van Andel RJ, et al. Mitochondrial aspartyl-tRNA
synthetase deficiency causes leukoencephalopathy with brain stem and spinal cord
involvement and lactate elevation. Nat Genet 2007;39:534-539.
Miyake N, Yamashita S, Kurosawa K, et al. A novel homozygous mutation of DARS2
may cause a severe LBSL variant. Clin Genet 2011;80:293-296.
Synofzik M, Schicks J, Lindig T, et al. Acetazolamide-responsive exercise-induced
episodic ataxia associated with a novel homozygous DARS2 mutation. J Med Genet
2011;48:713-715.
Seburn KL, Nangle LA, Cox GA, Schimmel P, Burgess RW. An active dominant
mutation of glycyl-tRNA synthetase causes neuropathy in a Charcot-Marie-Tooth 2D
mouse model. Neuron 2006;51:715-726.
Isohanni P, Linnankivi T, Buzkova J, et al. DARS2 mutations in mitochondrial
leucoencephalopathy and multiple sclerosis. J Med Genet 2010;47:66-70.

15163_E-Hamilton_BNW.indd 223

8

24-01-19 12:01

224

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

8

38.
39.
40.
41.
42.
43.
44.

|

Chapter 8

Abbott JA, Francklyn CS, Robey-Bond SM. Transfer RNA and human disease. Front
Genet 2014;5:158.
Kevelam SH, Steenweg ME, Srivastava S, et al. Update on Leukodystrophies: A
Historical Perspective and Adapted Definition. Neuropediatrics 2016.
Scheper GC, van der Knaap MS, Proud CG. Translation matters: protein synthesis
defects in inherited disease. Nat Rev Genet 2007;8:711-723.
Taft RJ, Vanderver A, Leventer RJ, et al. Mutations in DARS cause hypomyelination
with brain stem and spinal cord involvement and leg spasticity. Am J Hum Genet
2013;92:774-780.
Antonellis A, Green ED. The role of aminoacyl-tRNA synthetases in genetic diseases.
Annu Rev Genomics Hum Genet 2008;9:87-107.
Sissler M, Gonzalez-Serrano LE, Westhof E. Recent Advances in Mitochondrial
Aminoacyl-tRNA Synthetases and Disease. Trends Mol Med 2017;23:693-708.
Kim DG, Lee JY, Kwon NH, et al. Chemical inhibition of prometastatic lysyl-tRNA
synthetase-laminin receptor interaction. Nat Chem Biol 2014;10:29-34.
Carapito C, Kuhn L, Karim L, et al. Two proteomic methodologies for defining Ntermini of mature human mitochondrial aminoacyl-tRNA synthetases. Methods
2017;113:111-119.
Chen M, Manley JL. Mechanisms of alternative splicing regulation: insights from
molecular and genomics approaches. Nat Rev Mol Cell Biol 2009;10:741-754.
McKee AE, Minet E, Stern C, Riahi S, Stiles CD, Silver PA. A genome-wide in situ
hybridization map of RNA-binding proteins reveals anatomically restricted expression
in the developing mouse brain. BMC Dev Biol 2005;5:14.
Aradjanski M, Dogan SA, Lotter S, et al. DARS2 protects against neuroinflammation
and apoptotic neuronal loss, but is dispensable for myelin producing cells. Hum Mol
Genet 2017.
van Berge L, Dooves S, van Berkel CG, Polder E, van der Knaap MS, Scheper GC.
Leukoencephalopathy with brain stem and spinal cord involvement and lactate
elevation is associated with cell-type-dependent splicing of mtAspRS mRNA.
Biochem J 2012;441:955-962.
Novoyatleva T, Heinrich B, Tang Y, et al. Protein phosphatase 1 binds to the RNA
recognition motif of several splicing factors and regulates alternative pre-mRNA
processing. Hum Mol Genet 2008;17:52-70.
Wang G, Dong J, Deng L. Overview of Cantharidin and its Analogues. Curr Med
Chem 2018;25:2034-2044.
van der Knaap MS, Barth PG, Stroink H, et al. Leukoencephalopathy with swelling
and a discrepantly mild clinical course in eight children. Ann Neurol 1995;37:324-334.
Singhal BS, Gursahani RD, Udani VP, Biniwale AA. Megalencephalic leukodystrophy
in an Asian Indian ethnic group. Pediatr Neurol 1996;14:291-296.
Ridder MC, Boor I, Lodder JC, et al. Megalencephalic leucoencephalopathy with
cysts: defect in chloride currents and cell volume regulation. Brain 2011;134:33423354.
van der Knaap MS, Valk J, Barth PG, Smit LM, van Engelen BG, Tortori Donati P.
Leukoencephalopathy with swelling in children and adolescents: MRI patterns and
differential diagnosis. Neuroradiology 1995;37:679-686.
van der Knaap MS, Lai V, Kohler W, et al. Megalencephalic leukoencephalopathy
with cysts without MLC1 defect. Ann Neurol 2010;67:834-837.
van der Knaap MS, Boor I, Estevez R. Megalencephalic leukoencephalopathy with
subcortical cysts: chronic white matter oedema due to a defect in brain ion and water
homoeostasis. Lancet Neurol 2012;11:973-985.
Lopez-Hernandez T, Ridder MC, Montolio M, et al. Mutant GlialCAM causes
megalencephalic leukoencephalopathy with subcortical cysts, benign familial
macrocephaly, and macrocephaly with retardation and autism. Am J Hum Genet
2011;88:422-432.

15163_E-Hamilton_BNW.indd 224

24-01-19 12:01

Summary and general discussion

45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.

|

225

Wang PJ, Hwu WL, Shen YZ. Epileptic seizures and electroencephalographic
evolution in genetic leukodystrophies. J Clin Neurophysiol 2001;18:25-32.
Vanderver A, Tonduti D, Schiffmann R, Schmidt J, van der Knaap MS.
Leukodystrophy Overview. In: Adam MP, Ardinger HH, Pagon RA, et al., eds.
GeneReviews. Seattle (WA) 2014.
Dubey M, Brouwers E, Hamilton EMC, et al. Seizures and disturbed brain potassium
dynamics in the leukodystrophy megalencephalic leukoencephalopathy with
subcortical cysts. Ann Neurol 2018;83:636-649.
Annegers JF, Hauser WA, Coan SP, Rocca WA. A population-based study of
seizures after traumatic brain injuries. N Engl J Med 1998;338:20-24.
Gilad R, Boaz M, Sadeh M, Eilam A, Dabby R, Lampl Y. Seizures after very mild
head or spine trauma. J Neurotrauma 2013;30:469-472.
Coulter DA, Steinhauser C. Role of astrocytes in epilepsy. Cold Spring Harb Perspect
Med 2015;5:a022434.
Boor I, Nagtegaal M, Kamphorst W, et al. MLC1 is associated with the dystrophinglycoprotein complex at astrocytic endfeet. Acta Neuropathol 2007;114:403-410.
Lopez-Hernandez T, Sirisi S, Capdevila-Nortes X, et al. Molecular mechanisms of
MLC1 and GLIALCAM mutations in megalencephalic leukoencephalopathy with
subcortical cysts. Hum Mol Genet 2011;20:3266-3277.
Dubey M, Bugiani M, Ridder MC, et al. Mice with megalencephalic
leukoencephalopathy with cysts: a developmental angle. Ann Neurol 2015;77:114131.
Jeworutzki E, Lopez-Hernandez T, Capdevila-Nortes X, et al. GlialCAM, a protein
defective in a leukodystrophy, serves as a ClC-2 Cl(-) channel auxiliary subunit.
Neuron 2012;73:951-961.
Wu M, Moh MC, Schwarz H. HepaCAM associates with connexin 43 and enhances
its localization in cellular junctions. Sci Rep 2016;6:36218.
Duarri A, Teijido O, Lopez-Hernandez T, et al. Molecular pathogenesis of
megalencephalic leukoencephalopathy with subcortical cysts: mutations in MLC1
cause folding defects. Hum Mol Genet 2008;17:3728-3739.
van der Knaap MS, Naidu S, Pouwels PJ, et al. New syndrome characterized by
hypomyelination with atrophy of the basal ganglia and cerebellum. AJNR Am J
Neuroradiol 2002;23:1466-1474.
van der Knaap MS, Linnankivi T, Paetau A, et al. Hypomyelination with atrophy of the
basal ganglia and cerebellum: follow-up and pathology. Neurology 2007;69:166-171.
Simons C, Wolf NI, McNeil N, et al. A de novo mutation in the beta-tubulin gene
TUBB4A results in the leukoencephalopathy hypomyelination with atrophy of the
basal ganglia and cerebellum. Am J Hum Genet 2013;92:767-773.
Bahi-Buisson N, Poirier K, Fourniol F, et al. The wide spectrum of tubulinopathies:
what are the key features for the diagnosis? Brain 2014;137:1676-1700.
Mutch CA, Poduri A, Sahin M, Barry B, Walsh CA, Barkovich AJ. Disorders of
Microtubule Function in Neurons: Imaging Correlates. AJNR Am J Neuroradiol
2016;37:528-535.
Leandro-Garcia LJ, Leskela S, Landa I, et al. Tumoral and tissue-specific expression
of the major human beta-tubulin isotypes. Cytoskeleton (Hoboken) 2010;67:214-223.
Tischfield MA, Engle EC. Distinct alpha- and beta-tubulin isotypes are required for the
positioning, differentiation and survival of neurons: new support for the 'multi-tubulin'
hypothesis. Biosci Rep 2010;30:319-330.
Mitchison T, Kirschner M. Dynamic instability of microtubule growth. Nature
1984;312:237-242.
Hersheson J, Mencacci NE, Davis M, et al. Mutations in the autoregulatory domain of
beta-tubulin 4a cause hereditary dystonia. Ann Neurol 2013;73:546-553.
Lohmann K, Wilcox RA, Winkler S, et al. Whispering dysphonia (DYT4 dystonia) is
caused by a mutation in the TUBB4 gene. Ann Neurol 2013;73:537-545.

15163_E-Hamilton_BNW.indd 225

8

24-01-19 12:01

226

67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.

8

80.
81.
82.
83.
84.
85.
86.

|

Chapter 8

Miyatake S, Osaka H, Shiina M, et al. Expanding the phenotypic spectrum of
TUBB4A-associated hypomyelinating leukoencephalopathies. Neurology
2014;82:2230-2237.
Pizzino A, Pierson TM, Guo Y, et al. TUBB4A de novo mutations cause isolated
hypomyelination. Neurology 2014;83:898-902.
Lu Y, Ondo Y, Shimojima K, Osaka H, Yamamoto T. A novel TUBB4A mutation G96R
identified in a patient with hypomyelinating leukodystrophy onset beyond
adolescence. Hum Genome Var 2017;4:17035.
Nicita F, Bertini E, Travaglini L, Armando M, Aiello C. Congenital-onset spastic
paraplegia in a patient with TUBB4A mutation and mild hypomyelination. J Neurol Sci
2016;368:145-146.
Arai-Ichinoi N, Uematsu M, Sato R, et al. Genetic heterogeneity in 26 infants with a
hypomyelinating leukodystrophy. Hum Genet 2016;135:89-98.
Purnell SM, Bleyl SB, Bonkowsky JL. Clinical exome sequencing identifies a novel
TUBB4A mutation in a child with static hypomyelinating leukodystrophy. Pediatr
Neurol 2014;50:608-611.
Shimojima K, Okumura A, Ikeno M, et al. A de novo TUBB4A mutation in a patient
with hypomyelination mimicking Pelizaeus-Merzbacher disease. Brain Dev
2015;37:281-285.
Curiel J, Rodriguez Bey G, Takanohashi A, et al. TUBB4A mutations result in specific
neuronal and oligodendrocytic defects that closely match clinically distinct
phenotypes. Hum Mol Genet 2017;26:4506-4518.
Duncan ID, Bugiani M, Radcliff AB, et al. A mutation in the Tubb4a gene leads to
microtubule accumulation with hypomyelination and demyelination. Ann Neurol
2017;81:690-702.
Morar B, Gresham D, Angelicheva D, et al. Mutation history of the roma/gypsies. Am
J Hum Genet 2004;75:596-609.
Kalaydjieva L, Morar B, Chaix R, Tang H. A newly discovered founder population: the
Roma/Gypsies. Bioessays 2005;27:1084-1094.
Azfer A, Niu J, Rogers LM, Adamski FM, Kolattukudy PE. Activation of endoplasmic
reticulum stress response during the development of ischemic heart disease. Am J
Physiol Heart Circ Physiol 2006;291:H1411-1420.
Yoo HM, Kang SH, Kim JY, et al. Modification of ASC1 by UFM1 is crucial for
ERalpha transactivation and breast cancer development. Mol Cell 2014;56:261-274.
Lu H, Yang Y, Allister EM, Wijesekara N, Wheeler MB. The identification of potential
factors associated with the development of type 2 diabetes: a quantitative proteomics
approach. Mol Cell Proteomics 2008;7:1434-1451.
Lemaire K, Moura RF, Granvik M, et al. Ubiquitin fold modifier 1 (UFM1) and its target
UFBP1 protect pancreatic beta cells from ER stress-induced apoptosis. PLoS One
2011;6:e18517.
Zhang Y, Zhang M, Wu J, Lei G, Li H. Transcriptional regulation of the Ufm1
conjugation system in response to disturbance of the endoplasmic reticulum
homeostasis and inhibition of vesicle trafficking. PLoS One 2012;7:e48587.
Nahorski MS, Maddirevula S, Ishimura R, et al. Biallelic UFM1 and UFC1 mutations
expand the essential role of ufmylation in brain development. Brain 2018;141:19341945.
Homrich M, Wobst H, Laurini C, Sabrowski J, Schmitz B, Diestel S. Cytoplasmic
domain of NCAM140 interacts with ubiquitin-fold modifier-conjugating enzyme-1
(Ufc1). Exp Cell Res 2014;324:192-199.
Martin DD, Ladha S, Ehrnhoefer DE, Hayden MR. Autophagy in Huntington disease
and huntingtin in autophagy. Trends Neurosci 2015;38:26-35.
Colin E, Daniel J, Ziegler A, et al. Biallelic Variants in UBA5 Reveal that Disruption of
the UFM1 Cascade Can Result in Early-Onset Encephalopathy. Am J Hum Genet
2016.

15163_E-Hamilton_BNW.indd 226

24-01-19 12:01

Summary and general discussion

87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.

105.
106.
107.
108.

|

227

Muona M, Ishimura R, Laari A, et al. Biallelic Variants in UBA5 Link Dysfunctional
UFM1 Ubiquitin-like Modifier Pathway to Severe Infantile-Onset Encephalopathy. Am
J Hum Genet 2016.
Duan R, Shi Y, Yu L, et al. UBA5 Mutations Cause a New Form of Autosomal
Recessive Cerebellar Ataxia. PLoS One 2016;11:e0149039.
van der Knaap MS, Barth PG, Gabreels FJ, et al. A new leukoencephalopathy with
vanishing white matter. Neurology 1997;48:845-855.
Leegwater PA, Vermeulen G, Konst AA, et al. Subunits of the translation initiation
factor eIF2B are mutant in leukoencephalopathy with vanishing white matter. Nat
Genet 2001;29:383-388.
Schiffmann R, Moller JR, Trapp BD, et al. Childhood ataxia with diffuse central
nervous system hypomyelination. Ann Neurol 1994;35:331-340.
Elroy-Stein O. Mitochondrial malfunction in vanishing white matter disease: a disease
of the cytosolic translation machinery. Neural Regen Res 2017;12:1610-1612.
Fogli A, Wong K, Eymard-Pierre E, et al. Cree leukoencephalopathy and CACH/VWM
disease are allelic at the EIF2B5 locus. Ann Neurol 2002;52:506-510.
Labauge P, Fogli A, Niel F, Rodriguez D, Boespflug-Tanguy O. [CACH/VWM
syndrome and leucodystrophies related to EIF2B mutations]. Rev Neurol (Paris)
2007;163:793-799.
Fogli A, Schiffmann R, Bertini E, et al. The effect of genotype on the natural history of
eIF2B-related leukodystrophies. Neurology 2004;62:1509-1517.
Carra-Dalliere C, Horzinski L, Ayrignac X, et al. [Natural history of adult-onset eIF2Brelated disorders: a multicentric survey of 24 cases]. Rev Neurol (Paris)
2011;167:802-811.
Labauge P, Horzinski L, Ayrignac X, et al. Natural history of adult-onset eIF2B-related
disorders: a multi-centric survey of 16 cases. Brain 2009;132:2161-2169.
van der Knaap MS, Pronk JC, Scheper GC. Vanishing white matter disease. Lancet
Neurol 2006;5:413-423.
van der Knaap MS, Bugiani M, Boor I, Proud CG, Scheper GC. Vanishing white
matter. In: Valle D, Beaudet AL, Vogelstein B, et al., eds. The Online Metabolic and
Molecular Bases of Inherited Disease (OMMBID). New York: McGraw-Hill, 2010.
Wisse LE, Penning R, Zaal EA, et al. Proteomic and Metabolomic Analyses of
Vanishing White Matter Mouse Astrocytes Reveal Deregulation of ER Functions.
Front Cell Neurosci 2017;11:411.
Klok MD, Bugiani M, de Vries SI, et al. Axonal abnormalities in vanishing white
matter. Ann Clin Transl Neurol 2018;5:429-444.
Dooves S, Bugiani M, Postma NL, et al. Astrocytes are central in the
pathomechanisms of vanishing white matter. J Clin Invest 2016;126:1512-1524.
van der Voorn JP, van Kollenburg B, Bertrand G, et al. The unfolded protein response
in vanishing white matter disease. J Neuropathol Exp Neurol 2005;64:770-775.
Dooves S, Bugiani M, Wisse LE, Abbink TEM, van der Knaap MS, Heine VM.
Bergmann glia translocation: a new disease marker for vanishing white matter
identifies therapeutic effects of Guanabenz treatment. Neuropathol Appl Neurobiol
2017.
Confavreux C, Vukusic S. The clinical course of multiple sclerosis. Handb Clin Neurol
2014;122:343-369.
van der Knaap MS, Valk J, de Neeling N, Nauta JJ. Pattern recognition in magnetic
resonance imaging of white matter disorders in children and young adults.
Neuroradiology 1991;33:478-493.
Schiffmann R, van der Knaap MS. Invited article: an MRI-based approach to the
diagnosis of white matter disorders. Neurology 2009;72:750-759.
Kevelam SH, Steenweg ME, Srivastava S, et al. Update on Leukodystrophies: A
Historical Perspective and Adapted Definition. Neuropediatrics 2016;47:349-354.

15163_E-Hamilton_BNW.indd 227

8

24-01-19 12:01

228

109.
110.
111.
112.
113.
114.
115.
116.

117.
118.
119.
120.
121.

8

122.
123.
124.
125.
126.
127.
128.
129.

|

Chapter 8

Palisano RJ, Rosenbaum P, Bartlett D, Livingston MH. Content validity of the
expanded and revised Gross Motor Function Classification System. Dev Med Child
Neurol 2008;50:744-750.
Towns M, Rosenbaum P, Palisano R, Wright FV. Should the Gross Motor Function
Classification System be used for children who do not have cerebral palsy? Dev Med
Child Neurol 2017.
Kehrer C, Blumenstock G, Raabe C, Krageloh-Mann I. Development and reliability of
a classification system for gross motor function in children with metachromatic
leucodystrophy. Dev Med Child Neurol 2011;53:156-160.
Furlong WJ, Feeny DH, Torrance GW, Barr RD. The Health Utilities Index (HUI)
system for assessing health-related quality of life in clinical studies. Ann Med
2001;33:375-384.
Vrij-van den Bos S, Hol JA, La Piana R, et al. 4H Leukodystrophy: A Brain Magnetic
Resonance Imaging Scoring System. Neuropediatrics 2017;48:152-160.
Confavreux C, Compston A. The natural history of multiple sclerosis. In: Compston A,
ed. McAlpine's multiple Sclerosis, 4th edition ed. London: Churchill Livingstone
Elsevier, 2006: 183-272.
Sanger F, Coulson AR. A rapid method for determining sequences in DNA by primed
synthesis with DNA polymerase. J Mol Biol 1975;94:441-448.
Wallis Y, Payne S, McAnulty C, et al. Practice Guidelines for the Evaluation of
Pathogenicity and the Reporting of Sequence Variants in Clinical Molecular Genetics.
Association for Clinical Genetic Science and the Dutch Society of Clinical Genetic
Laboratory Specialists 2013.
Biesecker LG, Green RC. Diagnostic clinical genome and exome sequencing. N Engl
J Med 2014;371:1170.
Bao R, Huang L, Andrade J, et al. Review of current methods, applications, and data
management for the bioinformatics analysis of whole exome sequencing. Cancer
Inform 2014;13:67-82.
Vermeesch JR, Voet T, Devriendt K. Prenatal and pre-implantation genetic diagnosis.
Nat Rev Genet 2016;17:643-656.
van den Broek BTA, Page K, Paviglianiti A, et al. Early and late outcomes after cord
blood transplantation for pediatric patients with inherited leukodystrophies. Blood Adv
2018;2:49-60.
Collins C. Phenotype with a side of genotype, please: Patients, parents and priorities
in rare genetic disease. Appl Transl Genom 2016;8:42-44.
Giovanni MA, Murray MF. Genome-first findings require precision phenotyping. Genet
Med 2018.
Bugiani M, van der Knaap MS. Childhood white matter disorders: much more than
just diseases of myelin. Acta Neuropathol 2017;134:329-330.
Tifft CJ, Adams DR. The National Institutes of Health undiagnosed diseases program.
Curr Opin Pediatr 2014;26:626-633.
van der Knaap MS, Bugiani M. Leukodystrophies: a proposed classification system
based on pathological changes and pathogenetic mechanisms. Acta Neuropathol
2017.
Back SA. White matter injury in the preterm infant: pathology and mechanisms. Acta
Neuropathol 2017.
Workshop on Natural History Studies of Rare Diseases: meeting the Needs of Drug
Development and Research [online]. Available at: https://eventssupport.com/events/Natural_History_Studies/page/87. Accessed May 16–17, 2012.
Shapiro E, Bernstein J, Adams HR, et al. Neurocognitive clinical outcome
assessments for inborn errors of metabolism and other rare conditions. Mol Genet
Metab 2016;118:65-69.
Schaumburg HH, Powers JM, Raine CS, Suzuki K, Richardson EP, Jr.
Adrenoleukodystrophy. A clinical and pathological study of 17 cases. Arch Neurol
1975;32:577-591.

15163_E-Hamilton_BNW.indd 228

24-01-19 12:01

Summary and general discussion

130.
131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.
142.

|

229

Bezman L, Moser HW. Incidence of X-linked adrenoleukodystrophy and the relative
frequency of its phenotypes. Am J Med Genet 1998;76:415-419.
Kemp S, Pujol A, Waterham HR, et al. ABCD1 mutations and the X-linked
adrenoleukodystrophy mutation database: role in diagnosis and clinical correlations.
Hum Mutat 2001;18:499-515.
Cayami FK, Bugiani M, Pouwels PJW, Bernard G, van der Knaap MS, Wolf NI. 4H
Leukodystrophy: Lessons from 3T Imaging. Neuropediatrics 2018;49:112-117.
Park S, Yang J-S, Kim J, et al. Evolutionary history of human disease genes reveals
phenotypic connections and comorbidity among genetic diseases. Scientific Reports
2012;2:757.
Wei WQ, Denny JC. Extracting research-quality phenotypes from electronic health
records to support precision medicine. Genome Med 2015;7:41.
Sobreira N, Schiettecatte F, Valle D, Hamosh A. GeneMatcher: a matching tool for
connecting investigators with an interest in the same gene. Hum Mutat 2015;36:928930.
Rahimzadeh V, Dyke SO, Knoppers BM. An International Framework for Data
Sharing: Moving Forward with the Global Alliance for Genomics and Health.
Biopreserv Biobank 2016;14:256-259.
Naldini L. Gene therapy returns to centre stage. Nature 2015;526:351-360.
Leone P, Shera D, McPhee SW, et al. Long-term follow-up after gene therapy for
canavan disease. Sci Transl Med 2012;4:165ra163.
Georgiou E, Sidiropoulou K, Richter J, et al. Gene therapy targeting oligodendrocytes
provides therapeutic benefit in a leukodystrophy model. Brain 2017;140:599-616.
Osorio MJ, Goldman SA. Glial progenitor cell-based treatment of the childhood
leukodystrophies. Exp Neurol 2016;283:476-488.
Leferink PS, Heine VM. The Healthy and Diseased Microenvironments Regulate
Oligodendrocyte Properties: Implications for Regenerative Medicine. Am J Pathol
2018;188:39-52.
van der Knaap MS, Wolf NI, Heine VM. Leukodystrophies: Five new things. Neurol
Clin Pract 2016;6:506-514.

8

15163_E-Hamilton_BNW.indd 229

24-01-19 12:01

