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Chapter 1 | General introduction

LEUKODYSTROPHIES

Leukoencephalopathies can be defined as all conditions in which the white matter of
the central nervous system (CNS) is predominantly or exclusively affected, assuming
primary white matter involvement." This is opposed to white matter abnormalities
secondary to Wallerian degeneration in neuronal degeneration and to white matter
abnormalities in the context of a disease non-selectively affecting gray and white
matter. Causes of leukoencephalopathies are numerous and include acquired
conditions, such as inflammatory, autoimmune, vascular, neurotoxic, or infectious
disorders, and genetic conditions.? Genetic leukoencephalopathies are referred to as
leukodystrophies. Leukodystrophies are most prevalent in children, and although each
distinct leukodystrophy is rare to ultra-rare, our estimation is that the overall incidence
is higher than generally appreciated. Bonkowsky et al reported a live birth incidence of
1:7,663 (i.e. 13 leukodystrophy patients per 100.000 live births).?

Leukodystrophies are clinically heterogeneous and can present with a wide variety
of neurological signs and symptoms, ranging from a mild developmental delay or
exclusively motor deficits to severe combined cognitive and motor impairment.?
Although epilepsy is seen in almost half of the cases,? it rarely dominates the clinical
picture, whereas it is more frequent and characteristic for neuronal disorders. Onset can
be as early as in utero affecting fetal brain development or later in infancy, childhood,
adolescence, adulthood or even senescence.? Initially leukodystrophies were thought
to be invariably progressive.* In more recent years it has become clear that this is not
true for all disorders, as illustrated by patients with leukoencephalopathy and thalamus
and brainstem involvement and high lactate (LTBL), who typically have an early infantile
presentation and impressive initial magnetic resonance imaging (MRI) abnormalities
with subsequent clinical amelioration and dramatic improvement of MRI abnormalities
over time.® The morbidity as well as the mortality over life time is high. Bonskowsky et
al., reported a mortality of 34% with a median age at death of 8.2 years in a cohort of 122
children with aleukodystrophyin a9year period,®and another study reported a mortality
of 22% in a cohort of 78 children with a genetic white matter disorder in a 5 year period,
which was strikingly higher than in patients with an acquired leukoencephalopathy, of
whom none died.t

The road to reach a definitive diagnosis is often (very) long. It comprises numerous
specialist visits, tests and sometimes invasive diagnostic procedures, which are a
burden for patients and families and also very expensive. And even after this long
diagnostic odyssey, a diagnosis cannot be established in many cases. In 2010 it was
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found that despite the use of brain MRI and extensive biochemical and metabolic
investigations, no diagnosis could be established in more than 50% of the patients with
a leukodystrophy.? Importantly, a genetic diagnosis can only be realized when the gene
associated with that disease is known, whereas this information lacks for several defined
leukodystrophies and for all the unclassified leukodystrophies.

MRI PATTERN RECOGNITION AND LEUKODYSTROPHIES

In the past two centuries different approaches and techniques have been used to
identify and define ‘new’ leukoencephalopathies and subsequently diagnose them
based on state-of-art techniques of that time. Neuropathology was the first technique
available to study brain diseases. In the 19% century, neuropathological observations
in post-mortem brain tissue led to the distinction between a disorder characterized by
multiple white matter lesions (‘'multiple sclerosis’) and a disorder characterized by diffuse
abnormality of the white matter (‘diffuse sclerosis’).”® In the beginning of the 20™ century
Neubirger noted that the term ‘diffuse sclerosis’ was applied to very different disease
entities.’ Further differentiation between these disease entities in the next decades
was possible due to advances in the development of novel histochemical methods and
biochemical assays of body fluids, later followed by metabolic studies on fibroblasts
or muscle, specific enzyme function tests and electron microscopy.”® In the 1980s, the
advent of the MRI had a majorimpact on the studies of leukoencephalopathies, because
white matter abnormalities could be visualized in detail in vivo for the first time." The
subsequent development of MRI pattern recognition in the early 1990s'> was a big step
forward in the diagnostic workup of leukoencephalopathies and MRI became the most
important tool in the diagnostic process of these disorders.'*"

MRI creates high-resolution anatomic images and is highly sensitive in the detection of
white matter abnormalities.' Different pulse sequences can be used that each result in
different contrast between tissues. The T,- and T,-weighted sequences are best known.
Unmyelinated white matter has a very long T, and T,, resulting in a lower signal than gray
matter structures on T -weighted images and a higher signal on T -weighted images.'>'® At
birth, the brain is still largely unmyelinated and the increasing deposition of myelin in the
first two years of life results in shortening of first the T, and then the T, leading to a reversal
of the gray-white matter contrast on T,- and T,-weighted images.'>'® Fully myelinated
white matter structures have a higher signal on T -weighted images than gray matter
structures and a lower signal on T -weighted images than gray matter structures.""” Lack
of myelin deposition (if permanent called ‘hypomyelination’) leads to a mildly elevated
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signal on T,-weighted images and a variable signal on T -weighted images, depending on
the amount of myelin deposited.'®'® Abnormalities of the white matter other than lack of
myelin deposition result in a much lower T, signal and a much higher T, signal than gray
matter structures, allowing distinction between hypomyelination and other pathologies
in vivo." Importantly, cerebrospinal fluid (CSF) has a high signal on T -weighted images
andalow signal onT,-weighted images, precluding differentiation between abnormal and
cystic white matter. Images based on additional pulse sequences, such as fluid-attenuated
inversion recovery (FLAIR) and proton density (PD) images, facilitate visualization of
cystic lesions or rarefaction of tissue, because fluid has a low signal. Diffusion-weighting
provides measures for the degree of freedom of movement of water molecules in brain
tissue. Abnormalities on diffusion-weighted images (DWI) have to be confirmed by the
apparent diffusion coefficient (ADC) values to avoid false positive results due to ‘T,-shine
through'® Restricted diffusion is seen in conditions with compression of extracellular
spaces, for example due to (1) cytotoxic edema, as may occur in mitochondrial defects,
(2) myelin micro-vacuolization, which may be present in neonates with maple syrup
urine disease or in patients with a mitochondrial disorder, (3) high cell density as seen
in the relatively spared white matter in vanishing white matter (VWM) (MIM 603896),
or (4) storage of substances in lysosomal storage disorders.”’ Increased diffusion
can be observed in disorders with increased water spaces, such as megalencephalic
leukoencephalopathy with subcortical cysts (MLC, MIM 604004) as the result of enlarged
extracellular spaces and myelin macro-vacuolization.” In some leukodystrophies, such as
X-linked adrenoleukodystrophy (MIM 3001001) and Alexander disease (MIM 203450), the
blood-brain barrier is grossly compromised, which can be shown by the use of contrast
enhanced MR images.

MRI pattern recognition is based on the observation that individuals with the same
leukoencephalopathy usually present with the same, distinct pattern of MRl abnormalities,
while patients with other leukoencephalopathies have different MRI patterns.’'3'8 In
MRI pattern recognition, major MRI discriminators are the nature of the white matter
abnormalities (hypomyelination versus other pathologies), the aspect of the white matter
abnormalities (e.g. confluent versus multifocal and symmetrical versus asymmetrical), the
predominant location of the abnormalities (e.g. supra- or infratentorial, frontal or parietal,
periventricular or subcortical) and special MRI features (e.g. cystic degeneration and/or
rarefaction, contrast enhancement, diffusion restriction and microbleeds).'®

The starting point of the road to reach a definitive molecular diagnosis begins with the
identification and classification of patients. MRI pattern recognition has not only proven
to be highly successful for the recognition of known leukoencephalopathies, but also for
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the identification and classification of novel disorders among the unclassified cases.’>"
In our studies we use MRI pattern recognition as a primary tool in the search for novel
disorders among the unclassified leukoencephalopathies. We identify and classify
the patients from an MRI database present in the Center for Childhood White Matter
Disorders at the VU Medical Center in Amsterdam including over 3000 MRIs of patients
with an unclassified leukoencephalopathy from all over the world.

GENETICS AND LEUKODYSTROPHIES

In the last two decades several novel leukodystrophies have been defined using MRI
pattern recognition analysis often combined with clinical and sometimes with laboratory
data (e.g. VWM, MLC, hypomyelination and congenital cataract (HCC, MIM 603532),
Leukoencephalopathy with brainstem and spinal cord involvementand lactate elevation
(LBSL) and hypomyelination, hypodontia and hypogonadotropic hypogonadism
(4H syndrome, MIM 607694).22% The validity of this approach has been shown by the
identification of the associated genes (in 2001 and 2002 EIF2B1-5 mutations in patients
with VWM?*3° and mutations in MLC1 in patients with MLC,*' in 2007 mutations in the
gene FAM126A in patients with HCC syndrome,®? in 2007 DARS2 mutations in patients
with LBSL,* and in 2011 mutations in the genes POLR3A and POLR3B in patients with
4H syndrome3*¥). The identification of the molecular cause of these disorders was
accomplished after time-consuming, laborious and costly efforts that included linkage
by positional cloning to pinpoint the chromosomal location of the candidate gene and
subsequent narrowing the candidate region, followed by reconstructing which genes
were located in the candidate region and sequential analysis of candidate genes in
the region by Sanger sequencing.3** This approach required the presence of multiple,
preferably large and/or consanguineous families to identify a small enough candidate
region with a significant logarithm of odds (LOD) score. Although this approach was
indeed successful for the disorders mentioned above, for substantial numbers of
patients with an unclassified or defined, but molecularly undetermined leukodystrophy
this technique was not applicable. The rarity of these disorders and the presence of
only a few mostly small families hampered the success of this approach and made it
impossible to successfully apply the traditional gene-discovery approaches. In addition,
de novo germ line mutations could not be identified using this technique.

The introduction of Next-Generation-Sequencing (NGS) technologies could overcome
these problems and created opportunities to perform unbiased gene search approaches
to identify the mutated gene in patients with extremely rare Mendelian disorders,
including most leukodystrophies.
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NEXT-GENERATION SEQUENCING TECHNIQUES

A whole new genetic explorative era has emerged since the release of the first draft of
the human genome sequence in 2001 and the first NGS platform release in the market
in 2005.3¢ NGS is often referred to as massive parallel sequencing, which means that
millions or even billions of small fragments of DNA are sequenced simultaneously,
creating a massive pool of data.’” Whole-exome sequencing (WES) refers to massive
parallel sequencing of the protein-coding part of the genome comprising 1% (30 Mb) of
total human genome.?”*¥ Three main steps form the key elements of WES.** The first step
is exome enrichment (exome capture kits are offered by different companies), which
is accomplished by using oligonucleotide probes to hybridize fragment of interests.
The second step is high through-put parallel sequencing which can be executed using
different available platforms (e.g. Illumina HiSeq™, Life Technologies™, SOLiD4™, and
Roche 454 GS FLX). In our studies we work with lllumina HiSeq2000 for sequencing,
which uses clonal bridge amplification and sequencing by synthesis approach.®® This
platform creates 600 Gb of 100 bp paired-end reads in a ten-day run.*’ The third step
is bioinformatics processing of the reads including quality assessment, mapping and
alignment to the human reference genome and variant calling and annotation.**

The initial proof of concept of the utility of WES in disease gene discovery came in
2009 with the demonstration that the causative gene for a known Mendelian disorder,
Freeman-Sheldon syndrome (MIM 193700), could be identified directly by WES.3® In
2010, the first discovery of the genetic cause for a rare Mendelian disorder of unknown
cause, Miller syndrome (MIM 274200), was established.*? At the time of the start of my
PhD project in September 2011, an increasing number of 30 novel genes and eight new
clinical phenotypes linked to a known gene using WES were published within a time
period of roughly two years.** In addition, during the first month of my PhD project,
the first mutations in a novel gene associated with a leukodystrophy were identified
with WES (CSF1R mutations in patients with ‘Hereditary Diffuse Leukoencephalopathy
with Spheroids, MIM 221820), and soon thereafter our research group identified
EARS2 mutations in patients with LTBL using WES.* The exponential increase of the
identification of novel genes associated with a broad variety of rare Mendelian disorders
illustrates the high potential of this technique for gene finding in this field.*

Successful WES depends firstly on the variant being detected in the captured portion
of the genome and secondly on our ability to identify the variant of interest. Thorough
prioritization of variants is therefore crucial to the gene finding process. After sequencing
and bioinformatics processing, approximately 20.000 to 25.000 variants can be identified
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in each individual exome.?®%34 The challenge is to pinpoint the variant of interest within
this large pool of insignificant variants. Filtering strategies to identify mutations usually
rely on certain assumptions. For most Mendelian disorders prioritization assumes that
the mutation has a potentially large effect and is therefore unique or extremely rare (i.e.
only present in patients), located within the protein coding part of the genome and is
predicted to have a direct effect on the function of the protein (e.g. non-synonymous
single nucleotide variants (SNVs), insertions/deletions (indels) or splice-site mutations).
The initial filtering approach commonly used is the exclusion of common variants (e.g.
SNVs present in public databases such as dbSNP, 1000Genomes, and the NHBI Exome
Variant Server genome database), which can reduce the number of potential candidate
variants substantially by 90-95%.% After that, a total of 150-500 rare non-synonymous
SNVs, indels or splice-site mutations will remain for further prioritizing.* Leukodystrophies
can present with any inheritance pattern, and information on inheritance can further
reduce the number of candidate variants substantially (Figure 1).

Figure 1. Different inheritance patterns with different approaches for WES analysis.

Circles represent females; squares males. Blue solid symbols indicate affected individuals; symbols with a dot indicate
unaffected carriers. In the situation of a consanguineous autosomal recessive inheritance (A), homozygosity mapping in
combination with WES of sib-pairs can be helpful. With an autosomal dominant inheritance pattern (B) in a large family
additional linkage analysis with WES of multiple family members is an effective approach. When an X-linked recessive
disorder is suspected (C), focusing first on the X-chromosome and sequencing multiple affected male patients is useful.
When a recessive disorder is suspected but no consanguinity (D) is present sib-pair analysis (with or without parents) can be
performed best. In case of a strong suspicion of a de novo disorder, trio analysis (E) is the appropriate first approach.
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Different approaches can be applied to achieve the most efficient reduction of
candidate variants for a certain supposed inheritance pattern. De novo mutations
can be identified using a trio-based approach. WES is performed in both unaffected
parents and the affected child, and the data are subsequently filtered for de novo
variants. Theoretically this would be extremely efficient because the average exome
only contains 0-3 true de novo mutations.”® In the case of an autosomal recessively
inherited disorder with reported consanguinity additional genetic techniques like a
single nucleotide polymorphism (SNP) microarray can reduce the number of candidate
variants by selection of an overlapping homozygous region between affected patients.
In large families with an autosomal dominant disorder conventional genetic linkage
analyses preceding WES could be helpful by narrowing down the candidate search
area.” Although the combination of these filtering strategies will ultimately reduce the
number of candidate variants significantly, comparison of identified variants among
unrelated patients with (presumably) the same disorder is often required to pinpoint
the candidate gene, especially in disorders caused by a novel gene. Importantly,
effective intra-group comparison depends on precise phenotyping of the patients and
the absence of genetic heterogeneity.

It is important to realize that every filtering step used can discard the pathogenic
variant. For example, the inheritance pattern is often not definitively known and
although causal variants are expected to be novel or extremely rare, this is not always
the case, as illustrated by the high carrier frequency (1:95 in the Finnish population) of
the DARS2 splice mutation in intron 2.%4° Furthermore, in addition to SNVs, patients can
carry copy number variations (CNVs), inversions and deletions, which can be missed by
WES due to limitations of this technique.®*' Also, insufficient exome coverage, which is
most often caused by the presence of extreme GC rich regions hampering good exome
capture and sequencing, may result in negative results. Furthermore, it is estimated that
85% of the disease-causing mutations are located in functional and coding regions of
the genome,*>* the remaining part (non-coding causal mutations) is refractory to WES
analysis and requires whole-genome sequencing (WGS).

For the studies described in this thesis we use WES as the main approach to identify
the molecular cause of novel leukodystrophies. We consider intra-group comparison
an effective additional filtering approach because this strategy will not only reduce the
number of candidate variants substantially, it will also provide prove of the causality of
the identified variant, when (different) variants in the same gene are found in multiple
unrelated patients with the same phenotype. By using MRI pattern recognition for
the classification of patients we aim at creating phenotypically homogeneous groups
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of patients that represent a reliable discovery cohort for the application WES. We will
especially focus on leukodystrophies with a (suspected) mitochondrial etiology or
hypomyelination.

MITOCHONDRIAL DISORDERS

Mitochondrial disorders constitute a large proportion of the patients presenting with
an unknown leukodystrophy.'® Mitochondrial disorders affect approximately 1 in 5.000
births.>* They result from defective energy generation via oxidative phosphorylation
(OXPHOS), which involves four electron-transferring respiratory chain complexes
(complexes -1V, CI-CIV), ATP synthase (complex V, CV) and two electron carriers
coenzyme Q and cytochrome C, together comprising around 85 subunits.>> Additionally,
numerous assembly factors are necessary to form functional complexes. In 1951, Leigh
reported the first patient with a mitochondrial disorder and from about this time
onwards numerous other cases were reported.®® Although initially deep gray matter
involvement was the most frequently reported finding, white matter abnormalities are
increasingly recognized as a common finding in mitochondrial disorders.>” Numerous
cells within the brain are extremely vulnerable for mitochondrial dysfunction. Axons
in the white matter have a high energy demand, required to maintain the ionic
gradient and structural integrity necessary to support neurotransmission.*® Proper
mitochondrial function is also vital for oligodendrocyte differentiation, viability and
formation of myelin.**¢' Energy produced in astrocytes supports neuronal function, and
several mitochondrial enzymes within astrocytes, e.g. creatine kinase, malate-aspartase,
glutamate dehydrogenase and pyruvate carboxylase are required to provide high-
energy substrates to neurons.”’

Mitochondrial disorders can be caused by defects in the mitochondrial DNA (mtDNA)
or nuclear DNA (nDNA). mtDNA consists of a double-stranded circular genome of
16,569 base pairs, which is present in 2-10 copies per mitochondrion.® It was the first
DNA of the human genome that was fully sequenced and it can easily be analyzed
because it only contains 37 genes. These genes encode 13 subunits of the OXPHOS
enzyme complex, plus 22 tRNAs and two rRNAs.?> mtDNA is maternally inherited. In
the 1990s most research concerning mitochondrial disorders was focused on mtDNA
and leukodystrophies ascribed to mitochondrial syndromes were therefore associated
with mutations or rearrangements in the mtDNA (e.g. mitochondrial encephalopathy,
lactic acidosis and stroke-like episodes (MELAS, MIM 540000),54% Leber hereditary optic
neuropathy (LHON, MIM 535000)%%” and Kearns-Sayre syndrome (MIM 530000).58% In
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1995, the first mutations in a nuclear gene (flavoprotein) involving a subunit of complex
Il were found in two sisters with Leigh syndrome and in 1999 recessive mutations in
the gene thymidine phosphorylase were shown to be responsible for mitochondrial
neurogastrointestinal encephalopathy (MNGIE, MIM 603041).°”' The following years
more and more mutations in nuclear genes were discovered, and it became evident
that most mitochondrial disorders are caused by nuclear gene defects.”

Of the five respiratory chain complexes present in OXPHOS, the most frequent deficiency
in children is that of complex | (Cl), NADH: ubiquinone oxidoreductase (EC1.6.5.3).”* This
complex comprises seven core subunits encoded by mitochondrial DNA, 38 nuclear
encoded core subunits and many (still unknown) nuclear encoded assembly factors.”
Besides defects of subunits and assembly factors of the respiratory chain complexes,
it is increasingly shown that mitochondrial disorders can be the result of nuclear
gene defects encoding mitochondrial tRNA synthetases and modification proteins,
mitochondrial ribosomal proteins, proteins mediating mitochondrial mRNA translation
(e.g.initiation, elongation and termination), proteinsinvolved in mitochondrial dynamics
and mitochondria quality control, defects of mtDNA maintenance, mitochondrial
metabolite transporters and the import, modification and insertion of cofactors like
heme, the iron-sulphur clusters and metals.>”7>7¢

Clinically, mitochondrial disorders present with an extreme phenotypic variability; there
is no obvious correlation between the type of respiratory chain defect and the clinical
presentation.”” Laboratory assessment of mitochondrial function in cultured fibroblasts
or tissue (most often muscle biopsy) can reveal an isolated respiratory chain complex
deficiency, a combined complex deficiency or even nonspecific or negative results.”®”
Elevated lactate in plasma and/or CSF is suggestive for a mitochondrial disorder, but
a normal lactate does not exclude it.”” MRI findings suggestive of a mitochondrial
disorder are involvement of both white and gray matter structures, cystic lesions in the
abnormal white matter, restricted diffusion, contrast enhancement, and elevated lactate
on magnetic resonance spectroscopy (MRS) of the brain.?*8° Several mitochondrial
leukodystrophies are associated with a distinct MRI pattern. For example, in MNGIE,
patients’MRI shows a diffuse high T -signal intensity of the cerebral and cerebellar white
matter with sparing of the U-fibers and corpus callosum. The thalami and basal nuclei
may display patchy signal abnormalities.®’ Recessive mutations in DARS2, encoding
mitochondrial aspartyl-tRNA synthase, are associated with a characteristic MRI pattern
involving cerebral white matter abnormalities with signal changes in specific brainstem
and spinal cord tracts and elevated lactate.** Specific features seen on the MRI can also
provide hints for the underlying diagnosis, like stroke-like lesions in MELAS®> and calcium
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deposits in the globus pallidus and caudate nucleus in Kearns-Sayre syndrome.59%?
However, not all mitochondrial defects present with such a characteristic MRI pattern or
clues. This is illustrated by Leigh syndrome (MIM 256000), which is a distinct phenotype
defined by developmental regression and MRI signal abnormalities in the basal ganglia,
thalamus and brainstem that can be caused by mutations in more than 25 genes located
both in mtDNA and nDNA .8

In2010itwasestimated that 114 geneswere known to be associated withamitochondrial
disorder.2* This is in striking contrast with the 1500 nuclear-encoded proteins that could
be involved in mitochondrial functioning and if mutated could lead to disease.® In line
with this, the majority of patients with a suspected mitochondrial leukodystrophy have
no identifiable genetic etiology.® In addition to the wide phenotypic variation, genetic
heterogeneity, and often poor genotype-phenotype correlation, a large proportion of
the ‘'mitochondrial genes’has as yet not been associated with a disease, hampering the
diagnosis in numerous patients. Until now, linkage analysis and homozygosity mapping
were the main genetic techniques used in the discovery of novel mitochondrial disease
genes, which have major limitations when used in small groups of patients, as discussed
above.

WES would provide an unbiased approach toidentify the geneticdefectinrare, suspected
mitochondrial leukoencephalopathies, as genes can be sequenced irrespective of their
predicted role in disease pathology, or even without any evidence of mitochondrial
localization. Phenotypic classification of patients groups with a suspected mitochondrial
disorder is challenging due to the wide clinical and biochemical heterogeneity. We
consider classification based on MRI pattern the most successful and valid approach
for the identification of novel distinct mitochondrial disorders. An additional advantage
of using this approach is that by identification of the causal gene defects, definition of
disease entities is confirmed, which will make the diagnostic process in patients with a
mitochondrial disorder more efficient and successful in the future.

HYPOMYELINATING DISORDERS

Patients with hypomyelination represent the largest single category among the patients
with a leukoencephalopathy with unknown origin.” At the end of the 19% century the
first hypomyelinating disorder was described, Pelizaeus-Merzbacher disease (PMD, MIM
312080), which was characterized by the widespread lack of myelin staining in the white
matter.#”8 On MRI, hypomyelination has a characteristic appearance. Hypomyelinated
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white matter structures have a mild hyperintensity as compared to gray matter structures
on T -weighted images and, dependent on the amount of myelin deposited, a hyper-,
iso, or hypointense signal relative to gray matter structures on T,-weighted images.'®
The diagnosis hypomyelination can be made when there is a stable lack of myelin on
two successive MRI scans that were performed at least six months apart with the second
MRI after one year of age.'® At first sight hypomyelinating disorders have a rather similar
appearance, both on MRI and clinically, making a definitive diagnosis in this group a
challenge.’®' Steenweg et al., showed in 2010 that using MRI-pattern recognition in
patients with hypomyelination it is possible to form clusters of patients based on MRI
features and that these clusters correspond to specific hypomyelinating disorders.' For
example, 4H syndrome presents with a specific pattern of hypomyelination characterized
by T, hypointensity of the optic radiation, pyramidal tracts at the level of the posterior
limb of the internal capsule and the anterolateral part of the thalamus.'**#° Fucosidosis
(MIM 230000), a lysosomal storage disorder caused by deficiency of a-L-fucosidase®,
is characterized by T, hypointensity of the globus pallidus' and patients with HCC
syndrome®? have hypomyelination in combination with focal lesions of more prominent
T, hyperintensity and T, hypointensity in the periventricular and deep cerebral white
matter and a more normal appearance of the subcortical white matter on T, weighted
images.' This MRI-based approach also proved to be successful in defining novel
hypomyelinating disorders among the group of hypomyelinating disorders of unknown
origin.’ One newly defined disorder was ‘Hypomyelination of Early Myelinating
Structures’ (HEMS) which was identified in four male patients, suggesting an X-linked
inheritance.’ During normal brain development tracts become myelinated at the time
they become functional, resulting in a fixed spatiotemporal sequence of myelination."”
In patients with HEMS early myelinating structures (e.g. brainstem, hilus of the dentate
nucleus, posterior limb of the internal capsule, optic tracts, and tracts to the pericentral
cortex) are poorly myelinated, in contrast to structures that normally myelinate in later
developmental stages.'”* A genetic diagnosis could not be made in these patients using
conventional genetic techniques (i.e. Sanger sequencing), although a gene involved in
the early regulation of myelination was suspected.”’

In September 2011, at the time | started my PhD project, 15 distinct inherited
hypomyelinating disorders were defined, but the molecular cause was only known in
nine of these disorders.®? The most common hypomyelinating disorder, PMD, is caused
by mutations in the proteolipid protein-1 gene (PLP1), encoding proteolipid protein
(PLP) and DM20.” PLP and DM20 are major myelin components in the central nervous
system, constituting approximately 50% and 30% of the total protein, respectively.**
Conformational changes of the PLP/DM20 protein result in oligodendrocyte loss

20
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due to endoplasmic reticulum stress-induced apoptosis, while excessive PLP (gene
duplications) may accumulate in the late endosomes and lead to oligodendrocyte
arrested maturation, dysfunction and loss of the protein.”* Null mutations result in
a lack of synthesis of the protein, leading to formation of compact myelin lacking
PLP2> Considering the role of this protein within myelin, it is no surprise that a defect
in this protein disturbs myelination. It is, however, important to realize that the
process of myelination is complex and depends on numerous processes, involving
oligodendrocyte progenitor proliferation, migration and differentiation, and normal
function and interaction of oligodendrocytes, neurons and astrocytes.?**” This whole
process is regulated by several signaling pathways, transcription and growth factors,
epigenetic factors, DNA methylation and non-coding RNAs.*5?7 This extensive list of
potential candidate genes and proteins involved makes gene finding for both classified
and unclassified hypomyelination disorders extremely difficult. Moreover, genes
involved in DNA repair mechanisms; ERCC6 and ERCC8 in Cockayne syndrome (MIM
216400), and ERCC2, ERCC3, GTF2H5, and MPLKIP in patients with trichothiodystrophy
with hypersensitivity to sunlight (MIM 601675 and MIM 616395) are also associated
with hypomyelination, making it even more complex. In September 2011, the molecular
cause of 4H syndrome,?*®° one of the most prevalent hypomyelinating disorders, was
identified.®® Patients had recessive mutations in POLR3A or POLR3B, encoding the largest
and second largest subunits of RNA Polymerase Ill (Pol Ill), RPCT and RPC2, respectively,
extending the list of potential genetic possibilities.>*3>

We expected the unbiased gene search approach of WES to be of great benefit for
patients with hypomyelination of unknown origin. As shown by Steenweg et al.,
disease classification based on MRI patterns is also a reliable method in patients with
hypomyelination.”” One of the groups with a novel hypomyelination pattern and
without molecular cause (HEMS) identified by Steenweg et al. would be an excellent
cohort for the application of WES.
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CONTENT OF THIS THESIS

The elucidation of the molecular bases of unclassified leukodystrophies is extremely
important for patients and families because this means a DNA-confirmed diagnosis,
information, prognosis and options for family planning (e.g. carrier testing, prenatal
or preimplantation genetic diagnosis). Gene discovery is also the essential starting
point for better insight into the white matter components and their role in disease
mechanisms. Subsequently, new treatment options can be explored depending on the
defect identified.

The aim of this thesis is to classify novel leukodystrophies among the unclassified ones
by MRI pattern recognition analysis and to identify their underlying genetic defect by
using WES.

The thesis is divided into four parts. The first three parts are classified according to the
genes identified.

I Expansion of the phenotypic spectrum of a known disorder
| Novel disease entity associated with a known gene
[} Novel disorder associated with a gene previously not linked to a human
disorder or clear phenotype
v Update on leukodystrophies
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ABSTRACT

Objective
The objective of this study was to investigate the genetic etiology of the X-linked
disorder “"Hypomyelination of Early Myelinating Structures” (HEMS).

Methods

We included 16 patients from 10 families diagnosed with HEMS by brain MRI criteria.
Exome sequencing was used to search for causal mutations. In silico analysis of effects
of the mutations on splicing and RNA folding was performed. In vitro gene splicing
was examined in RNA from patients’ fibroblasts and an immortalized immature
oligodendrocyte cell line after transfection with mutant minigene splicing constructs.

Results

All patients had unusual hemizygous mutations of PLP1 located in exon 3B (one deletion,
one missense and two silent), which is spliced out in isoform DM20, or in intron 3 (five
mutations). The deletion led to truncation of PLP1, but not DM20. Four mutations were
predicted to affect PLP1/DM20 alternative splicing by creating exonic splicing silencer
motifs or new splice donor sites or by affecting the local RNA structure of the PLP1 splice
donor site. Four deep intronic mutations were predicted to destabilize a long-distance
interaction structure in the secondary PLPT RNA fragment involved in regulating PLP1/
DM_20 alternative splicing. Splicing studies in fibroblasts and transfected cells confirmed
a decreased PLP1/DM20 ratio.

Interpretation

Brain structures that normally myelinate early are poorly myelinated in HEMS, while
they are the best myelinated structures in Pelizaeus-Merzbacher disease, also caused
by PLP1 alterations. Our data extend the phenotypic spectrum of PLP1-related disorders
indicating that normal PLP1/DM20 alternative splicing is essential for early myelination
and support the need to include intron 3 in diagnostic sequencing.
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INTRODUCTION

Among the childhood leukodystrophies, hypomyelinating disorders constitute a
large, highly heterogeneous group of patients, many of whom remain without a
genetically confirmed diagnosis.”* Using magnetic resonance imaging (MRI) pattern
recognition analysis, we previously identified a novel hypomyelinating disorder
in four male patients in which hypomyelination is specifically pronounced in early
myelinating structures.! As this distribution of hypomyelination is different from other
hypomyelinating disorders, in which these early myelinating structures as a rule contain
more myelin than the later myelinating structures,*> we proposed a new disease called
“"Hypomyelination of Early Myelinating Structures” (HEMS)." Family history suggested
X-linked inheritance, supported by the report of two brothers with the same clinical
picture and MRI pattern.'® The clinical phenotype of HEMS patients resembled that of
other well-known hypomyelinating disorders, with onset of symptoms in late infancy,
including ataxia and increasing spasticity, and relatively preserved cognition.'*”® We
hypothesized that HEMS could be caused by mutations of an X-chromosomal gene
involved in the regulation of early myelination.”® Diagnostic Sanger sequencing
for known causes of hypomyelination, including Pelizaesus—-Merzbacher disease (PMD),
caused by X-linked PLPT mutations, and Pelizaeus—Merzbacher-like disease (PMLD),
caused by GJC2 mutations, had been unrevealing.!

The combination of MRI pattern recognition analysis, which is used for the categorization
of homogeneous groups of patients with an unclassified white matter disorder and
exome sequencing has been shown to be successful in identifying novel disease genes
and new phenotypes associated with known disease genes.'®'? In this study, we used
the same approach and ascertained mutations in a specific region of PLP1 that had
initially not been identified. PLP1 is located on the X-chromosome, contains seven
exons and encodes both proteolipid protein 1 (PLP1) and its smaller isoform DM20 that
is derived by the use of an alternative splice donor site within exon 3. In all HEMS
patients, the PLP1 mutations are located either in the PLP1-specific region encoded by
exon 3B that is spliced out in DM20 or in intron 3. Using in silico splicing prediction
programs, in silico analysis of predicted secondary RNA structures, and in vitro analysis
of gene splicing in RNA prepared from patients’ fibroblasts and transfection studies, we
show that these mutations play a role in alternative splicing of PLP1.
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PATIENTS AND METHODS

MRI studies and clinical examination

We included 16 male patients from 10 unrelated families (Table 1). Thirteen of the 16
patients were included based on their specific MRI pattern compatible with HEMS."
Seven of these 13 patients were identified from our MRI-database of over 3000 cases with
an unclassified leukoencephalopathy using MRI pattern recognition analysis,® and six
patients were previously identified and described (patients 8,9, 11,and 12," and patients
4 and 109). S. H. K. and N. I. W. evaluated the MRIs according to a published protocol.?
Three affected male siblings (patients 5, 15, and 16) were included without MR images.
Clinical and laboratory investigations were retrospectively reviewed. Diagnostic Sanger
sequencing of PLP1 in patients 1, 2, 3,8,9, 11, 12, and 14 had previously been performed
in diverse laboratories and reported unrevealing.

Informed consent

We received approval of the ethical standards committee for our gene identification
research on patients with unclassified leukoencephalopathies at the VU University
Medical Center in Amsterdam. All guardians of the patients participating in this study
gave written informed consent. Approval was also obtained from the Institutional
Review Board at Nemours/Alfred I. duPont Hospital for Children and the BC Children’s
Hospital, University of British Columbia, Canada, and informed consent was obtained as
appropriate on the patients studied at these institutions.

Whole-exome sequencing

Whole-exome sequencing (WES) on DNA from patients 5and 11 (brothers), their mother,
and patient 9, was performed using SeqCap EZ Human Library v3.0 kit (Nimblegen,
Madison, WI, US) on a HiSeq2000 (Illumina, San Diego, CA). Coverage of at least 20x was
reached for >96% of the targeted regions. Average sequencing depth ranged between
58 and 71. Data analysis was performed as described previously." For three families,
WES had been initiated in three other institutes, and available WES data were used for
identification of mutations after recognition of the gene.

Targeted sequencing of the X-chromosome exome

X-chromosome exome sequencing on DNA from patients 4 and 10 (brothers), 5 and
11 (brothers), 8 (including parents), 9 and 12 (including parents), was performed using
SureSelectXT X-chromosome kit (Agilent, Santa Clara, CA, US) on a HiSeq2000 (Illumina,
San Diego, CA). For all samples, coverage of at least 30x was reached for >80% of the
targeted regions. Average sequencing depth ranged between 335 and 645.
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Data analysis was performed as described previously.'

Validation and detection of PLP1 variants

Validation and segregation of the identified PLP1 variants in patients 1,4, 5,and 7-12 by
exome sequencing analysis was performed using standard Sanger sequencing. Primers
were designed (Primer 3 V.0.4.0)'5"7 using reference sequence: PLP1, NM_000533.3.
In patient 6, all 7 exons and intron-exon boundaries of PLPT were sequenced; in the
remaining patients, only exon 3 and intron 3 of PLP1 were sequenced using suitable
primers (available upon request).

In silico analysis of effects of the identified variants

Pathogenicity of missense variants was predicted using SIFT,'® PolyPhen-2" and
Mutation Taster.?® Conservation of nucleotides was analyzed using Phastcons scores,
obtained via Alamut version 2.4.

In silico splicing analysis

The predicted effects of identified variants in PLP1 on splicing were analyzed using
different programs (details see in Data S1). A deviation of =10% from the normal score
was considered as a change likely to affect splicing if present in at least three splice site
prediction tools?'(indicated by “yes” in Table 1). A deviation of >10% from the normal
score in less than 3 splice site predictions tools was considered an inconclusive result.
Changes of <10% were regarded as not significant and not reported. Predicted changes
of number of exonic splice enhancer and silencer motifs were determined using default
threshold values.

In silico analysis of secondary PLP1 RNA folding

The mfold program accessed via their web server with standard parameters was used
to analyze PLP1 normal and mutant RNA sequences for changes in the secondary pre-
mRNA structure and stability (http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-
Form).?? Using mfold, the four intronic mutations ¢.453+159G>A, c.453+164G>A,
c454-312C>G, and c.454-314T>G were analyzed using mutant RNA sequences
including two regions within intron 3 of PLP1: 20 bases from c.453+150 to +169 and
20 bases from c.454-326 to —307, separated by 15 random bases (N,,), as previously
described by us.” The four mutations c.404T>G, c.436C>T, c.441A>T, and c.453+7A>G
were analyzed using mutant PLPTRNA sequences comprising exon 3 (c.192—c.453) and
40 flanking intronic nucleotides. As a measurement for the splice donor site accessibility
by the spliceosome, conformational changes of the PLP1 splice donor site in exon 3B
and the DM20 splice donor site in exon 3A, were visually examined and quantified by
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counting the nucleotides of the consensus PLP1 splice donor site (c.451 to c.453+6:
AAGGUGAUC) that were predicted to form base pairs.

PLP1/DM20 alternative splicing studies

Minigene splicing construct transfection assay

The effects of three PLP1 mutations c.436C>T, c.441A>T, and c.453+7G>A on PLP1/
DM20 alternative splicing were individually investigated in a minigene splicing reporter
construct transfection assay using Oli-neu cells, an immortalized cell line representing
immature oligodendrocytes, as previously described, with modified reverse transcription
(RT) (details in Data S1).23%

Skin fibroblast cultures

PLP1/DM20 alternative splicing was investigated in skin fibroblasts from patient 6
harboring the c.453+7A>G intronic mutation. In addition, skin fibroblasts were available
from a patient described in 1991 with the c.441A>T silent mutation,” the same as
identified in patient 8 from our HEMS cohort. RT-PCR analysis of RNA prepared from
cultured skin fibroblasts was performed as previously described with modified RT
reaction (details in Data S1).2

RESULTS

MRI findings

Detailed MRI findings of all patients in our cohort except three affected siblings are
provided inTable ST and Figures 1 and 2. These patients had the characteristic MRI features
corresponding to the previously described disorder “HEMS".! On initial MRls, patients had
mild T, hyperintensity of the medulla oblongata, the pons, especially at the border with the
medulla oblongata, and the hilus of the dentate nucleus, with variable T, hyperintensity
of the peridentate white matter, indicating hypomyelination of these regions (Figure 1, A
and B and Figure 2, | and J). Mild T, hyperintensity of the optic radiation, periventricular
white matter and parietal white matter was observed in all patients (Figure 1, C and
Figure 2, K), with extensions into the subcortical white matter under the pericentral
cortex in eight patients (Figure 1, D and Figure 2, L). Patients 1 and 6 had more extensive
subcortical white matter hypomyelination. All patients had alternating T, hyperintense-
hypointense-hyperintense stripes in the posterior limb of the internal capsule (Figure 1, C
and Figure 2, K). The thalamus had a mildly elevated T, signal, except for its ventrolateral
part, which was darker, a configuration that is normally seen in neonates (Figure 1, C and
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Figure 1. MRI of HEMS patients.

Initial MRIs of patient 9 (A-D, age 3 years), and of an age-matched control (E-H, 2.5 years) and follow-up
MRIs of patient 9 (I-L, age 12.4 years), and of an age-matched control (M-P, 12 years). All images are axial
T,-weighted. MRIs of patient 9 show mild T, hyperintensity of the medulla oblongata (A, arrow), the pons (B,
white arrow) and the hilus of the dentate nucleus (B, black arrow). The thalamus is mildly T, hyperintense,
except for its ventrolateral part, which is dark (C, white arrow). The posterior limb of the internal capsule shows
alternating hyperintense-hypointense-hyperintense stripes (C, black arrow). There is mild T, hyperintensity
of the optic radiation (C, white arrowhead) and the periventricular white matter that extends into the central
subcortical white matter (D, black arrow). At later stages, the T, signal in the medulla and pons improves (I and
J), but the T, hyperintensity of the optic radiation (K, white arrow), the corpus callosum (K, black arrow) and
the periventricular white matter and subcortical white matter increases. Control images (E-H and M-P) show
the normal myelination pattern with respect to age.
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Figure 2, K). On follow-up, the T, signal abnormalities of the medulla oblongata and pons
improved in four of the eight patients in whom repeat images were available, indicating
progressing myelination (Figure 1, | and J). The periventricular and deep white matter
and/or corpus callosum showed more extensive T, hyperintensity than before in seven of
the eight patients, indicating myelin loss (Figure 1, Kand L).

Figure 2. MRI of PLP1-related disorders.

MRI of a patient with: classic Pelizaeus—-Merzbacher disease (PMD) harboring a PLP1 duplication (A-D, age 23 months), Spastic
Paraplegia type 2 (SPG2) with a frameshift mutation (c.263-delC, p.(Ala88Valfs*26)) (E-H, age 11.4 years) and patient 11 with
hypomyelination of early myelinating structures (HEMS) harboring an intronic mutation (c.453+159G>A) (I-L, age 20 months).
All MR images are axial T,-weighted. Note that in the patients with PMD (A and B) and SPG2 (E and F), the medulla oblongata
and the pons show a normal dark T, signal, in contrast to the patient with HEMS (I and J), in whom these structures are mildly
T, hyperintense. The alternating hyperintense-hypointense-hyperintense stripes in the posterior limb of the internal capsule
seen commonly in HEMS patients (K) are not present in the patient with PMD (C) or SPG2 (G). All the three illustrated patients
have T, hyperintensity of the periventricular white matter, deep white matter and subcortical white matter, which is diffuse
and extensive in the patient with PMD (C and D), restricted in the patient with SPG2 (G and H), and intermediate in the patient
with HEMS (K and L).
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After identification of mutations in the gene PLP1 (see below), two clinically
asymptomatic female carriers (c.454-312C>G, age 40 years, and c.453+159G>A, age
53 years) underwent brain MRI, which demonstrated mild global atrophy of the cerebral
hemispheres and diffuse mild T, hyperintensity of the supratentorial white matter (data
not shown).

Clinical profiles and laboratory results

Detailed clinical characteristics are provided in Table S2. Twelve of the 16 patients
presented with nystagmus in the first or second year of life. The other four patients
presented firstwith cerebellar dysfunction or developmental delay. All patients continued
to gain motor skills, but mostly delayed. All developed progressive spasticity of the legs
and signs of cerebellar dysfunction. At last clinical follow-up, five patients (age range
3-12 years) could still walk without support, although they had an evident spastic-ataxic
gait. Five patients used braces or a walker for ambulation, and five needed a wheelchair.
One was still too young to judge his ability to walk. Cognitive capabilities were normal
or mildly impaired. All female carriers were clinically normal. Nerve conduction studies
performed in eight patients revealed normal motor and sensory conduction velocities in
all except patient 1 who had delayed conduction velocities in his legs.

Genetic analysis

We first performed WES in two brothers and their mother and an unrelated patient.
Under the hypothesis of an X-linked recessive inheritance model, we selected all rare
hemizygous variants (variants with a minor allele frequency of <1% in known public
control databases; 1000 Genomes, dbSNP137 and National Heart, Lung, and Blood
Institute Exome Sequencing Project (http://evs.gs.washington.edu/EVS/), and absence
from our in-house control samples), located on the X-chromosome. With this approach
we were unable to identify a candidate gene. We subsequently performed targeted
sequencing of the X-chromosome exome including four additional HEMS patients and
parents. The same filtering strategy was used, and genes were selected if variants were
presentinatleast two unrelated patients. This led us to the identification of one candidate
gene: PLPT (MIM 300401), encoding PLP1 (shown in Figure 3, A). Two exonic variants
were identified: a c.404T>G missense variant, predicting p.(Leu135Trp) and a c.441A>T
silent variant. Manual analysis of the intron data revealed three variants located deep
in intron 3. Coverage of two of these variants, c.454—-312C>G and ¢.454-314T>G, was
very poor for both the WES and the X-chromosome exome approach (<5 reads), while
the c.453+159G>A variant was sufficiently covered with the X-chromosome exome
(63-97 reads) (data not shown). In the nine remaining HEMS patients PLP1 variants were
identified either by Sanger sequencing or by WES data retrieved from other institutes.
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In total, nine different PLP1 variants were identified in 16 patients (10 families) (Table 1,
Figure 3, B). All variants were located in exon 3B or intron 3 (Figure 3, A and B). The
mutations were maternally inherited in five families and de novo in three families. In
two families, the mother was not available for testing. However, multiple affected family
members indicated obligate carriership.
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Figure 3. Overview of PLPT mutations and predicted secondary PLPT RNA structure.

Thisoverviewillustrates PLPT gene structure with its seven exons (black boxes) and the two alternative transcripts, PLPT or DM20,
resulting from a splice donor site within exon 3 (A). Close-up of exon 3B and intron 3 is depicted in (B). All nine mutations
found in our hypomyelination of early myelinating structures (HEMS) cohort are shown. The frameshift mutation is indicated
with a black solid line, the two silent mutations with a dashed line and the single missense mutation with two striped lines.
Intronic mutations are indicated with an interrupted line. The secondary PLPT RNA structure is displayed in (C), illustrating
the formation of the predicted long-distance interaction (LDI) structure between LDIS-5' and LDIS-3" within intron 3. Mutated
positions in our HEMS cohort are indicated with stars. Adapted from Taube et al.** with permission of Oxford University press.
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In silico analyses of effects of the identified PLP1 variants

The ¢.380_392del variant was predicted to result in a frameshift p.(Arg127Lysfs*16)
truncating PLP1,butnot DM20.Forthe other eightidentified PLP1 variants, we performed
several in silico bioinformatics prediction analyses to investigate pathogenicity. An
overview of the results is depicted in Table 1.

In silico splicing analysis

Of the eight variants, only the silent c436C>T change was predicted to have an
effect on splice sites by creating a new splice donor site in exon 3B at position c.434.
Analysis of splice regulatory elements showed that for all three exonic variants and the
€.454-312C>G variant 1-3 new exonic splicing silencer motifs were predicted.

In silico analysis of secondary PLP1 RNA folding

Using mfold, we previously found that two regions within intron 3 of PLPT form an
intramolecular base-pairing interaction in the predicted secondary PLP1 RNA structure
and play an important role in the control of PLP1/DM20 alternative splicing.* In our
HEMS cohort, we found four variants in either of these two regions (Figure 3, B and C).
The 5' region (c.453+151 to c.453+166) is referred to as the long-distance interaction
(LDI) site 5' (LDIS-5") and the 3' region (c.454—323 to ¢.454—-308) as the LDIS-3' (Figure 3,
Q). Mutations created in LDIS-5"and LDIS-3' sequences that were predicted to destabilize
this secondary PLPT RNA structure (initial Gibbs free energy [AG] value less than
—16.4 kcal/mole) decreased the ratio of alternatively spliced products PLP7 to DM20in a
minigene reporter system, while mutations of the central nonpairing bases, c.453+158
and c.454-315, and mutations that were predicted to maintain the secondary structure
did not.? We investigated the effect of the four variants identified in our families, two
in LDIS-5' (c.453+159G>A and c.453+164G>A) and two in LDIS-3' (c.454—-312C>G and
€.454-314T>G), on the LDI structure and found that in all cases the stability of the
mutant LDI structures was predicted to be reduced ([AG] values of less than —16.4 kcal/
mole) compared with the normal fragment ([AG of —17.6 kcal/mole]) (Figure S1).

Analysis of the predicted secondary PLPT RNA structures for the remaining four variants
Cc404T>G, c.436C>T, c.441A>T, and c.453+7A>G showed that all except the c.436C>T
variant increased the stability of the local RNA structure of the PLP1 splice donor site,
while leaving the structure of the DM20 splice donor site unchanged (Table S3). These
predictions suggest that the PLPT splice donor site is more engaged in intramolecular
base pairing in the mutated RNA fragments than in the normal RNA fragments.
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PLP1/DM20 alternative splicing studies in a minigene splicing construct assay
In a reporter construct transfection assay,?** we investigated the effects of the c.436C>T,
the c.441A>T, and the c.453+7A>G mutation on PLP1/DM20 alternative splicing. These
mutations resulted in a significant reduction in the PLP1/DM20 ratio to 0.18 (c.436C>T),
0.14 (c.441A>T), and 0.05 (c.453+7A>G) of normal (Figure 4, A). We could not detect the
potentially aberrantly spliced product from the new splice donor site predicted for the
¢.436C>T mutation. The effect of the c.454—314T>G mutation was previously reported
by us and resulted in a PLP1/DM20 ratio of 0.15 of normal.?

PLP1/DM20 alternative splicing studies in fibroblasts

In patient fibroblasts, we investigated the effect of the c.441A>T and the c453+7A>G
mutation on the PLP1/DM20 ratio and found it reduced to 0.01 and 0.06 of normal
(Figure 4, B). We consider this to be a rough estimate of the reduction in PLP1/DM20 ratio
because there is very little PLPT compared with DM20 in skin fibroblasts and we noted
that the amount of total PLP1 (PLP1 + DM20) decreases with passage number.

Figure 4. Dysregulation of PLP1 splicing by patients’ mutations.

Quantitation of PLP1/DM20 mRNA produced in an immature immortalized oligodendrocyte cell line from the transfected
splicing minigene reporter construct indicated a significant decrease in the PLP1/DM20 ratio with patients’ mutations
compared with normal construct (A). The graph shows the ratio of PLP1 product to the DM20 product from each patient
construct normalized to the normal construct (mean of replicates +SD). All constructs were tested in triplicate. All three
patient constructs had a ratio significantly different from the normal construct, as measured by Student’s t-test: ***, P < 0.001.
Analysis of skin fibroblast RNA by RT-PCR indicated a decrease in PLP1/DM20 ratio with patients’ mutations (B). The primers
that amplify from exon 2 to exon 5 PLP1 readily detect PLPT and DM20 signal in the same reaction as different sized bands.
A heteroduplex of PLP1 and DM20 is also visible (PLPT and DM20 heteroduplex formation has been described previously).2*
Quantitation performed by dividing PLPT + %2 heteroduplex band by DM20 and normalizing, indicated PLP1/DM20 ratio in
patient fibroblasts was 0.01 of normal for c.441A>T and 0.06 of normal for c.453+7A>G. The PLP1 band was 105 bases larger
than the DM20 band.
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DISCUSSION

Using exome sequencing, we identified the genetic defect causing HEMS.! All patients
had hemizygous mutations in the PLPT gene, which encodes both PLP1 and its smaller
isoform DM20 that is derived by the use of an alternative splice donor site within exon
3.3 Together the proteins constitute more than half of the total protein mass of myelin
in the central nervous system (CNS).?® The DM20 transcript is preferentially expressed
in the developing CNS before initiation of myelination, whereas the PLP1 transcript
dominates during myelination and adulthood, suggesting tightly regulated PLP1/
DM20 alternative splicing.

PLPT mutations are known to be associated with a broad continuum of neurological
phenotypes ranging from connatal PMD with severe hypomyelination to pure X-linked
spastic paraplegia type 2 (SPG2) with even normal brain imaging in some cases.>”?
Different genetic alterations have been identified to cause these different phenotypes,
with duplication of the entire PLPT gene as the most common change usually leading
to the classic form of PMD.?”” More severe forms are associated with missense mutations
in highly conserved regions or, in rare cases, with triplications and higher copy number
of PLP1, while patients with null mutations or missense mutations in less conserved
regions present with milder signs.?* Previously, we had defined HEMS based on the
distinctive abnormalities seen on brain MRI. With the identification of PLPT mutations
in this group, HEMS should be added as a recognizable new MRI phenotype within the
broad spectrum of PLP1-related disorders.

Clinically, most patients with HEMS have a relatively mild functional disability and can be
classified as complicated SPG2. All patients, except for patient 1 harboring the truncating
PLP1 mutation (p.(Arg127Lysfs*16)) have normal nerve conduction studies or sensory
function on physical examination. This is in agreement with the hypothesis that only
patients lacking PLP1 due to a functional null mutation or a truncating mutation in the
PLP1-specific region have a peripheral neuropathy.?3%32 |n five families, the mutation
was inherited from the mother. All female carriers were clinically asymptomatic, but
the two females who underwent MR imaging showed abnormalities consisting of mild
atrophy of the cerebral hemispheres and a diffuse T, hyperintensity of the white matter.
This phenomenon has also been observed in carriers of mutations associated with a
mild PMD phenotype,*>** and can be explained by random X-inactivation due to the
mild effects of these mutations.®?
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Remarkably, in our HEMS cohort, the identified PLPT mutations were restricted to the
PLP1 specific region encoded by exon 3B that is spliced out in DM20, and to intron 3
(Figure 3, A and B). Only one family carried an obvious pathogenic PLPT mutation
(p.(Arg127Lysfs*16)). The other nine families had presumed “subtle” PLPT mutations:
these mutations were located in the noncoding region outside the splice donor and
acceptor sites of exon 3B in six families; a silent mutation was identified in two families,
and a missense mutation for which pathogenicity predictions were contradictory was
identified in one family. This is in contrast to the commonly reported mutations in exon
3B that are mainly missense, truncating or located at the splice donor site sequence of
exon 38'28,30-32,34-47

We provide evidence that the mutations ascertained in our HEMS cohort alter PLP1/
DM20 alternative splicing and must therefore be interpreted as pathogenic. Splicing is
a complex mechanism not only controlled by the canonical splice donor and acceptor
sites and branch sites but also by exonic or intronic enhancers and silencers and by
regulation through the secondary RNA structure?2442454851 We first performed in
silico prediction analysis on the effects of the variants concerning these regulatory
factors. Splice site predictions for the c.436C>T mutation showed a new PLP1 splice
donor site at ¢.434. For all three exonic substitutions (including c.436C>T) and for the
intronic c.454-312C>G mutation, the creation of putative new exonic silencer motifs
was predicted. This mechanism had previously been found associated with loss of
the PLP1 isoform for a PLP1 c.436C>G missense mutation.®? Analysis of predicted
secondary PLP1 RNA structures containing the c.404T>G, c441A>T and 453+7A>G
mutations revealed potential conformational changes of the PLPT splice donor site
that could result in a less accessible splice site for the spliccosome. This change may
shift the balance between the usage of DM20 and the PLP1 exon 3 splice donor sites
in disadvantage of the latter. Interestingly, the four noncoding mutations restricted to
two specific regions deep within intron 3 of PLP1 (LDIS-5' and LDIS-3') were predicted
to reduce the stability of the secondary LDI PLPT RNA structure, which has been found
associated with a decreased PLPT to DM20 ratio.® Overall, these results indicate that
the identified variants have an impact on PLP1/DM20 alternative splicing. For the three
tested variants (c.453+7A>G, c.436C>T, c.441A>T), we could confirm these predictions
in vitro by detecting a decreased PLP1/DM20 ratio in fibroblasts or in our minigene
reporter transfection assay. Several additional algorithms applied for prediction of the
impact of the single missense variant (c.404T>G) on protein structure and function
showed contradictory results.
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Although mutations in PLP1 are also associated with PMD or SPG2, the MRI pattern of
HEMS contrasts with the MRI findings in these disorders (see Figure 2)."*> Normally,
tracts become myelinated at the time they become functional, resulting in a fixed
spatiotemporal sequence of myelination.>® In patients with HEMS, the brain structures
that normally myelinate early (e.g., brainstem, hilus of the dentate nucleus, posterior
limb of the internal capsule, optic tracts and tracts to the pericentral cortex) are poorly
myelinated in contrast to structures that normally myelinate at a later developmental
stage, which show better myelination.'* In patients with PMD and SPG2, however, the
early myelinated structures are relatively better myelinated than other brain structures
(Figure 2, A-H). This indicates that PLP1/DM20 alternative splicing and maintenance of a
certain PLP1 to DM20 ratio are important for early myelination.

Noteworthy, three mutations identified in our HEMS cohort have been reported before
(c436C>T2 c441A>T? and c.453+7A>G*). The patient with the c.436C>T had mild
functional disability.* For the patients with the c.441A>T and c.453+7A>G mutation
only the clinical diagnosis “PMD” was provided.>* We recently also identified three
PMD families with mutations in the LDIS-3" region (including c.454-314T>G), with a
mild clinical phenotype, comparable to HEMS patients.?® No MRI data were available
for these patients, so we were not able to evaluate whether these patients have an MRI
phenotype compatible with HEMS.

Our HEMS cohort presents a challenge for PLP1 Sanger sequencing in a diagnostic
setting. For most mutations, pathogenicity was difficult to prove. For example, the two
silent mutations, c.436C>T and c.441A>T, had already been identified in the past in our
patients, but were thought to be benign. Moreover, the noncoding regions LDIS-5" and
LDIS-3" in intron 3 are currently not included in PLP1 diagnostic sequencing. Our data
support the proposal that sequencing of intron 3 of PLP1 should be included in standard
diagnostic procedures because of the importance of this region for controlling PLP1/
DM20 alternative splicing.?® Furthermore, this study illustrates that caution is warranted
in case of negative exome sequencing results, as coverage is often not optimal forintronic
regions.Thanks to the number of patients with identical clinical and MRI presentation, we
were able to identify the genetic basis of HEMS. The identification of more patients with
mutations in this or other regions of PLPT altering PLP1/DM20 alternative splicing will
further elucidate the specificity of the HEMS MRI phenotype within the PMD spectrum.
Future research will show whether these mutations that affect PLP1/DM20 alternative
splicing could be potential targets for treatment aimed at correction of the PLPT to
DM20 ratio.
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SUPPORTING INFORMATION

Data S1. Supplementary methods

Figure S1. Intramolecular base-pairing interaction in the predicted secondary PLPT structures

Table S1. MRI characteristics

Table S2. Clinical characteristics

Table $3. Quantitation of predicted intramolecular basepairs at the PLP1 splice donor site in normal
and mutant PLPT mRNA

DATA S1. SUPPLEMENTARY METHODS

In silico splicing analysis

The predicted effects of identified variants on splice sites were analyzed using 5
prediction tools: NNSplice (http://www.fruitfly.org/seq_tools/splice.html),’ Netgene2
(http://www.cbs.dtu.dk/services/NetGene2/),> the Human Splicing Finder (http://
www.umd.be/HSF/);> MaxEnt (http://genes.mit.edu/burgelab/maxent/Xmaxentscan_
scoreseqg.html),* SpliceSiteFinder-like, an algorithm based on Alex Dong Li's Splice Site
Finder (no longer available), and scores obtained via Alamut, version 2.4. Analysis of
exonic splicing regulatory elements was performed using ESEfinder 3.0 (http://rulai.
cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home)° and the FAS-ESS web server
(FAS-Hex2 set) (http://genes.mit.edu/fas-ess/)® was used for analysis of exonic splicing
silencer (ESS) motifs using default settings for significance.

PLP1/DM20 alternative splicing studies

Minigene splicing construct transfection assay

The effects of 3 PLP1 mutations c.436C>T, c.441A>T and c.453+7G>A on PLP1/DM20
alternative splicing were individually investigated in a minigene splicing reporter
construct transfection assay using Oli-neu cells, an immortalized cell line representing
immature oligodendrocytes, as previously described, with modified reverse
transcription (RT).” RT was performed prior to PCR by first denaturating 1 ug of RNA in a
10 pl volume at 65 °C for 5 min and then adding 1x RT buffer (Applied Biosystems, Foster
City, CA), 4 mM each dNTP (Applied Biosystems), 1 uM Oligo (dT) 15 primer (Promega,
Fitchburg, WI), 10 units recombinant RNasin (Promega) and 50 units MultiScribe Reverse
Transcriptase (Applied Biosystems) in a final volume of 20 ul and incubating at 25 °C for
5 min, 37 °C for 120 min, 85 °C for 5 min and kept at 4 °C.
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Skin fibroblast cultures

PLP1/DM20 alternative splicing was investigated in skin fibroblasts from patient 6
harboring the c.453+7A>G intronic mutation. In addition, skin fibroblasts were available
from a patient described in 1991 with the c441A>T silent mutation,® the same as
identified in patient 8 from our cohort. RT-PCR analysis of RNA prepared from cultured
skin fibroblasts was performed as previously described with modified RT reaction as
above.” The PCR reactions in a 20 ul volume were performed using GAPDH primers with
0.8 ul cDNA from the RT reaction and 25 cycles or PLP1 primers with 2 pl cDNA from
the RT reaction and 35 cycles. Images were made on the Typhoon Trio (GE Healthcare,
Littlechalfont, UK) and analyzed using ImageQuant TL (GE Healthcare).

NNONON NNN N NNNON NNNON NNNON
N N N N N N N N N N
N N N N N N N N N N
N N N N N N N N N
N N N N N N N N N N
N N N N N N N N N N

+169 -326 G +169 A -326 G +169 A-326 G +169 A -326 N 326
°a c . c u c u c uh A%y A
AP (B C=G Cc=G C=G C=G
C=G C=G C=G C=G c=G
G=C G=C G=C G=C c c
U—A U=—A U=—A U—A U—A
G=C G=C G=C G=C G=C
¢ ¢ G G G G G G G o
D y—p® U—A U—A U A o
N gmc D G=C G=C c G=C
8c ufg cu cu cu
- | C V]
A—U A=U I G | A—U A—U
A—U A—U A—U A—U A—U
G=C G E G=C G=C G=C
A—U A=U A—U A=U A—U
A=U A=U A=U A—=U A—U
Gm=C G=C G=C G=C G=C
G=C G=C G=C G=C G=C
2N /N /N / N /N
+150 A A - 307 +150 A A -307 +150 A A_-307 +150 A A_-307 +150 A A -307
/ AN / A / N / AN / N
3 5 3 5' 3 5 3 5' ¥ 5
Normal €.454-312C>G €.454-314T>G €.453+159G>A C.453+164G>A
Initial AG = -17.6 kcal/mole Initial AG = -13.5 kcal/mole Initial AG = -16 kcal/mole Initial AG = -12.5 kcal/mole  Initial AG = -11.7 kcal/mole

Supplementary figure 1. Intra-molecular base pairing interaction in the predicted secondary PLP1
structures.

Fragments were analyzed using normal and mutant RNA sequences including 2 regions within intron 3 of PLP1: 20 bases from
€.453+150 to +169 and 20 bases from c.454-326 to -307, separated by 15 random bases (N15), as we previously described.”
Horizontal lines indicate strength of hydrogen bonding: black and thick, triple hydrogen bond between guanine and
cytosine; dark gray and intermediate thickness, double hydrogen bond between adenine and uracil; light gray and thin,
single hydrogen bond between guanine and uracil. The predicted structures formed by long distance interaction site (LDIS)-5'
and LDIS-3' for normal and mutant RNA sequences are shown with their AG values. Mutations are indicated in white within
a black box.
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Chapter 3 | Mutant SLC19A3 and lethal encephalopathy

ABSTRACT

To accomplish a diagnosis in patients with a rare unclassified disorder is difficult.
In this study, we used magnetic resonance imaging pattern recognition analysis to
identify patients with the same novel heritable disorder. Whole-exome sequencing
was performed to discover the mutated gene. We identified seven patients sharing a
previously undescribed magnetic resonance imaging pattern, characterized by initial
swelling with T, hyperintensity of the basal nuclei, thalami, cerebral white matter and
cortex, pons and midbrain, followed by rarefaction or cystic degeneration of the white
matter and, eventually, by progressive cerebral, cerebellar and brainstem atrophy. All
patients developed a severe encephalopathy with rapid deterioration of neurological
functions a few weeks after birth, followed by respiratory failure and death. Lactate
was elevated in body fluids and on magnetic resonance spectroscopy in most patients.
Whole-exome sequencing in a single patient revealed two predicted pathogenic,
heterozygous missense mutations in the SLCT9A3 gene, encoding the second thiamine
transporter. Additional predicted pathogenic mutations and deletions were detected
by Sanger sequencing in all six other patients. Pathology of brain tissue of two patients
demonstrated severe cerebral atrophy and microscopic brain lesions similar to Leigh's
syndrome. Although the localization of SLC19A3 expression in brain was similar in the
two investigated patients compared to age-matched control subjects, the intensity
of the immunoreactivity was increased. Previously published patients with SLCT9A3
mutations have a milder clinical phenotype, no laboratory evidence of mitochondrial
dysfunction and more limited lesions on magnetic resonance imaging. In some, cerebral
atrophy has been reported. The identification of this new, severe, lethal phenotype
characterized by subtotal brain degeneration broadens the phenotypic spectrum of
SLCT9A3 mutations. Recognition of the associated magnetic resonance imaging pattern
allows a fast diagnosis in affected infants.
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INTRODUCTION

Early-infantile onset encephalopathies have a major impact on families. They come
with an urgent need for a proper diagnosis in view of immediate therapeutic decisions.
Additionally, the diagnosis is important for genetic counselling and family planning. MRI
pattern recognition has been proven to be highly successful in facilitating a rapid correct
classification and diagnosis." Several novel childhood encephalopathies have been
defined by their distinct pattern of MRl abnormalities and in most cases the aetiology has
been identified, confirming the validity of this approach.?” Most of these disorders have
a genetic aetiology with a Mendelian inheritance pattern. Different genetic techniques,
including genome-wide linkage studies and homozygosity mapping, have been used to
identify the associated genes.>* Although successful for common Mendelian disorders
and large or consanguineous families, these conventional techniques fail to elucidate
the related gene in extremely rare Mendelian disorders, unrelated cases from different
families, and sporadic cases owing to de novo mutations. The recent introduction of
whole-exome sequencing has created the opportunity to identify the mutated gene
in these cases leading to rapid new gene discoveries.®® In the present study we used
MRI pattern recognition for the classification of a group of seven patients with a lethal
encephalopathy of unknown origin and performed whole-exome sequencing as a first-
tier genetic technique to identify the related gene.

PATIENTS AND METHODS

Seven patients from five unrelated families, sharing a previously undescribed distinct
MRI pattern, were identified from our MRI database of more than 3000 cases with an
unclassified leukoencephalopathy. Patients were included if they met the following
MRI criteria: (i) bilateral signal abnormalities of the nucleus caudatus, putamen, globus
pallidus and thalamus; (ii) extensive signal abnormalities of the subcortical and central
cerebral white matter and the cerebral cortex; (iii) diffuse signal abnormalities of the
cerebellar white matter with or without involvement of the cortex; (iv) extensive signal
abnormalities in the pons and midbrain; and (v) in the case of follow-up MRIs, atrophy
of affected structures.

Detailed clinical information, laboratory investigations and autopsy results were
retrospectively collected and reviewed. A molecular diagnosis was not achieved in any
of the patients. Blood and/or fibroblasts of all patients were collected. Approval of the
ethical standards committee was received for whole-exome sequencing in patients
with unclassified leukoencephalopathies, with written informed consent of the parents.
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Magnetic resonance imaging pattern recognition

A total number of 15 MRIs were available for the study. MRIs were evaluated according
to a previously published protocol by consensus of two investigators (S.H.K. and
M.S.v.d.K.).? Studies typically included sagittal T,-weighted spin-echo images and axial
T -weighted, T -weighted and proton density spin-echo images. FLAIR images were
available in six patients. Signal changes were defined as abnormally high signals on T,-
weighted images. White matter rarefaction was defined as T -hyperintense white matter
areas with low signal on FLAIR or proton density, but not as low as the signal CSF. Cystic
degeneration was defined as T,-hyperintense white matter areas with a low signal on
FLAIR or proton densitiy, as low as the signal of CSF. Cerebral atrophy was scored as mild,
moderate or severe, based on the presence of cerebral or cerebellar sulcal prominence,
enlargement of the ventricles and subjective assessment of brainstem size. Apparent
diffusion coefficient maps were used to assess restricted diffusion to avoid the T,-
shinethrough effects. Because magnetic resonance spectroscopy studies were obtained
with different techniques on machines from different vendors, we only looked at the
presence of lactate, represented by a doublet centred at 1.33 parts per million. The MRIs
of four disease stages (acute, post-acute, intermediate and end-stage) were grouped
together.

Whole-exome sequencing

Whole-exome sequencing was performed in Patient 2. Genomic DNA was extracted
by standard methods. Exonic targets were enriched with SeqCap EZ Human Exome
Library v2.0 kit (Nimblegen). Sequencing was performed with 100 bp paired-end reads
on a Hiseq2000 (lllumina). Read alignment to the human genome assembly hg19 was
performed with Burrows-Wheeler Aligner tool (v0.5.9) (http://bio-bwa.sourceforge.
net).’ Single-nucleotide variants and small insertions and deletions were called with
Varscan v2.2.5 (http://varscan.sourceforge.net)'’ and annotated with Annovar (http://
www.openbioinformatics.org/annovar).’”> Novelty of variants was determined using
public single nucleotide polymorphism databases, including dbSNP132 (http://www.
ncbi.nlm.nih.gov/projects/SNP) and the 1000 Genomes project (release November
2010), and our in-house control exomes (yielding 17 exomes of patients with different
disease phenotypes). PolyPhen-2 was used for pathogenicity prediction of variants
(http://genetics.owh.harvard.edu/pph2/).”

Mutation analysis

All coding exons and the adjacent splice sites of the SLC19A3 gene of the index patients
were amplified by PCR (NG_016359.1). For one case the full length open reading frame
was amplified by reverse-transcription PCR (NM_025243.3). The DNA of parents was only
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investigated for the amplicons containing the familial mutations. All SLCT9A3 amplicons
were analysed by direct DNA sequence analysis. The amplicons were analysed by
capillary electrophoresis using an ABI3130x| genetic analyser (Applied Biosystems) and
assessed using Mutation Surveyor® (Softgenetics). Primer sequences are available on
request.

Pathology

Brain tissue from Patients 3 and 4 was collected at autopsy at The Hospital for Sick
Children, Toronto, Ontario, Canada. Macroscopic and microscopic characteristics
and the expression patterns of SLC19A3 and SLC19A2 were studied. To investigate
the normal expression of SLC19A3 and SLC19A2, post-mortem brain tissue samples
were obtained from four unrelated age-matched control subjects without significant
confounding neuropathological findings at autopsy and from one 2-year-old child
with Leigh’s syndrome. Leigh’s syndrome was diagnosed based on the clinical course,
the typical MRI pattern and pathology findings of Leigh’s syndrome at autopsy. No
molecular diagnosis was achieved. Formalin-fixed, paraffin-embedded tissue was
sectioned at 6 um and stained for haematoxylin and eosin or Kluver-periodic acid Schiff
according to standard methods. Additionally, tissue sections were incubated with
antibodies against the following epitopes: SLC19A3 (Sigma, 1:500) and SLC19A2 (Sigma,
1:100), glial fibrillary acidic protein (GFAP, marker of astrocytes; Millipore, 1:1000),
proteolipid protein (PLP, myelin marker; AbDSerotec, 1:3000), neuronal nuclear antigen
(NeuN, marker of neurons; Sigma, 1:500), platelet endothelial cell adhesion molecule 1
(PECAM1/CD31, vascular endothelial cell marker; Dako, 1:50), and collagen IV (basement
membrane marker; Dako, 1:50). Negative controls by omitting the primary antibody
were included in each experiment to verify the specificity of the immunohistochemical
labelling. Briefly, sections were deparaffinized and rehydrated. Endogenous peroxidase
activity was quenched by incubating the slides in 0.3% hydrogen peroxide in methanol.
Slides were rinsed with distilled water and transferred to citric acid (pH 6). Heat-
induced antigen retrieval was performed using microwave irradiation for 15 min on low
setting. Tissue sections were then cooled to room temperature, rinsed and incubated
overnight with primary antibodies. Slides were rinsed and the antibody visualized with
diaminobenzidine tetrachloride. Between incubation steps, sections were thoroughly
washed. After a shortrinse in tap water, sections were counterstained with haematoxylin,
washed, dehydrated and mounted with polyvinyl alcohol medium with Dabco® (Sigma).
Double and triple fluorescence immunohistochemical stainings were performed on
cryosections of snap-frozen brain tissue from the same control subjects. Tissue sections
were fixed in 2% paraformaldehyde, subsequently permeabilized with 0.1% saponin,
blocked in 5% normal goat serum and incubated with primary antibodies overnight at
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4°C. After staining with secondary antibodies (Alexa Fluor® 488 -, 568-, and 647-tagged;
Molecular Probes, 1:400), sections were counterstained with DAPI (nuclear stain;
Molecular Probes, 10 ng/ml) and photographed using a Leica DM6000B microscope
(Leica Microsystems).

RESULTS

Magnetic resonance imaging findings

Detailed MRI findings are outlined in Supplementary Table 1. Most patients had more
than one brain MRI; only Patients 1 and 2 had a single MRI. Four follow-up MRIs were
available in Patient 5, illustrating all four disease stages (Supplementary Figure 1).
The acute phase (MRI of two patients, Supplementary Table 1; Figure 1, A-C, Patient
1) was characterized by severe swelling and diffuse T,-hyperintensity of the cerebral
and cerebellar white matter and cortex. Typically, the depths of the sulci of the cerebral
and cerebellar cortex were affected, with a high T,-signal, while the gyral crowns had a
more normal, low T,-signal. Severe swelling and T -hyperintensity of central grey nuclei,
including the thalamus, putamen, globus pallidus, caudate nucleus and dentate nucleus
were present in both patients. The brainstem displayed extensive signal abnormalities
with relative sparing of the medulla oblongata. Rarefaction of the deep cerebral white
matter was seen in Patient 1. Diffusion imaging of Patient 5 showed restricted diffusion
in multiple areas of the cerebral cortex and white matter, corpus callosum, basal nuclei,
thalamus, brainstem, and cerebellar white matter.

The post-acute phase (MRI of three patients, Supplementary Table 1; Figure 2, A-F,
Patient 6) was characterized by partial resolution of cerebral white matter swelling
with rarefaction and/or cystic degeneration of predominantly the subcortical white
matter, the basal nuclei and thalamus. The pulvinar was relatively spared in Patients
6 and 7. Diffusion imaging was performed in Patient 6 and revealed extensive areas of
restricted diffusion in cerebral white and grey matter structures (Figure 2, D and E). The
widespread signal abnormalities of midbrain and pons persisted in all patients and new
signal abnormalities of the medulla oblongata developed in Patient 5.

The intermediate phase (MRI of six patients, Supplementary Table 1; Figure 3, A-GC;
Patient 3) consisted of a variable degree of atrophy of the brainstem, thalami, basal
nuclei, cerebral white matter and corpus callosum, accompanied by extensive thinning
of the cerebral cortex. Rarefaction of cerebral and/or cerebellar white matter was
present in three of the six patients.
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Figure 1. Axial (A and B) and sagittal (C) T2-weighted images in Patient 1 at 3 months of age, illustrating
the acute phase. Note the extensive swelling and T2-hyperintensity of the cerebral and cerebellar white
matter, basal nuclei and thalami (B). The depths of the gyri of the cerebral and cerebellar cortex are
more affected than the gyral crowns (B and Q).

Figure 2. Axial T,-weighted images (A-C), diffusion-weighted images (D and E), and a coronal FLAIR
image (F) in Patient 6 at 2.9 months of age, illustrating the post-acute phase. Moderate swelling of
the cerebral white matter, basal nuclei and thalami is observed (B and C). Note the relative sparing of
the pulvinar (B). There is restricted diffusion in the thalami, caudate nucleus and different parts of the
cerebral white matter (D and E). Multiple areas of rarefied white matter are present (F).
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Figure 3. Axial (A and B) and coronal (C) T-weighted images in Patient 3 at 2.3 months of age, illustrating
the intermediate phase. Note the atrophy of the cerebral white matter and thinning of the cortex (B and
Q). Cystic lesions of the basal nuclei, thalami and subcortical white matter are present (B and C). The T,-
hyperintensity of the pons is restricted to the central-dorsal area (A).

Figure 4. Axial T -weighted images in Patient 4 at 9.5 months of age, illustrating the end phase. Note
the advanced atrophy of the cerebral white matter, basal nuclei, thalami and cortex (A-C). The signal
abnormalities of the pons have almost completely disappeared (A).

Cyst-like structures were present throughout the cerebral white matter, the thalami,
basal nuclei, and cerebellar white matter in two patients. Although the widespread
T,-hyperintensity of the brainstem decreased, focal T,-signal abnormalities localized in
the central-dorsal area of the tegmentum of pons and midbrain persisted. Previously
detected areas of restricted diffusion resolved. A subdural haematoma developed in
three patients, most likely due to advancing cerebral atrophy.

The end stage (MRI of five patients, Supplementary Table 1; Figure 4, A-C, Patient 4)

was characterized by severe atrophy of the cerebral white matter and cortex, corpus
callosum, thalami and basal nuclei. Cerebellar atrophy was noted in three patients.
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Atrophy of the pons and midbrain with persisting T_-hyperintensity of the central-dorsal
area of the tegmentum of pons and midbrain was present in four patients.

Elevated lactate in affected white and grey matter was found by magnetic resonance
spectroscopy in five patients during one or more disease stages (Supplementary Table
1). Contrast was given to Patients 6 and 7 during the post-acute phase, and to Patient 5
during the intermediate phase. No enhancement was observed. It is important to note
that the four disease stages followed each other rapidly and that the brain abnormalities
evolved in the course of a few weeks to months.

Clinical findings

Detailed clinical characteristics and findings at last examination are described in
Supplementary Table 2. Patients 2 and 4, as well as Patients 5 and 7 are siblings.
Consanguinity was present in two families. Pregnancy and delivery were uneventful
for all patients. Early psychomotor development was delayed in the siblings Patients
5 and 7. The initial signs were noted between 8 weeks and 5.5 months of age (mean
2.7 months) and included irritability, seizures or suspected seizures, sometimes infantile
spasms, loss of contact, somnolence and lowering of consciousness, extensor spasms,
feeding difficulties and failure of achieving developmental milestones. A preceding
event was evident in six patients, including (viral) infection or vaccination shortly
before onset. Within a few weeks after the first signs, all patients showed rapid and
severe regression of neurological functions with progressive spasticity, deterioration
of contact, feeding difficulties, and eventually respiratory failure. Six patients died
before the age of 2 years (range 4-20 months); Patient 6 died at the age of 4 years and 8
months. Neurological examination predominantly showed pyramidal signs of arms and
legs; no extrapyramidal signs were present. Ophthalmological investigation revealed
optic nerve atrophy in most patients. None of the seven patients had involvement
of other organs or dysmorphic features. Patients 1 and 3 received a ‘mitochondrial’
cocktail, including vitamin B6, co-enzyme Q, riboflavin, nicotinamide, and biotin, but no
thiamine. No beneficial effect of the supplements was observed.

Laboratory findings

Laboratory findings are summarized in Supplementary Table 3. Plasma lactate levels
were elevated in five patients at initial presentation (range 3.3-4.6 mmol/I, normal values
1.2-2.2 mmol/l) and showed a subsequent gradual decline during follow-up. Amino
acid levels in blood revealed a slightly elevated alanine in three patients with increased
ornithine and glycine in one patient. Plasma thiamine levels were not measured. Urinary
organic acids were normal in all patients. A slightly reduced activity of one or more
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respiratory chain enzyme complexes in muscle was found in three patients. However,
normal enzyme activities were measured in skin fibroblasts. Ragged red fibers or
structural mitochondrial abnormalities were not observed. Mutation analysis of whole
mitochondrial DNA in blood or targeted mutation analysis of mitochondrial DNA in
muscle or blood revealed no mutations in the tested patients.

Whole-exome analysis

Whole-exome sequencing was performed in DNA of Patient 2. To prioritize candidate
disease genes, we filtered the raw data based on the assumptions that the causal
variant was not present in control exomes, was compliant with an autosomal recessive
inheritance and altered the amino acid sequence, as summarized in Supplementary
Table 4.This approach selected three genes with variants fulfilling these criteria: SLC19A3
(MIM*606152), SLC34AT (MIM*182309) and OBSL1 (MIM*610991). Based on conservation
status, predicted pathogenicity using Polyphen-2' and a literature search for disease
phenotypes linked to these genes, we selected SLC19A3 as the best candidate gene.
The two heterozygous SLCT19A3 variants detected in Patient 2, a ¢.541T>C transition
predicting the replacement of serine at protein position 181 by proline p.Ser181Pro
and a ¢.1154T>G transversion predicting a p.Leu385Arg replacement, were confirmed
by Sanger sequencing. DNA from the parents was not available to confirm compound
heterozygosity.

SLC19A3 mutation analysis

Sanger sequencing of SLCT19A3 identified missense and nonsense mutations and
deletions in all seven patients (Table 1). Except for Patients 5 and 7, no DNA from parents
was available so carrier status in the parents could not be confirmed. All identified
mutations were not present in 13 000 control chromosomes of subjects included in
the NHLBI GO Exome Sequencing Project database and were predicted to be probably
pathogenic by Polyphen-2' (Table 1). Patient 1 harboured the p.Gly23Val mutation
on one allele, which was previously found in homozygous state in two patients from a
Yemeni family with biotin-responsive basal ganglia disease.'

Brain pathology

Macroscopic examination of the brain of Patients 3 and 4 showed severe atrophy of
the cerebral cortex, deep grey matter structures and subcortical and central white
matter. Microscopic examination confirmed the involvement of both grey and white
matter with multiple, bilateral and often symmetric infarct-like lesions in the cerebrum,
brainstem (Figure 5, G) and cerebellum. All lesions were characterized by rarefaction
and vacuolar degeneration to cavitary necrosis of the neuropil and surrounding white
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Table 1. SLC719A3 mutations in present patients

Patient Country of origin c.DNA Deduced effect® Type of mutation State Exon

1 Canadian c.68G>T° p.Gly23Val® missense heterozygous 2
r.1173_1314del  p.GIn393* exon deletion heterozygous 5

2and 4 (sibs) European c541T>C p.Ser181Pro missense heterozygous 3
c.1154T>G p.Leu385Arg missense heterozygous 4

3 European c.507C>G p.Tyr169* nonsense heterozygous 3
c.527C>A p.Ser176Tyr missense heterozygous 3

5and 7 (sibs) Lebanese €.895_925del p.Val299fs* frameshift homozygous® 3

6 Moroccan c.1332C>G p.Ser444Arg missense homozygous 6

The missense mutations described in this table are presumed to be pathogenic, because all mutations have been analysed
with Polyphen-2 and had prediction scores of > 0.92, the amino acids involved are all moderately to highly conserved, and
none of the mutations were detected in = 13000 control alleles. However, to confirm pathogenicity overexpression studies
need to be performed. All other type of mutations detected in this study should be considered pathogenic based on their
truncating nature.

2Nomenclature rules of den Dunnen JT and Antonarakis SE.”

®Known mutation.™

<Both parents are carrier of the mutation, confirming homozygosity for the mutation in their affected children

matter, accompanied by prominent, dilated capillaries and reactive astrogliosis (Figure
5, A-D). In the cerebral and cerebellar cortex these lesions affected preferentially the
depth of the sulci and extended to the pial surface (Figure 5, E and F). Here subtotal
loss of neurons was associated with infiltration of lipid-laden macrophages and
mineralization of the residual neurons (Figure 5, B).

The lesions in the basal nuclei (Figure 5, D), brainstem and cerebellum had the
same histopathological features. Notably, well-preserved neurons in the context of
nectrotizing areas were found in the midbrain and pontine tegmentum (Figure 5, H).
Although relatively spared, the deep white matter also showed myelin pallor, microcystic
changes, dilated perivascular spaces, and marked isomorphic reactive astrogliosis (data
not shown).

In the non-neurological controls, SLC19A2 and SLC19A3 were expressed in the blood
vessels throughout the brain (Figure 6, A and B). Double labelling showed co-localization
of SLC19A3 with collagen IV at the basement membrane and in the surrounding pericytes
(Supplementary Figure 2, A). By contrast, SLC19A2 immunoreactivity was found only at
the luminal side of the blood vessels, where it co-localized with the endothelial marker
CD31 (Supplementary Figure 2, D). In the control cerebral cortex, SLC19A3 expression
was also found in meningeal cells and in some NeuN-positive small neurons in the
deeper cortical layers (Supplementary Figure 2, F) and immediately subcortical cerebral
white matter (Figure 6, A). Scattered SLCT19A3-positive neurons were also seen in the
brainstem and cerebellar nuclei. No SLC19A3 expression was seen in astrocytes (Figure
6, A; Supplementary Figure 2, E and F). No other SLC19A2-positive cell types beside
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Figure 5. Haematoxylin and eosin (H&E) stain of the cerebral cortex shows an infarct-like lesion
extending to the pial surface and to the subcortical white matter (A, Patient 4). Note the relatively
spared cortex on the left side of the picture. At higher magnification lesions display rarefaction and
loosening of the neuropil with subtotal loss of neurons, lipophages and chronic fibrillary astrogliosis (B,
Patient 4). Immunolabelling for glial fibrillary acidic protein (GFAP) shows marked reactive proliferation
of astroglial cells (C, Patient 4). Haematoxylin and eosin stain of the basal nuclei shows rarefaction of
the neuropil with vascular prominence in the putamen (D, Patient 4). Immunostain for the proteolipid
protein (PLP) shows white matter rarefaction with loss of stainable myelin deeper in the folia. Note
also the moderate cortical atrophy and the relative sparing of the cortex at the crowns of the gyri,
with still visible external and internal granular layers (E, Patient 3). Inmunolabelling for glial fibrillary
acidic protein from the same patient shows reactive proliferation of the white matter astrocytes
and of the Bergmann glia. Note also the total loss of neurons in the depth of the gyri, including the
Purkinje cells (F, Patient 3). Whole mount of haematoxylin and eosin-stained cross section through
the pontomesencephalic junction shows bilaterally symmetric necrotizing lesions in the tectum and
tegmentum with relative sparing of the peri-aqueductal areas. Note the presence of an additional
midline necrotizing lesion in the raphe (G, Patient 4). Haematoxylin and eosin stain of the oculomotor
nucleus (Il cranial nerve) in the midbrain shows marked rarefaction to liquefaction of the neuropil with
astrogliosis, lipophages, dilated blood vessels and relative sparing of some neuronal cells (H, Patient 3).
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blood cells were seen in the cerebral cortex (data not shown), whereas scattered faintly
SLC19A2-positive neurons were visible in the deep cerebellar nuclei (Figure 6, B) and in
the brainstem.

In the two SLCT19A3-mutated patients, as well as in the patient with Leigh’s syndrome,
a stronger immunoreactivity for both SLC19A3 and, to a lesser degree, SLC19A2 was
detected in the wall of the blood vessels (Figure 6, C-F). The localization of both
transporters was the same as in normal control tissue. In contrast with non-neurological
controls, numerous SLC19A3-positive astrocytes were also seen in and around infarct-
like lesions in the SLC19A3-mutated patients (Figure 6, Cand E) and, to a lesser degree, in
the patient with Leigh’s syndrome (Figure 6, D). Increased SLC19A3 expression was also
detected in subpial astrocytes (Figure 6, C).

DISCUSSION

Using MRI pattern recognition we identified a group of young infants with a dramatic,
lethal encephalopathy with subtotal brain degeneration. Exome sequencing of one
patient and subsequent Sanger sequencing of six patients revealed (presumed)
pathogenic mutations in the SLC19A3 gene. SLC19A3 encodes the second thiamine
transporter and is ubiquitously expressed, including in brain.'

The cerebral MRI abnormalities of our patients indicate rapid onset and massive
neuronal cell death, suggestive of severe energy failure. The white matter abnormalities
can be explained by Wallerian degeneration. Different disease phases follow each other
rapidly and soon lead to subtotal brain degeneration. Initial diffuse swelling with T -
hyperintensity of the cerebral cortex and white matter, caudate nucleus, putamen,
globus pallidus, thalami, dentate nucleus, cerebellum, pons and midbrain is followed
by rarefaction and cystic degeneration of the white matter and progressive cerebral,
cerebellar and brainstem atrophy. Deficiency of thiamine pyrophosphate, the active
form of thiamine, can explain this energy failure due to its important role as cofactor
for three major enzyme systems involved in the tricarboxylic acid cycle. The developing
brain is a large energy consumer and can therefore be regarded as one of the most
vulnerable organs for thiamine deficiency.

Parallel to the rapidly progressive MRI abnormalities, patients deteriorate dramatically

within a few weeks after the first signs and die early. In the majority of the patients
the onset of deterioration was preceded by an infection or vaccination, a feature also
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Figure 6. Stain for SLC19A3 in control brain tissue shows scattered strongly immunoreactive neurons
in the deeper cerebral cortex (top right) and corticosubcortical junction (A). SLC19A3-immunoreactivity
is also visible in the wall of blood vessels (A, inset) along the basement membrane and in pericytes.
Stain for SLC19A2 of the cerebellar white matter shows immunopositivity of the vascular endothelial
cells (B, inset). Note also a faint immunoreactivity in the neurons of the dentate nucleus (B). Labelling
for SLC19A3 of a cortical lesion from Patient 4 shows increased immunoreactivity at the blood vessel
walls and immunopositive parenchymal and subpial astrocytes (C). A similar constellation of findings
is visible in a grey matter lesion from the age-matched control with Leigh’s encephalopathy unrelated
to SLC19A3. Note the apparent less pronounced SLC19A3-immunoreactivity in the reactive astrocytes
(D). Stain for SLC19A3 of a relatively spared subcortical white matter area in the frontal lobe of Patient
4 shows strong immunoreactivity in the perivascular pericytes and, to a lesser extent, in the reactive
astrocytes (E). Labelling for SLC19A2 of the same brain region of the same patient shows increased
immunopositivity in the vascular endothelial cells and reactive astrocytes (F).
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commonly seen in mitochondrial disorders. Most patients have elevated lactate levels
in plasma and on spectroscopy. These findings are consistent with the hypothesis that
thiamine deficiency leads to decreased oxidative decarboxylation of pyruvate and
a-ketoglutarate acid, resulting in pyruvate accumulation and lactate production.'’

In our patients, brain pathology shows symmetric, bilateral infarct-like lesions with
profound loss of neurons, astrogliosis and vascular prominence, comparable to what
is observed in Leigh’s syndrome.' The observation that the crowns of the gyri are less
severely affected than the depth of the sulci, as seen both by brain MRl and histologically,
is a typical finding in conditions of energy failure.” The pathological findings in our
patients are, however, more severe and extensive than commonly observed in patients
with Leigh’s syndrome.'®

The expression of SLC19A3 and SLC19A2 has been extensively studied in intestinal and
renal epithelial cells,?**' but not in the brain. In our study, we found that both wild-
type transporters are differentially expressed within cerebral blood vessels. SLC19A2
is expressed exclusively at the luminal side, while SLC19A3 is solely present at the
basement membrane and in perivascular pericytes. This distribution differs from that
observed in intestinal and renal epithelial cells, where SLC19A3 is present at the luminal
apical side and SLC19A2 at both the luminal and baso-lateral side.?>*' This differential
distribution could indicate a different role of both thiamine transporters in thiamine
homeostasis. Because the localization of both transporters in the brain is different than
observed in renal and intestinal tissue, regulation of thiamine homeostasis could be
different for these organs.

Compared with non-neurological controls, both transporters locate to the same
position in cerebral blood vessels of the two SLCT19A3-mutated patients investigated
histopathologically. However, their expression is increased. The observation that their
expression is also increased in the patient with Leigh’s syndrome may imply that the
upregulation of the thiamine transporters is not the direct consequence of decreased
intracellular thiamine, but of decreased energy availability. In the two investigated
SLCT19A3-mutated patients, however, SLC19A3 and SLC19A2 expression was detected in
reactive astrocytes to a greater degree than in the patient with Leigh’s syndrome. This
suggests that the intracellular thiamine level affects the expression of both transporters
in this cell type. The increased SLC19A3 and SLC19A2 expression is possibly due to a
regulatory feedback mechanism. We could not determine whether this is specific for
the brain or also concerns the thiamine transporters located in other organs, like the
intestine and the kidney, because no intestinal or renal material from patients was
available in which we could investigate the expression of the transporters. Plasma

77



Chapter 3 | Mutant SLC19A3 and lethal encephalopathy

thiamine levels were not measured, so it remains unknown if thiamine absorption in
the intestine or kidney is affected in these patients. It also remains to be investigated
whetherincreased brain SLC19A3 and SLC19A2 expression is a general feature observed
in patients with SLC19A3 mutations.

Until now, SLCT9A3 mutations have been associated with three different clinical variants
(see Supplementary Table 5 for an overview of all patients reported with SLC19A3
mutations): basal ganglia disease (MIM#607483), Wernicke-like encephalopathy
(MIM#607483) and a more generalized encephalopathy.'#?22> Patients with basal ganglia
disease have a childhood or adolescent onset encephalopathy, mainly characterized by
epilepsy, confusion, dysarthria, dysphagia and extrapyramidal symptoms. MRI shows
focal lesions predominantly in the putamen and caudate nucleus. Patients improve
on biotin or thiamine medication.'*?*? Patients with Wernicke-like encephalopathy
have an adolescent onset encephalopathy, clinically resembling Wernicke syndrome.
MRI also shows the typical abnormalities involving the peri-aqueductal grey and
medial thalamus. These patients improved on thiamine medication.?? The patients
with the more generalized encephalopathy have an infantile onset and a more severe
phenotype, characterized by infantile spasms and psychomotor retardation. Besides
focal lesions in the basal nuclei, their brain MRI also shows cerebral atrophy.?* The effect
of biotin or thiamine could not be determined in the latter patients. Overall, these three
phenotypes have a milder clinical course and a different MRI pattern with more limited
abnormalities than our patients. Elevated lactate levels as evidence of mitochondrial
dysfunction were not reported in any of these cases.

We identified different heterozygous or homozygous missense and nonsense mutations
and deletions in SLC19A3 in our patients. All mutations identified were novel, except
for the heterozygous p.Gly23Val mutation in Patient 1 (on the other allele this patient
had a deletion of 141 base pairs). This mutation was previously found in homozygous
state in two patients from one family with basal ganglia disease.™ Owing to the small
number of patients known, a clear genotype-phenotype relationship cannot be
established. The consistent phenotype in multiple affected siblings, however, suggests
that the genotype indeed influences the phenotype. It could be that patients with a
milder phenotype are less vulnerable to thiamine deficiency due to some remaining
function of the mutant protein or due to individual genetic or epigenetic factors, for
instance positively influencing the expression of SLC19A2 or RFC1, a potential thiamine
monophosphate transporter.2¢?’
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Our findings broaden the phenotypic spectrum of patients with SLC79A3 mutations.
The cause of the clinical heterogeneity associated with mutated SLC19A3 remains to
be elucidated. Recognition of the distinctive MRI pattern associated with the different
clinical phenotypes is important as it allows a rapid diagnosis in affected infants.
Regarding treatment possibilities, two of our patients received biotin, without thiamine,
and had no signs of improvements. The problem with this severe phenotype is that the
brain damage is already extensive when patients come to medical attention. At present,
the most important implication of the diagnosis for families is in genetic counselling
and prenatal diagnosis. Whether antenatal supplementation of thiamine and biotin has
any beneficial effect remains to be investigated.

79



Chapter 3 | Mutant SLC19A3 and lethal encephalopathy

REFERENCES

1.

2.

20.

21.

22.

23.

24.

25.

80

Schiffmann R and van der Knaap MS. Invited article: an MRI-based approach to the diagnosis of
white matter disorders. Neurology 2009;72:750-759.

Leegwater PA, Yuan BQ, van der Steen J, et al. Mutations of MLC1 (KIAA0027), encoding a putative
membrane protein, cause megalencephalic leukoencephalopathy with subcortical cysts. Am J
Hum Genet 2001;68:831-838.

Leegwater PA, Vermeulen G, Konst AA, et al. Subunits of the translation initiation factor elF2B are
mutant in leukoencephalopathy with vanishing white matter. Nat Genet 2001;29:383-388.

Zara F, Biancheri R, Bruno C, et al. Deficiency of hyccin, a newly identified membrane protein, causes
hypomyelination and congenital cataract. Nat Genet 2006;38:1111-1113.

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.

Steenweg ME, Vanderver A, Ceulemans B, et al. Novel infantile-onset leukoencephalopathy with
high lactate level and slow improvement. Arch Neurol 2012;69:718-722.

Steenweg ME, Ghezzi D, Haack T, et al. Leukoencephalopathy with thalamus and brainstem
involvement and high lactate ‘LTBL caused by EARS2 mutations. Brain 2012;135:1387-1394.

Ku CS, Naidoo N, Pawitan Y. Revisiting Mendelian disorders through exome sequencing. Hum Genet
2011;129:351-370.

van der Knaap MS, Breiter SN, Naidu S, Hart AA, Valk J. Defining and categorizing
leukoencephalopathies of unknown origin: MR imaging approach. Radiology 1999;213:121-133.

. Li H and Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform.

Bioinformatics 2009;25:1754-1760.

. Koboldt DC, Chen K, Wylie T, et al. VarScan: variant detection in massively parallel sequencing of

individual and pooled samples. Bioinformatics 2009;25:2283-2285.

. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants from high-

throughput sequencing data. Nucleic Acids Res 2010;38:e164.

. Adzhubei IA, Schmidt S, Peshkin L, et al. A method and server for predicting damaging missense

mutations. Nat Methods 2010;7:248-249.

. Zeng WQ, Al-Yamani E, Acierno JS, Jr,, et al. Biotin-responsive basal ganglia disease maps to 2q36.3

and is due to mutations in SLC19A3. Am J Hum Genet 2005;77:16-26.

. den Dunnen JT and Antonarakis SE. Nomenclature for the description of human sequence

variations. Hum Genet 2001;109:121-124.

. Rajgopal A, Edmondnson A, Goldman ID, Zhao R. SLC19A3 encodes a second thiamine transporter

ThTr2. Biochim Biophys Acta 2001;1537:175-178.

. Jhala SS and Hazell AS. Modeling neurodegenerative disease pathophysiology in thiamine

deficiency: consequences of impaired oxidative metabolism. Neurochem Int 2011;58:248-260.

. Powers JM and de Vivo DC. Peroxisomal and mitochondrial disorders. In: Greenfield’s

Neuropathology. New York: Arnold Press; 2002.

. van der Knaap MS and Valk J. Magnetic Resonance of Myelination and Myelin Disorders. Heidelberg:

Springer; 2005.

Said HM, Balamurugan K, Subramanian VS, Marchant JS. Expression and functional contribution
of hTHTR-2 in thiamin absorption in human intestine. Am J Physiol Gastrointest Liver Physiol
2004;286:G491-G498.

Ashokkumar B, Vaziri ND, Said HM. Thiamin uptake by the human-derived renal epithelial (HEK-293)
cells: cellular and molecular mechanisms. Am J Physiol Renal Physiol 2006;291:F796-F805.

KonoS, Miyajima H, Yoshida K, Togawa A, Shirakawa K, Suzuki H. Mutations in a thiamine-transporter
gene and Wernicke's-like encephalopathy. N Engl J Med 2009;360:1792-1794.

Debs R, Depienne C, Rastetter A, et al. Biotin-responsive basal ganglia disease in ethnic Europeans
with novel SLC19A3 mutations. Arch Neurol 2010;67:126-130.

Yamada K, Miura K, Hara K, et al. A wide spectrum of clinical and brain MRI findings in patients with
SLC19A3 mutations. BMC Med Genet 2010;171-11.

Serrano M, Rebollo M, Depienne C, et al. Reversible generalized dystonia and encephalopathy from
thiamine transporter 2 deficiency. Mov Disord 2012;27:1295-1298.


001;109:121-124
001;1537:175-178

Mutant SLCT9A3 and lethal encephalopathy | Chapter 3

26. Zhao R, Gao F, Wang Y, Diaz GA, Gelb BD, Goldman ID. Impact of the reduced folate carrier on the
accumulation of active thiamin metabolites in murine leukemia cells. J Biol Chem 2001;276:1114-
1118.

27. ZhaoR,GaoF,GoldmanID.Reducedfolate carriertransportsthiaminemonophosphate:analternative
route for thiamine delivery into mammalian cells. Am J Physiol Cell Physiol 2002;282:C1512-C1517.

81



Chapter 3 | Mutant SLC19A3 and lethal encephalopathy

Supplementary Figure 1.

Axial T -weighted images (A-C, D and E, G and H, J-L) and coronal FLAIR images (F and |) in patient
5, illustrating all four disease phases. MRI images at 2.2 months (A-C) demonstrate the acute phase,
characterised by severe swelling and T -hyperintensity of the cerebral and cerebellar white matter,
basal nuclei and thalami. In the post-acute phase (2.4 months), cystic degeneration and rarefaction of
white matter evolves (F). In this patient swelling of abnormal white matter is still evident at this stage (D
and E). MRl images at 7.2 months (G-l) illustrate the intermediate phase. Severe atrophy of the cerebral
white matter, thalami and basal nuclei is already noted. Cystic-like structures are present throughout
the brain (Hand I). At 10.9 months there is advanced cerebral atrophy that characterised the end-stage
(J-L). Note the decreasing signal abnormalities of the brainstem during the subsequent phases (A, D,
G, and J).
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Supplementary figure 2.

Double labelling for SLC19A3 in control brain tissue with collagen IV (A) or CD31 (B) shows SLC19A3
immunoreactivity in the wall of a blood vessels where it co-localizes with the basement membrane
marker collagen IV. Double stain for SLC19A2 with collagen IV (C) or CD31(D) shows SLC19A2
immunopositivity co-localizing with the endothelial cell marker CD31. Double labelling for SLC19A3
and the glial fibrillary acidic protein (GFAP) shows that the SLC19A3 immunoreactivity is restricted to
the blood vessel wall. Note one faintly SLC19A3-positive neuron in the left lower corner of the picture
(E). Triple stain for SLC19A3 with the neuronal marker NeuN and glial fibrillary acidic protein shows one
neuron expressing SLC19A3 at the surface of the perykarion and proximal dendrites (F).
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Supplementary Table 4. Statistics and variants identified in patient 2 by whole-exome sequencing

Sequencing statistics

Reads Reads on target Percentage
44.569.944 28.806.015 64.63%
Target bases with dept: >10x >15x >20x 30X
94.39% 90.7% 85.96% 73.38%

Variant filtering

Total single nucleotide variants and insertions or deletions 19.715
Excluding segmental duplications and single nucleotide variants/insertions or 16728
deletions on X-chromosome :

Novelty filter
Not present in 1000 Genomes 285
Not present in dbSNP132
Not present in in-house exomes?

Inheritance pattern®

>2 single nucleotide variants/ insertions or deletions per gene 8 genes
Pathogenicity filter 3 genes
Both variants change amino acid or splice site (SLC19A3; SLC34A1; OBSL1)

2In-house control exomes included 17 subjects with disease phenotypes different than the index patient.

bSince there is no consanguinity reported our hypothesis was that the mutations are present in a heterozygous state in the
patient.
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Chapter 3.2 | Letter to the editor

Sir,

We are grateful for the opportunity to respond to the correspondence from Haack et
al' and thank the authors for their interest in our recent paper on seven patients with
early-infantile, lethal encephalopathy caused by SLC719A3 mutations.? In their letter, the
authors present two brothers with an early onset Leigh-like clinical presentation.’ The
first boy died at the age of 2 months. The second was treated with thiamine and biotin
from the day he presented (18 days old), with striking clinical improvement. Before
treatment MRI showed bilateral signal abnormalities in limited areas of the cerebral
cortex and in the basal nuclei, thalami and brainstem (Figure 1, A). With treatment, the
signal abnormalities disappeared, although significant cerebral atrophy was seen on
the MRI at the age of 4 months (Figure 1, C). The atrophy as shown in Figure 1 is more
severe than suggested by the text of the letter (compare Figure 1, C and D).

Figure 1. Cerebral MRI images illustrating the differences between the patient of Haack et al. (2014),
one of our patients? and a healthy infant.

Axial T,-weighted images, obtained at presentation, show localized abnormalities in Patient 75709
(arrows in A), whereas extensive involvement of virtually the whole brain is seen in our patient (B). Axial
T,-weighted images of Patient 75709, obtained 3 months after starting treatment, show disappearance
of the signal abnormalities but also significant brain atrophy (C) as compared to the age-matched
control (D).

These findings are, of course, highly promising. Our study concerned the retrospective
diagnosis in seven patients, who had all died before the study was performed.? Because
of the retrospective nature of our study, we were not able to assess the effects of early
treatment in our cases. Considering the severe encephalopathy and the impressive MRI
abnormalities showing near-complete grey matter degeneration in all areas of the brain
at presentation (Figure 1, B), we were rather pessimistic about the possible beneficial
effects of thiamine and biotin in such cases and considered that treatment soon after
presentation may already be too late to prevent severe permanent brain damage. Two
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of our patients had received biotin without clinical effects. But perhaps we should revise
our concerns.

Although it is important to avoid therapeutic negativism and not give up on patients
who have a treatable condition, it is equally important to avoid the devastating
neurological handicap associated with treatment that has been started too late. We
would like to stress that the clinical severity of the encephalopathy and MRI findings
at presentation should be considered. Evidently, our patients were even more severely
affected than the brothers described in the present letter."? They had more extensive
MRI abnormalities with virtually diffuse cerebral cortical involvement and also more
extensive grey matter abnormalities elsewhere (compare Figure 1, A and B). We do not
know what the outcome would be if thiamine and biotin treatment was started in such
patients. But we also do not know what the outcome of the present patient will be.!
Considering the fact that the follow-up was only up to the age of 4 months and MRI at
4 months shows significant cerebral atrophy (Figure 1, C), we are concerned about the
long-term outcome. We would like to invite Haack et al. to describe the outcome of their
patient again after 6 and 18 years.

The presenttitle of the paper,‘Infantile Leigh-like syndrome caused by SLC79A3 mutations
is a treatable disease’ suggests complete or almost complete recovery upon treatment,
which must still be proven. As such, we would have preferred a more cautious title of
the letter.
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Chapter 4 | LAMA2 mutations

LETTERTO THE EDITOR

In 1992, van Engelen et al. reported a familial, adult-onset muscular dystrophy with distal
weakness and leukoencephalopathy.’ Apart from adult onset, the combination of muscle
disease and leukoencephalopathy was reminiscent of congenital muscular dystrophies
(CMD).2The investigators suspected that this family may have an adult-onset variant of
a subtype of CMD, probably with an allelic mutation at a CMD locus." The MRI findings
(Figure 1, A-C) would be compatible with merosin (a2-chain of laminin-2) deficient
congenital muscular dystrophy (now called MDC1A),® but other variants would also
be possible.* Immunocytochemical staining of a muscle biopsy was performed using
an anti-a2-chain antibody (clone Mer2/22B2; Novocastra), which probably recognizes
the LG3 or LG4 domain of the laminin-a2 chain; normal staining was found (Figure 1, D
and E). Because of lack of further information regarding the possible mutation, no DNA

analysis was performed.

Figure 1. Brain MRI (A-C) shows diffuse cerebral white matter abnormalities with mild swelling of
the abnormal white matter (C). The cerebellar white matter (A) and corpus callosum (B) are spared.
Immunocytochemical labeling of spectrin as control and laminin-a2 in the muscle biopsy (collected
in 2001) from a patient (D, E). Note the normal level of laminin a2 expression using an antibody
directed against merosin (clone Mer2/22B2; Novocastra) (E) as compared with the control (D). Original
magnification: x125.
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Using whole-exome sequencing we recently identified 2 novel compound heterozygous
mutations in the LAMA2 gene in the 3 affected siblings: 4516T>A missense mutation
predicting p.Cys1506Ser located in exon 31 (protein domain IlIA) and 6466C>T nonsense
mutation predicting p.Arg2156* located in exon 46 (protein domain I/G). Both mutations
were not present in public control databases [dbSNP132 (http://www.ncbi.nlm.nih.gov/
projects/SNP/snp_summary.cgi?build_id=132), NHLBI GO Exome Sequencing Project
(http://evs.gs.washington.edu/EVS/), and 1000 Genomes (http://www.1000genomes.
org/home)], and the missense mutation was predicted to be deleterious by the Sorting
Tolerant From Intolerant program (http://sift.jcvi.org/) and Polyphen-2 (http://genetics.
bwh.harvard.edu/pph2/). These mutations were confirmed by Sanger sequencing.

LAMA2 mutations are the cause of MDC1A. Some mutations in LAMAZ result in complete
deficiency of the laminin-a2 chain and are associated predominantly with a severe CMD.*
Other mutations result in partial laminin-a2 chain deficiency, a group that is clinically
more heterogeneous.** The latter group also contains a few patients with an adult-onset
muscular dystrophy, mainly affecting the proximal muscles (limb-girdle distribution).®
Using the NCL-antibody we did not detect partial deficiency of laminin a2 in our family.
However, we cannot exclude the possibility that we would detect partial deficiency of
laminin-a2 using a more sensitive antibody, directed against the N-terminal 300-kDa
fragment.* The observed mild phenotype would be compatible with the compound
heterozygosity between a nonsense and missense mutation that we found.The missense
change results in loss of a conserved cysteine residue on the short arm of laminin-a2
that probably plays a role in disulfide cross-linking. The important G-domain of the
protein that interacts with the membrane receptors alpha-dystroglycan and integrin
a7B17 is not affected by the missense mutation, which could possibly explain the mild
phenotype.The late onset of the disease and the predominantly distal muscle weakness
in our patients extends the clinical spectrum associated with LAMA2 mutations.
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Chapter 5 | EARS2 and absent thalamus

ABSTRACT

Leukoencephalopathy with thalamus and brainstem involvement and high lactate
(LTBL) is caused by autosomal recessive EARS2 mutations. Onset is most often in infancy,
but in severe cases in the neonatal period. Patients typically have magnetic resonance
imaging (MRI) signal abnormalities involving the thalamus, brainstem and deep cerebral
white matter. Most signal abnormalities resolve, but in severe cases at the expense of
tissue loss. Here we report a patient with an encephalopathy of antenatal onset. His
early MRI at 8 months of age showed signal abnormalities in the deep cerebral white
matter that improved over time. The thalami were absent with the configuration of a
developmental anomaly, without evidence of a lesion. We hypothesized that this was a
case of LTBL in which the thalamic damage occurred antenatally and was incorporated
in the normal brain development. The diagnosis was confirmed by a novel homozygous
EARS2 mutation. Our case adds to the phenotypic and genetic spectrum of LTBL.
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INTRODUCTION

In 2012, the novel disease “leukoencephalopathy with thalamus and brainstem
involvement and high lactate” (LTBL) was defined based on a distinctive magnetic
resonance imaging (MRI) pattern.! Patients typically have symmetrical signal
abnormalities in the thalamus, brainstem and deep cerebral white matter that improve
over time in the majority (70%) of the originally identified cases.? The underlying
genetic defect of this disorder was identified shortly thereafter. All patients have
autosomal recessive mutations in the gene EARS2, encoding mitochondrial glutamyl
tRNA synthetase.? Although the core neurological and MRI phenotype was similar, a
wide variability in clinical severity was seen in this group, ranging from infantile-onset
disease followed by evident clinical improvement or a more severe neonatal-onset
encephalopathy with stabilization, but no improvement.? The patient discussed here
has an earlier, antenatal-onset encephalopathy with in addition a novel feature on brain
MRI.

CASE REPORT

An 18-year-old male with a leukoencephalopathy of unknown cause was referred
for second opinion. He was born full term after an uneventful pregnancy with a
birth weight of 3,600 g. He was the second child to healthy Dutch parents without
known consanguinity. From birth on, hypotonia, poor visual contact and total lack of
achievement of any developmental milestones were noted. He did not show behavioural
problems or signs of distress. He experienced severe feeding difficulties, which led to
percutaneous endoscopic gastrostomy tube feeding at 12 years of age. His neurological
picture was stable and there were no periods of clinical regression. He developed tonic-
clonic seizures at age 18 years. Laboratory investigations, including serum lactate and
extensive screening for metabolic diseases, were unrevealing. Lumbar puncture was
not performed. Physical examination at 18 years revealed a young man with a severe
microcephaly (-4 SD). He had a divergent squint and offered no eye contact. No head
control was present. He had hyperreflexia and hypertonia with contractures of arms and
legs. He had no intentional movements.

His initial brain MRI, performed at 8 months of age, showed disfiguration and moderate
enlargement of the lateral ventricles and confluent, symmetrical signal abnormalities
in the deep cerebral white matter with sparing of a periventricular rim and the directly
subcortical white matter (Figure 1, B and C). The corpus callosum was complete, but
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Figure 1. (A-C) Axial T2-weighted MR images of the patient at age 8 months. (A) The brain stem and cerebellum have a
normal T2 signal intensity. (B) The lateral ventricles are moderately enlarged and disfigured. (C) The deep white matter contains
confluent T2 signal abnormalities (black arrow) sparing a periventricular rim (white arrow). MR, magnetic resonance.

thin, especially the posterior part and showed T2 signal abnormalities throughout. The
basal nuclei, brainstem, and cerebellar white matter had a normal signal (Figure 1, A).
Follow-up MRIs, at 3 and 18 years of age showed partial resolution of the signal
abnormalities in the cerebral white matter and corpus callosum (Figure 2, B). The basal
nuclei, brainstem and cerebellar white matter still had a normal signal. We noticed that
the remarkable disfiguration of the lateral and third ventricles was caused by absence of
the thalami (Figure 2, A-D). There were no signal abnormalities in this region suggesting
a lesion and there was smooth lining of the ventricles (Figure 2, C). In retrospect, the
absence of the thalami was also visible on his previous MRI (Figure 1).

We argued that EARS2 mutations could by the cause of the disorder (see discussion) and
thus performed DNA analysis of the EARS2 gene, which revealed a homozygous in-frame
deletion of three base pairs (c.454_456del), causing a deletion of the highly conserved
amino acid lysine at position 152 (p.[Lys152del]). This mutation has not been reported
in public databases (1,000 Genomes [release of February 2012], dbSNP137 [available
at: http://www.ncbi.nlm.nih.gov/projects/SNP], and NHLBI Exome Sequencing Project,
ESP6500 release [available at: http://evs.gs.washington.edu/EVS/]). Parents both carried
the mutation. Subsequent detailed analysis of their pedigrees revealed consanguinity
with a common ancestor in the 17th century, eight generations back.
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Figure 2. (A) Sagittal T1-weighted, (B) axial and (D) coronal T2-weighted, and (C) axial inversion recovery MR images of the
patient at age 18 years. (E) Sagittal and (G) axial T1-weighted and (F) axial and (H) coronal T2-weighted images of a normal
person. The apparent absence of the thalami is shown in A-D in three different planes (compare with control images E-H).
There is smooth lining along the ventricles (C). The posterior part of the corpus callosum is thin (A, arrowhead). MR, magnetic
resonance.

DISCUSSION

The patient described here presented shortly after birth with a severe but stable
encephalopathy with lack of all development and spastic tetraparesis. These features
are in themselves nonspecific and with the apparent a- or hypoplasia of the thalami
they would suggest a genetically determined developmental anomaly of the brain.
However, mutations analysis showed that this patient had a novel homozygous one
amino acid deletion in the gene EARS2 associated with the disease LTBL.

Patients with LTBL were initially described in 2012."? These patients could be divided
into two clinical groups: (1) patients with neurological regression at 6 to 12 months
of age and subsequent stabilization and improvement on follow-up, and (2) patients
with a neonatal or early infantile onset severe encephalopathy with seizures and spastic
paraparesis with subsequent stabilization but no clinical improvement.’? None of these
patients had a second period of regression. The MRI early in the disease course showed
symmetrical signal abnormalities and swelling of the deep cerebral white matter with
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sparing of a periventricular rim and the directly subcortical white matter. Additional
signal abnormalities were present in deep gray matter structures, most prominently
involving the thalami. The corpus callosum, brainstem and cerebellar white matter were
affected as well. Proton MR spectroscopy showed elevated lactate in the affected white
matter. Follow-up MRI showed improvement and partial to complete resolution of
signal abnormalities and normalization of lactate. In the severe cases, however, part of
the affected structures was apparently damaged beyond repair and displayed atrophy,
especially the thalami and cerebral white matter, with remaining evidence of scarring.
In some patients the posterior corpus callosum was abnormally thin or completely
absent.?

The evidence available until now suggests that the phenotype of patients with EARS2
mutations results from a single episode of deterioration early in life. The degree of
damage is thought to be determined by the timing and the severity of this episode.?
Superficial inspection of our patient’s MRIs suggested a developmental anomaly with
a- or hypoplasia of the thalamus and smooth lining of the ventricles, without evidence
at all suggesting a previous lesion and scarring. Closer examination of the MRI, however,
showed absence of thalamic nuclei originating from both the thalamus dorsalis and
ventralis, which are separated nuclear zones along the diencephalic wall of the neural
tube during fetal development,® and no involvement of other derivatives as the
habenula or pineal gland. This is more compatible with a very early disruptive event.
Damage early during fetal life is incorporated into normal development, making the
final configuration look like a developmental anomaly. A comparable phenomenon
is seen in schizencephaly, which is characterized by clefts spanning the cerebral
hemisphere from the pial surface to the lateral ventricle.*® Interestingly, the walls of the
defect are subsequently lined with ectopic and dysplastic gray matter.® The presence of
this gray matter lining indicates that the induced injury, caused by vascular disruption
or exogenous environmental factors, occurs prior to termination of neuronal migration
with the consequence that the defectis incorporated within further brain development.®
A similar scenario could be envisioned for LTBL. Keeping in mind the possibility of an
expanding disease spectrum, we hypothesize that the MRI features of our patient could
reflect a very early hit resulting in an early antenatal onset of LTBL with disappearance
of the thalamus. Some special MRI features supported our hypothesis of LTBL, including
abnormalities in the deep cerebral white matter with sparing of a periventricular rim, the
improvement of the white matter abnormalities over time and the thin posterior corpus
callosum. We considered other early antenatal events disrupting the thalami, such as
infection of ischemia, but in view of the special MRI features supporting LTBL, we tested
EARS2first. Indeed, our hypothesis was confirmed by detection of a homozygous EARS2
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mutation in our patient. Interestingly, in some of the early onset, severely affected LTBL
patients described by Steenweg et al, the posterior part and rostrum of the corpus
callosum were absent (see Figure 3, C in Steenweg et al, 20132), and this was ascribed
to a developmental anomaly.2 With the new information, this interpretation should be
revised. The corpus callosum abnormality is more likely also the result of an early injury
disrupting further development of the corpus callosum rather than a developmental
anomaly per se. This revised interpretation indicates two episodes of deterioration in
those patients, one early fetal and one early infantile.

Since the discovery of recessive EARS2 mutations in LTBL patients, three more patients
with EARS2 mutations were reported.”® For one patient no detailed clinical features
were reported.’ The patient described by Talim et al,. presented with a severe infantile
multisystem disease involving the brain and the liver with a very early death at three
months of age due to necrotizing bronchopneumia. Also this patient had absence of
the posterior part of the corpus callosum.® The patient reported by Biancheri et al,. had
an intermediate clinical phenotype, with an early-onset disease, but subsequent clinical
improvement. His MRI, however, showed new lesions in the left caudate nucleus and
globus pallidus during follow-up at age 5 years and 10 months, indicating that there
could be more than one episode of regression.” This is in line with the new view that
there can be more than one episode of deterioration. Based on the patients published
so far, there is no clear genotype-phenotype correlation.

With the identification of the patient described here we illustrate that an early antenatal
“hit”may give rise to a severe clinical phenotype and a specific MRI pattern characterized
by absence of the thalami, which expands the disease spectrum associated with EARS2
mutations. Additionally, new evidence indicates that there can be more than one
episode of deterioration. It is to be expected that whole-exome sequencing and whole-
genome sequencing will lead to a further expansion of the known disease spectrum of
LTBL.
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ABSTRACT

Objectives

The study was focused on leukoencephalopathies of unknown cause in order to define
a novel, homogeneous phenotype suggestive of a common genetic defect, based on
clinical and MRI findings, and to identify the causal genetic defect shared by patients
with this phenotype.

Methods

Independent next-generation exome-sequencing studies were performed in 2
unrelated patients with a leukoencephalopathy. MRI findings in these patients were
compared with available MRIs in a database of unclassified leukoencephalopathies; 11
patients with similar MRI abnormalities were selected. Clinical and MRI findings were
investigated.

Results

Next-generation sequencing revealed compound heterozygous mutations in AARS2
encoding mitochondrial alanyl-tRNA synthetase in both patients. Functional studies in
yeast confirmed the pathogenicity of the mutations in one patient. Sanger sequencing
revealed AARS2 mutations in 4 of the 11 selected patients. The 6 patients with AARS2
mutations had childhood- to adulthood-onset signs of neurologic deterioration
consisting of ataxia, spasticity, and cognitive decline with features of frontal lobe
dysfunction. MRIs showed a leukoencephalopathy with striking involvement of left-
right connections, descending tracts, and cerebellar atrophy. All female patients had
ovarian failure. None of the patients had signs of a cardiomyopathy.

Conclusions

Mutations in AARS2 have been found in a severe form of infantile cardiomyopathy in
2 families. We present 6 patients with a new phenotype caused by AARS2 mutations,
characterized by leukoencephalopathy and, in female patients, ovarian failure,
indicating that the phenotypic spectrum associated with AARS2 variants is much wider
than previously reported.
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INTRODUCTION

Mutations in genes coding for mitochondrial aminoacyl transfer RNA (tRNA) synthetases,
the enzymes that charge a specific tRNA with its cognate amino acid, are recently
emerging as a new important cause of mitochondrial disease and have been associated
with a wide spectrum of clinical phenotypes.® However, defects in each aminoacyl
tRNA synthetase seem to determine rather homogeneous clinical presentations.’®

The use of whole-exome sequencing (WES) has markedly increased efficiency and
improved genetic analysis for inherited disorders, allowing gene identification for small
groups of patients sharing a phenotype, individual cases with atypical presentation,
and disorders lacking consistent genotype-phenotype correlation.®®

Mutations in the mitochondrial alanyl-tRNA synthetase 2 gene (AARS2; OMIM *612035)
have been found in severe infantile cardiomyopathy in 2 families.? In the present study,
we describe a very different clinical picture determined by AARS2 genetic defects in 6
patients affected by a progressive leukoencephalopathy and, in females, ovarian failure,
a clinical presentation previously described as “ovarioleukodystrophy."™®

METHODS

Standard protocol approvals, registrations, and patient consents

The study was approved by the Ethical Committees of the Istituto Neurologico
Besta, Milan, Italy; the Children’s National Medical Center, Washington, DC; and the
VU University Medical Center, Amsterdam, the Netherlands, in agreement with the
Declaration of Helsinki. Informed consent was signed by the patients.

Patients

Patients 1 (P1) and 2 (P2) were included in 2 independent next-generation sequencing
studies. On the basis of the MRl findings in these 2 patients, we selected 10 patients from
9 families from the Amsterdam database, which contains more than 3,000 cases with
an unclassified leukoencephalopathy' and one patient from the leukoencephalopathy
cases of the Istituto Neurologico Besta without genetic diagnosis. Common MRl features
were frontal and parietal white matter abnormalities with relative sparing of the central
posterior-frontal or frontoparietal region. The anterior part of the corpus callosum and
a thin strip in the splenium were affected, with relative sparing of the central region.
Most female patients had ovarian failure in addition to the leukoencephalopathy. We
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also included 2 patients with unsolved ovarioleukodystrophy, in whom no mutations in
EIF2B1-5 had been found.’®'? For all patients, we collected clinical and laboratory data
retrospectively. We analyzed available MRIs, as described.™

Molecular studies

We extracted genomic DNA by standard methods from leukocytes or muscle biopsies.
In P1, we performed WES and variant filtering, as described." For P2, we used a custom
probe library for target gene capture (Roche NimbleGen Inc., Madison, WI) designed to
capture coding exons plus 20 base pairs into the flanking introns of 500 genes known
to be related to mitochondrial disorders, followed by deep sequencing at average
coverage depth of 1,000 per base. Because of rapid clinical deterioration of P2, we also
initiated clinical WES (lllumina, San Diego, CA). We performed Sanger sequencing of the
gene identified by WES in all patients.’

Functional studies

We used yeast strains derived from W303-1B."* Detailed methods including
respiratory activity, cytochrome spectra, in vivo mitochondrial DNA protein synthesis,
aminoacylation of mitochondrial tRNA for alanine, cytochrome ¢ oxidase (complex
IV) and complex | + Il activities, and primers for the preparation of plasmids used in
this study are reported in the e-Methods and table e-1 on the Neurology® Web site at
Neurology.org.

RESULTS

Patients and laboratory findings

The clinical features of the patients in whom we found mutations in the gene mentioned
below are summarized in table e-2. Herein, we give a brief description.

P1 is a female in whom developmental delay became evident at 2 years of age. She
achieved walking without support at 3, but with impaired balance. Her condition
remained stable until age 15, when she developed progressive gait ataxia, tremor,
cognitive deterioration, and psychosis. At age 18, she developed secondary amenorrhea
due to ovarian failure. The latest neurologic examination at age 30 revealed severe
cerebellar ataxia with nystagmus, dysarthria, intention tremor, and instable gait. She
could walk with support. General physical examination revealed no abnormalities and
no evidence of cardiac dysfunction. ECG and cardiac ultrasound were normal.
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P2 is a male who came to medical attention in infancy because of congenital
nystagmus. In primary school, mild clumsiness and learning difficulties were a concern.
In his early teenage years, he developed mild right-sided hemiparesis and ataxia,
which was ascribed to periventricular leukomalacia due to periventricular white matter
abnormalities on MRI. Around age 17, deterioration set in with bilateral dystonia and
spasticity, dysarthria, and cognitive decline. A viral gastroenteritis was followed by
abrupt mental decline, unintelligible speech, inability to eat due to choking, recurrent
vomiting, and inability to walk because of worsening of ataxia and spasticity, left more
than right. General physical examination revealed no abnormalities and no evidence for
cardiac dysfunction.

P3 is a female who presented with secondary amenorrhea due to ovarian failure at age
28. At age 33, she developed depression, cognitive deterioration, behavioral problems
with signs of frontal dysfunction, and urinary incontinence. Neurologic examination
revealed downbeat nystagmus and some postural and appendicular tremor of the
arms, but otherwise no motor disability. She developed stereotyped motor behavior
and severe apraxia. At age 35, she did not recognize family members anymore. She had
to be tube fed. Antiepileptic medication was started because of epileptic seizures. At
age 36, she was bedridden and had no interactions with her surroundings.

P4 is a female who was diagnosed with ovarian failure at age 23 years. She developed
tremor of her hands at age 24. Because of white matter abnormalities on MRI, she
was diagnosed with multiple sclerosis. From age 26, rapid cognitive, behavioral, and
motor deterioration became evident. She developed progressive dystonia, cerebellar
ataxia, and spasticity, left more than right. General physical examination revealed no
abnormalities. She lost speech, became bedridden, and died at age 28.

P5 is a female who had primary amenorrhea due to ovarian failure. From age 40, she
developed depression and rapid cognitive deterioration. Neurologic examination
revealed no motor dysfunction. General physical examination revealed no abnormalities.
She became bedridden and died at age 46.

P6 is a female who was diagnosed with ovarian failure at 20 years of age. At age 22, she
presented with gait problems caused by hypertonia of the legs, left more than right. She
developed depression but no cognitive regression. Neurologic examination revealed
a spastic paraparesis with ataxic signs. The disease was rapidly progressive. At latest
examination at age 25, she was wheelchair-bound.

Laboratory findings are summarized in table e-3. None of the patients had elevated
blood or CSF lactate. All 5 female patients had primary or secondary amenorrhea due to
ovarian failure. P1 and P6 were the only patients extensively investigated for a possible
mitochondrial defect. In P1, the Gomori trichrome stain and succinate dehydrogenase
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reaction of a skeletal muscle biopsy were normal, whereas the histochemical reaction
to cytochrome ¢ oxidase was diffusely reduced (Figure 1, A). Likewise, biochemical
assay showed severe isolated cytochrome c oxidase deficiency (15% of residual activity)
in muscle homogenate (Figure 1, B), whereas the activities of all respiratory chain
complexes, including cytochrome ¢ oxidase, were normal in fibroblasts. Oxygraphic
studies performed in patients’ fibroblasts, grown in either glucose or galactose
medium, showed no defect (not shown). Sequencing of mitochondrial DNA revealed
a heteroplasmic variant with a low level of mutation load: m.5979G>A (p.Ala26Thr)
in MTCO1, reported as a rare single nucleotide polymorphism (<0.1% in Mitomap
database) present in haplogroup H45 and deemed not pathogenic. In P6, histologic
and histochemical analyses of muscle biopsy revealed diffusely reduced cytochrome
¢ oxidase staining, but no ragged red fibers. Measurement of individual oxidative
phosphorylation enzyme activities in muscle homogenate showed reduced cytochrome
c oxidase (33% of residual activity) (Figure 1, B). Mitochondrial DNA sequencing revealed
no pathogenic point mutations, but several polymorphisms typical of haplogroup T1a1.

MRI abnormalities

The MRI abnormalities are summarized in table e-4 and illustrated in Figures 2 and
e-1. In all 6 patients, the cerebral white matter abnormalities were inhomogeneous
and patchy, affecting and sparing strips of tissue. In several patients, the signal of
small parts of the T2-hyperintense white matter was low on fluid-attenuated inversion
recovery images, indicating white matter rarefaction. Typically, the signal abnormalities
were predominantly present in the frontal and parietal periventricular and deep white
matter, sparing a segment of white matter in between. White matter structures were
affected in a tract-like manner, with involvement of left-right connections through
the corpus callosum and involvement of descending connections. Depending on the
location of the cerebral hemispheric white matter abnormalities, the frontopontine,
pyramidal, or parieto-occipitopontine tracts were longitudinally affected. The corpus
callosum abnormalities were also dependent on the cerebral hemispheric white matter
involvement; they could be limited to a single lesion in the splenium, affect a large
part of the anterior corpus callosum and only a narrow strip in the splenium, or involve
the entire corpus callosum in an inhomogeneous manner. Diffusion-weighted images
showed multiple small areas of restricted diffusion in the cerebral white matter and
corpus callosum. The abnormalities were limited to white matter structures and were
progressive over time. No contrast enhancement was observed. Cerebellar atrophy was
variable and affected the vermis more than the hemispheres. Cerebral atrophy was at
most mild.
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Figure 1. Biochemical and genetic features

(A) Morphologic analysis of muscle biopsy from patient P1: Gomori trichrome (GT) staining and cytochrome ¢ oxidase (COX)/
succinate dehydrogenase (SDH) histoenzymatic double staining (COX/SDH). Inset shows the reaction in an age-matched
control biopsy. (B) Biochemical activities of mitochondrial respiratory chain complexes in patients P1 and P6 muscle
homogenates. All enzymatic activities are normalized for citrate synthase activity and indicated as percentages relative to
the mean control value. (C) Genomic structure of AARS2 with exons coding for the aminoacylation (blue) and editing (red)
domains. The arrows indicate the position of mutations identified in this study (black) or previously reported (gray). “The 2
missense variants p.Arg199Cys and p.Val730Met are on the same allele; the latter (rs35623954) is reported to have a frequency
>1% in control populations, suggesting that the former is the pathogenic variant.

WES and Sanger sequencing

We performed WES on genomic DNA from P1.° After excluding common single
nucleotide polymorphisms (>0.1%), we prioritized the remaining changes according to
the presence of homozygous or compound heterozygous mutations, as expected for a
recessive inherited trait, and for known or predicted mitochondrial localization of the
corresponding protein.' This filtering led to the identification of a single outstanding
gene entry, AARS2 (NC_000006.11) in which a missense (c.149T>G, p.Phe50Cys) and a
nonsense (c.1561C>T, p.Arg521*) heterozygous variant were present (NM_020745.3)

(Figure 1, C, Table 1), segregating within the family.
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Figure 2. Brain MRI

(A) MRl in P1 at age 28. The sagittal T1-weighted image shows serious cerebellar atrophy and 2 strips of abnormal signal
in the splenium (arrows in image 1). The axial T2-weighted images show inhomogeneous areas of abnormal signal in the
periventricular white matter. The areas on the left and right are connected signal abnormalities in the corpus callosum (arrows
in images 2-4). (B) MRl in P2 at age 14 (images 1 and 2), age 21 (images 3 and 4), and age 23 (images 5-8). At age 14, a
lesion is seen in the splenium of the corpus callosum (arrow in image 1) and in the right frontal periventricular white matter.
The diffusion-weighted images suggest the presence of multiple small areas of restricted diffusion in the abnormal white
matter (arrows in image 3), confirmed by low signal of the corresponding areas on the apparent diffusion coefficient map
(arrows in image 4). The most recent MRI shows multiple segments of abnormal signal in the corpus callosum (image 5 and
arrows in image 6). More extensive signal abnormalities are seen in the periventricular white matter, especially on the right
(images 6 and 7). Signal abnormalities extend downward through the posterior limb of the internal capsule and the pyramidal
tracts in the brainstem on the right (arrows in images 7 and 8). (C) MRI in patient 3 at age 35. The midsagittal image shows
that the anterior part of the corpus callosum is abnormal, whereas only a strip of signal abnormality is seen in the splenium
(arrows in image 1). Images 2 and 3 illustrate that the frontal and parietal white matter is abnormal, whereas the central white
matter in between is normal. The tract involvement is evident (arrows in images 2 and 4). The axial fluid-attenuated inversion
recovery image shows that the affected white matter is rarefied (arrow in image 5). The axial T2-weighted images illustrate the
involvement of the anterior limb of the internal capsule (image 6) and the frontopontine tracts going down into the brainstem
(arrows in images 7 and 8).
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Table 1. AARS2 mutations found in the patients

Patient cDNA Protein State Paternal/ EVS frequency, %*
Maternal

1 c.149T>G p.Phe50Cys heterozygous M []
c.1561C>T p.Arg521* heterozygous P []

2 C.2893G>A p.Gly965Arg heterozygous M []
c.1213G>A p.Glu405Lys heterozygous P []

3 ¢.1609C>T and c.2350del  p.GIn537* and p.Glu784Serfs*9 heterozygous M []
c.595C>Tand c.2188G>A  p.Arg199Cys and p.Val730Met  heterozygous P 0.008 and 3.1

4 c.230C>T p.Ala77Val heterozygous M 0.008
¢.595C>Tand c.2188G>A p.Arg199Cys and p.Val730Met  heterozygous P 0.008 and 3.1

5 c.595C>Tand c.2188G>A  p.Arg199Cys and p.Val730Met  heterozygous M 0.008 and 3.1
€.390_392del p.Phe131del heterozygous P ?

6 c.595C>Tand c.2188G>A  p.Arg199Cys and p.Val730Met  heterozygous M 0.008 and 3.1
c.2611dup p.Thr871Asnfs*21 heterozygous P []

Abbreviations: cDNA = complementary DNA; EVS = Exome Variant Server (varianttools.sourceforge.net/Annotation/EVS); °@,
not found

We subjected P2 to a gene panel containing 500 genes known to cause mitochondrial
disorders and to clinical WES. With both policies, we identified 2 missense mutations in
AARS2 (c.2893G>A, p.Gly965Arg and c.1213G>A, p.Glu405Lys).

We performed Sanger sequencing of AARS2 exons and intron-exon boundaries in
all patients and found AARS2 mutations in 4 of the 11 patients selected on the basis
of MRI features (Table 1). We did not find AARS2 mutations in the 2 patients with
ovarioleukodystrophy. All identified nucleotide substitutions with a frequency <0.01%
in public databases correspond to amino acid changes predicted to be deleterious
(Tables 1 and e-5).

Functional studies

Because no biochemical readout was detected in cell lines of P1, we tested the
possible deleterious impact of the AARS2 mutations on oxidative phosphorylation in
a Saccharomyces cerevisiae yeast model. Phe50 in human AARS2 is highly conserved in
phylogenesis, including yeast (figure e-2),in which the ortholog ala’ gene (NC_001147.6)
codes for both the cytosolic and mitochondrial alanyl tRNA synthetase.’ We disrupted
alal by homologous recombination and re-expressed the wild-type cytosolic isoform
(supplemental data), thus generating a viable but oxidative phosphorylation—
incompetent strain (ala1-'%"), which lacked the mitochondrial isoform. In this strain, we
expressed either the wild-type alal gene (ala1*), a p.Phe22Cys mutant allele (ala1%),
equivalent to the human p.Phe50Cys variant, or a p.Val500* mutant allele (ala7"*%%),
equivalent to the human p.Arg521* variant.
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In contrast to ala1*, the expression of ala”***failed to restore growth on nonfermentable
sources (i.e., glycerol). The oxidative growth of the strain expressing ala12¢ was similar
to the wild-type at 28°C but reduced at 37°C (figure e-3). We obtained similar results
from assays evaluating the oxygen consumption (Figure 3, A), the in vivo mitochondrial
protein synthesis (Figure 3, B), the activities of the respiratory chain complexes | + Il and
IV, and the spectra of mitochondrial respiratory chain cytochromes (figure e-3). Finally,
we evaluated the charging of the tRNA with alanine; the p.Val500* change determined
the complete inability to charge mitochondrial tRNA*? with its cognate amino acid,
whereas the p.Phe22Cys change determined a partial reduction in the amino acid
charging at 37°C (Figure 3, C). We analyzed the effects of ala1‘’*?, corresponding to
p.Leu155Arg,® and found that in all experiments this missense mutation behaves as a
null allele (Figures 3 and e-3). The other known AARS2 mutation, p.Arg592Trp,° could not
be tested, because the residue is not conserved in yeast (figure e-2).

The above yeast experiments confirmed that the p.Phe50Cys missense mutation is
deleterious only in stress conditions, whereas the truncated protein due to the nonsense
mutation is nonfunctional.

DISCUSSION

Defects in several different mitochondrial aminoacyl tRNA synthetases have been
associated with specificclinical phenotypes.'** However, these enzymes are ubiquitously
expressed and take part in the same process, so this phenotypic segregation is difficult
to explain. This conclusion of phenotypic segregation may be based on inclusion bias,
because the genes are only analyzed in patients with specific phenotypes. In addition,
the number of patients with mutations in different mitochondrial aminoacyl tRNA
synthetases is at present too small to provide conclusive evidence of the existence of
exclusive genotype-phenotype correlations.

Recently, AARS2 mutations have been reported in 3 subjects as the cause for
infantile hypertrophic cardiomyopathy, lactic acidosis, and brain and skeletal muscle
involvement, with early fatal outcome.® In contrast, our patients have later-onset
neurologic dysfunction due to a leukoencephalopathy and no signs of cardiomyopathy.
In P1 and P2, onset was in childhood and initially followed a stable course or very slow
disease progression. In all cases, the course after onset of evident deterioration was
rather rapid. The neurologic dysfunction comprised motor deterioration, consisting
of cerebellar ataxia and spasticity, and cognitive decline with features of frontal lobe
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Figure 3. Yeast studies

(A) Oxygen consumption rate of the ala 1'% strain transformed with the ala71* allele, the empty vector, and the mutant alleles
ala1t, ala1v°%, and ala1-'**. Respiratory rates were normalized to the strain transformed with ala1*, in which the respiratory
rate was 81.1 nmol min~' mg~' at 28°C and 33.4 nmol min~' mg~" at 37°C. Values are the mean of 3 independent experiments,
each with an independent clone. Two-tailed paired t test was applied for statistical significance. ***p < 0.001. (B) In vivo
mitochondrial protein synthesis of the ala1-"*" strain transformed with the ala71** allele, the empty vector, and the mutant
alleles ala1/%¢, ala1v*%X, and ala1'*f. Mitochondrial gene products were labeled with [**S]-methionine in whole cells in the
presence of cycloheximide for 10 minutes at 28°C or 37°C. (C) Mitochondrial tRNA*? loading of the ala1“'®" strain transformed
with the ala1* allele, the empty vector, and the mutant alleles ala1t?%, ala1v***, and ala1''**. Signals were quantified with
Quantity 1 (Bio-Rad, Hercules, CA). For each strain, the ratio between the charged tRNA and the uncharged one was
calculated and normalized to the ala7* strain. Atp = ATP synthase; Cob = cytochrome b; Cox = cytochrome ¢ oxidase; ns = not
significant; Var1 = small mitochondrial ribosome subunit.
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dysfunction with poor memory, inactivity and other behavioral changes, as well as
depression and other psychiatric features. Comparing clinical and MRI findings, it is clear
that the clinical signs of the patients depend on which tracts are affected. P2, P4, and P6
had prominent signs of motor dysfunction and had pyramidal tract involvement on MRI.
P3 and P5 mainly had signs of behavioral and cognitive dysfunction and frontopontine
tract involvement. The striking white matter tract involvement and presence of spots of
restricted diffusion in the cerebral white matter are features shared by another disorder
with mutations in a mitochondrial aminoacyl tRNA synthetase: “leukoencephalopathy
with brainstem and spinal cord involvement and lactate elevation” (LBSL), caused by
mutations in DARS2 (OMIM *610956). In LBSL, the white matter spots of restricted
diffusion are ascribed to myelin vacuolization, a feature frequently seen in mitochondrial
leukoencephalopathies."”

In P1 and P6, we detected a profound, isolated defect of complex IV activity, rather than
a combination of mitochondrial DNA-related respiratory chain defects, which is the
expected consequence of reduced mitochondrial protein synthesis. The pathogenicity
of the 2 AARS2 variants of P1 was proven in a recombinant yeast model. Of note, the
yeast p.Phe22Cys mutation, equivalent to p.Phe50Cys found in P1, impairs complex
IV activity much more than complex | + Il activity, whereas p.Leu125Arg, equivalent
to human p.Leu155Arg, a mutation of patients with cardiomyopathy,® decreases them
both, suggesting that an isolated defect of complex IV may predominantly depend on
specific missense mutations, possibly influencing the main target tissue (brain vs heart).
Variable involvement of different respiratory chain complexes and different degrees of
defective activities have also been reported for different mutations in other aminoacyl
tRNA synthetases.

The yeast p.Phe22Cys mutation was only deleterious in stress conditions, while the
other tested mutations were highly deleterious in basal conditions, suggesting that
the human p.Phe50Cys mutant protein maintains residual activity, which could explain
the slow disease of our patient, in contrast to the rapidly fatal outcome of the patients
with cardiomyopathy.® While our yeast model enabled us to evaluate the p.Leu155Arg
mutation, poor conservation between human and yeast precluded the validation of the
p.Arg592Trp substitution in patients with cardiomyopathy.’ The latter mutation could
impair editing activity of AARS2, leading to increased mistranslation of the alanine codon
by serine or glycine.? According to this hypothesis, a specific pathogenic mechanism,
mistranslation, would lead to cardiomyopathy, while translation deficiency, caused
by other aminoacyl tRNA synthetase mutations, is usually not associated with heart
damage.? Of note, hypertrophic cardiomyopathy occurs in subjects with mutations
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affecting MTO1, encoding an enzyme responsible for tRNA modifications that increase
accuracy and efficiency of mitochondrial DNA translation.’?°

A striking feature was the presence of ovarian failure in all female patients with AARS2
mutations. Mutations in 2 other mitochondrial aminoacyl tRNA synthetase encoding
genes, namely HARS2 (OMIM *600783) and LARS2 (OMIM *604544), have recently been
associated with Perrault syndrome, a disorder characterized by ovarian dysgenesis and
sensorineural hearing loss. However, Perrault syndrome is genetically heterogeneous; it
canalso be caused by mutationsin HSD17B4, encoding a peroxisomal enzymeinvolvedin
fatty acid B-oxidation, and mutations in CLPP, encoding a mitochondrial endopeptidase.
Mutations in POLG (OMIM *174763), the gene encoding DNA polymerase-y for the
replication of human mitochondrial DNA, may also lead to premature menopause?' and
ovarian failure.??

Of the 7 patients included in the present study who had similar MRl abnormalities but
no AARS2 mutations, 2 were male and 2 were prepubertal females. Of the 3 adult female
patients, one had normal menses until put on contraceptive injections, one had a period
of 3 years of amenorrhea but recently started menstruating again, and for one the
information is not available. It is therefore not possible to make a definitive conclusion
on the presence or absence of ovarian failure in these patients.

The preferential involvement of brain white matter and ovaries is shared by vanishing
white matter (OMIM #603896), caused by mutations in any of the 5 genes (EIF2B1 to
EIF2B5) encoding subunits of the translation initiation factor elF2B. Female patients
often develop ovarian failure, manifest as primary or secondary amenorrhea.’? elF2B
impairment leads to a defect in translation initiation for nuclear genes, not affecting
translation of the mitochondrial encoded proteins. Hence, even if both AARS2 and
EIF2B1-5 mutations are likely associated with block or dysregulation of protein synthesis,
their targets and site of action (mitochondria vs cytosol) are completely separated and,
at present, we have no explanation for the common resulting phenotype. Two patients
with ovarioleukodystrophy as well as 7 patients with similar MRI abnormalities had no
AARS2 mutations, suggesting that they have mutations in untranslated regions of the
gene or there could be another gene(s) that, when mutated, is associated with the same
selective vulnerability.
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SUPPLEMENTAL METHODS

Respiratory chain function

Cryostatic cross sections of skeletal muscle biopsies were used for histological and
histochemical studies, according to standard techniques. Gomori trichrome staining,
succinate dehydrogenase and cytochrome c oxidase activities were performed
as previously described.! The activities of respiratory chain complexes in muscle
homogenates and digitonin-treated fibroblasts were measured using standard
spectrophotometric techniques. Micro-oxygraphy was used to measure oxygen
consumption rate in fibroblasts, using a SeaHorse FX-96 instrument.? Fibroblasts from
P1 were cultured in DMEM glucose medium, or glucose-free 5mM galactose DMEM
medium for 72 hours before the analysis.

Yeast strains, plasmids and media

The W303-1B genotype is Mata ade2-1 leu2-3, 112 ura3-1 trp1-1 his3-11, 15 can1-100.
Strains were grown in YP complete media (1% yeast extract, 2% peptone ForMedium,
Norfolk, UK) or SC synthetic defined media (0.19% YNB without aminoacids and NH,SO,
powder ForMedium, Norfolk, UK, 0.5% NH,SO,) supplemented with 1gr/L dropout mix
without uracil and tryptophan.* Media were supplemented with various carbon sources
at 2% (w/v) (Carlo Erba Reagents, Milan, Italy), in liquid phase or after solidification with
20g/L agar (ForMedium, Norfolk, UK).

ala1 was cloned under its natural promoter by PCR-amplification with oligonucleotides
ALA1C (Supplementary table 1) and cloning of the Sacl-Sphl-digested alal fragment
in pFL36.* The plasmid was inserted in W303-1B through the Li-Ac method.> Since
disruption of alal is lethal, we performed disruption of the gene in strain W303-1B
harboring pFL36alal. Disruption was performed through one-step gene disruption by
PCR-amplification of KanMX4 cassette® with primers ALA1D (Supplementary table 1)
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and transformation of the former strain, thus obtaining W303-1B ala1A/pFL36alal.
alal fragment was subcloned from pFL36 to pFL38 and pFL39.* All the mutations were
introduced through the Dpnl-mediated site directed mutagenesis’ with appropriate
primers (Supplementary table 1). pFL38alal was mutagenized to obtain an isoform
of alal encoding the cytoplasmic but not the mitochondrial Ala1 isoform, called ala1-
18X, through mutagenesis of codon -16 (respect to the ATG initiator of the cytoplasmic
isoform), that was changed to the stop codon TAG, as previously performed by others2
thus obtaining pFL38ala1“'%*. pFL39alal was mutagenized with appropriate primers
(Supplementary table 1) to obtain mutant alleles pFL39ala1*, pFL39ala1''?*f and
pFL39ala 159,

W303-1B alalA pFL36alal was co-transformed with pFL38ala1:'%, and each variant
of pFL39alal, and then pFL36alal was lost through plasmid-shuffling, thus obtaining
strains encoding a cytoplasmic wild type Ala1 isoform and a mutant Ala1 isoform.

Yeast analysis

Respiratory activity and in vivo mtDNA protein synthesis were performed as previously
described.®’® Reduced vs. oxidized cytochrome spectra of yeast cell cultured for
24hrs at 28°C or 37°C in SC medium supplemented with glucose at non-repressing
concentration of 0.6% were recorded (Varian Cary300 UV-VIS Spectrophotometer) at
room temperature.

Cytochrome c oxidase and NCCR (complex I+lll) activities were measured on a
mitochondrial-enriched fraction prepared as previously described''? after a cellular
growth to a concentration of 1.5-2 OD, /ml in SC medium supplemented with 2%
galactose and 0.2% glucose.

For the in vivo determination of charged Ala-tRNA, a mitochondrial-enriched fraction
prepared as above was subjected to total RNA extraction in acid condition as previously
described™ to maintain the acylated tRNAs. Approximately 5 ug of total mitochondrial
RNA were loaded in a 20 cm long 12% polyacrylamide (acrylamide:bisacrylamide, 19:1,
w/w)/7M urea gel in 0.1M sodium acetate buffer pH 4.6. After approximately 40-hour at
120V at 4°C (partially denaturing conditions), gel was electroblotted onto a Hybond-N+
in TAE buffer (40 mM Tris, 20 mM sodium acetate, | mM EDTA, pH 7.4). Northern blot
analysis was performed by standard method by using mt-tRNA®? oligo (Supplementary
table 1) as a probe, which was 5’-labelled with EasyTides® Adenosine 5'-triphosphate,
[y-32P] (Perkin EImer) with T4 Polynucleotide Kinase (NEB) in 20 pl. Signals were acquired
after different time exposures with Carestream BioMax MS films.
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Supplemental Table e-1. Primers used for qPCR and yeast studies

Use Forward Reverse

Human AARS2

RTgPCR-pair1 TGCTTTTTGTCAATGCGGG GGATCCACGGTGCCCAG
RTqPCR-pair2 TCCCAAGCCGCACTGC CCTACAGCCCCAGTACGTAACAG

Yeast ala1
Cloning:ALA1C
Disruption: ALA1D

Mutag: L-16X
Mutag: F22C
Mutag:V500X
Mutag:L125R
mt-tRNA®?

99999GAGCTCgacaatccgggtaatgcacac’

atcaactagaaccataatgacgatcggtgataagcaaaaatggac
GCTTCGTACGCTGCAGGTCGACG?

caactaccggattaaggaactAgactctttctttcaagaagc®
gtccgtaatacctttctagactattGeaaatctaaagaacacaag®
caaatacggcagcgccaacTGATaaggtaccattttgaaactgc®
ggaagctattacttactcatggactAGAttgactgaagtatacggc®
Attggagttaatgagacttgaact

99999GCATGCaacagcaaatcttttgtccttg’

tcatcaactgcatcctttatagcggctggtttatcacccatacct
GATATCATCGATGAATTCGAGC?

gcttcttgaaagaaagagtcTagttccttaatccggtagttg?
cttgtgttctttagatttgCaatagtctagaaaggtattacggac?
gcagtttcaaaatggtaccttATCAgttggcgctgccgtatttg®
gccgtatacttcagtcaalCTagtccatgagtaagtaatagcttec®

"In upper case the restriction sites
2|n upper case the sequences which amplify the KanMX4 cassette
3 Mutagenic primers: in upper case the nucleotide change
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Supplemental Table e-5. In silico prediction of pathogenicity for AARS2 mutations

Patient c.DNA' Protein State Mutation Taster> SIFT®> Polyphen2* Pmut® SNP&GO°
1 c.149T>G p.Phe50Cys Heterozygous  Disease 0.00 0.999 0.6932 Disease
1 c.1561C>T p.Arg521* Heterozygous  Disease / / / /

2 c.2893G>A p.Gly965Arg Heterozygous  Disease 0.00 0.995 0.5952 Disease
2 c.1213G>A p.Glu405Lys Heterozygous  Disease 0.00 0.999 0.3374 Disease
3 c.1609C>Tand  p.GIn537* Heterozygous  Disease / / / /

3 c.2350del p.Glu784Serfs*9  Heterozygous  Disease / / / /
3,4,5,6 ¢595C>Tand p.Arg199Cys Heterozygous  Disease 0.02 0.964 0.8301 Disease
3,4,5,6 c2188G>A p.Val730Met Heterozygous  Disease 0.01 0.998 0.3966 Neutral
4 c.230C>T p.Ala77Val Heterozygous  Disease 0.02 0.978 0.4018 Disease
5 €.390_392del p.Phe131del Heterozygous  Disease / / / /

6 c.2611dup p.Thr871Asnfs*21 Heterozygous Disease / / / /

"Nucleotide numbering reflects cDNA numbering starting from the A of the ATG translation initiation

codon in the reference sequence NM_020745.3.

2http://www.mutationtaster.org; Disease: disease-causing variant.

3http://sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html; SIFT probabilities < .05 are predicted to be deleterious.
“http://genetics.owh.harvard.edu/pph2/index.shtml; Humvar pathogenicity scores ranges from 0 (benign) to 1.00 (probably
damaging).

*http://mmb.pcb.ub.es/PMut; pathogenicity scores ranges from 0 (neutral) to 1 (pathological).
°http://snps-and-go.biocomp.unibo.it/snps-and-go; Neutral: Neutral Polymorphism, Disease: Disease related Polymorphism.
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Supplemental Figure e-1. MRl in patients P4, P5 and P6

A. MRl in P4 at age 26. The axial FLAIR image shows areas of white matter rarefaction (arrow in image 1). The frontopontine
tracts are affected (arrows in images 2-4). The corpus callosum contains multiple lesions (image 5). Note the tract involvement
under the rarefied area (image 6). Multifocal areas of diffusion restriction are present (images 7 and 8).

B. MRl in P5 at age 42. The frontal white matter is most prominently affected (images 1 and 2) and partially rarefied (image
1). The middle section of the brain is spared (images 3, 4 and 6). The anterior corpus callosum is affected, the middle part is
spared and a strip in the splenium is affected (arrow in image 5). The frontopontine tracts are affected (arrows in images 7
and 8).

C. MRl in P6 at age 25. The pyramidal tracts are affected from the motor cortex through the posterior limb of the internal
capsule (arrows in image 2) into the brain stem (arrows in image 4). The lesions are connected through the corpus callosum
(arrow in image 1 and image 3).
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Supplemental Figure e-2. Protein sequence alignment of AARS2 orthologs obtained by Clustal-

Omega

The amino-acids corresponding to AARS2 missense mutations identified in P1 or previously reported (F50C, this study, and
L155R™) and studied in yeast are highlighted in yellow. The positions of other missense mutations affecting amino acid
conserved in yeast are highlighted in green, whereas those not conserved in yeast (including the previously reported
R592W') are highlighted in gray.
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------- TTSTTGLRNL- - - TLSFKKQLTTSTRTI MTI GDKQKWIATNVRNTFLDYFKSK

- MAASVAAAARRL RRAI RRSPAWRGLSHRPLSS- - - - - EPPAAKASAVRAAFLNFFRDR
- MAASVAAAARRL RRAI RRSPSWRGLSHRPLSS- - - - - EPPAAKASAVRAAFLNFFRDR
- MAASVAAAAGKL RRAI GRSCPWQPFST- - - - - - - - - - EPGPPHGAAVRDAF LSFFRDR

- MAASVAAAAGRL RRAI GRSCPWORFST- - - - - - - - - - HPPHGAAVRDAFL SFFRDR

I\/PLESSI PAMTE L— ---AKI KAVRQ:FVPQ\/SPEAGI EI\MVEFTSKRVRRKFI DFFREG

K,k k-

- EHKFVKSSPVVPFDDPTL L FANAGVNQYKPI FLGTVDPASDFYTLKRAYNSQKCl RAGG
HGHRL VPSASVRPRGDPSL L FVNEGVNQFKPI FL GTVDPRSEMAGFRRVANSQKCVRAGG
HGHRL VPSASVRPRGDPSL L FVNAGVNQFKPI FL GTVDPRSEMAGFRRVANSQKCVRAGG
HGHRLVPSATVRPRGDPSL L FVNAGVNQFKPI FL GTVDPRSEMAGFRRVVNSQKCVRAGG
HGHRL VPSASVRPRGDPSL L FVNAGVNQFKPI FL GTVDPRSEMAGFRRVANSQKCVRAGG
YGHRVVPSSSVRPRGDPSL L FVNAGVNQFKPI LL GMDPRSEM\/SYRRVVNSQ(CVRAGG

Kok ke kK Kk kKK Kkkkkk:kkk. oKk KK K- - KKK KKK kKK

KHNDL EDVGKDSYHHTFFEMLGNWSFG- DYFKKEAI TYSWILLTEVYG PKDRLYVTYFE
HHNDL EDVGRDL SHHT FFEM. GNWAFGGEYFKEEACNVAVEL L TQVYG PEERLW SYFD
HHNDL EDVGRDL SHHTFFEM. GNWAFGGEYFKEEACNVAVIEEL L TQVYG PEERLW SYFD
RHNDL EDVGRDL SHHTFFEM. GNWAFGGEYFKEEACSVAVIEL L TQVYG PEDRLW/SYFS
RHNDL EDVGRDL SHHTFFEM. GNWAFGGEYFKKEACSVAVEEL L TQVYG PEDRLWSYFS
KHNDL QDVGKDVYHHTFFEMLGNVWSFG- DYFKVEACAVAVRLL TEEYG PAQ?LYVSYFS

Skkkk.kkke ok kkkkkkkkkkk: Kk - kkk Kk Tk kkke kkkk - okk

GDEKL GLEPDTEAREL WKNVGVPDDHI L PGNAKDNFWEMGDQGPCGPCSEI HYDRI GGRN
GDPKAGLDPDLETRDI W.SL GVPASRVL SFGPQENFWEMGDTGPCGPCTEI HYDLAGGV-
GDPKAGLDPDLETRDI W.SL GVPASRVL SFGPQENFWEMGDTGPCGPCTEI HYDLAGGV-
GDSQTGLDPDLETRDI W.SLGVPASRVL SFGPQENFWEMGDTGPCGPCTEI HYDLAGGV-
GDSKTGLDPDLETRDI W.SL GVPASRVL SFGL QENFVEMGDTGPCGPCTEI HYDLAGGVE
GDPANGLPADEETRDI V\LSI\/GL RADHVL PFGVKDNFVEMGETGPCGPCTEI HYDHI GNRN

* % kk K Keke ook Cokkkkhkke kkkkkk- kkkkx

AASLVNVDDPDVL EVWKL VFI QFNREQDGSLKPLPAKHI DTGVGFERLVSVLQDVRSNYD
------- GAPQLVELVINL VFMOHNREADGSL QPL PQRHVDT GVGL ERL VAVL QGKHSTYD
7777777 GAPQL VEL VINL VFMQHNREADGSL QPL PQRHVDT GVGL ERL VAVL QGKHSTYD
------- GSPQL VEL VL VFMOHYREADGSL QL L PORHVDT GVGL ERL VAVL QGKRSTYD
rrrrrrr GPPQLVEL VL VFMOHYREADGSL HL L PQQHVDT GVGL ERL VAVL QGKHSTYD
AALLVNADSPDVVEIMNLVFNENNRESNGSLRALPQCSVDTGWELERLVTVLQGKRSNYD

Sk kkkkke ok Kk kKK Kk skkkkk e kkkk s kkk Ck Kk

TDVFTPLFERI QElI TSVRPYSGNFGENDKDG DTAYRVLADHVRTLTFALADGGVPNNEG
TDLFSPLLNAI QQGCRAPPYL GRVGVADEGRTDTAYRVVADHI RTLSVCI SDGVFPGVEG
TDLFSPLLNAI QQGCRAPPYL GRVGVADEGRTDTAYRVVADHI RTLSVCI SDG FPGVEG
TDLFSPLLDAI HQSCGAPPYSGRVGAADEGRI DTAYRVVADHI RTLSVCI ADGVSPGVEG
TDLFSPLLDAI HQSCRVPPYSGRVGAADEGRI DTAYRVVADHI RTLSVCI ADGVSPGVEG
TDL FTPLLSAI H@SKAPAYQG?TC—AADVAQ_ DVAYRVVADHI RTI CVCI ADGVYPG\/AG

Kok ok Kk KoKk Kk kkk e kk- * %

RGYVLRRI LRRGARYARKYMNYPI GNFFSTLAPTLI SQVQDI FPEL AKDPAF- - - - - LFE
PPLVLRRI LRRAVRFSMEI LKAPPG- FLGSLVPVVVETLGDAYPELQRNSAQ- - - - - | AN
PPLVLRRI LRRAVRFSMEI LKAPPG- FLGSLVPVVVETLGDAYPELQRNSAQ- - - - - | AN
APLVLRRI LRRAVRYSTEVL QAPPG- FLGSLVPVVWWETLGSAYPELEKNSVK- - - - - I AS
APLVLRRI LRRAVRYSTEVLQAPPG- FLGNLVPVVVATL GAAYPEL QKNSVKVLI VEI AN

AELVLRRI L RRAVRFSTEVL QAPEG— AL ASLVPTVAHL LGDAYPEL NTESDR- - - - - I MD

Kkkkxkkkk Kk C ok kK

| LDEEEASFAKTL DRGERL FEKYASAASKTESKTLDGKQVWRL - - YDTYGFPVDLTELVA

LVSEDEAAFLASLERGRRI | DRTLRTLGP- - SDMFPAEVAWSL SL CGDL GL PL DMVEL ML

LVSEDEAAFLASLERGRRI | DRTLRTLGP- - SDMFPAEVAWSL SLCGDL GLPL DMWEL M.

LVSEDEAAFLASL QRGRRI | DRTVKRLGP- - SDLFPAEVAWSL SL. SGNLG PLDLVELM.

LVSEDEAAFLASLQRGRRI | DRTVKRLGP- - SDLFPAEVAWSL SLSGNLG PLDLVQLM.

LI NQ\IEAHFLSSLKQBRRVI DRTLSNNDE NSSFFPASVAV\BL- - YRNLGFPLDLI DLM.
* - .

*k ok Kok ke kK

EEQGLKI DGPGFEKAKQESYEASKRGGKKDQSDLI KLNVHEL SELNDAKVPKTNDEFKYG
EEKGVQL DSAGL ERL AQEEAQHRARQAEPVQKQGL W DVHAL GEL QRQGVPPTDDSPKYN
EEKGVQL DSAGL ERL AQEEAQHRARQAEPVQKQGL W DVHAL GEL QRQGVPPTDDSPKYN
EEKGVKL DT AGL EQL AQKEAQHRAQQAEADQEDRL CL DVHAL EEL HRQG! PTTDDSPKYN
EEKGKI VDKKENKVL EDEYEKL GL QSEEDEGEKL DQL DL HSL AEL QRQRVPHTDDSPKYC
EEKGVKLDTAGLEQLAQKEACHRAQQAEAAQEEGLCLDVHALEELHRQG PTTDDSPKYN

*oke ok . Kook ko Kk Sk ke k ok
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SAN- - - <o VEGTI LKLHDGTNFVDEI TEPGKKYG | LDKTCFYAEQGGQEYDTGK
YSLRPSGSYEFGTCEAQVL QL YTEDGTAVASVGKGQRCGL L L DRTNFYAEQGGQASDRGY
YSLRPSGSYEFGTCEAQVL QL YTEDGTAVASVGKGQRCGL LL DRTNFYAEQGGQASDRGY
YTLHPNGDYEFGL CEARVL QL YSETGTAVASVGAGQRCGL L L DRTNFYAEQGGQASDRGY
YSLRPNGDYEFGL CEAQVL QL YSETGTAVASVGEGQRCGL L L DRTNFYAEQGGQASDRGY
YSVGSDGQYVFEPCKASVLALYCD GALVSEVRQGQ—!CAVI LDQT SFYAEQGGQANDQGY

Sk Kk kKKK KKK

| VI DDA- - AEFNVENVQL YNGFVFHTGSL EEGKL SVGDKI | ASFDELRRFPI KNNHTGTH
L VRAGQEDVL FPVARAQVCGGFI LHEAVA- PECL RL GDQVQL HVDEAWRL GCVAKHTATH
L VRAGQEDVL FPVARAQVCGGFI LHEAVA- PECL RL GDQVQL HVDEAWRL GCVAKHTATH
LVRTGQQDM_FPVAGAQL CGGFI LHEAVA- PERL QVGDQVQL YVDKAWRMGCWKHTATH
LI RTGQQDVLFPVARAQVCGGFI LHEAVA- PECL QVGDRVQL YVDKAWRMGCWKHTATH
FTKDGL QDVL FPVKC\/RLAGGYWHKVTA AETL RTGDQ\/HL HVDEAWRLGCM NHTATH

* Sk Kk

| LNFALKETL GNDVDQKGSL VAPEKL RFDF SHKKAVSNEEL KKVED! CNEQI KENLQVFY

LLNWAL RQTL GPGTEQQGSHL NPEQL RL DVT TQTPL TPEQL RAVENTVQEAVGQDEAVYM

LLNWAL RQTL GPGTEQQGSHL NPEQL RL DVT TQTPL TPEQL RAVENTVQEAVGQDEAVYM

LLSWAL RQTL GPTTEQRGSHL NPERL RFDVATQTL L TTEQL RTVESYVQEVWWGQDKPVFM

LLNWAL RQTL GPTTEQRGSHL NPERL RFDVATQTPL TTEQL RTVESYVQEAVGQDKPVYM

VLNFALRELLGPI VSQ?GSHCSANRLRFDFSVKGTLTVSELQ(VEELVLNI I RONADVHV
p

*xx

KEI PLDLAKSI DGVRAVFGETYPDPVRVVSVGKPI EELL ANPANEEWTKYSI EFCGGTHV
EEVPLALTAQVPGLRSL - DEVYPDPVRVVSVGVPVAHAL D- PASQAAL QT SVEL CCGTHL
EEVPLALTAQVPGLRSL - DEVYPDPVRVVSVGVPVAHAL D- PASQAAL QTSVEL CCGTHL
EEVPLAHTARI PGLRSL - DEVYPDPVRVVSVGVPVAHAL G- PASQAAVHT SVEL CCGTHL
EEVPLAHTARI PGLRSL - DEVYPDPVRWSVGVPVAQALA- PASQAAL QTSVEL CCGTHL
EEVPLSSAKQ AGLRTV- DELYPDPVR\/\/SVAVPVSDLL/—\f - - SERAEQTSVEL CCGTHL

* kkkkkkkkkk ok Kok ok kkk -

NKTGDI KYFVI LEESG AKGI RRI VAVTGTEAFEAQRLAEQFAADL DAADKL - PFSP- | K
LRTGAVGDLVI | GDRQLSKGTTRLLAVTGEQAQQAREL GQSLAQEVKAATERL SLGS- RD
LRTGAVGDLVI | GDRQLSKGTTRLLAI TGEQAQQAREL GQSL AQEVKAATERL SQGS- RD
LSTGAVGDLVI | GERQLVKG TRLLAI TGEQAQAREVGQSL SQEVEAASERL SQGS- RD
LSTGAVGDLVI | GDRQLVKG TRLLAI TGEQAQQAREVGQSL SQEVEVASERL SRGS- RD

LRTGAI RDFVVVSERQWKGVCRI VAFTGDDAI KAREAGQAL QEEL ESLEARMGLSNTLS
T Rk ke ok ko k ke A

E- - - - KKLKELGVKLGQLSI SVI TK- - - NELKQKFNKI EKAVKDEVKSRAKKENKQT L DE

VAEALRLSKDI GRLI EAVETAVMPQAQRRELLATVKM_QRR- - - ANTAI RKLOQVIGQAAKK

VAEALRLSKDI GRLI EAVETAVMPQAQRRELLATVKM_QRR- - - ANTAI RKL QVIGQAAKK

LPEAHRL SKDI GRLTEVAESAVI POMQRQEL QTTLKMLQRR- - - ANTAI RKLEKGQATEK

LLEAHRLSKDI GRLI EFTESAVI POAQRQEQQTTLKM_QRR- - - ANTAI RKLEKSQATEK

| QEAKRLSKEVGHLI NAVDI TPMPOAKRLEL QTRLKAMLKS- - - SNNSI RKLEI KEAALK
B * P ke

VKTFFETNENAPYLVKFI DI SPNAKAI TEAI NYMKSNDSVKDKSI YLL AGNDPEGRVAHG
TQELLERHSKGPLI VDTVSAESL SVLVKVWWRQ- - - LCEQAPSTSVLLLSP- QPMGKVLCA
TQELLERHSKGPLI VDTVSAESL SVLVKVVRQ- - - LCEQAPSTSVLLLSP- QPMGKVLCA
SQELLKRHSEGPLI| VDTVSAESL SVLVKWWRQ- - - LCKQAPSI SVLLLSP- QPTGSVLCA
SQELLKRHSEGPLI VDTVSAQSL SVLVKVWWRQ- - - LCKQAPSMBVLLLSP- QPTGSVLCA

AKELLDKHSNKPVVVDLI QTDSI SVLMKTWQ- - - LSKSTPKSLVM.FSHWESSGKLLCA
Uk w- S . C ke x .

CYI SNAALAKGI DGSALAKKVSS! | GGKAGGKGNVFQGVGDKPAAI KDAVDDLE- - - SLF
CQVAQGAM PTFTAEAWAL AVCSHVGGKAWGSRVVAQGTBSTTDL - EAAL - - - SI AQTYA
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* k- kke ok K

S. cerevi si ae KEKLSI - - - - -
H. sapi ens LSQL-------
P. trogl odyt es LSQL-------
M nuscul us LSQL-------
R. norvegi cus LNQL-------
D.rerio HNKI RNVPRTD

Supplemental Figure e-2. continued
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Supplemental Figure e-3. OXPHOS growth and biochemical assays in yeast

A. Growth of the alalA strain expressing the wild-type cytosolic isoform (ala1-'®) transformed with the ala1* allele, the
empty vector, or the mutant alleles ala1%, ala1"%, ala1"'>f on YP medium supplemented with 2% glucose or 2% glycerol.
Cells were pre-grown on YP-glucose medium and plated after serial dilutions to obtain spots of 5x10% 5x10 5x10? and 5x10'
cells/spot. Plates were incubated at 28°C or 37° C.

B. Cytochrome c oxidase (CIV) activity and complex I-lll activity of the ala1-'% strain transformed with the ala1"* allele, the
empty vector, and the mutant alleles ala1%, ala1v*°* ala1*'*", Activities were normalized to the strain transformed with
ala1*.Values are the mean of three independent experiments, each with an independent clone. Two-tail, unpaired t test was
applied for statistical significance of comparison between the activities of the mutant strains and the activity of ala7* strain.
** p<0.01; ns: not significant.

C. Cytochrome spectra profiles of the ala1-'® strain transformed with the ala7* allele, the empty vector, and the mutant
alleles ala12¢, ala1v**%, ala1*%. The peaks at 550, 560 and 602 nm (vertical bars) correspond to cytochromes ¢, b and aa3
respectively. Cytochromes b is a component of complex Ill, aa3 of complex IV. The height of each peak relative to the baseline
of each spectrum is an index of cytochrome content.
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ABSTRACT

Objective
To identify the genetic etiology of a distinct leukoencephalopathy with autosomal
recessive inheritance in a single family.

Methods

We analyzed available magnetic resonance images (MRIs) and retrospectively reviewed
clinical information and laboratory investigations. We performed whole-exome
sequencing (WES) to find the causal gene variants.

Results

We identified 3 family members with a similar MRI pattern characterized by symmetrical
signal abnormalities in the periventricular and deep cerebral white matter, thalami,
and central part of the pons. Cerebellar atrophy was noted in advanced disease stages.
Clinical features were childhood-onset slowly progressive spastic paraparesis, cerebellar
ataxia, peripheral neuropathy and in 2 patients optic atrophy as well as vertical gaze and
convergence palsies and nystagmus. WES revealed compound heterozygous missense
variants in the HMBS gene, both associated with the autosomal dominant disorder acute
intermittent porphyria (AIP). Sanger sequencing of 6 healthy siblings confirmed the bi-
allelic location of the variants and segregation with the disease. Patients had a slight
and moderate increase in urinary and plasma porphobilinogen and 5-aminolevulinic
acid respectively and a 50-66 % decrease in hydroxymethylbilane synthase enzyme
activity compared to normal.

Conclusions

Bi-allelic HMBS variants have been reported before as cause of severe encephalopathy
with early childhood fatality in AIP. Our cases demonstrate childhood onset, but
milder and slower disease progression in middle-aged patients. With this, a novel
phenotype can be added to the disease spectrum associated with bi-allelic HMBS
variants: a leukoencephalopathy with early onset, slowly progressive neurological
symptomatology and long life expectancy.
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INTRODUCTION

Acute intermittent porphyria (AIP) is characterized by attacks of severe abdominal
pain with nausea, vomiting and hypertension and can be accompanied by psychiatric
symptoms including anxiety, psychosis, and hallucinations."? Attacks, which are caused
by liver derived accumulation of 5-aminolevulinic acid (ALA) and porphobilinogen
(PBG), can be precipitated by drugs, alcohol, fasting, menarche, and stress."? Without
treatment acute porphyria attacks can progress to life-threatening hyponatremia,
paralysis, epilepsy, coma, and death.'?

AIP is an autosomal dominant disorder caused by variants in the HMBS gene, encoding
hydroxymethylbilane synthase (HMBS, EC 2.5.1.61), also named porphobilinogen
deaminase (PBGD), the third enzyme in the heme biosynthesis pathway.® The carrier
frequency in European countries is estimated at one in 75.000 people, but less than 10%
of the carriers actually develop acute porphyric attacks.'*

Reports of bi-allelic AIP are extremely rare and only 5 patients have been published so
far.>*We report 3 siblings from a single family with a childhood-onset slowly progressive
neurological disorder of unknown origin and a distinct leukoencephalopathy on MRI.
Whole-exome sequencing (WES) revealed bi-allelic HMBS variants segregating with
the disease. We describe the phenotype, biochemical tests results, and genotype of all
tested siblings, and we compare the patients’ phenotype with the published cases of
bi-allelic HMBS variants.

PATIENTS AND METHODS

Patients

Three siblings from 1 family shared a distinct pattern of MRI abnormalities. S.H.K.
and M.S.v.d.K. evaluated the MRIs as previously described.”” We reviewed the clinical
information and laboratory investigations retrospectively. With 6 healthy siblings
and non-consanguineous parents, who never had signs or symptoms of neurological
dysfunction, we considered the pedigree suggestive of an autosomal recessive disorder.
We included all 6 healthy siblings for genetic segregation analysis, and 2 of them for
further biochemical studies upon identification of the candidate gene. The parents were
deceased and no DNA was available.
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Standard protocols, registration and patient consents

The ethical standards committee approved our gene identification studies on
patients with unclassified leukoencephalopathies at the VU University Medical Center
in Amsterdam, the Netherlands. We received written consent from all individuals
participating in this study.

Whole-exome sequencing

We performed WES in 2 affected (patient 1 and 2) and 1 unaffected sibling. We extracted
genomic DNA by standard methods. We enriched exonic targets with SeqCap EZ
Human Exome Library v3.0 kit (Nimblegen). We performed sequencing with 100 bp
paired-end reads on a Hiseq2000 (lllumina). For data analysis we used an in-house
pipeline previously described.? We performed variant filtering under the hypothesis
of an autosomal recessive inheritance pattern assuming that the variant had a minor
allele frequency of < 1% in the dbSNP137 (http://www.ncbi.nlm.nih.gov/projects/SNP),
NHLBI Exome Sequencing Project (ESP6400 release) (http://evs.gs.washington.edu/
EVS/), 1000genomes project (release February 2012), and GoNL database' and was
not present in-house control exomes. We excluded synonymous variants that were not
located adjacent to the consensus splice site.

Segregation and validation of candidate variants

We performed Sanger sequencing in the 3 patients for confirmation of the 2 variants
in HMBS (NM_000190.3) and in the 6 healthy siblings for segregation analysis. Primer
sequences are available on request.

Measurement of ALA and PBG in urine and plasma

We collected urine and plasma samples for patients 1 and 2, and 2 healthy siblings
following standard protocols during outpatient clinic visits in the National Porphyria
Center in the Erasmus MC, Rotterdam, the Netherlands, after the outcome of the
WES analysis. The samples were analyzed within 24 hours or stored at -80° Celsius
for later examination. Methods for measuring ALA and PBG in urine and plasma
have been published.'In short, urinary ALA and PBG are separated by ion-exchange
chromatography. At pH 6-6.5, ALA is a cation and PBG an anion. The urine is passed
through an anion-exchanger on top of a cation exchanger, after which interfering
substances are removed by washing the columns. ALA and PBG are then eluted
separately. Reaction with Ehrlich’s reagent gives a red condensation product that can
be measured spectrophotometrically. In plasma, ALA is converted enzymatically to
PBG by added ALA-dehydratase. PBG, present in plasma or formed from ALA by the
addition of ALA-dehydratase, is subsequently converted to uroporphyrinogen | by the
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addition of HMBS. Both ALA-dehydratase and HMBS are present in control red blood
cell lysate, from which they are derived making use of their difference in sensitivity to
heat denaturation. Following oxidation of the uroporphyrinogen to uroporphyrin using
ultraviolet light, the latter is measured by fluorometric assay.

Hydroxymethylbilane synthase in erythrocytes

HMBS catalyzes the formation of hydroxymethylbilane from 4 molecules of PBG.
The tetrapyrroles are converted to uroporphyrinogen Il by uroporphyrinogen
cosynthase (an essential step in the synthesis of heme) or nonenzymatically cyclized
to uroporphyrinogen I. We incubated erythrocyte lysate with PBG. We measured the
formed porphyrins by specific fluorescence detection. We used a coproporphyrin
standard as a reference.

Literature search

We performed a literature search to identify published cases with compound bi-allelic
AIP. A PubMed search in November 2015 with the terms, “Porphyrias”[Mesh] AND
compound heterozygous (33 hits), “Porphyrias”[Mesh] AND ‘homozygous’ (169 hits),
“Porphyrias”[Mesh] AND ‘encephalopathy’ (32 hits) resulted in 234 articles. Available
publications with descriptions of homozygous or compound heterozygous AIP patients
were included. All papers mentioned in the OMIM database for the HMBS gene were
checked for other cases with bi-allelic variants. Furthermore, the reference lists of the
selected articles and review articles on acute porphyria, that resulted from our literature
search were scanned with this objective. Case reports without definitive diagnosis, as
defined by decreased enzyme activity or gene mutation, were excluded from the case
series.

RESULTS

Patients, laboratory findings and neurophysiological investigations

Patient 1, the first child, was born after an uneventful pregnancy and delivery. He had
a congenital deafness, for which he received a unilateral cochlear implant at age 53
years. Initial development was unremarkable. In his teenage years he developed a
slowly progressive spastic paraparesis. At latest follow-up, 58 years old, he had a normal
cognition, and his vision was normal with glasses. His neurological examination showed
a spastic paraparesis and a distal peripheral neuropathy of his legs. He was able to walk
using a walking aid. He was independent regarding activities of daily living (ADL).
Patient 2, the second child, was born after an uneventful pregnancy and delivery. Her
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gross motor development was mildly delayed; she achieved walking at 2 years. During
childhood she experienced a progressive spastic paraparesis, which caused loss of
unsupported walking and wheelchair dependency at the age of 4 years. She had a
gradually progressive loss of vision due to optic atrophy. In the course of decades she
experienced a slowly progressive neurological deterioration with also mild cognitive
impairment. The latest neurological examination at age 63 years revealed clinical
evidence of a peripheral neuropathy in arms and legs. She had a severe cerebellar ataxia
and apraxia. Ophthalmological examination demonstrated an almost complete loss
of vision, a pendular nystagmus and vertical gaze and convergence palsies. She was
completely ADL dependent and lived in a nursing home. She could participate in simple
conversations.

Patient 3, the third child, was also born after an uneventful pregnancy and delivery.
He achieved walking at 18 months, but was never able to run. From 4 years of age, he
experienced progressive vision loss due to optic atrophy and from 12 years of age he
developed progressive gait problems leading to wheelchair dependency at 35 years. He
developed mild cognitive impairment. At latest follow-up, at 57 years, he had a spastic
paraparesis, a distal peripheral neuropathy of legs and arms, cerebellar ataxia and also
apraxia. He had an almost complete loss of vision, pendular nystagmus and vertical gaze
palsy. He was partially ADL dependent and could participate in simple conversations.

After identification of the HMBS gene variants, the 3 patients and the 6 healthy siblings
were questioned for AlP-related symptoms; none were reported.

Preceding WES analysis routine hematologic and biochemistry tests and extensive
metabolic testing were performed in urine, blood, and cerebrospinal fluid (CSF) and
were unrevealing. Patient 2 and 3 had once a mildly elevated CSF lactate. Mitochondrial
DNA screening in blood and muscle revealed no pathogenic point variants or deletions.
Measurement of oxidative phosphorylation enzyme activities in fresh muscle biopsy
was normal. Nerve conduction studies of patient 2 (at age 55 years) and patient 3 (at
age 38 years) showed normal sensory and motor conduction velocities. A reduced
amplitude of compound muscle action potentials was seen in patient 2, suggestive of
axonal neuropathy. Somatosensory-evoked potentials of the tibial and median nerve
showed no cortical response in patient 3. Two successive sural nerve biopsies performed
in patients 1 and 3 revealed progressive loss of both thick and thin nerve fibers.

MRI abnormalities

For patient 1, one MRI was available, performed at age 43 years; patients 2 and 3 had
two available MRIs, obtained at age 51 and 59 years for patient 2, and at 36 and 57 years
for patient 3. The most recent MRIs are shown in Figure 1. All 3 patients had extensive,
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confluent, symmetrical signal abnormalities in the periventricular and deep cerebral
white matter with relative sparing of the U-fibers (Figure 1, A-L and O). In patients 2
and 3 the abnormalities were most extensive. The thalami were affected, but the basal
nuclei, internal capsule and corpus callosum were spared (Figure 1, B, F and J). All
patients had mild widening of the lateral ventricles and subarachnoid spaces. Patients 2
and 3 had signal abnormalities in the central part of the pons. In both patients 2 and 3,
the cerebellar atrophy was more severe on recent MRIs (Figure 1, E, I, N, P) than on earlier
MRIs (not shown). At most mild cerebellar atrophy was observed in patient 1 (Figure 1,
M). The white matter abnormalities progressed very slowly over time.

Figure 1. MRI characteristics.

Axial T2-weighted images of patient 1 (A-D, 43 years), patient 2 (E-H, 59 years), and patient 3 (I-L, 57 years); sagittal T1-
weighted images of patient 1 (M), sagittal and axial T1-weighted images of patient 2 (N, O); sagittal fluid-attenuated inversion
recovery (FLAIR) image of patient 3 (P). Confluent, symmetrical T2 signal abnormalities are seen in the pons (A and E) and
periventricular and deep cerebral white matter (B-D, F-H and J-L). The thalami are symmetrically affected (B, F and J). The axial
T1-weighted image of patient 2 (O) shows that the corpus callosum and U-fibers are relatively spared. Cerebellar atrophy is
seen in patients 2 and 3 (N and P), but is at most mild in patient 1 (M). Diffuse mild cerebral atrophy, with widening of the
ventricles and subarachnoid spaces is present in all cases (B-D, F-H and J-L).
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Genetic analysis

After filtering of the variants obtained by WES a single candidate gene remained. The 2
patients carried two heterozygous missense variants in HMBS: c.500G>A (p.(Arg167GIn)),
C.674G>A (p.(Arg225GIn)), located in exon 10 and exon 12 respectively. Both variants are
known pathogenic variants associated with AIP.'>'¢ Segregation analysis of the variants
confirmed the bi-allelic location of the variants and the presence of both variants in
all 3 patients, while the 6 healthy siblings were heterozygous for one of the variants or
carried 2 wild-type alleles. No other candidate genes were identified with WES using the
filtering steps described.

Biochemical analysis

Detailed results of the biochemical studies are outlined in Table 1. Patients had
moderately increased values of ALA and PBG in plasma and urine, and HMBS enzyme
activity was decreased within the reference range for heterozygous carriers of AIP. The
healthy siblings, both carriers of the c.674G>A mutation, had normal urine ALA and PBG
values, near-normal plasma ALA and PBG values and HMBS enzyme activity.

Table 1. Biochemical analysis

Patient 1 Patient 2 Sib 1 Sib 2
Urine
ALA/creatinine umol/mmol 24 2.6 2.5 2.3
(N<4.6)
PBG/creatinine umol/mmol 32 3.6 0.7 0.7
(N<1.3)
Plasma
ALA nmol/I (N < 74) 72 158 98 77
PBG nmol/L (N < 12) 293 176 22 4
HMBS enzyme activity in % of normal mean in erythrocytes 55 67 105 83
HMBS variants c.500G>A c.500G>A Cc.674G>A Cc.674G>A

C.674G>A C.674G>A

Abbreviations: ALA =5"-aminolevulinicacid; PBG=porphobilinogen; N =normal reference range; HMBS = hydroxymethylbilane
synthase

Literature search bi-allelic HMBS variants

Five patients with 2 pathogenic bi-allelic HMBS gene variants have been reported
previously. All cases, including our patients, are summarized in Table 2.>7%'7 A patient
published in 1977 by Gregor et al., who presented with a severe neurological disease
and increased porphyrin precursors in urine presumably had bi-allelic HMBS variants,
but no genotype was described and this patient was not included.”® Three of the 5
proven bi-allelic HMBS patients presented with an infantile-onset chronic, progressive
neurological disease,>>' two others had an onset during early childhood.® They all
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showed signs of psychomotor retardation and at least 4 died at an early age.>®° All
had an increased excretion of urinary ALA and PBG, up to a 100 fold increase relative
to upper limits of the normal range, which was reflected in abnormally colored urine
in all cases except for the patients reported by Llewellyn et al® All had a severely
decreased erythrocyte HMBS enzyme activity (1%-17% of normal).>' Despite these
findings, symptoms associated with acute porphyric attacks were not reported in any
of the patients. Neurological features included a peripheral neuropathy (mixed axonal
and demyelinating), cerebellar ataxia, reduced tendon reflexes and positive bilateral
Babinski signs.>*'” MRI findings of 1 patient showed extensive signal abnormalities of
the periventricular and deep white matter, sparing the thalami and pons.®

DISCUSSION

To our surprise, WES revealed bi-allelic variants in HMBS, known to be associated with
autosomal dominant AIP, in 3 siblings with a leukoencephalopathy. All patients had a
similar MRI pattern characterized by extensive symmetrical signal abnormalities in the
periventricular and deep white matter, the thalami and the central part of the pons, with
slow progression and late cerebellar atrophy. The clinical phenotype of the siblings,
presently between 58 and 64 years old, was characterized by a childhood-onset very
slowly progressive spastic paraparesis, cerebellar ataxia, peripheral neuropathy, and in
2 patients near-total vision loss due to optic atrophy. In the literature 5 other patients
with bi-allelic HMBS variants have been reported. These patients also had neurological
signs, but the onset of the disease was considerably earlier, the course more severe
and the outcome less favorable (see table 2). One patient was reported to have white
matter abnormalities, but without further details; the specific MRI pattern observed in
our patients was not reported.’ Strikingly, similar to the 5 previously reported children
with bi-allelic HMBS variants, our 3 affected siblings did not experience acute porphyric
attacks.

Both variants, found in our patients, have been reported in heterozygous patients with
a deleterious effect on enzyme function and occurrence of acute porphyric attacks. In
vitro studies in Escherichia coli showed that the ¢.500G>A variant in homozygosity is
associated with aresidual HMBS enzyme activity of less than 2%,° and X-ray crystallization
studies indicated disturbances of pyrrole polymerization.'”” The c.674G>A variant was
previously reported in 3 family members from Sweden, one of whom was symptomatic.
This woman had intermittent periods of abdominal pain and pain in shoulders and
limbs. Urinary ALA and PBG ranged from normal to mildly increased.’ The authors argue
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that this variant would lead to severe disruption of the enzyme structure and activity
due to its importance for the conformation of the enzyme.® In light of this information
we found the biochemical results in our patients remarkable. Both urinary and plasma
ALA and PBG levels were slightly to moderately increased with an 55-67% erythrocyte
HMBS enzyme activity of normal, values similar to heterozygous carriers of HMBS gene
variants outside episodes of AlP.

Previously reported patients with bi-allelic HMBS variants had HMBS enzyme activity
levels of 1-17% of normal, with an excessive excretion of porphyrin precursors.>™ This
would implicate that our family has a new disease phenotype, caused by bi-allelic
HMBS variants, with milder neurological features than the other bi-allelic cases and
biochemical results in the range of heterozygous carriers. The latter would indicate that
either the reduced enzyme activity with elevated ALA and PBG levels does not cause
chronic leukoencephalopathy in our patients or that the enzyme activity in erythrocytes
is not comparable with brain activity.

During attacks, heterozygous carriers of HMBS variants frequently experience
neurological manifestations, most commonly motor neuropathy, but seizures, pyramidal
signs, cerebellar dysfunction, transient blindness, and decreased consciousness have
also been reported.** Clinical presentation can mimic the Guillain-Barré syndrome.”’
Chronic axonal neuropathy is seen both in heterozygous carriers of HMBS with active
AIP and in individuals with latent AIP.2>%

Several hypotheses have been proposed to explain the acute and chronic neurological
dysfunction in AIP.* First, it has been suggested that high levels of ALA are directly
neurotoxic because of the structural similarity of ALA with gamma-aminobutyric acid
(GABA), a potent inhibitor of neuronal synaptic activity. The neurotoxicity of ALA has
been hypothesized to be due to direct interaction with GABA-receptors or by inhibiting
glutamate uptake.?»?® However, mice partially deficient for HMBS (25-30% rest activity)
develop a chronic, progressive motor neuropathy in the presence of normal or only
slightly elevated plasma and urinary levels of ALA, and no acute attacks.?” This suggests
that at least for the chronic neurological symptoms alternative pathomechanisms
would play a role.”” Another hypothesis concerns the effect of a long-term relative
shortage of heme in neurons. Heme is an important molecule involved in a variety of
biological processes such as oxygen, electron transport and cytochrome p450 system.
If patients with AIP have a relative chronic heme deficiency because of the disruption
in the heme biosynthesis pathway, this might disrupt axonal transport leading to
axonal degeneration.” This explanation would be in line with the evidence that acute
porphyric attacks can be precipitated by drugs increasing Cyp450, in this way depleting
the hepatic heme pool, as heme is a substrate for Cyp450. Via a negative feedback loop
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restoration of the hepatic heme pool occurs by increasing 5" aminovulinate synthase
enzyme production. With a decreased capacity to convert PBG to hydroxymethylbilane
in patients with HMBS enzyme deficiency, accumulation of porphyrin precursors ALA
and PBG occurs."*

In patient 3, however, the normal oxidative phosphorylation enzyme activities in
muscle provide evidence against a chronic heme deficiency, as these enzymes are
heme dependent. Also, heme deficiency cannot explain the complete resolution
of acute and neurological symptoms in heterozygous AIP patients after liver
transplantation, a curative treatment performed in very severe cases.?® Although the
exact pathomechanism remains unsolved, the presented family adds new insight into
the complex pathophysiology of acute porphyrias. Our family suggests that pain and
neuropathy during attacks have a different pathomechanism than the progressive
spastic paraparesis and leukoencephalopathy in AIP patients with bi-allelic variants.

As illustrated by this study, the unbiased approach of WES analysis may lead to
unexpected and insightful results. In the case of our patients, the genetic findings
also have direct implications for the ‘healthy’ siblings who are heterozygous carriers;
they have an approximately 10% lifetime risk for AIP attacks, comparable to other
heterozygous carriers. With this knowledge, measures can be taken to limit the risk of
the potential life-threating porphyric attacks. In addition, long-term complications of
AIP like hypertension, chronic kidney disease, and hepatocellular carcinoma should
be monitored in these patients and the family members who are carriers.? Due to the
increasing use of next-generation sequencing studies in patients with an unexplained
neurological disorder we expect that more patients with bi-allelic HMBS variants will be
identified.
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Chapter 8 | Novel hereditary adult-onset cerebral small vessel disease

ABSTRACT

Objective
To characterize the clinical and MRI features of 2 families with adult-onset dominant
leukoencephalopathy and strokes and identify the underlying genetic cause.

Methods
We applied MRl pattern recognition, whole-exome sequencing (WES) and neuropathology.

Results

Based on brain imaging, 13 family members of 40 years or older from 2 families were
diagnosed with the disease; in 11 family members of the same age, MRl was normal.
In the affected family members, MRI showed a leukoencephalopathy that was
disproportionately severe compared to the clinical disease. The clinical picture was
dominated by ischemic and hemorrhagic strokes, slow and late cognitive deterioration
and therapy-resistant hypertension. With WES we identified 1 variant shared by both
families and segregating with the disease: c.973C>T in CTSA. Haplotype analysis
revealed a shared 1145 kb interval encompassing the CTSA variant on chromosome
20913.12, suggesting a common ancestor. Brain autopsy of 3 patients showed
a leukoencephalopathy that was disproportionately extensive compared to the
vascular abnormalities. CTSA encodes cathepsin A. Recessive CTSA mutations cause
galactosialidosis. One of the numerous cathepsin A functionsis to degrade endothelin-1.
In the patients, striking endothelin-1 immunoreactivity was found in white matter
astrocytes, correlating with increased numbers of pre-myelinating oligodendrocyte
progenitors. This finding supports a role for endothelin-1 in the leukoencephalopathy
through inhibition of oligodendrocyte progenitor maturation.

Conclusions

Cathepsin A-related arteriopathy with strokes and leukoencephalopathy (CARASAL) is
a novel hereditary adult-onset cerebral small vessel disease. Interestingly, next to the
cerebral vascular abnormalities, endothelin-1 may play a role in the pathogenesis of the
extensive leukoencephalopathy.
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INTRODUCTION

Vascular brain white matter abnormalities are common among adults, especially
elderly. Most are attributed to vascular risk factors such as age, hypertension,
hypercholesterolemia, diabetes mellitus,and smoking.">Only few patients are diagnosed
with hereditary small vessel disease (SVD), including cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL),® cerebral
autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy
(CARASIL),** heterozygous HTRAT mutations,® defects in collagen IVA1 and IVA2,72
TREXT1-related disorders,® and hereditary cerebral amyloid angiopathy (CAA).° For
several familial SVDs the genetic cause remains unknown."""* We report 2 families with
adult-onset dominant leukoencephalopathy and ischemic and hemorrhagic strokes,
characterized by distinct MRI and pathology findings. Whole-exome sequencing (WES)
revealed 1 variant segregating with the disease.

PATIENTS AND METHODS

Patients

We identified a Caucasian Dutch family (F1) with adult-onset leukoencephalopathy
by similar brain MRI findings. Family members younger than 40 years without MRI
or with normal MRI were considered to have unknown status and were excluded; 22
family members of 40 years or older were included. Based on MRI, 11 were diagnosed
with vascular leukoencephalopathy and 11 were unaffected. The pedigree indicated
autosomal dominant inheritance (figure e-1). We identified 2 patients from another
presumably unrelated, Caucasian Dutch family (F2). The index patient (F2-2) had similar
MRI findings to F1 patients. Her father (F2-1) had cerebral white matter hypodensities
on CT. No other F2 members were available.

Standard protocol approvals, registrations, and patient consents

We received approval of the ethical standards committee for gene identification studies
on patients with unclassified leukoencephalopathies, and written informed consent
from all included family members.

Whole-exome sequencing

In F1, we performed WES in 2 patients (F1-IV3 and F1-1V13) and 1 unaffected individual
(F1-1V5) using SeqCap EZ Human Exome Library v2.0 kit (Nimblegen) (IV5) and SeqCap
EZHuman Exome Library v3.0 kit (Nimblegen) (IV3 and IV13) on HiSeq2000 (lllumina, San
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Diego, CA). Data analysis was performed as previously described.” Detailed information
on WES methods and filtering is provided in the e-appendix on the Neurology® Website
at www.neurology.org and in Table 1.

Molecular screening of candidate genes and variants

We performed Sanger sequencing to confirm the 2 candidate variants in CTSA
(NM_000308.2) and TTPAL (NM_024331.3) identified with WES and their segregation with
the disease. All included individuals of F1 were tested for the presence of the c.973C>T
CTSA variant and c.544G>A TTPAL variant. All exons and exon-intron boundaries of CTSA
and TTPAL were sequenced in patient F2-2, followed by confirmation of the c.973C>T
CTSA variant in her father.

Two-point linkage analyses
We performed two-pointlinkage analysis for the candidate variant using the easyLinkage
software package running Superlink v1.6 in F1 (details in e-appendix).

Microsatellite marker analysis
We performed haplotype analysis for F1 and F2-2 using microsatellite markers spanning
the region of interest on chromosome 20q13.12 (details in e-appendix).

Neuropathology, immunohistochemical analysis, electron microscopy and
Western blots

We obtained brain tissue from patients F1-11I1, F1-1l12, and F1-IV8 at autopsy. Patient F1-
IV8 also underwent body autopsy. For control studies, we obtained brain samples from
2 individuals (ages 27 and 57 years) without neurological complaints and confounding
neuropathology, 2 individuals (78 and 79 years) with hypertension-related sporadic
SVD, 1 individual with sporadic capillary CAA (75 years) and 1 individual with CADASIL
(69 years).

We stained sections for Hematoxylin & Eosin, Periodic Acid Schiff (PAS), Kluver-PAS,
Gomori trichrome and elastin van Gieson. For immunostaining, we used antibodies
against cathepsin A (CathA), glial fibrillary acidic protein (GFAP), endothelin-1 (ET-
1), amyloid beta, phosphorylated tau, oligodendrocyte transcription factor 2 (olig2)
and platelet derived growth factor alpha receptor (PDGFRa).'* We quantified the
degree of vessel wall changes by calculating the sclerotic index, which is the ratio of
lumen diameter / external diameter, representing the degree of lumen narrowing. We
performed electron microscopy (EM) on white matter from 3 patients. We counted
the percentage of olig2/PDGFRa double-positive pre-myelinating oligodendrocyte
progenitor cells (OPCs) in white matter of patients, controls with sporadic SVD and non-
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neurological controls. We compared results with one-way Anova analysis of variance
with subsequent Bonferroni multiple comparisons test. We performed Western blotting
and SDS-PAGE of CathA and myelin basic protein (MBP) in white matter of patients,
sporadic SVD controls and non-neurological controls. Details of immunohistochemistry,
EM, Western blotting and SDS-PAGE are provided in the e-appendix.

Cathepsin A activity assessment
We measured carboxypeptidase, B-galactosidase and neuraminidase-1 activity in
leukocytes in patients F1-1V3 and F1-IV13, using standard clinical testing.

Results

MRI findings

MRI abnormalities were similar for F1 and F2 patients (Figure 1; details in table e-1). The
MRI pattern was characterized by signal changes in the frontoparietal periventricular
and deep white matter that were patchy in younger patients (Figure 1, A-H), and
became diffuse with increasing age (Figure 1, I-L). The temporal white matter was
relatively spared and the temporal poles were not affected. Small multifocal areas of
signal abnormality were seen in basal nuclei, thalami, internal and external capsules,
brainstem (especially pons and around midbrain red nuclei), which were more confluent
in older patients (Figure 1, A-C, E-G and I-K). Seven patients had infarcts in basal nuclei,
brainstem, cerebellum or cerebral hemispheres (Figure 1, M and N). Some infarcts were
acute with restricted diffusion (Figure 10). Three patients had microbleeds and 1 a
small hemorrhage (Figure 1P). Infarcts and microbleeds were more prominent in older
patients. Medial temporal lobe atrophy score was 0 (normal) for all except the oldest
patient F1-1112, who had a score of 1. All unaffected individuals had a normal brain MRI.

Clinical and laboratory findings

Detailed information is provided in table e-2. First symptoms, ranging from headaches,
migraines and gait problems to strokes, were noted in the 3 to 5™ decade. Most patients
had signs of vascular disease with hypertension requiring multiple drugs, strokes and
transient ischemic attacks. Many complained of mild cognitive impairment. None of the
unaffected family members had similar complaints. Only 2 had hypertension, which
was controlled with a single drug. Smoking and alcohol consumption were similar
between patients and unaffected individuals. Patients also had more non-neurological
complaints than unaffected family members, including dry mouth with difficulty
swallowing, dry eyes and muscle cramps. Physical examination of patients showed at
most mild neurological abnormalities.
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Figure 1. MRI findings.

Axial fluid-attenuated recovery (FLAIR) images of patient F2-2 (39 years) (A-D), patient F1-IV6 (46 years) (E-H), patient F1-II11
(67 years) (I-L) and patient F1-11I5 (69 years) (M); T1-weighted image of patient F1-114 (73 years) (N); diffusion weighted image
(DWI) of patient F1-1V8 (53 years) (O); gradient echo image of patient F1-1l12 (P). MR images show the multifocal to confluent
white matter abnormalities located predominantly in the frontoparietal deep and periventricular white matter (B-D, F-H, J-L),
the basal nuclei, thalamus and the internal and external capsule (C, G, K). The pons shows multifocal T2-hyperintensities,
even at an early age (A and E). The white matter abnormalities are more extensive in the elder patients (compare figures
A-H and I-L). Patient F1-1I15 had a large infarct located in the right temporo-parietal region (M). Small cystic infarcts are seen
in the periventricular white matter (N). Some infarcts are acute, as indicated by a high signal on DWI (O), and a low signal
on apparent diffusion coefficient maps (not shown). Microbleeds and a small hemorrhage are seen in the basal nuclei and
thalamus (P).
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Laboratory findings, including 3-galactosidase, neuraminidase-1 and carboxypeptidase
activity in leukocytes were unremarkable. Sanger sequencing of all NOTCH3 exons and
exon-intron boundaries, except the non-coding exon 1, did not identify pathogenic
variants in 3 F1 patients and the F2-2 patient. COL4A7 and COL4A2 were sequenced
in F2-2 and showed no pathogenic variants. In F1 patients IV3 and V13, additional
Sanger sequencing of exon 1, which was not sufficiently covered by WES, revealed no
pathogenic HTRAT variants.

Genetic analysis

WES in 3 family members of F1, 2 affected and 1 unaffected, revealed 2 heterozygous
candidate variants in 2 genes: c.973C>T, p.(Arg325Cys) in CTSA and c.544G>A,
p.(Gly182Arg) in TTPAL, both located on chromosome 20q13.12 (Table 1). CTSA encodes
CathA; TTPAL encodes tocopherol (alpha) transfer protein-like (TTPAL). Both unknown
variants segregated with the disease in F1 (e-figure 1). Only the same heterozygous
CTSA variant was found in patient F2-2 and her father, leaving CTSA as the only shared
candidate gene. The c.973C>T CTSA variant (NP_000299; p. (Arg325Cys)), is absent from
public databases, including dbSNP, 1000 genomes project, Exome variant server and
genome of the Netherlands (GoNL") database, and the Exome Aggregation Consortium
(EXAC), Cambridge, MA (URL: http://exac.broadinstitute.org) [March 2016 accessed]. In
silico programs predict the mutation to be damaging.

Two-point linkage analysis for the CTSA variant in F1 showed a maximal LOD score of
5.4953 at theta O for the variant.

Haplotype analysis around the CTSA locus

Using 13 consecutive microsatellite markers, we identified among F1 patients a shared
haplotype of 8 consecutive markers flanked by markers D205S46 and D20S891 (physical
genomic location Hg 19 chr20:41334729-45929596) (not shown), which was not shared
by any of the unaffected F1 individuals. Marker analysis for patient F2-2 showed that she
shared identical alleles for 2 adjacent markers close to CTSA (see table e-3), suggestive
of common ancestry of the allele. The smallest putative shared region was 1145 kb,
flanked by microsatellite markers D205481 and D20S836 (Hg19 chr20: 43768281-
44940373). This interval contains 58 genes (24 with OMIM annotation), including CTSA
but not TTPAL.
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Table 1. WES variant filtering and candidate gene identification

Total identified variants in sequenced family members

V3 V5 V13
patient healthy sib patient
Total variants® 22274 19135 21666
Variant filtering

V3 V5 V13
Excluding segmental duplications & variants located on 18826 16296 18268
X-chromosome
Frequency filter:®
Excluding variants with MAF > 0.001 (0.1%) in 1000 Genomes 989 871 944
database, EVS database and dbSNP137 database
Inheritance
Excluding variants without autosomal dominant inheritance 63
pattern®
In-house control 3
Excluding variants present in our in-house control database®
Pathogenicity 2 (see below)

Excluding synonymous variants not adjacent to splice site

Identified candidate variants

Gene  c. DNA® Protein Effect Chromosome  Conservation  Pathogenicity’ ExAC? database Confirmed"

CTSA  ¢.922C>T  Arg308Cys missense 20q13 uptoc damaging not present yes
elegans

TTPAL c.544G>A Gly182Arg missense 20q13 up to fruitfly damaging not present yes

Nomenclature according to Human Genome Variation Society (HGVS, http://www.hgvs.org/mutnomen). MAF, minor allele
frequency.

?Including both detected insertions and deletions and single nucleotide variants.

"Three public variant databases were used: 1) dbSNP137 (http://www.ncbi.nlm.nih.gov/projects/SNP), 2) 1000 Genomes
Project (release of February 2012), 3) Exome Variant Server (EVS), National Heart, Lung, and Blood Institute GO Exome
Sequencing Project (ESP5400 release) (http://evs.gs.washington.edu/EVS/).

cAutosomal dominant inheritance was defined as a heterozygous variant (=32% and < 69% of the reads harboured the
alternative allele) present in both affected family members IV3 and IV13 and absent in a heterozygous or homozygous state
in the unaffected individual IV5. Variants with a minimal coverage of 5 reads in both affected individuals were considered.
9The in-house control database contained 21 exomes.

¢ CTSA reference sequence: NM_000308.2, TTPAL reference sequence: NM_024331.3.

fPathogenicity prediction of variants was calculated with SIFT, PolyPhen-2 and MutationTaster.

9 The Exome Aggregation Consortium (ExAC), Cambridge, MA (URL: http://exac.broadinstitute.org) [March, 2016 accessed].
"Investigated with Sanger sequencing.

Neuropathologic findings

Gross examination (Figure 2A) showed mild cerebral white matter atrophy and scattered
small infarcts in subcortical and deep cerebral white matter, basal nuclei, thalami,
brainstem, and cerebellum. Microscopy revealed an extensive leukoencephalopathy
with myelin pallor, relatively preserved axons, some without myelin, astrogliosis and
preserved oligodendrocytic density. Lacunar changes, consisting of perivascular tissue
rarefaction with macrophages, focal oligodendrocyte and axonal loss and astrogliosis,
were abundant in patients F1-1l11 and F1-ll12 (Figure 2B), but few in F1-IV8.
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Figure 2. Neuropathological findings.

Whole mount of the right cerebral hemisphere of patient F1-1112 at the level of the anterior hippocampus stained with the
Kluver stain for myelin (blue) and periodic acid Schiff (PAS, purple) shows diffuse white matter pallor extending to the internal
and external capsules and, in places, the U-fibers. The lateral ventricle is slightly enlarged, indicating mild white matter
atrophy. The cortex and hippocampus are not involved (A). Ischemic lesions in the white matter (B, patient F1-l11) appear
as areas of enlargement, rarefaction and loosening of the perivascular tissue with presence of foamy macrophages (H&E).
The small arterioles along the wall of the lateral ventricle show asymmetric fibrous thickening of the vessel wall with luminar
stenosis (C, H&E, patient F1-1112). Similar changes are also visible in the subcortical (D, elastin van Gieson, patient F1-IV8) and
deep hemispheric white matter (E, PAS, patient F1-Il12) and in white matter bundles in the striatum (F, PAS, patient F1-1111)
and pons (G, Gomori trichrome, patient 1V8). Note the loss of vascular elastic fibers (D, elastin van Gieson), the absence of
PAS-positive material (E and F, PAS) and the asymmetric fibrous thickening of the small arteriolar walls (G, Gomori trichrome).
The vasa vasorum of the larger arterioles (arrow) may be totally occluded (H, Gomori trichrome, patient F1-I112). Stain against
smooth muscle actin (SMA, |, patient F1-1V8) shows complete degeneration of vascular smooth muscle cells. In sporadic SVD
(J and K), small arteries show symmetric thickening of the vessel wall with concentric accumulation of extracellular matrix
components (J, PAS) and less severe degeneration of vascular smooth muscle cells (K, SMA).

Bars: (B-C) 200 pum; (D-K) 100 pm.
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In all patients and in the controls with sporadic SVD, arterioles showed diffuse
angiosclerosis. There was no accumulation of basophilic, PAS-positive congophilic
material. Labelling for amyloid beta was negative (not shown). Strikingly, in CTSA-
mutated patients but not in the neurological and non-neurological controls, we
detected unusual changes involving distal arteriolar branches, consisting of vessel wall
fibrous thickening, which was remarkably asymmetric, and loss of smooth muscle cells
with near-total occlusion of the lumen. These changes were present throughout the
cerebral white matter, basal nuclei and subependymal regions, and also involved vasa
vasorum (Figure 2, C-I). Perivascular dystrophic calcifications and inflammatory cells
were negligible. These microvascular changes were different from what was found in
the neurological controls (Figure 2, J-K). Calculation of the sclerotic index revealed more
severe lumen narrowing in our patients (mean 0.55) than in sporadic SVD (mean 0.33)
and normal controls (mean 0.27). Patients F1-1l11 and F1-1112 also showed mild Alzheimer
disease-related changes scored as A1B1C0.®

EM of white matter blood vessels confirmed absence of granular osmiophilic material
close to smooth muscle cells and amyloid. Terminal arterioles showed asymmetrically
enlarged tunica adventitia with accumulation of elastic, normal appearing collagen
fibrils and, in some vessels, focal thickening of the basal lamina (not shown). In the
non-infarcted white matter, EM confirmed the presence of axons without myelin (not
shown).

In the non-infarcted cerebral white matter, OPC numbers were higher in CTSA-mutated
patients than in sporadic SVD (p<0.05), and in both compared to non-neurological
controls (p<0.01 and p<0.001, respectively) (Figure 3H). The amounts of the myelin
protein MBP were lower in patients than in sporadic SVD controls (Figure 3l).

Body autopsy of patient F1-V8 revealed atherosclerosis in the aorta and larger
arteries without ulcerated plaques or signs of major vascular disease, and diffuse
glomerulosclerosis in the kidneys.

CathA and ET-1 protein immunoreactivity in the brain

Non-neurological controls showed delicate cytoplasmic CathA-immunoreactivity
in neurons and astrocytes at the glia limitans and around blood vessels in gray and
white matter. At these sites, increased CathA-labelling was observed in patients and,
to a lesser degree, all neurological controls (data not shown). In the white matter of
patients and neurological controls, intense cytoplasmic CathA-immunoreactivity was
seen in reactive astrocytes. However, in neurological controls, CathA-positive astrocytes
were only present around infarcts, whereas in CTSA-mutated patients strongly CathA-

170



Novel hereditary adult-onset cerebral small vessel disease | Chapter 8

Figure 3. Increased CathA and ET-1 expression correlate with increased OPC numbers and lack of
myelin.

Patients (A and B) show increased CathA-immunoreactivity compared to controls with capillary CAA (C), sporadic SVD (D
and E) and CADASIL (F) in astrocytes both surrounding infarcts (A and D) and in white matter areas distant from infarcted
areas (B, C, E and F). The CathA-positive cells have the morphology of astrocytes and express the astrocyte-specific marker
GFAP (inset in A, GFAP in red and CathA in green). Western blotting of white matter lysates in non-reducing (left panel) and
reducing SDS-PAGE (right panel) show increased amounts of the CathA precursor protein (*, 54 kDa) in patients F1-1ll1 and
F1-1l12 compared to a non-neurological control and 2 controls with sporadic SVD. The amounts of mature CathA protein (#,
20 kDa) are not evidently changed. Note that the additional faint bands of different molecular weight present on both blots
are not specific for the patients (G). In white matter areas devoid of lacunar infarcts, the patients’ white matter astrocytes (J,
F1-patient I112) are more intensely ET-1-immunoreactive than those of controls with sporadic SVD (K). White matter astrocytes
of a non-neurological control are ET-1-negative (L). The percentage of PDGFRa-positive pre-myelinating OPCs is significantly
higher in the white matter of the patients than of controls with sporadic SVD and the non-neurological control (*: p<0.05; **:
p<0.01; ***: p<0.001, H). Western blotting of white matter lysates shows lower amounts of myelin basic protein (MBP, upper
panel) in the patients than in controls with sporadic SVD. The lower panel confirms equal protein loading (GAPDH) (1).

NC: non-neurological control; spSVD: controls with sporadic SVD; TCE: trichloroethanol, indicating on-blot total protein signal.
Bars: (A-F) 100 um; (J-L): 50 pm.
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expressing astrocytes were present throughout the white matter (Figure 3, A-F).

We investigated CathA accumulation in reducing and non-reducing SDS-PAGE Western
blotting to assess whether the additional cysteine residue causes aberrant disulfide
bridge formation and consequent protein misfolding.'*?

Abnormal foldings would only be detected under non-reducing conditions that leave
disulfide bridgesintact.We did not detect these in patients or controls. However, under all
conditions, the CathA 54 kDa precursor protein was increased in CTSA-mutated patients
compared to neurological and non-neurological controls. Notably, the amounts of
CathA precursor protein were similar in sporadic SVD and the non-neurological control.
The amounts of the mature 20 kDa CathA product were not significantly changed in
CTSA-mutated patients (Figure 3G).

ET-1 is a peptide degraded by CathA that has roles in vasoconstriction and OPC
maturation.?’?> We found ET-1-positive reactive astrocytes around infarcts in patients
and all neurological controls. In non-infarcted white matter areas, however, astrocytic
ET-1 immunolabelling was strikingly higher in patients than in neurological controls
(Figure 3, J and K). Astrocytes in non-neurological controls were ET-1-negative (Figure
3L).

DISCUSSION

We report 2 families with adult-onset dominant “Cathepsin A-related arteriopathy
with strokes and leukoencephalopathy” (CARASAL), presenting with therapy-resistant
hypertension, ischemic and hemorrhagic strokes and late cognitive deterioration.
Complaints of dry eyes and mouth, and muscle cramps are consistent additional
features in F1, but not F2. MRl initially shows multifocal signal changes in the cerebral
white matter and basal nuclei, thalami, and brainstem, a pattern suggestive of SVD.?
Over time, the leukoencephalopathy becomes virtually diffuse. As in other SVDs, the
leukoencephalopathy on MRI precedes the onset of strokes and is disproportionate to
the clinical severity.?

The clinical, MRl and especially pathology phenotypes in our families do not suggest a
known autosomal dominant vasculopathy. EM showed no granular osmiophilic material,
basal lamina fragmentation or multi-lamination, or amyloid deposition in blood vessels,
as seen in CADASIL, defects of collagen IVA1 and IVA2, TREXT-related disease and CAA,
respectively.3782527 NOTCH3 sequencing was unrevealing and WES showed no known
or possible pathogenic variants in COL4A1, COL4A2, TREX1 and CAA-related genes,
including APP, CST3, TTR, GSN, BRI2 and PRPN. No pathogenic HTRAT variants were
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found in WES and Sanger sequencing of exon 1. The unusual pathology of the terminal
arterioles observed in our patients was not present in the investigated patients with
CADASIL, CAA and sporadic SVD.

The 2 families were identified independently on the basis of MRI findings. In both, the
same CTSA variant segregated with the disease. Haplotype analysis showed that an
1145 kb region encompassing the CTSA variant is shared by the families, suggesting
that the variant originates from a common ancestor. WES revealed no other dominant
variants in this region, leaving CTSA as the only candidate gene.

Hervé et al. reported a French family with autosomal dominant vascular
leukoencephalopathy with an MRl pattern similarto CARASAL."Remarkably, the unusual
pathologic changes of white matter small arterioles, including the vasa vasorum, were
also noted." The French family showed linkage with a 11.2 Mb interval on chromosome
20q13,"* encompassing the 1145 kb region of the CTSA variant,'* a strong argument for
the same disease.

CathA is synthesized as a single-chain precursor of 54 kDa that is converted into a
catalytically active heterodimer consisting of 20 and 32 kDa subunits.?®?° Mature
CathA is mainly found in lysosomes, where it stabilizes a multi-enzyme complex with
R-galactosidase and neuraminidase-1. Recessive CTSA mutations cause galactosialidosis
due to deficiency of -galactosidase and neuraminidase-1.3%*" Heterozygous CTSA
mutations have hitherto not been associated with disease.

The possible functional role of the CTSA mutation in CARASAL is presently unexplained.
Considering the dominant inheritance, the Arg325Cys change could have a toxic effect.
The extra cysteine could affect stabilization, folding, and structure of the protein due
to extra disulfide bonds." Non-reducing SDS-PAGE, however, did not show alternative
conformations of mutant CathA. In CARASAL patients, CathA signals in non-reducing
and reducing conditions were similar, excluding the possibility of CathA isoforms being
too large to enter the gel. These findings do not support misfolding of mutant CathA.

In our patients, CathA-expressing astrocytes were spread over the white matter, whereas
in capillary CAA, CADASIL and sporadic SVD they only clustered around infarcts. Reducing
SDS-PAGE confirmed increased CathA precursor protein amounts in CARASAL patients
only. Notably, CathA was not increased in controls with sporadic SVD and similar degree
of vascular lesions and reactive gliosis, indicating that the observed CathA accumulation
is not merely a consequence of the small vessel involvement and ischemic pathology.
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Leukoencephalopathy is part of the general SVD histopathology phenotype, with
loss of oligodendrocytes, myelin and axons centered on abnormal vessels.3? The
pathomechanism of SVD-related leukoencephalopathy is complex, also involving
chronic hypoperfusion and hypoxia.?*> White matter pathology in CARASAL shows
paucity of myelin, astrogliosis and increased OPC numbers extending beyond the
ischemic pathology, also present in patient F1-IV8 who had no infarcts and few
lacunae. The discrepancy between extensive white matter involvement and relatively
mild vascular lesions in CARASAL suggests that additional pathomechanisms besides
ischemia contribute to the leukoencephalopathy.

We investigated ET-1, a peptide with roles in vasoconstriction?' and OPC maturation,*
which is degraded by CathA carboxypeptidase and other proteases.®*3** We found
strikingly increased ET-1 immunoreactivity in CARASAL white matter astrocytes, also
compared to other vascular leukoencephalopathies. Astrocyte-derived ET-1 may
contribute to long-lasting vasoconstriction and hypoxia.3®> Transgenic mice with
selective inactivation of CathA carboxipeptidase have hypertension due to reduced ET-1
degradation,*® a feature shared by CARASAL patients. In CARASAL, ET-1 overexpression
coincides with increased numbers of pre-myelinating OPCs, decreased MBP amounts
and abundance of axons without myelin, features of re-myelination failure. Findings
in multiple sclerosis (MS) indicate that astrocyte-derived ET-1 may inhibit OPC
maturation.?? Strikingly, in MS ET-1-expressing astrocytes are found only within
demyelinating lesions,?? whereas in CARASAL they are present throughout the non-
infarcted white matter. It is tempting to speculate that ET-1 accumulates in CARASAL
because of the CTSA mutation. This would imply that CathA carboxypeptidase activity is
reduced in patients’brain, although reduced activity was not found in leukocytes. In this
scenario, ET-1 would contribute to the leukoencephalopathy in CARASAL and explain
the extensive white matter abnormalities far beyond the vascular injury.

Arterial hypertension with cortical-subcortical infarctions has been reported in a single
galactosialidosis patient.*” Parents of galactosialidosis patients, who are obligatory
CTSA mutation carriers, are not known to have increased risk for hypertension and SVD.
However, since galactosialidosis is rare and hypertension and hypertension-related
white matter lesions are common, such association may have easily been overlooked.
Similar oversights have occurred before.*** It is long known that Gaucher disease is
caused by recessive mutations in GBAT, encoding glucocerebrosidase. Only recently
it has become clear that heterozygous carriers of GBAT mutations have an increased
risk of Parkinson disease and Lewy bodies dementia.® It is worthwhile to investigate if
heterozygous CTSA mutations are associated with an increased risk of SVD in families
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of galactosialidosis patients. Further studies should elucidate whether only the
p.(Arg325Cys) variant in CTSA is associated with CARASAL or whether the risk of an SVD
is also seen in other mutations.

Vascular leukoencephalopathies are common in elderly individuals. With CARASAL a

new phenotype is added to the spectrum. We suspect that the genetic origin of adult-
onset vascular leukoencephalopathies is often overlooked.
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APPENDIX E-1

E-METHODS

Magnetic resonance imaging pattern recognition analysis

All included individuals from F1 and patient F2-2 underwent at least 1 brain MRI. MRIs
studies included sagittal T1-weighted spin-echo images, and axial T1-weighted, T2-
weighted and Fluid-Attenuated Inversion Recovery (FLAIR) images. MRIs were evaluated
according to a previously published protocol (SHK and MSvdK).¢" Medial temporal lobe
atrophy (MTA) was scored using the Scheltens visual rating scale.®? Gradient echo images
were available in 7 individuals (of whom 6 patients) and used to identify microbleeds.
Diffusion-weighted images and apparent diffusion coefficient (ADC) maps, available
in 14 individuals (of whom 9 patients), were used to assess the presence of restricted
diffusion. Patient F2-1 had 2 successive CT-scans.

Whole-exome sequencing

Whole-exome sequencing (WES) was performed in 2 patients (F1-IV3 and F1-IV13) and
1 unaffected family member (F1-IV5) using SeqCap EZ Human Exome Library v2.0 kit
(Nimblegen) (IV5) and SeqCap EZ Human Exome Library v3.0 kit (Nimblegen) (IV3 and IV13)
on HiSeq2000 (lllumina, San Diego, CA). Read alignment to the human genome assembly
hg19was performed with Burrows-Wheeler Aligner tool (v0.5.9) (http://bio-bwa.sourceforge.
net).# Single-nucleotide variants and small insertions and deletions were called with
Varscan v2.2.5 (http://varscan.sourceforge.net)** and annotated with Annovar (http://www.
openbioinformatics.org/annovar).®® Variant filtering was executed under the hypothesis of
an autosomal dominant inheritance pattern assuming that the variant had a minor allele
frequency (MAF) of <0.1%in public variant databases including dbSNP 132 (http://www.ncbi.
nlm.nih.gov/projects/SNP), the 1000 Genomes project (release February 2012), the National
Heart, Lung, and Blood Institute Exome Sequencing Project (http://evs.gs.washington.edu/
EVS/); the variant was absent from our in-house exome database. Synonymous variants that
were not located adjacent to the consensus splice site were excluded. In silico prediction
programs: SIFT (http://siftjcvi.org/),%® PolyPhen-2 (http://genetics.owh.harvard.edu/pph2/
index.shtml)®’” and MutationTaster (http://www.mutationtaster.org/)®® were used to assess
predicted pathogenicity scores of identified variants.

Two-point linkage analyses

Upon identification of the candidate variant, two-point linkage analyses using the the
easylLinkage software package running Superlink v1.6 was performed. The following
settings were used: autosomal dominant pattern of inheritance, disease allele frequency
of 0.001 with a penetrance of 0.9 and equal distribution between males en females.
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Microsatellite genotyping

We investigated the common affected haplotype segregating in F1 by using 13
microsatellite markers (D20S108, D20S46, D20S96, D20S861, D20S454, D20S119,
D20S481, D205838, D205856, D205836, D205891, D205S866 and D20S75)

spanning chromosome 20q13.12 (physical genomic location on Hg19 range from
40830457- 47690674). We tested all 22 included F1 family members. We compared the
common affected haplotype segregating in F1 with patient F2-2 using 10 microsatellite
markers (D20546, D20596, D20S861, D205454, D20S119, D20S481, D205838, D20S856,
D20S836, D205891). PCR products were analyzed with an Applied Biosystems Genetic
Analyzer 3730 with GS-500-Liz as a size standard. Control DNA from CEPH individual
1347-01 was used as a reference. GeneMapper v3.7 software was used to analyze the
data.

Neuropathology, immunohistochemical analysis and electron microscopy

We obtained brain tissue from patients F1-1111, F1-1112, and F1-1V8 at autopsy. Patient F1-
IV8 also underwent body autopsy. For control studies, we obtained brain samples from
2 subjects (ages 27 and 57 years) without neurological complaints and confounding
neuropathology, 2 individuals (78 and 79 years) with hypertension-related sporadic
SVD, 1 individual with sporadic capillary CAA (75 years) and 1 individual with CADASIL
(69 years). Postmortem time was 3-6 hours for all subjects.

We stained 6-um-thick formalin-fixed, paraffin-embedded tissue sections with
Hematoxylin & Eosin (H&E), Periodic Acid Schiff (PAS), Kluver-PAS, Gomori trichrome,
and elastin van Gieson according to standard methods. For immunohistochemistry,
sections were deparaffinized and rehydrated. Endogenous peroxidise activity was
quenched by incubating the slides in 0.3% hydrogen peroxide in methanol. We
performed heat-induced antigen retrieval with citric acid (pH6) using microwave
irradiation for 15 min on low setting. Tissue sections were then incubated overnight
with primary antibodies against cathepsin A (CathA) (Sigma-Aldrich, HPA031068,
1:25); glial fibrillary acidic protein (GFAP) (Millipore Ab5541, 1:1000); endothelin-1 (ET-
1) (Meridian Life Science H54085M, 1:100); amyloid beta (Dako clone 6F3D, 1:100);
phosphorylated tau (Innogenetics 90206, 1:200); smooth muscle actin (Dako M0851,
1:200); oligodendrocyte transcription factor 2 (olig2) (Millipore AB9610, 1:400); and
platelet derived growth factor alpha receptor (PDGFRa) (BD Pharmingen 556001,
1:100). We verified specificity of the immunolabelling by omitting the primary antibody
or by staining with isotype IgGs. Specificity of the CathA antibody was confirmed on
fibroblasts from 2 infantile-onset galactosialidosis patients and 2 controls (not shown).
Immunopositivity was detected with 3,3'-diaminobenzidine as chromogen or with
fluorescent secondary antibodies (Alexa 488-, and 568-tagged; Molecular Probes,
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1:400) followed by counterstaining with 4,6-diamidino-2-phenylindole (DAPI) (10 ng/
ml, Molecular Probes). Sections were photographed using a Leica DM6000B microscope
(Leica Microsystems BV). Morphometric analysis of vessel wall changes was performed
calculating the sclerotic index (internal luminal diameter / external vessel diameter).
A ratio of 0.2 to 0.3 is considered to denote healthy vessels, a ratio of 0.3 to 0.5 to be
diseased and a ratio over 0.5 as severe.®® In the frontal white matter of patients, controls
with sporadic SVD and non-neurological controls, we counted the percentage of Olig2/
PDGFRa double-positive pre-myelinating oligodendrocyte progenitor cells (OPCs) on
the total number of nucleiin 10 fields using a 20x objective lens. Results were compared
with one-way Anova analysis of variance with subsequent Bonferroni multiple
comparisons test. For electron microscopy (EM) analysis, specimens were fixed in 4%
glutaraldehyde, post-fixed in osmium tetroxide and further conventionally processed.
Ultrathin section were stained with uranyl acetate and lead citrate and analyzed at 60kV
with a FEI CM10 transmission electron microscope.

SDS-PAGE and Western blotting

To obtain cytoplasmic lysates of patients, controls with sporadic SVD and non-neurological
controls, we homogenized approximately 0.5 mg of white matter in lysis buffer containing
20mM Tris (pH 7.4), 100mM potassium acetate, 3mM magnesium acetate, 1.5% IGEPAL
(NP-40), 0.2mM EDTA, 1.5% sodium deoxycholate, 20mM N-ethylmaleimide, and
protease inhibitors (Roche). Samples were centrifuged (10.000xg, 10 minutes, 4°C) and
the supernatant was transferred into a pre-chilled 1.5 ml eppendorf tube. We performed
Bradford assays to quantify total protein per sample. Samples for reducing and non-
reducing SDS-PAGE were prepared by mixing 100ug of total protein and Laemmli sample
buffer with or without beta-mercapto-ethanol. Samples were heated (5 minutes, 56°C)
and loaded onto 10% polyacrylamide gels prepared with 0.5% 2,2,2-trichloroethanol
(TCE,®0). We visualized proteins in the gel by ultraviolet exposure, which initiates a TCE-
dependent tryptophan photoreaction (ChemiDoc, Bio-Rad). We assessed protein integrity
of the sample and quantified the signal as a measure for total protein amount (loading
control; Image Lab 3.0 software). Gels were transferred overnight at 30V (0.10A) onto
Immobilon-P membranes (Millipore). Membranes were blocked in Tris-buffered saline
with 5% non-fat milk and 0.1% Tween at room temperature and incubated with primary
antibodies overnight. Immunoreactive proteins were visualized with an HRP-conjugated
secondary antibody and SuperSignal Femto kit (Pierce) using an ODYSSEY Fc Dual-mo
imaging system (LI-COR; chemiluminescence channel). Immunoreactive protein bands
were quantified and the signal corrected for the amount of TCE signal on the membrane.
The myelin basic protein (MBP) (Millipore MAB387, 1:50) Western blot was performed as
previously described."
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Table e-3. Smallest haplotype shared by family 1 (F1) and patient F2-2

Microsatellite marker Hg19, physical position F1 F2-2

Chromosome 20

D20546 41334729 194 194-184
D20596 42095436 145 145-133
D20S861 42607372 113 n.a.

D205454 43340833 203 188-200
D20S119 43649051 316 316-318
D205481 43768281 240 236-236
D205838 44637396 125 125-138
D205856 44652722 179 179-174
D205836 44940373 172 176-166
D205891 45929596 231 231-231

Results of 10 consecutive microsatellite markers.

For F1 the smallest haplotype with the corresponding microsatellite markers segregating with the affected family members is
shown (flanked by microsatellite markers D20546 and D20S891). For patient F2-2 markers for both alleles are shown.

The smallest putative haplotype shared by F1 and patient F2-2 is bracketed by two double horizontal lines (D205481-
D205836, physical genomic location 43768281- 44940373).

Physical genomic location CTSA gene: 44519591- 44527459, and TTPAL gene: 43104526- 43123244

n.a. = not available
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ABSTRACT

Objective
To identify the mutated gene in a group of patients with an unclassified heritable white
matter disorder sharing the same, distinct MRI pattern.

Methods

We used MRI pattern recognition analysis to select a group of patients with a similar,
characteristic MRI pattern. We performed whole-exome sequencing to identify the
mutated gene. We examined patients’ fibroblasts for biochemical consequences of the
mutant protein.

Results

We identified 6 patients from 5 unrelated families with a similar MRI pattern showing
predominant abnormalities of the cerebellar cortex, deep cerebral white matter, and
corpus callosum. The 4 tested patients had a respiratory chain complex | deficiency.
Exome sequencing revealed mutations in NUBPL, encoding an iron-sulfur cluster
assembly factor for complex |, in all patients. Upon identification of the mutated gene,
we analyzed the MRI of a previously published case with NUBPL mutations and found
exactly the same pattern. A strongly decreased amount of NUBPL protein and fully
assembled complex | was found in patients’fibroblasts. Analysis of the effect of mutated
NUBPL on the assembly of the peripheral arm of complex | indicated that NUBPL is
involved in assembly of iron-sulfur clusters early in the complex | assembly pathway.

Conclusion

Our data show that NUBPL mutations are associated with a unique, consistent, and
recognizable MRI pattern, which facilitates fast diagnosis and obviates the need for
other tests, including assessment of mitochondrial complex activities in muscle or
fibroblasts.
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INTRODUCTION

There are many rare childhood leukoencephalopathies and currently a high percentage
of cases remain without a specific diagnosis.! Consequently, the diagnostic process
is challenging. In mitochondrial leukoencephalopathies, elevated lactate in body
fluids often points in the right direction, generally followed by analysis of respiratory
chain function in muscle tissue, and DNA analysis guided by the results. The extreme
clinical and genetic heterogeneity of mitochondrial disorders, however, makes the
final diagnosis frequently hard or impossible to achieve.>* MRI pattern recognition can
greatly facilitate this diagnostic process by providing a rapid diagnosis in patients with
known white matter disorders' and allowing identification of groups of patients with the
same novel disorder among the unsolved cases.® Formerly, definition of novel disorders
was followed by genetic linkage studies if numerous patients or highly informative
families were available.®® The recent introduction of whole-exome sequencing has
created the opportunity to identify the mutated gene in small groups of patients with a
rare mendelian disorder.’*'2

METHODS

Patients

We identified 6 patients from 5 unrelated families from our MRI database of more than
3,000 cases with an unclassified leukoencephalopathy using MRI pattern recognition
analysis.® Patients 3 and 4 are affected siblings. Inclusion criteria were 1) extensive
cerebellar cortex signal abnormalities; 2) signal abnormalities in the corpus callosum;
and 3) absence of signal abnormalities in the basal ganglia, thalami, and cerebral cortex.
Patient 2 was previously published by Wolf et al.”® In none of the patients a molecular
diagnosis was achieved.

SHK. and MS.v.dK. evaluated the MRIs according to a previous protocol.> We
retrospectively reviewed the clinical information and laboratory investigations. Upon
identification of the mutated gene, we included the MRI of a previously published case
(patient 7) in our analysis to confirm consistency of our findings.''*

Standard protocol approvals, registrations, and patient consents.

We received approval of the ethical standards committee for our research on patients
with unclassified leukoencephalopathies. We received written informed consent for
exome sequencing from all guardians of the patients participating in the study.
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Whole-exome sequencing

We performed whole-exome sequencing in DNA of patients 2 and 4, using SeqCap
EZ Human Exome Library v3.0 kit (Nimblegen) on Hiseq2000 (lllumina, San Diego, CA;
detailed information in e-Methods on the Neurology” Web site at www.neurology.org).

NUBPL mutation analysis
We amplified the 11 exons and intron-exon junctions of the human NUBPL gene
(NG_028349.1) by PCR using suitable primers (available upon request) and analyzed
these by Sanger sequencing.

Biochemical analysis

Skin fibroblasts of patients 2, 3, 4, and 6 were available and cultured in M199 medium
supplemented with 10% fetal calf serum and antibiotics. We measured the enzyme
activity of complexes |, Il, Ill, IV, and V, and citrate synthase spectrophotometrically in
mitochondria-enriched fractions isolated from fibroblasts and muscle as described.'s'®
‘We performed biochemical analysis of NUBPL and complex | assembly with the
fibroblasts of patients 3 and 4. We performed 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and 1- and 2-dimensional 5% to 15% blue
native (BN)-PAGE as previously described.” Lanes were loaded with 40 ug (SDS analysis)
or 80 ug (BN analysis) of solubilized mitochondrial protein. After electrophoresis, the gels
were further processed for in-gel activity assays and Western blotting, as described.'
We incubated the Western blots using antibodies against NUBPL (kind gift of Prof. R. Lill,
Marburg, Germany), complex | subunits NDUFA9 and NDUFS3, and complex Il subunit
SDHA/70 kDa (MitoSciences, Eugene, OR).

RESULTS

MRI findings

Detailed MRI findings are provided in table e-1 and illustrated in Figure 1. Initial MRIs
(Figure 1, A-D, patient 7; I-L, patient 4) of patients 2, 4, 5, 6, and 7, obtained early in
the disease course, showed confluent or multifocal cerebral white matter lesions,
predominantly affecting the deep frontal and parietal white matter and sparing the
U-fibers, internal and external capsules, and central part of the corona radiata under
the pericentral cortex. Early MRIs showed prominent signal abnormalities and swelling
of the corpus callosum. Callosal fibers connecting the pericentral cortex were relatively
preserved (Figure 1, D). Extensive signal abnormalities were present in the cerebellar
cortex and subcortical white matter, whereas the cerebellar deep white matter and
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Figure 1. lllustrations of the characteristic MRI pattern.

MRIs of patient 7 (A-D, T), patient 2 (E-H), and patient 4 (I-S) obtained in the early (A-D, I-L, Q-T) and late stages (E-H,
M-P) are shown. Axial T2-weighted images (A-C, E-G, |, J, M, N), sagittal T1-weighted (D, H, L) and T2-weighted (P) images,
contrast-enhanced coronal (O) and axial (T) T1-weighted images, axial diffusion-weighted image (DWI) (Q), apparent diffusion
coefficient (ADC) (R), and fluid-attenuated inversion recovery (S) images are shown. The initial MRIs (A, D, |, L) show diffuse
signal abnormalities of the cerebellar cortex with sparing of the cerebellar deep white matter and pons, T2 hyperintensity of
the corpus callosum with swelling (B, J), and variable deep cerebral white matter abnormalities (C, K). The inferior part of the
cerebellum is relatively less affected (D, L) and the callosal fibers connecting the pericentral sulcus are spared (D). Contrast
enhancement is seen in the corpus callosum (T). DWI and ADC images show restricted diffusion at the edges of the corpus
callosum lesions (Q, R). The abnormal cerebral white matter is rarefied surrounded by a rim of abnormal but solid tissue (S).
The late MRIs (F, G, N, P) show significant improvement or disappearance of the corpus callosum and deep white matter
changes. The cerebellar abnormalities worsen and there are additional signal changes in the cerebellar deep white matter
and basis pontis (E, H, M, P). Contrast enhancement is seen in the cerebellar cortex (O).
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hilus of the dentate nucleus were spared (Figure 1, A, D, |, and L). The inferior part of
the cerebellum was less severely affected (Figure 1, D and L). The corpus callosum
and abnormal cerebral hemispheric white matter were rarefied (Figure 1, S). Contrast
enhancement was seen in small areas of the abnormal cerebral white matter and corpus
callosum (Figure 1, T). Restricted diffusion was present at the edges of the affected
cerebral white matter and corpus callosum (Figure 1, Q and R).

Late MRIs (Figure 1, E-H, patient 2; M-P, patient 4) were available in patients 1, 2, 3,
and 4. In patients 2 and 4, substantial improvement of the cerebral white matter and
corpus callosum abnormalities were seen with decrease in both white matter swelling
and extent of the white matter abnormalities, whereas the cerebellar abnormalities had
worsened (Figure 1, E-H, M, N, and P). In patients 1 and 3, only a late MRl was available.
In patient 3, subtle signal changes were exclusively seen in the corpus callosum;
patient 1 had severe atrophy of the corpus callosum and limited cerebral white matter
abnormalities. The cerebellar white matter and cortex were now extensively affected
and atrophic in all patients. Prominent lesions were present in the basis pontis and
pyramids of the medulla (Figure 1, E, H, M, and P). Contrast enhancement was seen in
the pons and cerebellar cortex (Figure 1, O). No diffusion restriction was observed.

Clinical profiles and laboratory results

Detailed clinical characteristics and laboratory results are provided in tables e-2 and e-3.
In contrast to the other patients, patient 7 was the only patient in which the early motor
development was delayed. Patients presented with insufficient gain or loss of motor
skills and signs of cerebellar dysfunction at the end of the first or in the second year of
life. On follow-up, signs of continuing development were observed in most patients.
Patient 1 experienced continuous slow regression; patients 4, 6, and 7 had episodes
of regression of speech and mobility with partial recovery. Five patients developed
spasticity. At the most recent clinical follow-up, patients 2 and 3 were able to walk
without support. All patients had motor problems due to ataxia. Patient 1 died at 9 years
of age of respiratory complications. Cognitive capabilities varied between normal and
significantly deficient. No involvement of internal organs was noted.

Plasma and CSF lactate was elevated in most patients. Respiratory chain enzyme assays
in muscle and fibroblasts revealed a complex | deficiency in all tested patients, ranging
between 27% and 83% of the lowest reference value. The other respiratory chain
complexes and complex V showed a normal activity in all patients (tables e-3 and e-4).
The diagnosis of complex | deficiency was accomplished between 6 months and 2.5
years after the first MRI.
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Genetic analysis

We performed whole-exome sequencing in DNA of patients 2 and 4. After filtering of
the raw data under the hypothesis of a mitochondrial disorder, NUBPL (MIM*613621),
encoding a Fe/S protein involved in complex | assembly, was the only remaining
candidate gene with mutations (table e-5). Both patients harbored a heterozygous
¢.166G>A transition, predicting p.Gly56Arg. Patient 4 also harbored a c.313G>T change,
predicting p.Asp105Tyr. Manual analysis of the intron data additionally revealed a
heterozygous c.815-27T>Cchangein both patients.Sangersequencing confirmed these
mutations and revealed a frameshift mutation in patient 2: c.667_668insCCTTGTGCTG/p.
Glu223Alafs*4. Subsequently, we identified NUBPL mutations in all 4 other patients (see
table 1 for all identified NUBPL mutations). The c.166G>A missense mutation and the
intronicc.815-27T>Cbranch-site mutation were presentonthe sameallelein all patients.
These 2 mutations were previously reported in patient 7 of this report by Calvo et al.
within a large exome sequencing project of complex I-deficient patients. We analyzed all
identified exonic missense mutations with Polyphen-2, which showed prediction scores
of 20.99. The amino acids involved are moderately to highly conserved. The mutations
were therefore presumed to be pathogenic. The intronic ¢.815-27T>C mutation was
previously shown to cause aberrant splicing of NUBPL mRNA." This mutation is found
in the heterozygous state in 1 of 60 controls in the 1000 Genomes database. None of the
other identified mutations are present in the public single nucleotide polymorphism
databases, including the dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP) and 1000
Genomes database.
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Table 1. Overview of NUBPL mutations?

Patient Country of origin c.DNA® Protein Exon State Inheritance

1 Argentina c.166G>A p.Gly56Arg 2 Homozygous¢  Unknown
¢.815-27T>C¢ Intron9  Homozygous®  Unknown

2 Germany c.166G>A p.Gly56Arg 2 Heterozygous  Paternal
€.667_668insCCTTGTGCTG p.Glu223Alafs*4 8 Heterozygous  Maternal
c.815-27T>C¢ Intron9  Heterozygous  Paternal

3and4 Canada c.166G>A p.Gly56Arg 2 Heterozygous  Paternal

(sibs) c313G>T p.Asp105Tyr 4 Heterozygous  Maternal
¢.815-27T>C¢ Intron9  Heterozygous  Paternal

5 United States c.166G>A p.Gly56Arg 2 Heterozygous  Paternal
693+1G>A° p.? Intron8  Heterozygous  Unknown’
815-27T>C¢ Intron9  Heterozygous  Paternal

6 Netherlands c.166G>A p.Gly56Arg 2 Heterozygous  Maternal
c.579A>C p.Leu193Phe 7 Heterozygous  Paternal
€.815-27T>C¢ Intron9  Heterozygous  Maternal

79 Australia c.166G>A p.Gly56Arg 2 Heterozygous  Paternal
240 kb deletion
(exon 1-4); 137 kb 1-4and7 Heterozygous  Maternal

duplication (exon 7)
c.815-27T>C¢ Intron9  Heterozygous  Paternal

2Nomenclature according to HGVS (http://www.hgvs.org/mutnomen)

> NUBPL reference sequence: NM_025152.2.

“We could not confirm if this mutation was homozygous or hemizygous because no parental DNA or fibroblasts of the patient
was available for study.

4For the three transcripts generated in the presence of the ¢.815-27T>C mutation see Tucker et al., 2012."

¢ Affects an essential nucleotide of the splice donor site, which probably leads to skipping of exon 10.

fMaternal DNA not available.

9Previously published patient.'*'

Biochemical analysis

We performed biochemical analysis of NUBPL and complex | assembly with the
fibroblasts of patients 3 and 4. The NUBPL signals obtained in both patients were
severely decreased as compared with the control (Figure 2, A). Both complex | in-gel
activity and the amount of fully assembled complex | were decreased in both patients
as compared with the control (Figure 2, B), which is compatible with the 50% to 60%
reduction of complex | activity measured spectrophotometrically (table e-4). We
performed 2-dimensional BN/SDS-PAGE analysis to investigate the effect of mutated
NUBPL on the assembly of the peripheral arm of complex I, which contains the Fe-S
clusters. We observed that the amount of fully assembled complex | was decreased in
both patients (Figure 2, C), consistent with the findings from the BN analysis (Figure 2,
B). Moreover, no subassemblies of the peripheral arm of complex | were present in the
patients’ fibroblasts, in contrast to the control cells (Figure 2, C).
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Figure 2. Biochemical analysis of mutated NUBPL.

NUBPL and complex | protein levels and assembly were analyzed in fibroblasts of patients 3 (P3) and 4 (P4) and control
(C). Western blot analysis showed a decreased amount of NUBPL in patients’ fibroblasts (A). Complex | analysis in patients’
fibroblasts by in-gel activity assay (CI-IGA) (upper panel) and BN-PAGE, by using an antibody against complex | subunit
NDUFA9 (middle panel), or against complex Il subunit SDHB, serving as a loading control (lower panel). Patients had a reduced
activity of complex | compared with controls (upper panel), and a reduced amount of complex | (middle panel) (B). Analysis
of complex | assembly by 2-dimensional BN/SDS-PAGE in fibroblasts of the patients and control, using complex | antibodies
against NDUFS3 and NDUFA9. Fully assembled complex | (Cl) was reduced in the patients. Complex | assembly intermediates
(Cl-subassemblies) of the peripheral arm were not detected in the patients, in contrast to the control (C). BN = blue native;
PAGE = polyacrylamide gel electrophoresis; SDS = sodium dodecyl sulfate.

DISCUSSION

In this study, we show that the combination of disease definition by MRI pattern
analysis and whole-exome sequencing can provide a rapid molecular diagnosis in
a small group of patients with the same rare, unclassified leukoencephalopathy of
suspected mitochondrial origin. All of our patients harbor mutations in NUBPL, involved
in mitochondrial respiratory chain complex | assembly.2%

The MRI pattern observed in the present patientsis unique and has not been described in
any other disorder of mitochondrial or other origin.?? The early stages are characterized
by a combination of abnormalities involving the cerebellar cortex and deep cerebral
white matter and corpus callosum. On follow-up, the corpus callosum and cerebral
white matter abnormalities improve and disappear in some patients. In contrast, the
cerebellar abnormalities are progressive and brainstem abnormalities appear. One
patient with NUBPL mutations has been published before with little clinical information
and no MRIs (patient 7)."* We were able to retrieve his MRI and confirmed that the
abnormalities fit perfectly within the pattern observed in the other patients. While
preparing this manuscript, an additional patient with NUBPL mutations was published.?
His MRI at 23 years showed severe cerebellar abnormalities and signal changes of the
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basis pontis and pyramids of the medulla, characteristic for the late disease stage.”

We used whole-exome sequencing as a first genetic approach to identify the
associated gene. Although highly sensitive in detecting genetic variants, filtering and
interpretation of gene variants remain challenging. To selectively reduce the number
of variants, specific clues can be used for choosing the correct filters. In our patients,
MRI features suggested a mitochondrial disease: multifocal and confluent white
matter lesions, rarefied at the center, surrounded by a rim of abnormal but solid tissue,
restricted diffusion in these solid rims, additional gray matter abnormalities, patchy
contrast enhancement, and elevated lactate in affected brain areas.?? Our suspicion was
substantiated by biochemical evidence of complex | deficiency in all tested patients. In
suspected mitochondrial disorders, public mitochondrial databases, such as mitocarta,*
can substantially reduce the number of candidate genes. However, filtering should be
done with caution because not all variants may be detected, such as the insertion of
patient 2. Our filter included all genes that contained just one or more variants in both
patients. If the filter had been more stringent, NUBPL would have been missed.

Besides the c.166G>A missense mutation, the intronic c.815-27T>C branch-site
mutation was present on the same allele in all patients. Functional in vitro studies have
shown that the c.815-27T>C variant possesses more pathogenic qualities than the
¢.166G>A missense mutation. Overexpression of NUBPL protein carrying the missense
mutation is able to fully complement complex | activity in an NUBPL-deficient cell line,
while the intronic branch-site variant results in aberrant splicing of NUBPL mRNA,™
which was also confirmed by us (data not shown). The intronic branch-site variant has
been found in approximately 1 of 60 controls (1000 Genomes database). Considering
the rarity of the disease, it remains inconclusive whether the c.815-27T>C variant is
pathogenic in its own right, or acts in synergy with the c.166G>A variant.

All tested patients have a complex | deficiency in muscle and fibroblasts, ranging
between 83% and 27% of the lowest reference value. There appears to be no correlation
between the residual complex | activity levels and the severity of the clinical phenotype,
as has been documented before for other complex | defects.?

Protein analysis of fibroblasts of patients 3 and 4 shows that the mutations in NUBPL
result in severely decreased NUBPL protein levels. Furthermore, consistent with the
proposed role in complex | assembly, the decreased NUBPL protein levels result in a
decreased complex | activity. NUBPL is a chaperone involved in the iron-sulfur cluster
assembly in complex 1.2 Complex | contains 7 iron-sulfur clusters, associated with 5
different subunits (NDUFST1, -S7, -S8, -V1, and -V2), which are located in the peripheral
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arm of the complex.”® NDUFS7 and -S8 assemble relatively early in the assembly
pathway, and defects in these subunits usually do not result in accumulation of
assembly intermediates, in contrast to defects in NDUFV1, -V2, and -S1. We observed
no accumulation of assembly intermediates of the peripheral arm in our patients and
conclude that NUBPL is at least involved in early assembly of the iron-sulfur clusters
within the subunits NDUFS7 or -S8 in the peripheral arm of complex I.

The 2 previously reported patients with NUBPL mutations were published as single cases
with little clinical information and in the first case without MRIs.'*? The consequence of
such publications is that the disease phenotype remains uncertain and diagnosis in new
patients is difficult. In this study, we demonstrate that NUBPL mutations are associated
with a consistent and recognizable MRI pattern that is pathognomonic for the disease.
If present in a new patient, no further studies are warranted; sequence analysis of NUBPL
is the single necessary test.
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SUPPLEMENTAL MATERIAL METHODS

Whole-Exome sequencing

Genomic DNA was extracted by standard methods. Exonic targets were enriched by
using the SeqCap EZ Human Exome Library v3.0 kit (Nimblegen), and subsequently
sequenced as 100 base pair paired-end reads on a Hiseq2000 (lllumina, San Diego, CA).
The BWA tool (v 0.5.9) (http://bio-bwa.sourceforge.net) was used for read alignment
to the human genome assembly hg19. Detection of single-nucleotide variants
(SNVs) and small insertions and deletions (indels) was performed with Varscan v2.2.5
(http://varscan.sourceforge.net). Variants were annotated with Annovar (http://www.
openbioinformatics.org/annovar). Novelty of variants was determined using public
single nucleotide polymorphism databases, including dbSNP132 (http://www.ncbi.
nim.nih.gov/projects/SNP) and the 1000 Genomes project (release November 2010).
Pathogenicity of variants was predicted with Polyphen-2(http://genetics.owh.harvard.
edu/pph2/index.shtml).
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Table e-5. Whole-Exome Sequencing Statistics and Variant Filtering

Sequencing statistics

Patient 2 Patient 4
Reads 81339929 66851011
Reads on target 51525484 43191717
Percent 63.35% 64.61%
Target bases with dept: >10x >15x >20x 30X >10X >15X  >20X 30X

97.6% 95.9% 94% 86% 96.6% 94.3% 90.9% 79.9%

Variant filtering

Patient 2 Patient 4
Total SNVs and indels 22.207 21.776
Excluding segmental duplications 19.063 18.607

Novelty filter®
Excluding variant frequency < 0.01 in 1000 Genomes project 636 534
Excluding variants present in dbSNP132

Mitochondrial localization 14 15
Variants in genes present in MitoCarta database®
Inheritance .
Genes with > 1 variants present in both patients 2 and 4 1 gene: NUBPL
Identified genes
Gene Patient c.DNAc Protein Conservation® Pathogenicity®
NUBPL 2 c.166G>Af p.Gly56Arg Up to C. elegans probably damaging
NUBPL 4 C.166G>Af p.Gly56Arg Up to C. elegans probably damaging
c313G>T p.Asp105Tyr Up to C. elegans probably damaging

Nomenclature according to HGVS (http://www.hgvs.org/mutnomen)

2Novelty of variants was determined using public single nucleotide polymorphism databases, includingdbSNP132
(http://www.ncbi.nlm.nih.gov/projects/SNP) and the 1000 Genomes project (release November 2010).

The MitoCarta human inventory (http://www.broadinstitute.org/pubs/MitoCarta/index.html) is a collection of 1013
nuclear and mtDNA genes encoding proteins with strong support of mitochondrial localization based on homolog
to mouse MitoCarta genes.

¢NUBPL reference sequence NM_025152.

dConservation was analyzed in 12 species, including human, chimp, macaque, rat, mouse, dog, cow, chicken,

frog, tetraodon, fruit fly, C. elegans.

¢Pathogenicity of variants was predicted with Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/index.html).

fThe ¢.166G>A transition in NUBPL was previously reported in a patient with complex | deficiency. This patient harbored a 240
Kb deletion spanning exon 1-4 and a 137 Kb duplication involving exon 7 on the other allele.s" <

This patient was subsequently included in this study (patient 7).

SNVs = single-nucleotide variants; indels = insertion and deletions.

219


http://www.hgvs.org/mutnomen
http://www.ncbi.nlm.nih.gov/projects/SNP
http://www.broadinstitute.org/pubs/MitoCarta/index.html
http://genetics.bwh.harvard.edu/pph2/index.html

Chapter 9 | NUBPL mutations and complex | deficiency

E-REFERENCES

e1. Calvo SE, Tucker EJ, Compton AG et al. High-throughput, pooled sequencing identifies mutations in
NUBPL and FOXRED1 in human complex | deficiency. Nat Genet. 2010;42:851-858.

e2. Pagliarini DJ, Calvo SE, Chang B et al. A mitochondrial protein compendium elucidates complex |
disease biology. Cell. 2008;134:112-123.

e3. Tucker EJ, Mimaki M, Compton AG et al. Next-generation sequencing in molecular diagnosis:
NUBPL mutations highlight the challenges of variant detection and interpretation. Hum Mutat.
2012;33:411-4.

220



NUBPL mutations and complex | deficiency | Chapter 9

221






Recessive ITPA mutations cause
an early-infantile encephalopathy

Sietske H. Kevelam, J6rgen Bierau, Ramona Salvarinova, Shakti Agrawal,
Tomas Honzik, Dennis Visser, Marjan M. Weiss, Gajja S. Salomons,
Truus E.M. Abbink, Quinten Waisfisz, and Marjo S. van der Knaap

Ann Neurol 2015;78:649-658.



Chapter 10 | /TPA encephalopathy

ABSTRACT

Objective
To identify the etiology of a novel, heritable encephalopathy in a small group of patients.

Methods

Magnetic resonance imaging (MRI) pattern analysis was used to select patients with
the same pattern. Homozygosity mapping and whole exome sequencing (WES) were
performed to find the causal gene mutations.

Results

Seven patients from 4 families (2 consanguineous) were identified with a similar
MRI pattern characterized by T, signal abnormalities and diffusion restriction in the
posterior limb of the internal capsule, often also optic radiation, brainstem tracts, and
cerebellar white matter, in combination with delayed myelination and progressive brain
atrophy. Patients presented with early infantile onset encephalopathy characterized by
progressive microcephaly, seizures, variable cardiac defects, and early death. Metabolic
testing was unrevealing. Single nucleotide polymorphism array revealed 1 overlapping
homozygous region on chromosome 20 in the consanguineous families. In all patients,
WES subsequently revealed recessive predicted loss of function mutations in ITPA,
encoding inosine triphosphate pyrophosphatase (ITPase). ITPase activity in patients’
erythrocytes and fibroblasts was severely reduced.

Interpretation

Until now ITPA variants have only been associated with adverse reactions to specific
drugs. This is the first report associating ITPA mutations with a human disorder. ITPase
is important in purine metabolism because it removes noncanonical nucleotides
from the cellular nucleotide pool. Toxicity of accumulated noncanonical nucleotides,
leading to neuronal apoptosis and interference with proteins normally using adenosine
triphosphate/guanosine triphosphate, probably explains the disease. This study
confirms that combining MRI pattern recognition to define small, homogeneous patient
groups with WES is a powerful approach for providing a fast diagnosis in patients with
an unclassified genetic encephalopathy.
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INTRODUCTION

Thediagnostic process of rare childhood encephalopathiesis challenging,and numerous
cases remain without a specific diagnosis.' Inborn errors of metabolism are among the
main causes of childhood encephalopathies.? Screening for metabolic disorders in
blood, urine, and cerebrospinal fluid may lead to clues for a specific metabolic defect.>*
However, not all metabolic defects cause measurable metabolite abnormalities. Because
of this, in combination with the heterogeneous presentations, rarity of these disorders,
and unidentified underlying genetic defects for several metabolic disorders, a definitive
diagnosis is often delayed or not established.>* The utilization of next generation
sequencing techniques facilitates the discovery of new genes for unclassified disorders,
but also allows the identification of new phenotypes related to known gene defects.5®

In this study, we used MRI pattern analysis to define a phenotypically homogeneous
group of 7 patients from 4 families with a novel, early onset, devastating encephalopathy.
Extensive metabolic tests did not pinpoint a specific inborn metabolic defect in these
patients. By means of whole exome sequencing (WES), we ascertained the mutated
gene. The gene encodes an enzyme central in purine metabolism that was not known
to be associated with a human metabolic disorder.

PATIENTS AND METHODS

Patients

Seven patients from 4 unrelated families were included, who shared a distinct pattern
of magnetic resonance imaging (MRI) abnormalities. These patients were identified
from our MRI database of >3,000 cases with an unclassified leukoencephalopathy using
MRI pattern recognition analysis.” Inclusion criteria were striking T, hyperintensity and
diffusion restriction of the posterior limb of the internal capsule in young infants. S.H.K.
and M.S.v.d.K. evaluated the MRIs according to a previously published protocol.’ The
MRIs were obtained at different centers, on different magnetic resonance machines
and with different protocols, precluding quantitative analyses. Clinical information and
laboratory investigations were retrospectively reviewed.
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Informed consent

We received approval from the ethical standards committee for our gene identification
research on patients with unclassified leukoencephalopathies at the VU University
Medical Center in Amsterdam. All guardians of the patients participating in this study
gave written consent.

Single nucleotide polymorphism array analysis

Parents of 2 of the 4 families were consanguineous. Two affected (Patients 2 and 3) and 2
unaffected children from 1 consanguineous family and 1 affected child (Patient 4) from
the second consanguineous family were subjected to single nucleotide polymorphism
(SNP) array analysis (CytoScan HD array; Affymetrix, Santa Clara, CA) according to the
manufacturer’s protocol, to identify homozygous overlapping regions using Nexus
version 7 (BioDiscovery, Hawthorne, CA).

WES

WES was performed on DNA from Patients 3, 4, and 5, using a SeqCap EZ Human Library
v3.0 kit (Roche NimbleGen, Madison, WI) on a HiSeq2000 (lllumina, San Diego, CA).
Data analysis was performed as previously described.'® Coverage of at least 30 x was
reached for>89% of the targeted regions. Average sequencing depth ranged between
91 and 99.5 reads. Variant filtering was executed under the hypothesis of an autosomal
recessive inheritance model. All rare variants with a minor allele frequency (MAF) of
<1% in public databases, including dbSNP137 (http://www.ncbi.nlm.nih.gov/projects/
SNP), 1000 Genomes Project (release of February 2012), and Exome Variant Server (EVS),
NHLBI Exome Sequencing Project (ESP5400 release; http://evs.gs.washington.edu/EVS/)
and absent from our in-house exome control database, that were present in at least 2
patients and located in the identified overlapping homozygous region, were selected.
Synonymous variants that were not located adjacent to the consensus splice site were
excluded.

Validation and detection of ITPA variants

Validation and segregation of the identified ITPA variants (NM_033453.3) with WES were
performed using the standard Sanger sequencing protocol. Primers were designed
using Primer 3, V.0.4.0."" In Patient 6, all 8 exons and exon-intron boundaries of the
human I/TPA gene were amplified by polymerase chain reaction using suitable primers
(available upon request) and analyzed by Sanger sequencing.
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Inosine triphosphate pyrophosphatase activity and nucleotides in patients’
erythrocytes and fibroblasts

Inosine triphosphate pyrophosphatase (ITPase or ITPA) activity was investigated in
erythrocytes of Patient 7 as previously described.’? Briefly, 15 ul of erythrocyte lysate
was incubated with 40mM inosine triphosphate (ITP), TmM MgCI2 in T00mM Tris pH 8.5
in a final volume of 200 pl. The formation of inosine monophosphate (IMP) from ITP
was quantified by using ion pair ultra-performance liquid chromatography method
with ultraviolet (UV) detection. ITPase activity was expressed as moles of IMP formed
from ITP in 1 hour per mole of hemoglobin. ITPase activity in cultured fibroblasts
was investigated for Patients 2, 5, and 6. The cell pellets were lysed in MilliQ water by
sonication. After centrifugation, the supernatant was used for the enzyme activity
assay described above. Measurement of protein content was determined using the
bicinchoninic acid assay.

Nucleotides were measured in cultured fibroblasts of Patients 2, 5, and 6. Briefly, cells
were harvested by trypsinization and washed once with phosphate-buffered saline.
The cell pellet was resuspended in 200 ul 0.4M ice cold perchloric acid and left to stand
on melting ice for 10 minutes. The lysate was then cleared by centrifugation and the
supernatant was neutralized by adding 8 ul 5M K,CO, and centrifuged after standing
for 10 minutes on melting ice. The protein pellet was dissolved in 2M KOH overnight at
ambient temperature and used for protein determination. The supernatant was stored
at —80°C until analysis. Prior to analysis, the supernatant was thawed and cleared using
a SpinX centrifuge filter. Packed erythrocytes of Patient 7 were extracted in a similar way.
Nucleotides were quantified using an ion-pairing reverse-phased ultra-performance
liquid chromatography method on a LC-18 column and a buffer system consisting of
25mM di-NH,PO, and 8mM tetrabutylammonium bisulfate with acetonitrile. Detection
was done using UV detection, and a single point calibration was used.

RESULTS

Radiological findings

Detailed MRI findings are provided in Supplementary Table 1 and illustrated in Figure
1. Early MRIs, obtained at <2 months of age, did not show any abnormalities apart from
lack of the normal T ,-hypointense spot representing the myelinated pyramidal tracts
in the posterior limb of the internal capsule. MRIs performed between 4 and 8 months
showed delayed myelination and mild to moderate cerebral atrophy. On all MRlIs, the
pyramidal tracts in the posterior limb of the internal capsule or the entire posterior
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limbs were strikingly T, hyperintense (see Figure 1). Several patients showed additional
involvement of the pyramidal tracts in the midbrain, middle and inferior cerebellar
peduncles, and cerebellar white matter. Diffusion-weighted images and apparent
diffusion coefficient maps, obtained in all patients except Patient 1, invariably showed
restricted diffusion in the posterior limb of the internal capsule and in some patients
also in the optic radiation and midbrain. One patient also had restricted diffusion in
the medulla oblongata and deep cerebellar white matter. Later follow-up images,
obtained at 13, 16, 19, and 31 months, revealed severely delayed cerebral myelination
and progressive cerebral atrophy. The T, signal abnormalities of the posterior limb of the
internal capsule and the diffusion restriction improved.

Clinical presentation

Detailed clinical characteristics and laboratory findings are provided in Supplementary
Table 2. Most patients were rather small for gestational age at birth. All patients
presented shortly after birth with a severe and progressive microcephaly, seizures,
and failure to achieve developmental milestones. After disease onset, no or very little
further cognitive and motor development occurred. All patients continued to have
epilepsy, and in 2 patients the epilepsy became refractory. Three patients had cardiac
involvement, either a dilated cardiomyopathy or electrocardiographic abnormalities.
The 3 patients of Family | had cataract. At last clinical examination, head circumference
of all patients was far below —2 standard deviations from normal, and height and weight
were below normal in most patients.

All patients had a severe encephalopathy with hypotonia and swallowing difficulties,
requiring tube feeding in 3 patients. Six patients died; age at death was between 10
months and 2.5 years. Patient 2 died due to cardiac failure, and Patients 3, 4, 5,and 7 due
to respiratory insufficiency, caused by a respiratory tract infection in Patients 3,4, and 5,
and status epilepticus in Patient 7. Patient 6, currently 3 years old, is still alive. Extensive
metabolic testing in blood and urine, including purine and pyrimidine urinary excretion
profiles using high-performance liquid chromatography, showed no abnormalities.
Genetic tests for several mitochondrial disorders revealed no pathogenic mutations.
A muscle biopsy in Patients 2 and 3 showed inconclusive abnormalities in respiratory
chain function.

Genetic analysis

A large overlapping homozygous region on the tip of chromosome 20 (genomic
coordinates 0-6.832.683; hg19) was identified by SNP array analysis (data not shown).
Subsequently, WES with additional variant filtering led to the identification of a single
candidate gene located in this region: ITPA [MIM 147620] encoding the enzyme ITPase,
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Figure 1. lllustration of the typical magnetic resonance imaging (MRI) pattern.

(A-L) Initial axial T,-weighted magnetic resonance (MR) images of Patient 2 (A-D, age =6 months) and Patient 4 (E-H, age=4
months), and diffusion-weighted images (DWIs; |, K) and apparent diffusion coefficient (ADC) images of Patient 4 (J, L). (M-P)
Late follow-up MR images of Patient 6 (age=16.5 months). On initial MR images, overall myelination is delayed and there
is mild cerebral atrophy (A-H). Patients show T, hyperintensity of the pyramidal tracts in the posterior limb of the internal
capsule (C, arrows), or whole posterior limb of the internal capsule (G, arrows). Involvement of the cerebral peduncles and
pyramidal tracts within the cerebral peduncles is shown in B and F, respectively (arrows). Signal abnormalities can also be
observed in the pyramids of the medulla, inferior cerebellar peduncles (E, arrows), and deep cerebellar white matter (E). The
DWIs show an increased signal in the cerebral peduncles (I, left arrow) and decussation of the superior cerebellar peduncles (I,
right arrow) in the midbrain (1), and posterior limb of the internal capsule and optic radiation (K, arrows), with a corresponding
low signal on the ADC images (J and L, arrows), indicating restricted diffusion of these areas. Follow-up MR images show
resolution of the T, signal abnormalities (M-0), but increasing cerebral atrophy and severe delayed cerebral myelination (O,
P).
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in which all patients had a rare or novel homozygous variant (summarized in Table
1). The 3 affected siblings of Family | harbored a novel homozygous deletion of 1,874
base pairs (bp), spanning exon 5, and extending both in intron 4 and intron 5 (c. 264-
607_295+ 1267del). The deletion of exon 5 is predicted to result in an out-of-frame
transcript. Patients 4 and 7 (siblings) both had a homozygous nonsense mutation:
¢.452G>A predicting a premature stop codon, p.(Trp151%).This variant has been reported
once in a single heterozygous carrier in the EVS database (MAF of 0.009%). Patient 5
was homozygous for the c.532C>T; p.(Arg178Cys) missense mutation. This mutation
is predicted to be deleterious by the 3 prediction software programs used, and the
amino acid arginine is highly conserved at this position. Sanger sequencing was used to
confirm each mutation and additionally revealed in Patient 6 a homozygous duplication
of 8bp, ¢.359_366dupTCAGCACC, resulting in a frameshift (p.[Gly123Serfs*104]). This
frameshift mutation is predicted to result in an extended protein of 225 amino acids
instead of 194 amino acids. This mutation has been found in a heterozygous state in
1 Bulgarian individual with an ITPAse activity of 30% measured in erythrocytes.”* The
locations of the Arg178Cys and the Trp151* mutation in the dimeric crystal structure
of ITPA are shown in Figure 2, A. In all patients, analysis of parental DNA confirmed that
both parents carried 1 mutant allele.

ITPase activity and nucleotides in patients’ erythrocytes and fibroblasts

ITPase activity in erythrocytes of Patient 7 was severely decreased (0.02 mol IMP/
[mol Hb/h]), corresponding to 0.4% residual activity. This corresponds to the residual
activity found in erythrocytes of ITPA c.94C>A homozygous individuals." There was
evident accumulation of ITP, but also of inosine diphosphate (IDP), the latter likely to
be the result of spontaneous degradation of ITP during transport of the sample (Table
2). The fibroblasts of all 3 tested patients (2, 5, and 6) showed severely decreased
ITPase activity, corresponding to 0.3 to 5.3% of residual activity compared to control
fibroblasts, without accumulation of ITP or IDP (see Table 2). No changes were observed
for adenosine triphosphate (ATP), guanosine triphosphate (GTP), uridine triphosphate,
and cytidine triphosphate. The intracellular concentrations of the diphosphates
adenosine diphosphate (ADP), guanosine diphosphate, uridine diphosphate, and
cytidine diphosphate were higher than in the controls; however, no change in the
adenine energy charge ([ATP +0.5 ADP]/[ATP + ADP + adenosine monophosphate]) was
observed.
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Figure 2. Inosine triphosphate pyrophosphatase (ITPase) structure and its function within purine
metabolism.

(A) Dimeric structure of human ITPase with bound substrate. The monomers are shown in blue and green, with the dimer
interface located in the center of the figure. The helices, B-sheets, and loops are shown as ribbons, arrows, and threads,
respectively. The locations of N- and C-termini are labeled (NT, CT, respectively). Inosine triphosphate (ITP) is shown as red,
gray, brown, and blue spheres. The 2 magnesium molecules are depicted as green spheres. The mutated residues Trp151 and
Arg178 present in ITPA encephalopathy patients and the residue Pro32 are highlighted as yellow spheres. Note that both the
Trp151 and Arg178 residues are in a crucial position at the substrate binding site. The Pro32 residue is located in the loop
connecting the helix a1 and B-strand. This figure was generated with FirstGlance in Jmol using data from the Protein Database
(PDB code 2J4E¥]. Mg2+=magnesium molecule. (B) Purine metabolism and formation of the noncanonical nucleotides
(deoxy)inosine triphosphate (ITP) and (deoxy)xanthosine triphosphate (XTP). In the purine metabolic pathway, purine
nucleosides and nucleotides can be synthesized by 2 different routes; by de novo synthesis via inosine monophosphate
(IMP) or by recycling of the components (salvage pathway).> Regardless of which pathway is used, the result is that adenosine
mono- and triphosphate (AMP/ATP), guanosine mono- and triphosphate (GMP/GTP), and their deoxy forms dAMP/dATP and
dGMP/dGTP are formed. The noncanonical nucleotides ITP and xanthosine triphosphate XTP are produced as byproducts
due to deamination of ATP and GTP and by phosphorylation of IMP and xanthosine monophosphate (XMP). ITPase plays a
central role in conversion of ITP and XTP back to IMP/XMP. Absence of ITPase leads to accumulation of ITP and XTP. The same
cycle is seen for the deoxy forms inosine triphosphate dITP and dXTP. Accumulation of these noncanonical nucleotides can
potentially cause damage to DNA and RNA and interfere with enzymes that normally use ATP or GTP.»?* An event or enzyme
isindicated with an arrow. The putative pathways for deamination and phosphorylation producing (d)ITP/XTP are shown with
dotted arrows. Gray arrows indicate pathways not present in erythrocytes. ADP =adenosine diphosphate; GDP =guanosine
diphosphate.
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DISCUSSION

This study shows that recessive mutations in /TPA are associated with a human disorder
that we call ITPA encephalopathy. The patients have a devastating encephalopathy,
characterized by progressive microcephaly, lack of development, and seizures, in
combination with variable cardiac abnormalities and cataract. The patients share a
distinct brain MRI pattern characterized by a high T, signal and restricted diffusion in
the posterior limb of the internal capsule in combination with delayed myelination and
progressive cerebral atrophy. More variable are T, signal abnormalities and diffusion
restriction in the optic radiation, mesencephalic pyramidal tracts or entire cerebral
peduncles, hilus of the dentate nucleus, cerebellar peduncles, and cerebellar white
matter.

Patients with Krabbe disease share essential features of this MRI pattern, including early
and striking signal abnormalities in the pyramidal tracts in the posterior limb of the
internal capsule and hilus of the dentate nucleus.' These patients, however, typically
have a stripelike pattern in the affected cerebral hemispheric white matter and do not
show restricted diffusion of the same tracts as seen in ITPA encephalopathy patients.'
Clinically, they have more prominent motor dysfunction, no or less severe epilepsy,
and no cardiac involvement. Galactocerebrosidase enzyme activity was normal in
our patients, ruling out Krabbe disease. The combination of restricted diffusion and
involvement of the brainstem could be considered suggestive for a mitochondrial
disorder. Extensive metabolic testing, however, did not pinpoint a specific mitochondrial
defect in our patients.

Using WES in combination with homozygosity mapping, we identified 4 different
very rare or novel homozygous mutations in ITPA, encoding ITPase, in all 7 included
patients. This enzyme has an important function in purine metabolism by removing
noncanonical triphosphate purines ITP and xanthosine triphosphate (XTP) and their
deoxy forms (dITP/dXTP)) from the cellular pool.’*'® The metabolic pathway of purine
metabolism is represented in Figure 2, B. Inborn errors of purine metabolism are rare,
and currently 13 enzyme defects in purine synthesis, catabolism, and salvage have been
identified, causing very different disorders.?

Until now, ITPA mutations have not been associated with a human disorder. However,
several polymorphisms have been identified in ITPA, most of which result in a partial or
even complete loss of ITPase activity in erythrocytes.'®?? The variant of highest interest is
a missense mutation in exon 2, c.94C>A (p.[Pro32Thr], rs1127354), because individuals
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homozygous for this mutation have undetectable ITPase activity and accumulation
of ITP in erythrocytes.'*? This lack of ITPase activity in erythrocytes is not associated
with a clinical disease, but may cause adverse drug reactions to thiopurine prodrugs,
mercaptopurines, and methotrexate, with signs such as leukopenia, pancreatitis,
influenzalike symptoms, and rash.??* In striking contrast, ltpa knockout mice have a
severe neurological and cardiac phenotype with early demise.”

The ITPA mutations observed in our patients cause a severe reduction of ITPase activity
in erythrocytes and fibroblasts compared to controls, with accumulation of ITP in
erythrocytes, but not in fibroblasts. These results are comparable to those obtained in
Itpa knockout mice, where ITP accumulation was found in erythrocytes only and not in
the organs, including the clinically affected heart.?> Behmanesh et al hypothesized that
accumulating ITP is spent in its incorporation into RNA by the process of transcription,
which does not occur in erythrocytes; this hypothesis was supported by the detection of
accumulation of IMP in mouse heart RNA.% Also, de novo purine synthesis and conversion
of IMP to guanosine monophosphate is not possible in erythrocytes.?® Consequently,
the p.(Pro32Thr) variant and the ITPA encephalopathy-associated mutations cannot
be discriminated by their effects on ITPase activity and accumulation of nucleotides in
fibroblasts and erythrocytes. Like our patients, /tpa null mice have a severe disorder,
with motor dysfunction, growth retardation, abnormal breathing, cardiomyopathy,
and a maximum life span of 2 weeks.?> Considering that the p.(Pro32Thr) variant is not
associated with a clinical disease outside increased sensitivity for specific drugs, it is
unlikely that p.(Pro32Thr) abolishes ITPase activity in all cell types. The explanation
for the apparent discrepancy between similar loss of ITPase activity in erythrocytes
in ITPA encephalopathy patients, Itpa knockout mice, and homozygous p.(Pro32Thr)
individuals and dissimilar clinical phenotype may be that ITPA expression'® and the
effect of the mutations vary between tissues. Lack of availability of tissue from ITPA
encephalopathy patients and /tpa knockout mice (personal communication) precluded
further studies. It should, however, be noted that the ITPA encephalopathy-associated
mutations and the p.(Pro32Thr) variant have markedly different predicted effects on the
ITPase protein. Three of the ITPA encephalopathy mutations (c. 264-607_295 + 1267del,
€.359_366dupTCAGCACC, and c.452G>A) are predicted to resultin loss of the C-terminal
part of ITPase affecting the conserved NTPase/HAM1 domain. The fourth mutation, a
¢.532C>T missense change, replaces the amino acid arginine at position 178 by a
cysteine. In the ITPase crystal structure, arginine178 is located in the binding pocket
at a crucial position to allow substrate specificity.”’” In vitro studies confirmed that
arginine178 is essential for normal ITPase activity and substrate specificity.?® By contrast,
the p.(Pro32Thr) variant is located in the loop connecting helix a1l and -strand 2, far
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away from the active site and binding pocket of ITPase (see Figure 2, A). Numerous
studies have focused on the putative pathogenic mechanism of the p.(Pro32Thr) variant
on ITPase functioning, but no definitive answer has been established.?*3? In vitro studies
revealed that the p.(Pro32Thr) mutated enzyme is catalytically active.?'3? Splicing
studies of ITPA and structural analysis of the p.(Pro32Thr) ITPase protein showed that
a combination of mis-splicing of exon 2 and 3, chaperone binding, and proteasomal
degradation of the unstable ITPase protein could cause the reduced ITPase enzyme
activity in erythrocytes.?*3°

ITPA is highly expressed in brain, with the highest levels in neurons.*®* In normal cells,
the noncanonical nucleotides ITP/XTP and their deoxy forms dITP/dXTP are present
at low levels as byproducts generated by deamination of ATP/GTP and dATP/dGTP
or by phosphorylation of IMP (see Figure 2, B). Removal of ITP/XTP and dITP/dXTP by
[TPase is crucial for normal cell function; if not converted, they accumulate and can be
incorporated into DNA and RNA instead of the canonical nucleotides, which causes
genetic damage and programmed cell death.>** In the case of ITPase deficiency,
accumulation of ITP/dITP or XTP/dXTP could be toxic for neurons and result in neuronal
apoptosis. Additionally, because ITP possesses a molecular structure similar to that
of ATP and GTP, it could interfere with enzymes normally utilizing ATP or GTP, like the
cardiac sarcomeres and G-proteins.?*34* |nappropriate regulation of G-protein signal
transduction can influence a variety of cellular processes in the brain, including neural
plasticity, neurotransmitter release, and astrocyte glucose metabolism.3*3¢

A question is how to unify this information with our patient phenotypes. Whereas the
initial MRI abnormalities involve white matter structures, the subsequent prominent
cerebral atrophy suggests a neuronal degenerative disease process. The clinical picture
with the severe epilepsy and total lack of development also indicates a neuronal
degenerative disorder rather than a leukodystrophy. The best explanation fitting
both clinical and MRI findings is early onset neuronal degeneration with Wallerian
degeneration of the associated white matter tracts. Wallerian degeneration is associated
with diffusion restriction in the early stages.?” Strikingly, in ITPA encephalopathy
patients, early myelinating structures are preferentially affected, including the posterior
limb of the internal capsule, brainstem tracts, and tracts to the primary visual cortex
and motor cortex. Tracts become myelinated when they become functionally active. So,
early myelinating tracts attached to the most active neurons are most susceptible for
[TPase deficiency.
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Most of our patients with ITPA encephalopathy had homozygous predicted loss of
function mutations, and it is therefore not surprising that their clinical phenotype is
similar to that of /tpa knockout mice.?* ITPA-related disease is most likely a spectrum,
with the now described disease at the most severe end of the spectrum and the
p.(Pro32Thr) variant-related phenotype at the mildest end of the spectrum. This implies
that phenotypes of intermediate severity are to be expected with milder, slower, and
perhaps more selective neuronal loss and less severe cardiac disease. We expect that
WES and whole genome sequencing will identify more patients with /TPA mutations
and that the gap between these two extremes will be filled.

In conclusion, this study shows that MRI pattern recognition in combination with WESisa
powerful tool to provide a rapid diagnosisin patients with an unknown, rare, neurological
disorder of metabolic origin, when screening of metabolites in body fluids fails. It also
shows the strength of focusing on groups of patients, although small, over focusing
on single patients or single families for WES, as the ITPA gene variants of our patients
would not have been considered pathogenic based on the known lack of clinical effect
of the p.(Pro32Thr) variant in the presence of zero enzyme activity in erythrocytes. The
recognition of possible future ITPA encephalopathy patients remains difficult, because
the characteristic MRI pattern with striking T, hyperintensity and diffusion restriction of
the posterior limb of the internal capsule is present for a few months only and may be
lacking in milder phenotypes, and assessment of ITPase activity and ITP accumulation in
erythrocytes does not discriminate between benign and pathogenic mutations.
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SUMMARY

When we initiated our studies of leukodystrophies in the nineteen eighties, a limited
number of disorders were known and no associated gene defects. We estimated
then that over 60% of the cases were unclassified. In the following two decades MRI
pattern recognition revolutionized the field, allowing definition of numerous novel
leukodystrophies. Their genetic defects were usually identified by genetic linkage
studies. This process required substantial numbers of cases and many rare disorders
remained unclassified. As recently as 2010, 50% of the leukodystrophy patients
remained unclassified. Soon after, whole-exome sequencing caused another revolution
with an exponential increase in numbers of distinct, genetically determined, ultra-rare
leukodystrophies. Results from our retrospective studies concerning three historical
cohorts of unclassified leukodystrophy patients indicate that currently at least 80%
of the patients can now be molecularly classified. Based on the original definition
of leukodystrophies, numerous defects in proteins important in myelin structure,
maintenance and function were expected. By contrast, a high percentage of the newly
identified gene defects affect the housekeeping process of mRNA translation, shedding
new light on white matter pathobiology. With this new information, a myelin focused
definition of leukodystrophies is outdated; we propose a further adaption of the
definition.
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PATHOLOGY ERA

Research on brain white matter disorders started in the eighteen thirties, when the
first pathology descriptions of brain disorders appeared. In the subsequent 150 years,
diagnosis and classification of brain white matter disorders remained almost exclusively
based on pathology.'Multiple sclerosis’ was first defined,'* after 60 years followed by the
definition of ‘diffuse sclerosis’ to distinguish disorders with diffuse abnormality of the
brain white matter from those with multifocal abnormalities.> The word‘leukodystrophy’
was introduced in 1928 for metachromatic leukodystrophy (MLD).* ‘Leukodystrophy’
comes from the Greek roots leuko= white, dys=lack of, and trophy=growth. Consensus
on the definition of leukodystrophies emerged in the nineteen eighties. They were
defined as disorders primarily affecting myelin, either directly or through involvement
of oligodendrocytes, caused by a genetic defect, and clinically progressive.>® So, the
initial definition of leukodystrophy was myelin-focused. As of today it is this definition
that most physicians have in mind when using the word. ‘Leukoencephalopathy’ is a
more neutral term for any brain white matter disorder, genetic or acquired.

MRI ERA

In the nineteen seventies, the advent of CT scanning provided the first opportunity
to visualize leukoencephalopathies in vivo, but due to the low sensitivity and tissue
differentiation CT was unable to distinguish between most different disorders.’
In the early nineteen eighties, the advent of MRI had a major impact on studies of
leukoencephalopathies. It was immediately clear that MRI had a very high sensitivity
for white matter abnormalities,® but the specificity of these findings was considered as
low.>1°

When we started to study leukoencephalopathies in the late nineteen eighties, a limited
number of disorders and no genes associated with a leukodystrophy were known.
The diagnosis depended on metabolic investigations (metabolites in body fluids
and enzyme activities) for most disorders' and pathology findings for a few.'>'3> MRI
changed the diagnostic approach entirely and caused a revolution in the white matter
field. We noticed that patients with a diagnosis that was verifiable by laboratory testing
presented with distinct patterns of MRl abnormalities, shared by patients with the same
diagnosis, but different from the patterns observed in patients with other diagnoses.™
This observation prompted the development of MRI pattern recognition to enhance the
specificity of MRl interpretation.'
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For the diagnosis of leukoencephalopathies known at that time, MRI pattern recognition
worked well.’® In the early nineties it became, however, clear that in substantial numbers
of leukoencephalopathy cases no specific diagnosis could be established. We estimated
that over 60% of the leukoencephalopathy cases remained unsolved.”” The heavy
load of unclassified leukoencephalopathies impelled us to work on them and define
novel disorders by their distinct MRI patterns.'” In this way, new disease entities as
megalencephalic leukoencephalopathy with subcortical cysts (MLC),' vanishing white
matter (VWM),"2" hypomyelination and atrophy of the basal ganglia and cerebellum
(H-ABQ),??leukoencephalopathy with brainstem and spinal cord involvement and lactate
elevation (LBSL),” hypomyelination, hypodontia and hypogonadotropic hypogonadism
(4H syndrome),**2¢ leukoencephalopathy and thalamus and brainstem involvement
and high lactate (LTBL),?” and hypomyelination of early myelinating structures (HEMS) 2
were defined and criteria were drafted for MRI-based diagnoses.

GENETIC LINKAGE ERA

The first genes associated with known leukodystrophies were identified at the end of
the nineteen eighties, initially mainly by a candidate gene approach directed at the
likely genetic defect. Examples are PLPT for Pelizaeus-Merzbacher disease,* ARSA for
MLD,* ASPA for Canavan disease,> and GALC for Krabbe disease.?? Later, genes were
identified by genetic linkage, e.g. ABCD1 for X-linked adrenoleukodystrophy.*

Validation of the concept that novel leukodystrophies could be defined by their MRI
pattern came in 2001, when the first genes mutated in MRI-defined disorders were
identified: EIF2B1-5 for VWM3**> and MLCT for MLC.3® Soon many other genes mutated
in newly MRI-defined disorders were identified.3*' Linkage analysis using positional
cloning to pinpoint the chromosomal location of the candidate gene and subsequent
narrowing of the candidate region, followed by sequential analysis of candidate genes
in the region by Sanger sequencing were the main techniques used. This approach
required substantial numbers of patients at all stages. Several patients with the same
MRI pattern were necessary to define the disease and multiple genetically informative
families were needed for genetic linkage. For most patients with an unclassified or
defined, but molecularly undetermined leukodystrophy, this technique did not succeed,
mainly due to the rarity of the disorders or dominant de novo inheritance.

Despite the fact that the most prevalent novel leukodystrophies had been identified
between 1990 and 2010 and their gene defect had been elucidated, it was found that
50% of leukodystrophy patients still remained without a specific diagnosis in 2010.%?
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EXOME SEQUENCING ERA

The advent of next-generation-sequencing technology in 2005 caused a second revolution
in the leukodystrophy field. It created a paradigm shift in the approach of gene discovery
for rare Mendelian disorders.** Massive parallel sequencing of the protein-coding part
of the genome is referred to as whole-exome sequencing (WES).* In 2011, the first
genetic defect for a leukodystrophy without known molecular cause, ‘hereditary diffuse
leukoencephalopathy with spheroids’ (HDLS), was identified using WES, which revealed
dominant mutations in CSFTR.* Soon thereafter WES revealed recessive mutations in
EARS2 in patients with LTBL, * and dominant de novo mutations in TUBB4A in the sporadic
disease H-ABC.* The number of novel genes associated with new or previously defined
Mendelian disorders identified between 2011 and 2016 using WES has been enormous
and illustrates the high potential of this technique for gene finding.’#¢ Additionally,
WES has proven to greatly facilitate a molecular diagnosis for disorders associated with
numerous different gene defects, such as hypomyelination and respiratory chain defects,
in which sequential gene analysis is costly and time consuming.

Although extremely successful, one of the biggest challenges of WES is interpretation
of the data. From the approximately 20.000-25.000 variants identified in each individual
exome, a single candidate gene has to be selected. WES approaches using small
groups of patients with presumably the same MRI-defined novel leukodystrophy are
quite successful in gene identification.*#64%¢ and appears much more powerful than
performing WES in large, unselected patient groups. We have had a success rate of 80-
90% for gene identification by WES in small, homogeneous patient groups from the
Amsterdam database of unclassified leukoencephalopathy cases, whereas several
larger WES studies have reported success rates of 42% for mixed leukodystrophy cases
7 and 16-53% for unselected patients.’®*® The most important advantage of WES
in homogeneous patient groups is that the patients validate each other in that the
conclusion on pathogenicity of identified variants does not only depend on knowledge
of gene function or predicted effect of the variant, but also on whether variants in the
same gene are observed in other patients.

Percentage of unsolved cases

In 2010, 50% of the leukodystrophy cases remained unclassified.*> We suspected that
with WES the percentage has decreased substantially. To confirm this we conducted a
retrospective study of three different historical cohorts including a total of 430 patients
with an unclassified leukoencephalopathy despite extensive available diagnostic work-
up.
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The first and oldest cohort, cohort 1, was published in 1999 and contains 92
leukoencephalopathy patients from 82 families, including both inherited and acquired
disorders, evaluated at the Kennedy Krieger Institute in Baltimore during 1990-1996."
Follow-up for outcomes was executed in October 2015. A specific diagnosis had
been established in 40 of the 82 families: 27 through DNA-confirmation, 10 based
on established MRI criteria (four MLC and six Alexander disease), and three based on
pathology (Alexander disease and HDLS). For the latter 13 patients the diagnosis could
not be confirmed molecularly because of lack of available DNA. The percentage of almost
50% of the cases with a specific diagnosis is an underestimation. As expected for such an
old cohort, many cases were lost to follow-up and most cases never had the genetic work-
up that would now be state-of-the-art. Additionally, a part of the patients may not have a
genetic disease."”

The second and third cohorts consist of cases from the MRI database of the Center for
Childhood White Matter Disorders in Amsterdam that contains over 3000 unclassified
leukoencephalopathy cases. In 2011, cases from this database were entered on lists if they
presumably had a leukodystrophy, but no molecular diagnosis, and had hypomyelination
(cohort 2) or were suspected of a mitochondrial defect (cohort 3). Hypomyelination was
defined as evidence of stable lack of myelin on two successive MRIs with an interval of at
least six months and the second MRI after one year of age.®’ A ‘suspected mitochondrial
leukodystrophy’ was determined by the MRI pattern, showing features as cystic lesions in
the abnormal white matter, additional gray matter lesions, restricted diffusion, contrast
enhancement, and elevated lactate on magnetic resonance spectroscopy of the brain.5*%
Outcomes were assessed in December 2015 and exclusively based on presence or absence
of a molecular diagnosis. Counting siblings as one, a total of 181 cases were present in
cohort 2 and 167 in cohort 3. For cohorts 2 and 3, 67 (37%) and 61 (37%) of the cases were
lost to follow-up leaving 114 and 106 cases, respectively (Table 1). For these remaining
cases, a molecular diagnosis was established in 60/114 (53%) for cohort 2 and 69/106
(65%) for cohort 3 (Table 1), and 129/220 (59%) for the overall group.

It is important to realize that the patients included in the present retrospective study
represent the 60% (cohort 1) or 50% (cohorts 2 and 3) patients in whom no diagnosis
could be established 17 or 5 years ago, respectively. A positive molecular diagnosis in
these cases results in an estimated decrease of the unclassified group to approximately
20%. This is still an underestimation of the percentage of classifiable leukodystrophy
cases. Most of the remaining unclassified leukodystrophy patients did not undergo WES
(50/54 cases for cohort 2 and 34/37 cases for cohort 3). With WES applied in all patients,
the percentage of unclassified cases would be even lower.
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Table 1. Outcome for cohort 2 and cohort 3

Cohort 2 - hypomyelination Cohort 3 - suspected mitochondrial
leukodystrophy
Number of cases (%) Number of cases (%)
Informative cases 114 (100%) 106 (100%)
Diagnosis 60/114  (53%) 69/106  (65%)
No diagnosis, WES unrevealing 4/114  (4%) 3/106 (3%)
No diagnosis, no WES performed 50/114  (43%) 34/106  (32%)
Lost to follow-up 67 61
Total cases 181 167

GENETIC DEFECTS AND LEUKODYSTROPHY CONCEPTS

Figure 1 presents the reported genetic defects in cohorts 2 and 3. An intriguing
finding is that only three myelin- or oligodendrocyte-specific protein defects were
found: PLP1 for HEMS,>® GJC2 for Pelizaeus-Merzbacher-like disease® and GJB1 for
brain manifestations of X-linked Charcot-Marie-Tooth disease.’® Based on the original
definition of leukodystrophies, numerous defects in proteins important in myelin
build-up, maintenance, structure and function would be expected, but instead a high
percentage of the newly identified gene defects affect the housekeeping process of
mRNA translation (Figure 1).

mRNA translation is a highly complex process and numerous proteins are involved,
including proteins mediating activation, initiation, elongation or termination of mRNA
translation; aminoacyl tRNA synthetases; ribosomal proteins; as well as cofactors
and modifying proteins.®® VWM was the first example of a leukodystrophy caused by
a defect in mRNA translation.?*%¢ In our cohorts many patients had a defect in one of
the mitochondrial or cytosolic aminoacyl tRNA synthetases. These are housekeeping
enzymes that attach amino acids to their cognate tRNA molecules as essential step
in protein synthesis.®” Furthermore, a large group of patients had mutations in genes
encoding subunits of RNA polymerase POLR3 (POLR3A, POLR3B, and POLR1C). Strikingly,
POLR3-related disorders prove to be among the most prevalent hypomyelinating
leukodystrophies.®®

It is intriguing that several defects in mRNA translation result in distinctly different
leukodystrophies, whereas other, similar defects in mRNA translation genes are
associated with non-neurological phenotypes.® Each disease has its own cell type-
and tissue-specificity. In line with the housekeeping function of the affected proteins,
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Figure 1. Overview of genes identified.

A. Genes mutated in cohort 2, hypomyelination. B. Genes mutated in cohort 3, suspected mitochondrial leukodystrophies.

Each color represents a different gene. This is true for both for the hypomyelination and suspected mitochondrial
leukodystrophy groups.
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patients never have two mutations that would cause complete function loss, because
absence of the housekeeping function would not be compatible with life. In fact, we
suspect that the housekeeping function of the mutated proteins is still guaranteed
and that it is not the hampered housekeeping function that causes the disease. VWM
is an excellent example. Although a decreased elF2B guanine exchange factor activity
is observed in VWM patient-derived lymphoblasts and fibroblasts, no effect on protein
synthesis rate is noted in these cells.®>’° There is no correlation between residual elF2B
activity in patient cells and severity of the VWM phenotype. ”' The clinical phenotype of
VWM includes no signs of overall compromised protein synthesis.”> Another example is
the striking similarity in selectively affected brain structures in ‘hypomyelination with
brain stem and spinal cord involvement and leg spasticity’ (HBSL) and LBSL, despite the
fact that the involved aspartyl tRNA synthetases have different subcellular localization,
cytoplasmic versus mitochondrial, where they are involved in unrelated mRNA
translation processes.®>' This observation suggests that a shared, alternative function
of these enzymes is responsible for the overlapping phenotype. Most likely other, non-
canonical functions of the affected proteins play a role in the pathogenesis of mRNA
translation-related leukodystrophies.”>”*

A striking finding is that many new leukodystrophies are caused by mitochondrial
defects. Formerly, defects in energy metabolism were expected to mainly affect
neurons, with predominant involvement of the cerebral cortex (e.g. MELAS), basal
ganglia, thalami and brain stem nuclei (e.g. Leigh syndrome).”>”¢ The identification of
novel gene defects affecting proteins that are part of the respiratory chain for pure
white matter disorders.>>>3 or combined white and gray matter disorders* shed new
light on the effect of respiratory chain dysfunction in the brain.

For some disorders accepted as leukodystrophies WES revealed defects in proteins
specifically expressed in unexpected cell types. The CSF1R gene, mutated in HDLS, encodes
a growth factor specific for microglia, macrophages and monocytes,”’while pathology
suggests a white matter axonopathy.'® TUBB4A, mutated in H-ABC, encodes a B-tubulin
protein, a building block of microtubules. Microtubules are an essential component of the
cytoskeleton and allow cell organelles and vesicles to move. In H-ABC, in which pathology
points at primary axonal damage, the defective microtubule system may hamper axonal
transport, leading to axonal dysfunction and loss and secondary myelin deficit.”®

The findings of the last five years have major implications for how we understand
leukodystrophies. The original definition was focused on myelin and required
a progressive disease course. With the information on newly identified defects
underlying leukodystrophies, there is no justification for a myelin focused definition of
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leukodystrophies. Additionally, molecular progress has made clear that there are also
non-progressive or even improving leukodystrophy variants. MLC, widely accepted as
a leukodystrophy,” was found to have an improving variant along with only transient
abnormalities on MRI.*#  Another example is LTBL, which is typically characterized
by a single episode of deterioration early in life, followed by improvement. The timing
and severity of the episode determine the outcome, which varies from no or almost no
handicap to severe dysfunction or death.*#' The conclusion based on these observations
is that progression should not be regarded as a prerequisite for inclusion in the category
of leukodystrophies.

Definitions reflect the state of knowledge at the time and should be regularly
updated to reflect new insights. Recently the GLIA consortium suggested a modified
leukodystrophy definition to include heritable disorders affecting the central nervous
system white matter with abnormalities involving myelin or all macroglial cell types,
both oligodendrocytes and astrocytes.”” Progressive disease course was no longer a
criterion. Weighing all new information, we propose to take the next step and define
leukodystrophies as all genetically determined disorders primarily affecting central
nervous system white matter, irrespective of the structural white matter component
involved, the molecular process affected and the disease course. Leukodystrophy
definitions are, although necessarily imperfect, of fundamental importance, because
they determine how we understand white matter physiology and pathophysiology and
how we approach treatment. Not only do remyelination and glia restoration need to
be achieved, but a complex tissue that contains many more components needs to be
repaired.
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LEUKODYSTROPHIES

Leukodystrophiesarerare, inherited, neurological disorders with exclusive or predominant,
primary involvement of the white matter of the central nervous system (CNS).
Leukodystrophies are most prevalent in children and often result in severe neurological
deficits and early death.? While leukodystrophies were initially diagnosed primarily by
pathology, since the introduction of MRI into medicine in the nineteen eighties the first
evidence for a leukodystrophy typically comes from MRI showing extensive, prominent
signal abnormalities in the CNS white matter. Pathology confirmation is usually lacking.
MRI has an incredible sensitivity for white matter abnormalities, but its specificity for
underlying histopathologic changes is low.>* This low sensitivity sometimes causes
problems in differentiating primary from secondary white matter involvement. Cortical
neuronal degeneration leads to secondary white matter abnormalities due to Wallerian
degeneration with loss of axonsand myelin within the white matter.> Especiallyininfantile
onset neuronal disorders, in which the neuronal degeneration disrupts the normal
myelination process, MRl may show prominent cerebral white matter abnormalities.
Examples are infantile onset GM1 and GM2 gangliosidoses, which present with an MR
pattern suggestive of a leukodystrophy, whereas later onset variants show the MRI
picture of a neuronal degenerative disorder, dominated by cerebral atrophy and only
slight white matter signal abnormalities.? The same is true for the early onset variants
of SLC19A3- and [TPA-related encephalopathies, discussed in this thesis (chapter 3 and
chapter 10). Because with the elucidation of the genetic defect it is clear that the white
matter abnormalities are secondary to neuronal cell death, they may not be regarded as
leukodystrophies. However, because of the prominent brain white matter abnormalities,
these MRIs were part of the database of leukoencephalopathies in Amsterdam, which
was the source of the MRIs for this study. Most leukodystrophy experts include such
cases in their scope of interest (see GLIA consortium consensus statement).

GENE DISCOVERY FOR LEUKODYSTROPHIES

A molecular diagnosis is extremely important for patients and families, because this comes
with information on prognosis, options for family planning, and exploration of potential
treatment options. In the past and often up to this day, patients frequently experienced
and still experience a long diagnostic odyssey to reach a definitive diagnosis. The rarity
of these disorders and the lack of multiple multiplex families precluded traditional gene-
discovery approaches or hampered their success. In 2010 it was found that still 50% of the
patients with a leukodystrophy remained without a specific diagnosis.”
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Theadvent of whole-exome sequencing (WES) in 2009 has created a paradigm shiftin our
approach to gene discovery for rare Mendelian disorders. Numerous genes discovered
with WES are genes previously associated with a known Mendelian phenotype (and
assigned OMIM number), but now found in association with also other disease entities
or with an expansion of the phenotypic spectrum.? In a large international cohort study
of 8,838 families with a Mendelian phenotype, 50% of the discovered genes were known
genes associated with a known phenotype and 30% of the gene discoveries involved
known genes associated with a novel phenotype or expansion of the phenotypic
spectrum. 20% of the gene discoveries represented novel genes® The number of
genes associated with a new or previously defined Mendelian disorder identified in
the last five years using WES has been enormous. To illustrate this, from 2009 till 2011,
the application of WES led to the identification of 30 novel genes associated with a
Mendelian disorder and eight new clinical phenotypes linked to a known gene.® In the
following two years this number expanded tremendously to an additional 133 novel
genes and 43 new phenotypes linked to known genes, and this number is still growing
exponentially.? Specifically for leukodystrophies, until now, in total 18 additional novel
genes associated with a leukodystrophy were identified and four new phenotypes were
added to known genes until then associated with a non-leukodystrophy phenotype.'%3?
In addition, ten genes (eight novel, two new phenotypes) were identified for neuronal
disorders with variable white matter abnormalities.?*334

The studies for this thesis started in 2011, shortly after the introduction of WES.
The aim of this thesis was to identify the molecular cause of novel, MRI-defined
leukodystrophies by WES analysis. MRI pattern recognition was used to identify and
define novel leukodystrophies in our large database of unclassified patients. This thesis
reflects the overall success of the application of WES identifying the molecular cause
of leukodystrophies and shows that the combined approach of phenotypic definition
by MRI and WES is extremely powerful for gene discovery. In our studies 77% of the
molecular diagnoses concerned genes associated with a known OMIM annotated
diseases expanding the phenotypic spectrum (4 genes; PLP1, SLC19A3, LAMA2 and
EARS2) or adding a novel disease entity (3 genes; AARS2, HMBS and CTSA); the remaining
23% (2 genes) represented novel disorders associated with a gene not linked to a human
disorder or clear phenotype (NUBPL and ITPA).

In this chapter results described in the previous chapters of this thesis are summarized
and discussed in light of other published research.
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Expansion of the phenotypic spectrum of a known disorder

Theidentification of the first gene associated with expansion of the phenotypic spectrum
is described in chapter 2. In this chapter the search for the genetic cause of 16 patients
from 10 families with the X-linked disorder ‘hypomyelination of early myelinating
structures’(HEMS) is presented. This novel disorder was previously identified and defined
from our database of unclassified white matter disorders by Steenweg et al.*' In HEMS,
brain MRI shows an intriguing pattern of abnormalities; brain structures that normally
myelinate early (e.g., brainstem, hilus of the dentate nucleus, posterior limb of the
internal capsule, optic tracts and tracts to the pericentral cortex) are poorly myelinated
in contrast to structures that normally myelinate at a later developmental stage, which
show better myelination.*'*? By using X-chromosome exome sequencing we found that
all patients had unusual hemizygous variants of PLP1 located in exon 3B or deep inintron
3 outside the splice consensus site. In silico analysis of the variants predicted an effect on
PLP1/DM20 alternative splicing, which we confirmed by a decreased PLP1/DM20 ratio in
patients fibroblasts and transfected immature immortalized oligodendrocytic cells. Our
findings expand the phenotypic spectrum of PLPT-associated disorders and also provide
new insights in the possible pathomechanisms underlying the PLP1-related disorders.
PLP1 mutations are known to be associated with a broad continuum of neurological
phenotypes ranging from connatal Pelizeaus Merzbacher disease (PMD) with severe
hypomyelination to pure spastic paraplegia type 2.3 An association is seen between
the nature of the genetic alteration and the phenotype.® It is hypothesized that the
different genetic abnormalities result in distinct cellular defects depending on their
effect and location in the PLP1 gene.** PLP1 duplications may cause accumulation of the
protein in the late endosome or lysosome interfering with oligodendrocyte function
such as myelination.**“> Missense variants result in misfolding of the protein resulting in
accumulation of the protein in the endoplasmic reticulum leading to activation of the
unfolded protein response and inducing oligodendrocyte apoptosis.**** PLP1-specific
missense variants that lead only to aberrant PLP1 and not DM20 are expected to induce
less oligodendrocyte apoptosis than missense variants that impact both PLP1 and
DM20.# Null variants result in a lack of synthesis of the protein, leading to formation
of compact myelin lacking PLP* Qur results indicate that specific variants resulting
in a decreased PLP1 to DM20 ratio should be added to the cellular defects that may
underlie PLP1-related disorders and in those cases specifically affect the developmental
regulation of myelination.

In chapter 3, we identified a cohort of seven patients with an early-infantile lethal

encephalopathy sharing the same novel MRI pattern characterized by incredibly fast
subtotal brain degeneration, including the cerebral white matter, and elevated lactate
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on magnetic resonance spectroscopy.®® WES analysis performed in one patient revealed
recessive variants in SLC19A3, encoding the second thiamine transporter, hTHTR2.#
All other patients were also found to have recessive SLC19A3 variants confirming
the association of mutated SLC719A3 with this phenotype.®* Brain pathology findings
showed similarities to what is observed in patients with Leigh-syndrome.*® Recessive
variants in SLCT19A3 were previously described in patients with three distinct different
clinical phenotypes: biotin-thiamine-responsive basal ganglia disease (BTBGD)
(MIM 607483), Wernicke-like encephalopathy (MIM 607483) and a more generalized
encephalopathy.®**3 Overall these patients have a later-onset disease, milder clinical
signs and symptoms, and present with more limited lesions on MR, evidently primarily
involving the gray matter.*>3 Although 30 additional patients have been reported since
our report with different recessive (e.g. missense, nonsense, insertions and deletions,
and intronic) variants in SLC19A3, no evident genotype-phenotype correlation could
be established.**%? In our cohort we did, however, observe a similar phenotype
within families suggesting that the genotype indeed co-determines the phenotype.
Other influences like environmental, epigenetic and additional genetic factors acting
on the availability of thiamine in the brain and decompensation of the oxidative
phosphorylation system (OXPHOS) could account for the more severe phenotype seen
in our patients.®

In chapter 4 we report on a family in which we identified with WES compound
heterozygous variants in LAMA2, a known gene associated with congenital muscular
dystrophy (now referredtoas MDC1A, MIM 607855).534* Although the brain abnormalities
fitted with the diagnosis of MDC1A, the neurological signs of predominantly distal
weakness were atypical for the disease.®® Specific LAMA2 variants that result in
partial laminin-a2 chain deficiency can be associated with an adult-onset muscular
dystrophy.®* However, these patients mainly have weakness of the proximal muscles.*
Immunohistochemical staining of muscle using an anti-a2-chain antibody did not
show (partial) deficiency of laminin-a2 in our patients, although we cannot exclude the
possibility that we would have detected partial deficiency of laminin-a2 using a more
sensitive antibody. This study is an example of phenotypic expansion of the disease
spectrum as a result of WES findings.

In chapter 5 we report a patient with a homozygous in-frame deletion in EARS2,
encoding glutamyl-tRNA synthetase and associated with the leukodystrophy
‘Leukoencephalopathy with thalamus and brainstem involvement and high lactate’
(LTBL). This disorder was first described by our group in 2012.'®¢ Patients have one
episode of deterioration with a typical MRI pattern consisting of signal abnormalities
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in the thalamus, brainstem, and deep cerebral white matter that improve over time
in the majority of the cases. A small group of patients have an earlier, neonatal-onset,
with stabilization, but no improvement.’®% The patient reported in chapter 5 had an
antenatal onset of the disease with on his MRl absence of thalami with the configuration
of a developmental anomaly, without evidence of a lesion. This finding has impact on
the interpretation of previous MRI findings in patients with LTBL; in several reported
patients the posterior part and the rostrum of the corpus callosum were absent and
this was ascribed to a developmental anomaly.'® We now hypothesize that this feature
is more likely the result of an early injury rather than a developmental anomaly per se.
This interpretation implicates that the phenotype associated with EARS2 variants can be
associated with more than one episode of deterioration. So far no genotype-phenotype
association has been established for LTBL. In fact, in the group published by Steenweg
et al, two brothers with the same genotype had opposing phenotypes, one belonging
to the group that shows improvement, and the other one to the early-onset group
without improvement.'®

Novel disease entity associated with a known gene

In chapter 6 two unrelated patients with similar white matter abnormalities on MRl were
independently subjected to WES. Using MRI pattern recognition an additional cohort of
11 patients was subsequently selected as potential candidates. A total of six patients
(including the two probands) were found to have recessive variants in the gene AARS2,
encoding mitochondrial alanyl tRNA synthetase (mtAlaRs) enzyme. The main clinical
phenotype of these patients was a childhood to adult-onset neurological deterioration,
with in all females ovarian failure, and on MRI a leukoencephalopathy with involvement
of left-right connections, descending tracts, and cerebellar atrophy (described as‘(ovario)
leukodystrophy’).> So far, variants in AARS2 had been found only in a small number of
patients with an early-onset fatal cardiomyopathy or myopathy (MIM 614096), also all
identified recently with WES.®”7° To elucidate the striking differences between the two
disease entities we investigated the effect of the variants present in one of our patients
(p.Phe22Cys and p.Val500%) as well as variants present in cardiomyopathy patients
(p.Leu55Arg) on OXPHOS functioning in a Saccharomyces cerevisiae yeast model.®
The other cardiomyopathy-associated variant (p.Arg592Trp) could not be investigated
because this residue is not conserved in yeast.” The cardinal difference observed was
that the cardiomyopathy-associated missense variant behaved like a null-allele, while
the (ovario)leukodystrophy-associated missense variant was only deleterious in stress
conditions, suggesting a less severe effect of the (ovario)leukodystrophy variant on
OXPHOS.* Beside a differential effect of the variants on OXPHOS, it was hypothesized
that the variant located in the editing domain leading to mistranslation would result
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in cardiomyopathy. However, recently, additional evidence for the first hypothesis was
provided by Euro et al., who used a full-length mtAlaRs homology model to perform a
structural analysis of all published AARS2 variants to predict their effects on synthetase
structure and function.®® A differential effect of the variants on aminoacylation activity
was found between the two groups. The cardiomyopathy phenotype was associated
with variants that were predicted to result in a severely compromised aminoacylation
activity, while the combined variants in the (ovario)leukodystrophy patients were
predicted to retain partial activity.®® The tissue-specific difference might be explained by
the vulnerability of the heart for severely reduced mtAlaRS activity in early life resulting
in a severe cardiomyopathy and premature death before any brain abnormalities
can be observed.®® If this hypothesis is correct, one would expect that infants who
survive the infantile period would develop white matter abnormalities. However, the
cardiomyopathy phenotype has thus far only been associated with a single founder
variant, p.Arg592Trp, in homozygous or compound heterozygous state.®® Another
hypothesis could be that this specific variant acts on a possible noncanonical function
of mtAlaRs (discussed later) that could have a differential effect on heart and brain.

In chapter 7 and chapter 8 two different leukodystrophies are described with a different
disease entity and inheritance mode than the known disorder associated with this gene.
It has now been recognized that for some genes both recessive and dominant variants
may be associated with a disease, either with a rather similar clinical phenotype that
is milder for the dominant variants than for the recessive variants, or with completely
different disease entities. For example, recessive GLIALCAM variants are found in
patients with classical megalencephalic leukoencephalopathy with subcortical cysts
(MLC, MIM 604004) with an early-onset macrocephaly and delayed-onset neurological
deterioration, while patients with dominant GLIALCAM variants have benign familial
macrocephaly or a mild clinical phenotype with initially a leukoencephalopathy and
subsequent normalization of the white matter abnormalities on MRI (MIM 613926).”
Another example is Bethlem myopathy (MIM 158810), a slowly progressive mild
myopathy caused by dominant COL6AT, COL6A2 or COL6A3 variants, while recessive
COL6AT, COL6A2 or COL6A3 variants are associated with Ullrich congenital muscular
dystrophy (MIM 254090), a severe myopathy presenting directly after birth.”> Recently
two large unrelated families with adult-onset dominant axonal polyneuropathy were
described with a dominant variant in the gene NAGLU, while recessive NAGLU variants
are associated with a severe lysosomal childhood-onset disease, mucopolysacharidosis
type llIB (MIM 252920).73

In chapter 7 we report three siblings from one family with bi-allelic variants in the gene
HMBS (EC 2.5.1.61), encoding the enzyme hydroxymethylbilane synthase, previously
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called porphobilinogen deaminase (PBGD), the third enzyme in heme biosynthesis.”*
Autosomal dominant variants are known to cause acute intermittent porphyria (AIP,
MIM 176000).7* Our patients do not have the acute AlP-related symptoms as seen in
patients with heterozygous HMBS variants, but present with a childhood onset very
slowly progressive neurological disorder with a distinct leukoencephalopathy on MRI.
HMBS enzyme activity and porphyrin precursors in body fluids were in the range of
heterozygous HMBS variant carriers in our patients. In the literature five other patients
with bi-allelic HMBS variants have been reported. These patients also had neurological
symptoms, but the onset of the disease was earlier, the course more severe and the
outcome less favorable.”>”® One of these cases was reported to have brain white matter
abnormalities on MRL” In these cases reported before, HMBS enzyme activity levels
ranged from 1-17% of normal, with an excessive excretion of porphyrin precursors.”>”®
Strikingly, also these five patients had no acute AlP-related episodes. We reason that
our family and the other five patients reported previously represent a separate clinical
phenotype caused by bi-allelic HMBS variants, in which our patients represent the more
benign end of the phenotypic spectrum.

In chapter 8 we describe two families with the same novel adult-onset autosomal
dominant vascular leukoencephalopathy, referred to as CARASAL. The disease is
characterized by therapy-resistant hypertension, strokes, and slow and late cognitive
deterioration. The MRI pattern shows a diffuse, progressive leukoencephalopathy
preceding the onset of strokes and disproportionate to the degree of clinical severity.
Genetic studies, including WES, revealed one heterozygous variant; c.973C>T,
p.(Arg325Cys) (NM_000308.2) in CTSA, encoding Cathepsin A (CathA), segregating with
CARASAL in both families. An 1145 kb genomic region encompassing this gene on
chromosome 20q13.12wasshared by both families suggesting that thisvariantoriginates
from a common ancestor. Recessive CTSA variants cause the lysosomal storage disorder
galactosialidosis due to deficiency of B-galactosidase and neuraminidase-1 (MIM
256540) and heterozygosity had not been associated with disease so far. We explored
a potential toxic effect of the variant, but we did not find evidence of misfolding of
mutant CathA in non-reducing SDS-PAGE on patients’ white matter lysates. Hence, the
possible functional role of the CTSA variant in CARASAL is as yet unexplained. Potential
clues for the pathogenesis are the unusual pathologic changes of white matter small
arterioles, including the vasa vasorum, and the striking increase in endothelin-1
expression in CARASAL white matter astrocytes, also compared to other vascular
leukoencephalopathies, with hampered oligodendrocyte precursor cell differentiation.
Galactosialidosis patients and their parents, who are obligatory carriers, have no clinical
overlap with the CARASAL phenotype. However, since hypertension and hypertension-
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related brain white matter lesions are common and galactosialidosis is very rare, such
an association might have been overlooked easily. It could also be envisioned that only
this specific CTSA variant is associated with the CARASAL phenotype. Until now 31
recessive CTSA variants associated with galactosialidosis have been described and the
p.Arg325Cys CARASAL variant is not one of them (public version of the Human Gene
Mutation Database (HGMD?®), (http://www.hgmd.org).?® Single variants associated with
a specific phenotype have been reported before. For example, one particular de novo
variant, ¢.959G>A (p.Arg320His), with a dominant-negative effect was found to cause
progressive myoclonus epilepsy.®’ Finding additional CARASAL patients is important for
the confirmation of this hypothesis. Interestingly, a recent publication of a French family
with a comparable autosomal dominant vascular leukoencephalopathy with similar
MRI and pathology findings showed linkage with an 11.2 Mb interval on chromosome
20q13,%2 encompassing the 1145 kb region of the CTSA variant, a strong argument for
the same genetic disease.

Novel disorder associated with a gene previously not linked to a human
disorder or clear phenotype

In our studies two groups of patients were found to have variants in an OMIM-annotated
gene not known to be associated with a well-defined phenotype or overt disease. In
chapter 9 we reported six patients with a respiratory chain complex | deficiency without
molecular cause and a similar, novel MRI pattern that is characterized by predominant
abnormalities of the cerebellar cortex, deep cerebral white matter and corpus callosum.
On follow-up, the corpus callosum and cerebral white matter abnormalities improved,
while the cerebellar abnormalities were progressive and brainstem abnormalities
appeared. WES revealed recessive variants in NUBPL, encoding an iron-sulfur cluster
assembly factor for complex |. One case with NUBPL mutations was previously reported
but without information on phenotype or MRI findings.® In line with the supposed
function of the gene we provided evidence that NUBPL is involved in the early assembly
of the peripheral arm of complex |, detected a decreased amount of NUBPL protein and
fully assembled complex|, and found a decreased complex | activity. Itis noteworthy that
all patients had a c.166G>A missense variant in cis with an intronic branch-site variant
(c.815-27T>C) with a relatively high carrier frequency (1.2% of European haplotypes).
A previous study showed that overexpression of NUBPL protein carrying the missense
variant is able to fully complement complex | activity in a NUBPL-deficient cell line, while
the intronic branch-site variant results in aberrant splicing of NUBPL mRNA,® which
we could also confirm. Recently, more evidence for the pathogenicity of the intronic
branch-site variant was provided.®* In an in vivo yeast model it was shown that this
intronic branch-site variant leads to a severely decreased IND1 (NUBPL homologue in
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yeast) protein level, an 80% decreased complex | enzyme function, and the same slow
cell growth as a knock-out strain of IND1.# These observations highlight the challenges
faced with interpreting WES data, as based on initial in silico pathogenicity prediction
models intronic variants (outside the splice consensus site) would be omitted, especially
if the carrier frequency (>1%) is rather high.

In chapter 10 we describe a group of seven patients, from four unrelated families,
with a novel disorder characterized by a progressive microcephaly, seizures, variable
cardiac defects and an early death. The MRI pattern showed white matter abnormalities
that would be compatible with early-onset neuronal degeneration and Wallerian
degeneration of the associated white matter tracts. Using WES combined with single-
nucleotide polymorphism (SNP)-array we found homozygous variants in the gene
ITPA, encoding the enzyme inosine triphosphate pyrophosphatase (ITPase). All variants
were predicted to cause a loss of enzyme function, which we confirmed by severely
decreased ITPase activity in patients’ erythrocytes or fibroblasts. [TPase has a key
function in purine metabolism by removing noncanonical triphosphate purines inosine
triphosphate pyrophosphatase (ITP) and xanthosine triphosphate (XTP) and their deoxy
forms (dITP/dXTP)) from the cellular pool.?8 Toxicity of accumulated noncanonical
nucleotides, leading to neuronal apoptosis and interference with proteins normally
using ATP and GTP can play a role in the disease pathogenesis.®*' Our report is the
first associating ITPA variants with a human disorder. Previously, a specific homozygous
missense variant (Pro32Thr) in ITPA associated with abolished [TPase enzyme activity
in human erythrocytes has been linked to adverse reactions to specific drugs.®°>% We
hypothesized that the latter variant does not abolish ITPase activity in all cell types and
that the apparent discrepancy between the similar loss of ITPase activity in erythrocytes
as seen in our patients and dissimilar clinical consequences may be explained by
different effects of the variants on enzyme function and structure and variability of ITPA
expression between tissues. A knock-out itpa mouse model shows a phenotype similar
to that observed in our patients, supporting our hypothesis.” ITPA-related disease is
most likely a spectrum, with the clinical problems related to the p.Pro32Thr variant at the
mildest end of the spectrum and this novel disorder at the most severe end. Recognition
of future ITPA-encephalopathy patients will be difficult, because the specific MRI pattern
is only present for a few months and assessment of [TPase activity and ITP accumulation
in erythrocytes does not discriminate between benign and severe variants.
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STRATEGIES FOR GENE DISCOVERY

Since the first reports of WES application for gene discovery for rare Mendelian disorders
in 2009/2010, an incredibly high number of new genes and new disease entities
associated with known genes have been published using Next-generation-sequencing
(NGS) technologies.?® Although extremely successful, one of the biggest challenges
of WES is interpretation of the data. From a massive pool of approximately 20.000-
25.000 variants identified in each individual exome, a single candidate gene has to be
selected.®®*'% Various approaches have been explored for the identification of genes
influenced by the mode of inheritance, availability of other affected or unaffected family
members or unrelated patients, presumed additional value of the application of other
genetic techniques and a priori knowledge of disease phenotype and possible function
of the encoded protein.

Our experience is that in most situations combined approaches are helpful for successful
gene finding (Figure 1). For example, in chapter 8 and chapter 10 we additionally used
genetic techniques like homozygosity mapping and microsatellite marker analysis to
identify a disease-linked region to narrow down the candidate genomic search area. For
the disorder described in chapter 9 we had strong clues for a mitochondrial etiology
so we focused first on mitochondrial genes (using the MitoCarta database)'’ to reduce
the number of candidate variants. It is important to realize that every filtering step used
can also discard the pathogenic variant. The rarity of leukodystrophies justifies filtering
for rare variants. Our experience is that with a maximal minor allele frequency margin
set at 1%, all of the variants in this study would have been detected, except the intronic
branch site variant described in chapter 9.

However, filtering against public databases (e.g. dbSNP, 1000 Genomes and Exome
Variant Server, NHLBI GO Exome Sequencing Project (ESP)) should be performed with
caution, especially in the case of late-onset leukodystrophies, because such patients
could be included in these databases, because at time of inclusion the disease was
still subclinical. For most studies, the greatest reduction of variants was accomplished
by the application of ‘intra-group comparison’. By a priori selecting groups of patients
based on their specific, distinctive MRI pattern we were able to define multiple
homogeneous patient cohorts with presumably the same disorder. This approach
was both extremely reliable and powerful as we so far we have had a success rate of
80-90% for gene identification by WES in small, homogeneous patients groups from
the Amsterdam database of unclassified leukoencephalopathy cases, whereas several
larger WES studies have reported success rate for 42% for mixed leukodystrophy
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Figure 1. Overview of different inheritance patterns with different exome analysis approaches used for
each gene identified.

Circles represent females; squares males. Blue solid symbols indicate affected individuals; symbols with a dot indicate
unaffected carriers. (A) Several families with ITPA mutations were consanguineous. Therefore, the candidate region could be
narrowed down by searching for overlapping homozygous regions using a SNP-array. Whole-exome sequencing (WES) was
performed in multiple unrelated patients to allow intra-group comparison. (B) The families with AARS2, HMBS, LAMA2, NUBPL
and SLC19A3 mutations showed a possible autosomal recessive inheritance pattern, without reported consanguinity. For
the identification of HMBS and LAMA2 sibpair analysis was sufficient for detecting the gene. For the identification of AARS2,
NUBPL, and SLC19A3, comparison of multiple unrelated patients was needed to confirm the associated phenotype. (C) The
two families with CTSA mutations had an autosomal dominant inheritance pattern. The gene was identified using linkage
analysis to narrow down the candidate region, sequencing multiple affected individuals within one family and comparison
of the two families. (D) All the families with PLPT mutations showed a strong X-linked recessive inheritance pattern. The gene
was identified by focusing on the X-chromosome, sibpair analysis and comparison of multiple unrelated patients.

cases'® and 16% to 53% in several large studies.*'%% Another advantage of using
multiple unrelated patients over single cases for WES analysis is that by identification
of the gene a new clinical disease entity can be described, facilitating the recognition
of future patients and making the diagnostic process for these patients easier and
faster. The impact of the availability of multiple unrelated patients within one group
is reflected in almost every study reported in this thesis. For example, in chapter 9
we found recessive variants in the gene NUBPL in six patients. In 2010 a single patient
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with NUBPL variants had already been published but with little clinical information
and no MR images.”” The consequence was that the disease phenotype could not be
recognized. Our study provides a clear description of the disease entity associated with
NUBPL variants, which will preclude this issue and make diagnosis for future patients
much easier. Furthermore, the ITPA variants described in chapter 10 might not have
been considered pathogenic if identified in a single case because of the known lack of
clinical effect of previously described variants.#*¢ In chapter 2 the presence of multiple
patients with HEMS contributed greatly to our success, because only after sequencing
additional HEMS patients who had genomic variants in regions that were covered with
WES we were able to identify the candidate gene PLP1.

It should be mentioned that for all studies we used multiple singleton patients instead
of trios (parents and patient), but if other patients are not available sequencing trios
is more successful than sequencing singleton patients.'® This appears to be especially
true for disorders caused by de novo variants, since these variants can only be promptly
detected by this trio approach. Sequencing parents along with the patients is also
helpful for reducing the number of potential compound heterozygous variants in cases
where a recessive disorder is suspected. Still, sequencing single cases/families is rather
challenging because the function of most genes in the genome is poorly understood;
less than 10% of the genes are annotated with an OMIM disease association.'® The main
bottleneck of the filtering pipeline is our ability to interpret the effect of the variants,
which is very challenging for synonymous and intronic variants, but also for missense
variants. Without the presence of other patients and lack of knowledge about the
function of the protein encoded by the gene, conclusions on the potential pathogenicity
of a variant are based on in silico prediction software programs (e.g. MutationTaster,'"°
PolyPhen-2'"" and SIFT'?), information on nucleotide conservation (PhyloP and
GERP scores) and amino acid (GVGD) level and effect on splicing (e.g. the splice site
prediction tools; Human Splice Finder,'"* MaxEntScan,"* NetGene2,'"> NNSplice''® and
SpliceSiteFinder-like, and tools for prediction of splice enhancers and inhibitors (e.g.
ESEfinder 3.0'7), which are often inconclusive and make functional follow-up studies
imperative. In the recently published FORGE project the disorder remained unsolved in
28 (20%) of the 174 unclassified families despite that a single candidate gene was found
that could be causally related, because of a lack in knowledge of function of the protein
encoded by the gene and because no additional families with the same disorder were
available.’® Finding another case with a presumably pathogenic variant in the same
gene would provide sufficient evidence for causality.

One of the advantages of WES is the unbiased approach of gene finding; the genes
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that are found in association with a disease may be completely unexpected. Prior
knowledge about the gene is therefore not imperative. It is important to realize that
filtering based on a priori knowledge (like evidence of mitochondrial dysfunction, as
described in chapter 9) may facilitate identification of the gene mutated in the disease
of interest, but this stringent filtering approach may also omit the candidate gene.
The reason may be that it is not yet known that a particular protein is of importance
in a specific process, but it may also be that the hypothesis concerning the disease
mechanism was not correct. In chapter 3 the patient’s clinical phenotype, biochemical
profile (e.g. elevated lactate), and neuropathologic features of massive neuronal cell
death strongly suggested an underlying mitochondrial disorder. WES analyses revealed
variants in SLC19A3, a thiamine transporter. Defects of this transporter indirectly impact
mitochondrial function, but this gene is absent from the mitocarta database.’™

PITFALLS AND CHALLENGES OF WES

As discussed before it has been found that the success rate for WES in providing a
molecular diagnosis for unselected groups of single patients with a rare Mendelian
disorderranges from 16% to 53%.%'%1%The reason that a substantial number of patients
still remains without molecular diagnosis relies on several factors. The first is incomplete
sequencing coverage of the exome. Typically, a minimum mean coverage of 20-30 reads
per base is required for sufficient accuracy of variant detection (depending on using
short or long reads). In 2011 different exome capture kits all showed an overall exome
capture of around 80% (minimal coverage of 30X).""® However, the last four years this
has significantly improved and the latest exome capture kits are able to cover up to 95%
of the exome at 20X,""® creating a higher potential diagnostic yield. The second reason is
that certain variants are elusive to the technology itself, including trinucleotide repeats
(e.g. Fragile X-syndrome), inversions, a certain size range of duplications and deletions,
and structural variants (chromosomal translocations and aneuploidy).”® Ongoing
improvements of the bioinformatics pipelines including the software for mapping and
algorithms developed for variant calling may resolve some of these false-negatives in
the future. For detection of copy number variations (CNVs) and small duplications and
deletions in WES data numerous tools have been developed in the last few years, but
although advances have been made, accurate detection of CNVs in WES data remains
challenging.’' It is important to realize that such variants can be missed when filtering
the data. This is illustrated by the gene finding process in chapter 9. In this case one
of the pathogenic variants in NUBPL (c.677_688insCCTTGTGCTG (p.Glu223Alafs*4)
was not detected by our bioinformatics pipeline at that time. Although we assumed
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a recessive inheritance mode we fortunately filtered for genes with either one or two
heterozygous variants to circumvent this possibility. Variants that by definition are
refractory to WES are variants in non-coding regions (outside the splice consensus site).
In chapter 2 we encountered this problem. Initial WES analysis of two siblings with
HEMS, their mother and an unrelated patient with HEMS was unrevealing. After the
inclusion of four additional patients and the application of targeted X-chromosome
exome sequencing we were able to identify the candidate gene, PLP1. In hindsight the
negative WES results can be explained by the lack of coverage of the intronic variants.
The second approach was successful because some of the additional sequenced
patients had exonic variants. Although most disease causing variants (roughly 85%) are
located in functional and coding regions of the genome, the remaining (non-coding
causal) variants are still refractory to WES analysis. The non-coding variants identified in
this disorder were located in a conserved regulatory intronic region affecting alternative
splicing of PLP1.4%122 Splicing is a complex mechanism and regulated by the strength
of the canonical splice donor and acceptor sites and branch sites, exonic or intronic
enhancers and silencers and formation of RNA structures.'?'? It is estimated that >90%
of the human protein-coding genes are subjected to alternative splicing, producing
multiple mRNA isoforms.'® Deep intronic variants leading to splicing alterations are
likely to be underestimated, as they are not detected by routine DNA sequencing
approaches or WES.

As discussed in the previous section of strategies for gene discovery, the main bottleneck
of the filtering pipeline is our ability to interpret the effect of the variants. At present,
for leukodystrophies, the best approach is WES in a group of unrelated patients with the
same disease, so that conclusion for pathogenicity of the variant does not depend solely
on knowledge of function of a gene or predicted effect of a variant. For leukodystrophies
MRI offers an excellent tool for disease definition due to its high sensitivity and accuracy.
We took advantage of this in all chapters and | would recommend it for future studies.
As the unclassified leukodystrophies are becoming rarer, collaboration and pooling of
data are increasingly important, as already shown by our studies that were all based on
world-wide collaborations.

IMPLICATIONS FOR PATIENTS

The presence of a (molecular) diagnosis has major implications for the patients and
their families. All patients described in this thesis have had an awfully long diagnostic
work-up before WES was performed. Some of the families were already known to us for
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over 10 years. In some families, three children had died without diagnosis and without
prenatal testing ever being an option. After the application of WES the diagnosis was
established rapidly for all cases. In addition to a definitive diagnosis, we were now able
to inform these families about recurrence risks, options for prenatal testing and for some
cases about prognosis. Occasionally a genetic diagnosis can have important therapeutic
implications. For example, in a study performed by Sawyer and colleagues, six (26%) of
the 105 families with a WES-identified molecular diagnosis had a dramatically change
of treatment.'® In chapter 3 (SLC19A3-related encephalopathy) we describe a disorder,
for which a fast (molecular) diagnosis can result in a specific therapy that might be life-
saving in some cases. The most commonly reported phenotype associated with SLCT9A3
variants, ‘BTBGD);, can be successfully treated with thiamin and biotin.***'** Haack et al.,
reported that more severely affected patients presenting as an early-infantile Leigh-like
syndrome with loss-of-function variants would also benefit from thiamin and biotin
supplementation.’” The last two years several additional reports have been published
regarding successful administration of thiamine to SLC79A3 mutated patients, although
these mainly concerned the BTBGD or Leigh-like syndrome phenotype.>*557-6062 |n
the case of early administration of thiamine (and biotin) the clinical and radiological
abnormalities can be reversed improving neurological outcome.>**’*°62 However,
we are rather pessimistic about a potential positive effect of thiamine in our infantile
group, because due to the very early onset and rapid disease course, the brain damage
is beyond repair within one or a few days. SLC19A3-related disorders might be treatable,
if thiamine is administrated early enough before significant damage has occurred, but
even then the definitive outcome remains uncertain as many studies published so far
have a short follow-up.>#575962

As illustrated by the study described in chapter 7, the unbiased approach of WES can
lead to unexpected results that have direct implications for the health of siblings. In
this particular case, siblings were found to be carrier of a heterozygous pathogenic
HMBS gene variant that is associated with a life time risk of 10% for acute porphyric
attacks.’? Although this could be regarded as an incidental finding for these siblings,
this knowledge has major implications for their future health because these individuals
now can take preventive measures the limit the risk of potential life-threating porphyric
attacks, hypertension and liver carcinoma.'?'%7
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INSIGHT FROM GENE DISCOVERY FOR LEUKODYSTROPHIES

The original definition of leukodystrophies was highly focused on myelin. Initially it
was thought that myelin and oligodendrocyte-specific proteins are involved in all
leukodystrophies. In this thesis nine different genes were identified, each associated
with a different leukodystrophy. Intriguingly, all identified genes, except for PLP1, do
not encode myelin-specific proteins. Due to the unbiased approach of NGS analysis,
genes were found that were totally unexpected. Strikingly, a defect in certain
common pathways was found to underlie several leukodystrophies. As shown by our
results in chapter 11, many genes associated both with hypomyelination and other
leukodystrophies are involved in mRNA translation and protein synthesis. Protein
synthesis is a highly complex process and numerous proteins are involved (e.g. proteins
mediating the activation, initiation, elongation or termination of mRNA translation,
aminoacyl tRNA synthetases (aaRSes), cofactors and modifying proteins and ribosomal
proteins).'?#12° More specifically, our results described in chapters 5, 6 and chapter 11
show that a large group of patients represented defects of aaRSes or RNA polymerase
[ll. Hence, it has become evident that most genes associated with leukodystrophies do
not encode intrinsic myelin proteins.

Aminoacyl tRNA synthetases

Human cells contain 17 cytoplasmic aaRSes, 18 mitochondrial aaRSes and two aaRSses
present both in the cytoplasm and mitochondria.’*® AaRSes are ancient housekeeping
enzymes that attach amino acids to their cognate tRNA molecules as essential step in
protein synthesis.’** Before the advent of WES in 2010 only seven disorders were known
to be associated with an aaRS defect. Up to date, 26 of 37 aaRSes have been implicated
in human disease, of which the vast majority (19) was found in the last four years,
predominantly using WES 223638130132

Although a wide variety of disorders is each associated with a different aaRS enzyme
defect, ithasbecome clear that several of these aaRSes, both cytosolicand mitochondrial,
are mutated in patients with leukodystrophies (in 2008 DARS2,'** in 2010 AIMP1,'3* in
2011 EARS2,'8in 2012 MARS2,%in 2013 DARS,in 2013 LARS2> and AARS2,%* and in 2014
RARS.?8 Although the essential canonical function of these enzymes is the same (mRNA
translation), there are striking differences between the different leukodystrophies
concerning tissue and cell type specificity and clinical phenotype, like the onset, course
and outcome of the disorder. For example, patients with DARS2 variants typically have
a childhood or adolescent-onset slowly progressive pyramidal, cerebellar and dorsal
column dysfunction,’3¢ whilst patients with AARS2 variants experience a rapid
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neurological deterioration in adulthood that leads to severe disabilities and sometimes
death after a long period of clinical stability.* Intriguingly, for both disorders the MRI
pattern shows abnormalities in very specific white matter tracts.?>'3*'3¢ On the other
hand, itisalso striking that hypomyelination with brainstem and spinal cord involvement
and leg spasticity (HBSL) and LBSL have a major overlap in specifically affected white
matter structures, while the involved aaRSes (encoded by DARS and DARS2), have a
different subcellular localization (respectively in the cytoplasm and mitochondria).'®'33
It is still unclear what determines the selective vulnerability of different tissues in this
group of disorders, and what, within the subgroup of leukodystrophies, determines
the selective vulnerability of specific structures within the nervous system, while the
canonical function of the affected enzymes is the same. It is suggested that involvement
of noncanonical functions of these aaRSes could determine the phenotypes and that
the explanation for differences and similarities in phenotypes could be found there,’33
Indeed, some of the cytosolic aaRSes are reported to have noncanonical functions
in biological processes such as regulation of gene transcription and RNA splicing,’™
angiogenesis, tumorigenesis and inflammation.’*'*® For aaRS defects, as for other
defects in housekeeping genes involved in protein synthesis and associated with a
leukodystrophy, like the POLR3-related disorders (described below) and VWM, no
patients have been reported with two functional null-alleles, suggesting that complete
abolishment of the function of the affected enzymes is not compatible with life.

RNA polymerase Il

POLR3 is a DNA-directed polymerase, which is involved in the transcription of small non-
coding RNAs, including tRNAs."*° Recessive variants in POLR3A and POLR3B, encoding
the largest and second largest subunit of POLR3, and POLR1C encoding a shared RNA
polymerase | and POLR3 subunit, were found the be the cause of three overlapping
leukodystrophy phenotypes: tremor-ataxia with central hypomyelination (TACH),
leukodystrophy with oligodontia (MIM 607694) and ‘hypomyelination, hypogonatropic
hypogonadism and hypodontia syndrome; also referred to as 4H syndrome.'0-1228140141
Since the discovery of the genes, as shown by our study in chapter 11, this is currently
one of the most prevalent hypomyelinating disorders with a known molecular defect.'*

FUTURE PERSPECTIVES

The diagnosis and classification of leukodystrophies has changed dramatically since the
19th century.'*'% Although pathology and biochemical findings still play a role in the
diagnostic process, they are often not mandatory for a definitive diagnosis, but rather
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supportive. Although one could expect that with WES the diagnostic process would be
reversed (referred to as “reversed phenotyping” (first genotyping, then phenotyping)),
this has not become a common approach. Indeed, it is shown by us and many others
that a priori good phenotyping is and will remain very important for successful WES
analysis, at least for leukodystrophies.

The unbiased approach of WES has created huge new research opportunities to be
explored. Novel genes are now discovered that would not have been studied because
of the lack of correlation with the phenotype or lack of knowledge of the function
of the gene. The rapidly increasing insight into genes mutated in leukodystrophies
creates novel, unprecedented insight into proteins that are apparently essential for
the maintenance of white matter health. It is becoming increasingly apparent that in
contrast to what was thought for many years, most leukodystrophies are not caused
by variants in myelin specific proteins, like PLP, but are caused by defects in diverse
fundamental biological processes, such as mitochondrial respiratory function and
processes of mMRNA translation and protein synthesis. At present we do not understand
why defects in such basic, housekeeping functions specifically affect the maintenance
of brain white matter health and function. This should be the subject of future studies.
It is to be expected that in the coming years 90-95% of the leukodystrophy patients
will receive a molecular diagnosis. With that we will have an almost complete map of
proteins that are involved one way or the other in the brain white matter.

The new insights have major implications for our understanding and definition of
‘leukodystrophies. The original definition of a ‘leukodystrophy’ was totally myelin
focused and assumed a progressive disorder. With the current knowledge of the
underlying genetic defects of leukodystrophies and the variable clinical phenotype this
definition should be revised. As proposed in chapter 11, we propose that all genetic
disorders primarily and predominantly involving CNS white matter structures (and not
only myelin) should be referred to as leukodystrophies, independent of the disease
course. This new insight has therapy implications: not only should remyelination be
achieved, but repair of all affected white matter components.
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NEDERLANDSE SAMENVATTING

Leukodystrofieén zijn zeldzame, erfelijke neurologisch aandoeningen die gekenmerkt
worden door uitsluitend of voornamelijk afwijkingen die primair de witte stof van het
centrale zenuwstelsel aantasten, al dan niet samen met een aandoening van de perifere
zenuwen. Het zijn de genetische “wittestofziekten”. Deze aandoeningen openbaren zich
meestal op de kinderleeftijd en gaan gepaard met ernstige neurologische afwijkingen
en overlijden op jonge leeftijd. Een genetische diagnose is belangrijk voor patiénten
en hun families omdat deze kennis mogelijkheden biedt ten aanzien van bijvoorbeeld
prenataal onderzoek en het ontwikkelen van nieuwe behandelingen, en ook informatie
kan opleveren over de prognose van de aandoening. Helaas duurt het traject voordat
een diagnose gevonden wordt dikwijls erg lang, vaak jaren, en zelfs dan kon er in 2010,
een jaar voordat mijn onderzoek begon, in de helft van de gevallen geen specifieke
diagnose gesteld worden. De reden hiervoor is dat wittestofziekten erg zeldzaam zijn en
heterogeen van origine, waardoor conventionele genetische technieken ontoereikend
zijn. Ook is het vaak niet duidelijk welk gen getest moet worden, met als gevolg dat er
vele genen na elkaar worden geanalyseerd, wat erg lang duurt en duur is.

Recent is er een nieuwe genetische laboratorium techniek ontwikkeld waarbij in één
experiment alle coderende delen van het erfelijk materiaal (het exoom) geanalyseerd
kunnenworden. Dit wordt'exoom sequencing' genoemd. Uit verschillende onderzoeken
is gebleken dat deze nieuwe techniek heel goed gebruikt kan worden voor het vinden
van de genetische oorzaak bij patiénten met een (zeer) zeldzame erfelijke aandoening.
Deze techniek zou dus ook zeer geschikt zijn om de genetische oorzaak te vinden van
wittestofziekten.

Het doel van het onderzoek, dat in dit proefschrift wordt beschreven, was om de
genetische oorzaak te vinden van onbekende wittestofziekten door gebruik te maken
van de nieuwe genetische techniek exoom sequencing. Om patiénten met een
identieke aandoening te selecteren uit de grote groep van patiénten met onbekende
wittestofziekten hebben we gebruik gemaakt van specifieke kenmerken op de MRI
scan van de hersenen, ook wel 'MRI patroonherkenning' genoemd. Individuele
wittestofziekten tonen een gelijksoortig patroon van afwijkingen en verschillende
wittestofziekten hebben verschillende patronen. De focus van dit onderzoek ligt
bij wittestofziekten met een mogelijke mitochondriéle oorzaak of hypomyelinisatie
(refereert aan een permanent, substantieel tekort aan myeline in de hersenen).

Een deel van de genen die we gevonden hebben met ons onderzoek was reeds
geassocieerd met een bekend fenotype, maar blijkt nu ook geassocieerd met een ander
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fenotype (fenotypische expansie) of een andere aandoening (nieuwe ziekte entiteit).
Een ander deel van de genen was voorheen nog helemaal niet geassocieerd met een
aandoening. De hoofdstukken zijn ingedeeld in deze drie groepen: expansie van het
fenotypisch spectrum van een bekend gen, een nieuwe ziekte entiteit geassocieerd met
een bekend gen, en een nieuwe aandoening die geassocieerd is met een gen dat nog
niet eerder gevonden is bij een aandoening.

Expansie van het fenotypisch spectrum van een bekend gen

In hoofdstuk 2 beschrijven we de zoektocht naar de genetische oorzaak van 16
patiénten (10 families) met de X-gebonden aandoening 'Hypomyelinisatie van vroeg
myeliniserende structuren’ ofwel 'HEMS' Het MRI patroon van deze patiénten toont
dat hersenstructuren die normaliter vroeg tijdens de ontwikkeling myeliniseren, nu
slecht gemyeliniseerd zijn, terwijl structuren die normaliter laat myeliniseren, relatief
goed gemyeliniseerd zijn. Exoom sequencing van het X-chromosoom toonde bij
alle patiénten varianten in het gen PLP1, dat codeert voor twee eiwitten: PLP1 en
DM20. Deze twee eiwitten zijn belangrijke componenten van myeline in het centrale
zenuwstelsel. De varianten waren gelokaliseerd in één specifiek deel van het gen: exon
3B of in intron 3 (een niet-coderende deel van het gen). In silico analyse van het effect
van de varianten, onderzoek in fibroblasten en in een transfectie model toonden aan dat
de varianten een effect hebben op de splicing van PLP1/DM20, waardoor de ratio van
DM20/PLP1 verandert. Andere aandoeningen geassocieerd met PLP1 varianten worden
gekarakteriseerd door een ander patroon van hypomyelinisatie. Onze bevindingen
verbreden het fenotypisch spectrum geassocieerd met PLPT varianten en leveren
nieuwe inzichten op betreffende de mogelijke onderliggende werkingsmechanismes
van PLP1 varianten.

In hoofdstuk 3 hebben we een groep van zeven patiénten geidentificeerd met een
ernstige, letale wittestofziekte, mogelijk van mitochondriéle origine. Exoom sequencing
in één patiént toonde autosomaal recessieve varianten aan in het SLCT9A3 gen. Analyse
van dit gen in de andere patiénten toonde bij allen varianten in dit gen aan. Het
SLCT9A3 gen codeert voor één van de twee thiamine transporters. Deze transporteren
thiamine de cel in. Thiamine speelt een belangrijke rol in de afbraak van koolhydraten
in de citroenzuurcyclus. Hersenweefsel van twee patiénten werd onderzocht en toonde
kenmerken van een mitochondriéle aandoening. SLC19A3 varianten zijn voorheen
beschreven bij patiénten met andere MRI afwijkingen en een milder klinisch beloop. De
identificatie van dit nieuwe, ernstigere fenotype, dat gekarakteriseerd wordt door een
vroeg optredende, snelle subtotale hersendegeneratie, verbreedt het klinisch spectrum
geassocieerd met SLCT9A3 varianten. Herkenning van het MRI-patroon is belangrijk
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omdat dit leidt tot een snelle diagnose. Er is nog geen duidelijke relatie tussen de soort
varianten en de ernst van het fenotype. In hoofdstuk 3 bespreken we de behandeling
van deze aandoening. Thiaminesuppletie kan levensreddend zijn voor een deel van
de patiénten met SLC19A3 varianten. Of dit ook geldt voor patiénten met een zeer
jonge manifestatie, zoals hier beschreven, is niet bekend, maar onwaarschijnlijk, omdat
de hersenen van deze kinderen al ernstig beschadigd zijn bij presentatie. Er zijn een
aantal onderzoeken gepubliceerd waarbij er bij minder ernstig aangedane patiénten
met SLC19A3 varianten gekeken is naar het effect van thiaminesuppletie. Zowel de MRI
afwijkingen als de symptomen verbeterden in een deel van deze patiénten. Echter, de
follow-up tijd was erg kort, dus wat de uitkomst is op lange termijn blijft onzeker.

In hoofdstuk 4 beschrijven we een familie met drie aangedane familieleden die een
combinatie van wittestofafwijkingen en een in de puberteit ontstane spierdystrofie
hebben. Deze familie was eerder gepubliceerd in 1992 door B.G.M. van Engelen et al.
Exoom sequencing toonde varianten in LAMA2, dat codeert voor het eiwit laminine a-2.
Varianten in LAMA?2 zijn geassocieerd met de aandoening ‘congenitale spierdystrofie’
Deze patiénten hebben meestal een op kinderleeftijd ontstane proximale spierzwakte
en MRI afwijkingen. Er bestaat een totale of gedeeltelijke deficiéntie van laminine a-2 in
spierweefsel. De MRl afwijkingen van onze patiénten komen overeen met deze diagnose.
Een verschil is echter dat onze patiénten vooral een distale spierzwakte hebben, de
ziekte op latere leeftijd ontstaat en dat de laminine a-2 kleuring in spier normaal is.
Het laatste zou echter ook verklaard kunnen worden doordat ons antilichaam niet
gevoelig genoeg was om deficiéntie van laminine a-2 te detecteren. Onze bevindingen
verbreden het fenotypisch spectrum geassocieerd met LAMA2 varianten.

In hoofdstuk 5 beschrijven we een patiént met autosomaal recessieve varianten in
het EARS2 gen, dat codeert voor het enzym glutamyl tRNA synthetase en betrokken is
bij de eiwitsynthese in de mitochondrién. Patiénten met EARS2 varianten presenteren
zich met een specifiek MRI patroon en klinische symptomen. Deze patiént heeft
echter opvallende, niet eerder beschreven afwijkingen op de MRI. Beide thalami
(hersenkernen) zijn afwezig, lijkend op een stoornis in de ontwikkeling van de hersenen,
zonder duidelijke afwijkingen die wijzen op een laesie. Wij denken dat deze bijzondere
configuratie tot stand is gekomen door een zeer vroege (antenatale) beschadiging
van de thalami, wat nadien in de normale ontwikkeling van het hersenweefsel is
opgenomen, waardoor het resultaat lijkt op een ontwikkelingsstoornis. Deze observatie
is van belang voor de interpretatie van de MRI bevindingen van eerder gepubliceerde
patiénten met EARS2 varianten. Sommige patiénten hadden een niet volledig gevormd
corpus callosum, wat toegeschreven werd aan een ontwikkelingsstoornis. Echter, ook
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hier zou er sprake kunnen zijn van een zeer vroege laesie. Onze bevindingen verruimen
het fenotype geassocieerd met EARS2 varianten.

Nieuwe ziekte entiteit geassocieerd met een bekend gen

In hoofdstuk 6 werden twee onafhankelijke exoom sequencing studies verricht in twee
niet-verwante patiénten met een nog onbekende wittestofaandoening. Deze twee
patiénten deelden hetzelfde, nog niet eerder beschreven, MRI patroon. De specifieke
MRI bevindingen werden vergeleken met MRI's van een groep patiénten met een nog
niet geclassificeerde wittestofziekte. Hieruit werden 11 patiénten geselecteerd. Exoom
sequencing van de twee niet-verwante patiénten toonde autosomaal recessieve
varianten aan in het gen AARS2 dat codeert voor het mitochondriéle alanyl-tRNA
synthetase enzym. Dit enzym speelt een belangrijke rol in de eiwitsynthese in de
mitochondrién. Analyse van dit gen in de overige 11 patiénten toonde varianten aan
in vier andere patiénten. De klinische verschijnselen van de zes patiénten met AARS2
varianten ontstonden op kinderleeftijd of adolescentie en bestonden uit neurologische
symptomen, zoals ataxie, spasticiteit en cognitieve achteruitgang met kenmerken van
frontaalkwabdysfunctie. De MRI toonde diffuse wittestofafwijkingen met opvallende
afwijkingen in het corpus callosum, de lange descenderende wittestofbanen, en
cerebellaire atrofie. Prematuur ovarieel falen was aanwezig bij alle viouwelijke patiénten.
Varianten in AARS2 zijn eerder beschreven in twee families met een ernstige vorm van
infantiele cardiomyopathie en myopathie. In een gistmodel hebben we onderzocht wat
het verschil is tussen het effect van de varianten geassocieerd met de cardiomyopathie
en het door ons gevonden fenotype. We vonden dat de cardiomyopathie-geassocieerde
variant een ernstiger effect had op de functie van het enzym dan onze variant. Mogelijk
speelt dit een rol in het verschil van fenotype tussen de patiénten. Onze bevindingen
laten zien dat het fenotypisch spectrum van patiénten met AARS2 varianten aanzienlijk
breder is dan voorheen beschreven.

In hoofdstuk 7 beschrijven we drie patiénten uit één familie met een langzaam
progressieve neurologische aandoening die ontstaan is rond de kinderleeftijd. De
afwijkingen op de MRl zijn voor alle drie de patiénten hetzelfde met wittestofafwijkingen
in de cerebrale hemisferen en ook thalamusafwijkingen. Met exoom sequencing vonden
wevariantenin het HMBS gen, dat codeert voor hetenzym hydroxymethylbilaan synthase
dat een belangrijke rol speelt in de synthese van heem. Bijzonder is dat heterozygote,
autosomaal dominante varianten in dit gen geassocieerd zijn met de stofwisselingsziekte
acute intermitterende porfyrie (AIP). De hier beschreven patiénten hebben echter bi-
allelische, autosomaal recessieve varianten, en geen klachten die geassocieerd zijn met
AIP, zoals aanvallen van buikpijn, diarree, hoge bloeddruk en spierzwakte. In de literatuur
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zijn vijf andere patiénten beschreven met bi-allelische varianten in dit gen. Ook deze
patiénten hebben geen AIP klachten maar wel neurologische symptomen. Bij één
patiént werden wittestofafwijkingen gedocumenteerd, maar bij de andere patiénten
werden geen MRIs verricht. In vergelijking met onze patiénten hebben deze patiénten
veel ernstiger klachten en toont het biochemische onderzoek meer afwijkingen. Bi-
allelische HMBS varianten verzoorzaken dus een nieuw wittestof-fenotype. De resultaten
van dit onderzoek zijn ook van belang voor de gezonde familieleden die drager zijn van
één HMBS variant. Zij lopen het risico van 10% om in hun leven acute porfyrie aanvallen
te krijgen en hebben een verhoogde kans op hypertensie en leverkanker. Preventieve
maatregelen kunnen deze risico’s verlagen.

In hoofdstuk 8 beschrijven we twee families met dezelfde autosomaal dominante
wittestofziekte. Deze aandoening wordt gekenmerkt door een rond het 30°-40¢
levensjaar ontstane therapie-resistente hypertensie, beroertes en langzame cognitieve
achteruitgang. De MRI toont diffuse wittestofafwijkingen die al bestaan voordat de
vasculaire problemen (bloedingen en infarcten) debuteren. Met exoom sequencing
vonden we in beide families dezelfde heterozygote (autosomaal dominante) variant
in het CTSA gen, dat codeert voor het eiwit cathepsine-A. Met aanvullend genetisch
onderzoek vonden we aanwijzingen dat beide families waarschijnlijk ver weg verwant
aan elkaar zijn. Recessieve varianten in CTSA zijn geassocieerd met de lysosomale
stapelingsziekte 'Galactosialidose’ Het is niet bekend dat galactosialidose patiénten
en hun ouders, die obligate dragers zijn, wittestofafwijkingen of hypertensie hebben.
Echter, gezien de zeldzaamheid van galactosialidose kan deze associatie gemist zijn.
Op dit moment hebben we nog niet kunnen verklaren waarom de door ons gevonden
variant resulteert in een wittestofziekte. Meer families met deze wittestofziekte en
varianten in dit gen zijn nodig om dit verder uit te zoeken.

Nieuwe ziektes geassocieerd met een gen dat voorheen niet bij de mens is
beschreven, of zonder duidelijk fenotype

In hoofdstuk 9 beschrijven we een groep van zes patiénten met een wittestofziekte
en een deficiéntie van één van de ademhalingsketen enzymen, complex 1. De MRI
van deze patiénten wordt gekarakteriseerd door een combinatie van cerebrale
wittestofafwijkingen, cerebellaire cortex afwijkingen en afwijkingen in het corpus
callosum. Tijdens follow-up van deze patiénten verbeterden de afwijkingen in de
cerebrale witte stof en het corpus callosum, maar verergerden de afwijkingen in
het cerebellum en ontstonden er ook afwijkingen in de hersenstam. Alle patiénten
presenteerden zich in de eerste twee levensjaren met verlies van motorische mijlpalen
of een vertraagde motorische ontwikkeling en symptomen passend bij cerebellaire
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dysfunctie. Exoom sequencing toonde autosomaal recessieve varianten in NUBPL, een
gen dat codeert voor een ijzer-sulfaat cluster assemblage factor voor complex 1. Alle
zes patiénten bleken varianten te hebben in dit gen. De biochemische consequenties
van de NUBPL varianten werd onderzocht in fibroblasten van twee patiénten. Er was
sprake van een sterk verminderde hoeveelheid van zowel het NUBPL eiwit alsook
van volledig geassembleerd complex I. Analyse van het effect van gemuteerd NUBPL
op de assemblage van de perifere arm van complex | liet zien dat NUBPL betrokken
is bij de assemblage van de ijzer-sulfaat clusters vroeg in de complex | assemblage.
Concluderend tonen deze data dat NUBPL varianten geassocieerd zijn met een uniek,
herkenbaar en consistent MRI patroon. Herkenning van het MRI patroon leidt tot een
snelle diagnose en maakt ingrijpende en vaak lastige onderzoeken zoals biochemische
onderzoek in een spierbiopt of fibroblasten (huidcellen) overbodig.

In hoofdstuk 10 hebben we een groep van zeven jonge patiénten (vier niet-verwante
families) geidentificeerd die, op basis van het MRI-patroon, dezelfde onbekende
genetische wittestofaandoening leken te hebben. Het klinisch beeld was desastreus:
een neonataal of vroeg-infantiel presenterende encefalopathie met een progressieve
microcefalie, variabele hartafwijkingen, refractaire epilepsie, en uiteindelijk overlijden
van tot nu toe zes van de zeven patiénten voor de leeftijd van 2,5 jaar. Het MRI patroon
van de patiénten was suggestief voor vroege neuronale degeneratie met Wallerse
degeneratie van de geassocieerde wittestofbanen. Exoom sequencing gecombineerd
met de genetische techniek 'SNP-array' toonde varianten aan in het gen ITPA, dat
codeert voor het enzym inosine trifosfaat pyrofosfatase (ITPase), in alle patiénten.
Onderzoek in fibroblasten en erytrocyten van de patiénten toonde een verminderde
ITPase functie. ITPase speelt een belangrijke rol in het nucleotide metabolisme waarbij
het niet-essentiéle nucleotiden uit de cel verwijdert. Een defect van dit enzym kan
leiden tot stapeling van niet-essentiéle nucleotiden en kan leiden tot neuronale
celdood en interferentie met enzymen die normaal ATP en GTP gebruiken. Tot op
heden waren varianten in ITPA alleen geassocieerd met een verhoogde gevoeligheid
voor bepaalde medicamenten, maar nog niet met een specifieke aandoening in de
mens. Herkenning van toekomstige /TPA deficiénte patiénten zal lastig zijn omdat het
beschreven specifieke MRI patroon slechts gedurende enkele maanden aanwezig is en
screenend metabool onderzoek normaal is.

Sindsdestartvanonsonderzoekin 2011 zijn ermet WES 18 nieuwe genen geidentificeerd
die betrokken zijn bij een wittestofziekte. Wij verwachten dat door de toepassing van
deze nieuwe techniek veel patiénten die aanvankelijk geen diagnose hadden nu wel een
genetische diagnose zullen hebben. In hoofdstuk 11 hebben we in drie verschillende
cohorten patiénten metin 2011 nog een onbekende wittestofziekte onderzocht of ze op
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dit moment wél een genetische diagnose hebben. Een diagnose kan nu worden gesteld
bij 80% van de patiénten, en waarschijnlijk is dit nog een aanzienlijke onderschatting
gezien de retrospectieve aard van de studie. In dit hoofdstuk wordt de revolutie van de
genetica binnen de wittestofziekten besproken en nieuw opgedane inzichten uiteen
gezet.
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Leden van de leescommissie, Prof. dr. M.A.A.P. Willemsen, Prof. dr. R. van Coster,
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Prisca, Eelke, Stephanie D, Stephanie H, Aish, Lisanne, Dwayne, Timo, Ferdy, Rogier,
Laura, Lisa en Anna. Bedankt voor jullie input tijdens de vele labmeetingen en voor de
gezellige etentjes. Marianna, jouw hulp was onmisbaar! Met veel plezier heb ik met je
samengewerkt. Nienke, Emiel, en Carola, bedankt voor al het werk dat jullie hebben
verricht en dat jullie ondanks al mijn ongeduldige telefoontjes en mailtjes altijd
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gestroomlijnd verliep in het lab. Bedankt voor al je hulp, tijd en energie.

Lieve Eline en Diane, mijn paranimfen. Eline, tevens mijn ‘roomie; vanaf het begin
van het onderzoek. Lief en leed hebben we gedeeld. Menig gezwijmel over
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onderzoeksresultaten, maar ook over mijn kinderen heb je moeten aan horen. Bedankt
voor je altijd beschikbare luisterend oor en voor je kritische blik en input. Diane, bedankt
voor je hulp op de momenten dat het iets minder ging. Dat waardeer ik zeer!

Hannemieke en Marjan, mijn ‘voorgangers. Jullie hulp bij aanvang van mijn
promotietraject was heel fijn. Marjan, zonder jouw werk hadden we niet zoveel kunnen
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waren de lunches toch fijn! Bedankt voor de “gastvrijheid” en alle gezelligheid.
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Behalve promoveren, was er op z'n tijd ook ontspanning nodig. Mijn lieve vriendinnen,
Femke en Janneke; wat fijn dat jullie er zijn! Onze avondjes uit en uitstapjes met de kids
waren een welkome afwisseling. Fijne momenten om te koesteren. Lieve Aniek, samen
hebben we in Groningen gestudeerd. We wisten toen allebei al wat we wilden, en het is
ons gelukt! Bedankt voor de vele gezellige avonden en urenlange telefoongesprekken.
Jeske en Merel, jullie hebben mij gesteund vanaf het begin en mij vertrouwen gegeven
in de toekomst, zowel als vriendinnen als (nu) collega’s.

Ook wil ik graag mijn familie bedanken. Mijn broertjes; Wouter, Marten, Folkert en Steven
en mijn zusje Jette. Pap, bedankt dat je altijd in mij hebt geloofd! Mam, jou wil ik nog
in het bijzonder bedanken. Je hebt mij de mogelijkheid geboden om het onderzoek
tot een goed einde te brengen. Na de geboorte van Aimée en Thijmen heb je dagen,
weken, maar ook nachten opgepast. Bij ziekte, ongevallen, of gewoon zomaar, ik kon je
altijd bellen. Ook nu ben je nog steeds onze rots in de branding. Beste Eibert en Neelien,
wat fijn dat jullie mijn schoonouders zijn. Bedankt voor alle goede zorgen.
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en begrip. Bedankt voor al je hulp en steun op de momenten dat ik het hardst nodig
had. En Aimée en Thijmen, ik ben ontzettend blij dat jullie er zijn. Thuis komen is altijd
een feest.
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