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Abstract
Novel genetic aetiologies for epileptic encephalopathies and movement disorders have been
discovered by using next-generation sequencing methods. The phenotypic and genotypic
variability in these conditions is very wide.
The aim of this study was to discover novel genetic causes and phenotypes of childhood-onset
drug-resistant epilepsy and epileptic or developmental encephalopathies that occur separately or
together with movement disorders, and familial movement disorders. Furthermore, the use of
whole-exome sequencing (WES) as a diagnostic tool in clinical practice was evaluated.
Altogether, 12 children with undefined aetiology, who fulfilled the inclusion criteria, were
included in the study.
GABRG2 gene was identified as a genetic cause of epileptic encephalopathies. Novel
GABRG2-associated phenotypes included progressive neurodegeneration, epilepsy in infancy
with migrating focal seizures, and autism spectrum disorder. New pathogenic variants, GABRG2
p.P282T and p.S306F, were discovered.
The pathogenic NACC1 variant caused focal epilepsy, developmental disability, bilateral
cataracts, and dysautonomia. The novel phenotype associated with the NACC1 p.R298W variant
included hyperkinetic movement disorder.
SAMD9L was found to be the genetic cause for the familial movement disorder. The phenotype
associated with the novel SAMD9L p.I891T variant was very variable. Neuroradiological findings
included cerebellar atrophy and periventricular white matter changes. After publication of these
results, SAMD9L was reported to be one of the most common genetic aetiologies of childhood
bone marrow failure and myelodysplastic syndrome.
The pathogenic homozygous MTR variant was found to cause early-onset epileptic
encephalopathy that occurred together with movement disorder and haematological disturbances.
Drug resistant seizures responded to cofactor and vitamin treatments.
Whole-exome sequencing for 10 patients with drug-resistant epilepsy or epileptic or
developmental encephalopathy provided a genetic diagnosis for two patients (20%).
This study confirmed that, for epileptic encephalopathies and movement disorders in which the
genetic causes and phenotypes are heterogeneous and sometimes treatable, WES is a useful tool
for diagnostics and in the search for novel aetiologies, which might turn out to be more common
than expected.

Keywords: children, epileptic encephalopathy, genes, movement disorder, personalised
medicine, whole-exome sequencing
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Tiivistelmä
Uusien sekvensointimenetelmien käyttöönotto on mahdollistanut epileptisten enkefalopatioiden
ja liikehäiriöiden uusien geneettisten syiden löytymisen. Näissä sairausryhmissä geenien ja ilmiasujen vaihtelevuus on suurta.
Tutkimuksen tarkoituksena oli löytää uusia geneettisiä syitä ja ilmiasuja lapsuusiällä alkavissa vaikeahoitoisissa epilepsioissa ja epileptisissä tai kehityksellisissä joko itsenäisesti tai yhdessä
liikehäiriön kanssa esiintyvissä enkefalopatioissa sekä perheittäin esiintyvissä liikehäiriöissä.
Lisäksi selvitettiin eksomisekvensoinnin käyttökelpoisuutta kliinisessä diagnostiikassa näiden
potilasryhmien kohdalla. Tutkimukseen osallistui yhteensä 12 sisäänottokriteerit täyttävää lasta,
joiden sairauden syy oli jäänyt tuntemattomaksi.
GABRG2-geenin mutaatiot aiheuttivat epileptisiä enkefalopatioita, joiden uutena ilmiasuna
oli etenevä taudinkuva, johon liittyivät aivojen rappeutuminen, migroiva imeväisiän paikallisalkuinen epilepsia sekä autismikirjon häiriö. Tutkimuksessa löydettiin uusia GABRG2-mutaatioita: p.P282T ja p.S306F.
NACC1-geenin mutaatio aiheutti epilepsian, kehitysvammaisuuden, molemminpuolisen
kaihin ja autonomisen hermoston toiminnan häiriön. Hyperkineettinen liikehäiriö oli uusi
NACC1 p.R298W -mutaatioon liittyvä ilmiasu.
SAMD9L-geenin mutaatio aiheutti perheessä esiintyvän liikehäiriön. Neurologinen ja hematologinen ilmiasu olivat hyvin vaihtelevia. Aivojen kuvantamislöydöksiin sisältyi pikkuaivojen
rappeutumista ja valkoisen aivoaineen muutoksia aivokammioiden ympärillä. Näiden tutkimustulosten julkaisemisen jälkeen SAMD9L-geenin mutaatioiden on todettu olevan yksi yleisimmistä perinnöllisistä luuytimen vajaatoiminnan ja myelodysplasian syistä.
Homotsygoottinen MTR-geenin mutaatio aiheutti varhain alkaneen epileptisen enkefalopatian, liikehäiriön ja hematologisen häiriön. Kofaktori- ja vitamiini hoidot vähensivät epileptisiä
kohtauksia, joihin tavanomainen lääkitys ei tehonnut.
Geneettiset syyt ja ilmiasut ovat epileptisissä enkefalopatioissa ja liikehäiriöissä hyvin vaihtelevia, ja osaan on olemassa spesifi hoito. Eksomisekvensointi on käyttökelpoinen diagnostiikan ja uusien geneettisten syiden etsimisen apuna. Tässä tutkimuksessa eksomisekvensoinnin
avulla kymmenestä potilaasta kahdelle (20%) saatiin varmistettua geneettinen diagnoosi.

Asiasanat: epileptinen enkefalopatia, geenit, lapset, liikehäiriö, yksilöity terveydenhoito

To Richard, Emilia and Raul
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1

Introduction

Epilepsy is one the most common neurological diseases worldwide (Hauser,
Annegers, & Kurland, 1993), occurring often together with comorbidities that may
also independently affect the quality of life and the psychosocial outcome
(Geerlings et al., 2015; Keezer, Sisodiya, & Sander, 2016a). Approximately 40%
of epilepsy cases that begin during the first two years of life can be defined as
epileptic encephalopathy (Eltze et al., 2013), where the epileptic activity itself may
contribute to severe cognitive and behavioural impairments above and beyond what
might be expected from the underlying pathology alone, potentially worsening over
time (Berg et al., 2010).
It is estimated that more than half of the epilepsy cases have a genetic basis
(Pal, Pong, & Chung, 2010). There are more than 900 genes which are associated
with epilepsy either as a core symptom, or as presenting together with brain
malformations or gross physical and other systemic abnormalities. Some of the
genes still require further verification (Wang et al., 2017). In addition, novel genes
that cause paediatric movement disorders as part of neurodevelopmental disorders
are being discovered (Marras et al., 2016). Hyperkinetic movement disorder and
epileptic encephalopathy often occur in the same patient (Carecchio & Mencacci,
2017). In epileptic encephalopathy, the diagnostic yield is 10–50% using nextgeneration sequencing (NGS), with highest probability when epilepsy begins early
(Carvill et al., 2013; Kothur et al., 2018; Lemke et al., 2012; Parrini et al., 2017).
Inborn errors of metabolism can manifest with epilepsy or movement disorder
as one of their features (Campistol, 2016; N. I. Wolf, Garcia-Cazorla, & Hoffmann,
2009). Sometimes, both symptoms may occur together, e.g., in glucose transporter
deficiency syndrome type 1 (GLUT1, MIM 606777) caused by pathogenic variants
in the SLC2A1 gene (Gardiner et al., 2015), in cerebral folate deficiency (MIM
613068) caused by pathogenic variants in the FOLR1 gene (Steinfeld et al., 2009),
and in biotin-thiamine-responsive basal ganglia disease (MIM 607483) caused by
pathogenic variants in the SLC19A3 gene (Zeng et al., 2005). Recognition of the
underlying metabolic causes may allow for disease-specific treatments and
improve the outcome (Christensen & Walsh, 2018; N. I. Wolf et al., 2009).
Phenotype in monogenic disorders can vary from benign, self-limiting disorder
to severe encephalopathy (McTague, Howell, Cross, Kurian, & Scheffer, 2016).
Phenotypic differences may partly be explained by the type and timing of mutations
during development, the timing and location of physiological gene expression, the
19

epigenetic factors, and the modifier genes. Clinical phenotyping is essential for
interpreting the relevance of a genetic finding (McTague et al., 2016).
This thesis focused on adding to the knowledge about the genes behind
childhood-onset
drug-resistant
epilepsy,
epileptic
or
developmental
encephalopathies, and movement disorders utilising WES as a diagnostic tool, and
on the characterisation of the genotype-phenotype correlations in more detail in
order to develop the clinical diagnostics of these diseases.
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2

Literature review

2.1

Epilepsy

Worldwide, epilepsy is one of the most common neurological conditions. The
annual incidence rate of epilepsy varies from 0.25 to 1.90 per 1,000, with a median
of 0.47 per 1,000, peaking in childhood and increasing again in those aged 60 years
or older (Kotsopoulos, van Merode, Kessels, de Krom, & Knottnerus, 2002). The
annual incidence rate of childhood epilepsy varies from 0.41 to 0.84 per 1,000, with
a median of 0.82 per 1,000 (Kotsopoulos et al., 2002). In Finland, the annual
incidence of epilepsy in those under 15 years of age is 0.65 per 1,000 (Sillanpaa,
Kalviainen, Klaukka, Helenius, & Shinnar, 2006). In a prospective populationbased study, the annual incidence of epilepsy in children under two years of age
was 70.1 per 100,000. Epileptic encephalopathy was diagnosed in 39% of the 57
children included in the study (Eltze et al., 2013). The most common epileptic
encephalopathies in infancy are the West syndrome with an incidence rate of 3–5
per 10,000 live births (Luthvigsson, Olafsson, Sigurthardottir, & Hauser, 1994;
Rantala & Putkonen, 1999; Sidenvall & Eeg-Olofsson, 1995), the Lennox-Gastaut
syndrome with an incidence rate of 2.8 per 10,000 live births (Rantala & Putkonen,
1999), and the Dravet syndrome with an incidence rate of 1 per 22,000 live births
(Bayat, Hjalgrim, & Moller, 2015).
The prevalence of active epilepsy in Europe, the United States, and Australia
is 6 per 1,000, 6.8 per 1,000, and 7.5 per 1,000 inhabitants, respectively (Forsgren,
Beghi, Oun, & Sillanpaa, 2005). The prevalence rate in population-based surveys
on childhood epilepsy ranges from 4 to 5 per 1,000 children (Forsgren et al., 2005;
Waaler, Blom, Skeidsvoll, & Mykletun, 2000). The estimated prevalence of active
epilepsy in Finland is 2.3 and 3.9 per 1,000 children (Eriksson & Koivikko, 1997a;
Sillanpaa, Jalava, Kaleva, & Shinnar, 1998).
Epilepsy that is characterised by focal or localisation-related seizures accounts
for 20%–66% and by the generalised seizures for 38–69% of epilepsy incidents in
population-based studies of all ages (Banerjee, Filippi, & Allen Hauser, 2009). In
a cohort of 329 children from both primary and tertiary care areas, focal epilepsy
was classified in 43% of cases, generalised in 44%, mixed in 31%, and unclassified
in 14% using the 1981 International League Against Epilepsy (ILAE) International
Classification of Epileptic Seizures and the 1989 Epilepsies and Epileptic
Syndromes classifications (Eriksson & Koivikko, 1997b). Based on the 2010 ILAE
21

classification, in a cohort study of 527 children from tertiary unit, 75.1%
experienced only one seizure type, from which 61.9% were focal seizures, 31.8%
were generalised seizures, and 6.3% were epileptic spasms (Khoo, 2013).
2.1.1 Definition and classification
According to the latest clinical definition suggested by the ILAE, epilepsy is a disease
of the brain that is defined by any of the following conditions (Fisher et al., 2014):
1.
2.

3.

At least two unprovoked (or reflex) seizures occurring >24 h apart.
One unprovoked (or reflex) seizure and a probability of further seizures similar
to the general seizure recurrence risk (at least 60%) after two unprovoked
seizures, occurring over the next 10 years.
Diagnosis of an epilepsy syndrome.

Classification of seizures
The first step in epilepsy diagnostics is to establish whether the presenting symptom
was an epileptic seizure, which is defined as a transient occurrence of signs and
symptoms due to abnormal excessive or synchronous neuronal activity in the brain
(Fisher et al., 2005). The fact that there are several paroxysmal events that can
mimic an epileptic seizure, e.g., syncope, parasomnias, movement disorders, etc.
has to be taken into account (Scheffer et al., 2017a).
Seizures are categorised by the type of onset. Focal-onset seizures originate
within networks limited to one brain hemisphere. They can be discretely localised,
more widely distributed, or may originate in subcortical structures. Figure 2D
shows a focal-onset seizure. Generalised-onset seizures originate at some point
within, and rapidly engaging, bilaterally distributed networks (Fisher et al., 2017).
Figure 2C shows a generalised-onset seizure. If the origin of the seizure is not
known, the seizure is classified as unknown-onset but can be reclassified when
more information is available. Next level of focal seizure classification involves
the level of awareness, which can be normal or impaired, depending of the level of
consciousness during the seizure. A focal seizure may evolve to a bilateral tonicclonic seizure. Focal-, generalised-, and unknown-onset seizures can be further
classified into motor and non-motor seizures and sometimes they remain
unclassified (Fisher et al., 2017) (Figure 1).
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Fig. 1. The expanded 2017 ILAE operational classification of seizure types. Reprinted
from Epilepsia, Fisher et al. (2017), “Operational classification of seizure types by the
International League Against Epilepsy: Position Paper of the ILAE Commission for
Classification and Terminology,” © 2017, with permission from Wiley.

Classification of epilepsies
According to main seizure types, electroencephalogram (EEG), and imaging
studies, the type of epilepsy is defined whenever possible. The diagnosis is made
on clinical grounds and is supported by the EEG findings. Focal epilepsies include
unifocal and multifocal disorders as well as seizures involving one brain
hemisphere. A range of focal seizures can be seen (Figure 1). Interictal EEG may
show focal epileptiform discharges. Individuals with generalised epilepsies may
present with one or many generalised seizure types (Figure 1). Diagnosis might be
supported by typical generalised interictal discharges. When an individual
manifests both generalised and focal seizures, the epilepsy is classified as a
combined generalised and focal epilepsy. The interictal EEG may show both a
generalised spike-wave and focal epileptiform discharges. Unknown epilepsy
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classification is used when an individual has epilepsy but there is limited
information to decide on the exact epilepsy type (Scheffer et al., 2017a). The
framework for epilepsy classification is presented in Figure 3.
Epilepsy syndromes
An epilepsy syndrome is defined as an epileptic disorder that is characterised by a
cluster of signs and symptoms customarily occurring together. Patients with the
same epilepsy syndrome may have similar seizure types, EEG features, imaging
findings, precipitating factors, comorbidities, age-dependent beginning, and
prognosis. However, epilepsy syndromes do not always have a similar prognosis
and they do not necessarily need to share the same aetiology (Proposal for
classification of epilepsies and epileptic syndromes. commission on classification
and terminology of the international league against epilepsy.1985; Proposal for
revised classification of epilepsies and epileptic syndromes. commission on
classification and terminology of the international league against epilepsy.1989). If
possible, it is important to try to define the epilepsy syndrome, because the
definition may have treatment implications (Scheffer et al., 2017a).
Idiopathic generalised epilepsies (IGE) indicate four well-established epilepsy
syndromes: childhood absence epilepsy, juvenile absence epilepsy, juvenile
myoclonic epilepsy, and generalised tonic-clonic seizures alone. Recently, the use
of genetic generalised epilepsy instead of IGE has been suggested whenever there
is sufficient evidence for familial epilepsy (Scheffer et al., 2017a).
The most known types of self-limiting childhood-onset focal epilepsy are
epilepsy with centrotemporal spikes, the so-called Rolandic epilepsy, and the selflimited occipital epilepsy of childhood, either in the form of an early-onset
Panayotopoulos type with prolonged focal autonomic seizures or of a late-onset
Gastaut type with focal sensory visual seizures (EpilepsyDiagnosis.org.; Scheffer
et al., 2017a).
There are several other epilepsy syndromes with a typical onset between
infancy and adult age (EpilepsyDiagnosis.org.). The most severe epilepsy
syndromes, usually with developmental consequences, are sometimes called
epileptic encephalopathies (EE) (Berg et al., 2010) or, as recently refined,
developmental and epileptic encephalopathies (DEE) (Scheffer et al., 2017a).
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Epileptic encephalopathies
In epileptic encephalopathy, the epileptic activity itself may contribute to severe
cognitive and behavioural impairments above and beyond what might be expected
from the underlying pathology alone and these can worsen over time. The
impairments may be global or more selective and they may occur along a spectrum
of severity (Berg et al., 2010). The concept of epileptic encephalopathy is
applicable in epilepsy cases at any age (Berg et al., 2010).
Epileptic encephalopathies starting in the neonatal period—e.g., early
myoclonic encephalopathy and Ohtahara syndrome, also referred as Early Infantile
Epileptic Encephalopathy (EIEE)—manifest with a suppression-burst in EEG
(Figure 2B) and high mortality. Epileptic encephalopathies starting in infancy
include epilepsy of infancy with migrating focal seizures (EIMFS), the West
syndrome with infantile spasms and hypsarrhythmia in EEG (Figure 2F), and the
Dravet syndrome. Epileptic encephalopathy with a continuous spike-and-wave
during sleep (CSWS), including the Landau-Kleffner syndrome and the LennoxGastaut syndrome (LGS) (Figure 2E), and epilepsy with myoclonic-atonic seizures
are epileptic encephalopathies that begin during childhood. Each epileptic
encephalopathy has its typical seizure phenotype, EEG findings, and comorbidities
but variable aetiological background. Evolution from one age-related epilepsy
syndrome to another might occur (EpilepsyDiagnosis.org.; Lemke & Syrbe, 2015;
McTague et al., 2016). The early-onset epileptic encephalopathy definition is
typically used when epileptic encephalopathy starts prior to three months of age
(McTague et al., 2016).
Developmental encephalopathy can be used as a term when the genetic
aetiology itself causes developmental impairment without frequent epileptic
activity associated with the regression or the further slowing of development
(Scheffer et al., 2017a). Developmental and epileptic encephalopathy refers to a
situation in which both genetic aetiology and epilepsy are causing developmental
impairment or it is not possible to separate their effect on development (Scheffer et
al., 2017a).
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Fig. 2. Typical EEG findings: A. normal, B. suppression-burst, C. generalised seizure, D.
focal seizure, E. Lennox-Gastaut syndrome, F. hypsarrythmia. Adapted from Krauss et
al. (2011).

2.1.2 Treatment of epilepsy
Choice of anti-epileptic drugs depends on the seizure or epilepsy type or the
epilepsy syndrome (Glauser et al., 2013; Kanner et al., 2018). Drug-resistant
epilepsy is defined as a failure of adequate trials of two (or more) tolerated,
appropriately chosen, and appropriately used antiepileptic drug regimens (whether
administered as monotherapies or in combination) to achieve freedom from
seizures (Kwan, Schachter, & Brodie, 2011). In adults with epilepsy, up to 22.5%
have been estimated to have drug-resistant epilepsy (Kwan et al., 2011). In a
Finnish epidemiological study of 329 children, 17% had drug-resistant epilepsy.
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Drug-resistant epilepsy correlates with symptomatic aetiology and early-onset
epilepsy, as well as with additional developmental impairment or motor disability
(Eriksson & Koivikko, 1997b). Treatment options for drug-resistant epilepsies
include: e.g., ketogenic diet or epilepsy surgery, e.g., vagus nerve stimulator or
corpus callosotomy (Kwan et al., 2011).
2.1.3 Comorbidities
A comorbidity is a condition that occurs during the course of an index disease, e.g.,
epilepsy (Feinstein, 1970). Comorbidities may negatively affect seizure outcome,
quality of life (Keezer, Sisodiya, & Sander, 2016b), and psychosocial outcome
(Geerlings et al., 2015).
The most important comorbid associations in epilepsy include structural and
functional diseases of the central nervous system (CNS), such as stroke, dementia,
and migraine. Also, conditions other than neurologic ones are increased among
epilepsy patients, e.g., heart disease, hypertension, chronic obstructive pulmonary
disease, neoplasms (Keezer et al., 2016b), digestive tract ulcers, and inflammatory
bowel diseases (Tellez-Zenteno, Matijevic, & Wiebe, 2005). Risk of
gastrointestinal bleeding and congenital cardiac abnormalities has also been
reported to be increased (Gaitatzis, Carroll, Majeed, & W Sander, 2004).
Psychiatric comorbidities are common among people with epilepsy, most
frequently including depression, anxiety, psychosis, and schizophrenia (Gaitatzis et
al., 2004; Keezer et al., 2016b). In children, the prevalence of depression, anxiety,
psychosis, and ADHD (attention-deficit hyperactivity disorder) is also higher than
in the general population and behavioural problems are more common (Beghi,
Camfield, & Camfield, 2014; Pellock, 2004). There is a high rate of global and
specific cognitive difficulties in childhood epilepsy (Reilly et al., 2015).
The development of comorbid conditions remains unclear due to our limited
knowledge. It has been suggested that several processes may play a role, such as
genetic and epigenetic causes, mitochondrial efficiency, and pathophysiological
biochemical processes—e.g., chronic systemic inflammation, oxidative stress,
glycation, methylation capacity and psychological stress (Yuen, Keezer, & Sander,
2018).
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Fig. 3. Framework for classification of epilepsy types. Reprinted from Epilepsia,
Scheffer et al. (2017), “ILAE classification of the epilepsies: Position paper of the ILAE
Commission for Classification and Terminology,” © 2017, with permission from Wiley.

2.1.4 Aetiologies
From the first epileptic seizure, aetiology should be searched for since it may have
therapeutic implications. In the search for aetiology EEG, brain magnetic resonance
imaging (MRI) is utilised. Aetiology is categorised as structural, genetic, infectious,
metabolic, immune, and unknown. A patient’s epilepsy can be classified into more
than one aetiological category, e.g., a patient with tuberous sclerosis has both a
structural and a genetic aetiology.
Structural aetiology refers to a condition in which an underlying cerebral lesion
is most likely related to seizure events (Gaillard et al., 2009). Brain imaging may
reveal structural lesions, such as mesial temporal sclerosis or focal cortical
dysplasia, which are potential epilepsy surgery candidates, processes that have
therapeutic or prognostic implications, e.g., brain tumour, leukodystrophies, or
metabolic diseases, or it can identify acute processes that need urgent intervention,
e.g., hydrocephalus, stroke, haemorrhage or encephalitis. Identification of subtle
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structural lesions requires appropriate brain MRI studies using specific epilepsy
protocols (Gaillard et al., 2009).
Genetic aetiology is used when epilepsy results directly from a known or
presumed pathogenic variant for which seizures are a core symptom of the disorder
or when it is indicated by family history (Grinton et al., 2015; Scheffer et al., 2017b;
Tinuper et al., 2016). Genetic basis for the epilepsy syndrome can come from
previous population or twin studies, or when the causative pathogenic variant is
found in a patient with epilepsy, most often being de novo variant in severe epileptic
encephalopathies (McTague et al., 2016; Scheffer et al., 2017c).
Infections and infestations are among the most common risk factors for
seizures and acquired epilepsy, and they are probably the most common
preventable risk factor for epilepsy worldwide, particularly in resource-poor
settings (Vezzani et al., 2016). Common infectious aetiologies for epilepsy include
neurocysticercosis, tuberculosis, HIV, cerebral malaria, subacute sclerosing
panencephalitis, cerebral toxoplasmosis, and congenital infections such as the zika
virus and cytomegalovirus (Vezzani et al., 2016).
Metabolic epilepsy results directly from a known or presumed metabolic
disorder in which seizures are a core symptom of the disorder. In many cases, there
is a genetic defect behind the metabolic disorder. The identification of specific
metabolic causes of epilepsy is very important due to implications for specific
therapies and potential prevention of comorbidities, e.g., developmental
impairment (N. I. Wolf et al., 2009).
In immune epilepsy, seizures result from an underlying immunological process.
A range of immune epilepsies has recently been recognised in patients of all age
groups (Vezzani et al., 2016). Examples of immune epilepsy in children are antiN-methyl-D-aspartate receptor (NMDAR) encephalitis, anti-voltage-gated
potassium channel (VGKC) receptor encephalitis, anti- -aminobutyric acid type
B receptor (GABABR) encephalitis, anti- -aminobutyric acid type A receptor
(GABAAR) encephalitis, anti-glycine receptor encephalitis, and anti-glutamic acid
decarboxylase (GAD) receptor encephalitis (Suleiman & Dale, 2015). Immune
epilepsies have treatment implications with targeted immunotherapies (Suleiman
& Dale, 2015; Vezzani et al., 2016).
Unknown aetiology means that the cause of epilepsy is not yet known. This is
often related to the extent to which it is possible to perform aetiological evaluation
(Scheffer et al., 2017a).
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2.1.5 Inborn errors of metabolism causing epilepsy
Inborn errors of metabolism (IEM) are rare conditions that represent more than 750
diseases. More than 260 IEM have epilepsy as a primary or secondary feature
(Campistol, 2016; van Karnebeek et al., 2018). However, IEM represent rare causes
of epilepsy (N. I. Wolf et al., 2009). In neonatal seizures, IEM account for 1.1–7.4%
of all cases (van Karnebeek et al., 2018). In a study of patients with epileptic
encephalopathy, 7% had IEM as an aetiology, with the condition being treatable for
4.5% (Mercimek-Mahmutoglu et al., 2015). Isolated epilepsy without
developmental impairment, other neurological symptoms, or well-defined epilepsy
syndrome does not usually suggest a metabolic disorder, with some exceptions—
e.g., GLUT1 deficiency in generalised epilepsy, especially in early-onset absence
epilepsy starting prior to four years of age (Arsov et al., 2012; Mullen, Berkovic,
& ILAE Genetics Commission, 2018; N. I. Wolf et al., 2009). Even though a
specific epilepsy type is rarely seen in IEM, in case of myoclonic seizures and
burst-suppression EEG pattern, the metabolic aetiology should be considered (N. I.
Wolf et al., 2009). Mitochondrial epilepsy often presents with encephalomyopathy,
including drug-resistant epilepsy that is often myoclonic (Rahman, 2012). In
mitochondrial epilepsy, status epilepticus may occur, and can be super-refractory
in some patients (Rahman, 2012; Vasquez, Farias-Moeller, & Tatum, 2018).
Treatable causes of epileptic encephalopathies
There are more than 70 IEM presenting with epilepsy that are potentially treatable
(van Karnebeek et al., 2018). In case of unexplained or refractory epilepsy during
the neonatal period (the first month of life), metabolic aetiology should be searched
for since the great majority of vitamin-responsive epilepsy types begin in the
neonatal and early infancy periods (Surtees & Wolf, 2007). Epilepsy due to IEM
represents an area of personalised medicine in which early identification, testing,
and targeted treatment directed towards the underlying metabolic pathophysiology,
with the avoidance of treatments exacerbating metabolic imbalance, may markedly
improve the seizure outcome and prognosis in general (Pearl, 2016).
Pyridoxine-dependent epilepsy (PDE) (MIM 266100) is an autosomal
recessive disease of lysine catabolism caused by pathogenic variants in ALDH7A1
coding of α-aminoadipic-semialdehyde dehydrogenase, also known as antiquitin
(Clayton, 2006; Mills et al., 2006) (Figure 4). Patients with this disorder can
manifest with drug-resistant epilepsy and multiorgan disease in the first days of life
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to the onset of seizures and autistic features subsequent to the first year of life (Mills
et al., 2010). Folinic acid-responsive seizures are genetically identical to PDE
(Stockler et al., 2011). Dramatic response to seizures can been seen with pyridoxine
when it is given either intravenously or orally. First administration may result in
respiratory arrest in responders and thus treatment should be performed with support of
respiratory management. To make sure that late and masked response is not missed,
treatment with oral pyridoxine should be continued until the antiquitin deficiency
is excluded by negative biochemical or genetic testing (Stockler et al., 2011).
Pyridoxine responsiveness is also seen in hyperprolinemia type II (MIM 239510)
and congenital hypophosphatasia (MIM 241500) (Pearl, 2016). Recently,
pathogenic homozygous and compound homozygous PROSC variants were
described as a cause of early-onset pyridoxine-dependant epilepsy (MIM 617290)
(Darin et al., 2016; Plecko et al., 2017)
In pyridox(am)ine 5’-phosphate oxidase (PNPO) deficiency (MIM 610090),
infants present with similar seizures to those seen in PDE and prolonged episodes
with mixed multifocal myoclonic-tonic symptoms, often associated with grimacing
and abnormal eye movements (Schmitt et al., 2010). Treatment with pyridoxal 5’phosphate (PLP) has been successful in controlling seizures and some cases
respond to pyridoxine (Mills et al., 2014) (Figure 4).
Both biotinidase deficiency (MIM 253260) and holocarboxylase deficiency
(MIM 253270) (Figure 4) affect the vital coenzyme function of biotin and result in
reduced activity of four biotin-dependent carboxylases (B. Wolf, 2011). Clinical
picture is characterised by neurological disease, including seizures, and often
infantile spasms. In addition to encephalopathy, the patients may have skin
manifestations, including alopecia or generalised or perioral eczematous rash (B.
Wolf et al., 1985; B. Wolf, 2011). All patients with biotinidase deficiency and most
with holocarboxylase deficiency respond to oral biotin. Delayed treatment may
result in irreversible neurological damage. Recessive pathogenic variants in the
BTD gene are responsible for biotinidase deficiency (B. Wolf, 2012) and in the
HLCS gene for holocarboxylase deficiency (Suzuki et al., 1994). Newborn
screening is performed in many countries for biotinidase deficiency (B. Wolf, 2011;
B. Wolf, 2012).
GLUT1 deficiency (MIM 606777), due to pathogenic variants in SLC2A1,
leads to failure of glucose transport across the blood-brain barrier and inadequate
glucose for brain metabolism (Figure 4). The phenotype is very variable, including
encephalopathy beginning in the first years of life, generalised familial epilepsy,
early-onset absence epilepsy, and paroxysmal exertional dyskinesia (PED) (Arsov
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et al., 2012; Klepper, 2008; Mullen et al., 2018). A ketogenic diet (KD) provides
ketones as an alternative fuel for the brain and is therefore the treatment of choice
(Klepper, 2008).
Cerebral folate deficiency (MIM 613068) is an autosomal recessive disorder
caused by pathogenic variants in the FOLR1 gene, resulting in severe
developmental regression, movement disorder, epilepsy, and leukodystrophy
(Figure 4). Folinic acid therapy can reverse the clinical symptoms and improve
neurological outcome (Steinfeld et al., 2009).
Biotin thiamine responsive basal ganglia disease (MIM 607483) (Figure 4) can
present at any age with broad phenotype, including neonatal encephalopathy,
infantile spasms with basal ganglia involvement, Leigh syndrome, seizures with
generalised dystonia, and Wernicke encephalopathy. It is caused by homozygous
or compound heterozygous pathogenic variants in the SLC19A3 gene (Zeng et al.,
2005). Treatment with thiamine and biotin is recommended and response is usually
good (Gerards et al., 2013; Kevelam et al., 2013).
Pyruvate dehydrogenase complex (PDHc) deficiency (MIM 312170) (Figure
4) is a very heterogeneous condition with a clinical spectrum ranging from fatal
lactic acidosis in the newborn period to a chronic neurodegenerative condition with
gross structural abnormalities in the central nervous system. Several different genecoding subunits of PDHc may be involved (McKusick-Nathans Institute of Genetic
Medicine, Johns Hopkins University (Baltimore, MD), ). Patients can be hypotonic
and lethargic, fail to thrive and develop seizures, typically either tonic-clonic
convulsions or infantile spasms (Brown, Otero, LeGris, & Brown, 1994).
Ketogenic diet, dichloroacetate (DCA), and sometimes thiamine has been used to
treat patients even through there are no controlled trials on effect (Patel, O'Brien,
Subramony, Shuster, & Stacpoole, 2012).
Organic acidurias, aminoacidopathies, and urea cycle defects present as acute
encephalopathy, usually with acidosis, ketonuria, and hyperammonaemia. The
most common urea cycle disorder is the ornithine transcarbamylase deficiency
(MIM 311250) (Batshaw, Tuchman, Summar, Seminara, & Members of the Urea
Cycle Disorders Consortium, 2014). Diagnostic tests include analysis of urine
organic acids, blood spot acylcarnitine profile, and plasma and urine amino acids.
Early treatment is necessary to prevent severe neurological damage and death
(Rahman, Footitt, Varadkar, & Clayton, 2013). Serine synthesis defects may
present with drug-resistant seizures and infantile spasms. Supplementation with
oral serine and glycine has been reported to improve outcome (de Koning et al.,
2031). Guanidinoacetate methyltransferase (GAMT) deficiency (MIM 612736),
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arginine-lycine amidinotransferase (AGAT) deficiency (MIM 612718), and
cerebral creatine transporter defect (MIM 300352) are all disorders of creatine
metabolism, also referred to as cerebral creatine deficiency syndromes (McKusickNathans Institute of Genetic Medicine, Johns Hopkins University (Baltimore,
MD), ; Rahman et al., 2013). All may be associated with epilepsy, but seizures are
most prominent in the GAMT deficiency, occurring in over 90% of patients.
Diagnosis may be achieved by demonstrating low cerebral creatine levels on
magnetic resonance spectroscopy (Rahman et al., 2013). In GAMT, treatment with
oral creatine monohydrate, dietary restriction of arginine, and ornithine aspartate
supplementation is recommended (Campistol & Plecko, 2015). In inborn errors of
cobalamin metabolism, it is recommended to start hydroxocobalamin treatment as
early as possible, as well as betaine in case of methylenetetrahydrofolate reductase
(MTHFR) deficiency (MIM 236250) (Huemer et al., 2017).
2.2

Childhood movement disorders

Paediatric movement disorders are a highly heterogeneous group of different
conditions. The underlying mechanisms and aetiologies are very variable and only
a small number of them are known thus far (Arzimanoglou, 2018). Movement
disorders in childhood may start acutely, subacutely, or in a chronic manner (Kurian
& Dale, 2016).
One of the most common types of childhood movement disorders is the
transient tic disorder, affecting about 3% of children (Knight et al., 2012). In one
epidemiological study, the crude annual incidence of generalised dystonia,
including all age groups, was 2 per 1 million and, when combined with focal
dystonia, 24 per 1 million (Nutt, Muenter, Aronson, Kurland, & Melton, 1988).
Prevalence estimates for primary dystonia range from 30 to 7,320 cases per 1
million for adult-onset dystonia and 2 to 50 cases per 1 million for childhood
dystonia (Defazio, Abbruzzese, Livrea, & Berardelli, 2004).
The most common hereditary ataxias are the Friedreich’s ataxia, with a
prevalence of approximately 1 to 2 cases per 100,000, and the ataxia-teleangiectasia
with a prevalence of 1 in 40,000–100,000 live births in the United States (Swaiman,
Ashwal, & Ferriero, 2006). The most common cause of secondary movement
disorder in children is likely to be cerebral palsy, with a prevalence of 2 cases per
1,000, presenting with almost all types of movement disorders (Swaiman et al.,
2006). Distribution of movement disorders in a cohort of 673 children is presented
in Figure 5.
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Fig. 4. Examples of genetic aetiologies of treatable epilepsies, the location of the
protein product and treatment options. Cell structures modified from (Lodish et al.,
2004).
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Movement disorders in children
Mixed 8 %
Chorea 5 %
Myoclonus
2%
Tics
39 %

Tremor
19 %

Dystonia
24 %
Hypokinetic rigid 2%

Fig. 5. Distribution of movement disorders in 673 children seen in a tertiary referral
centre. Adapted from Fernandez-Alvarez et al. (Fernandez-Alvarez & Aicardi, 2001).

2.2.1 Definition and classification
Movement disorders in childhood comprise a heterogeneous group of disorders that
lead to impairment of voluntary movement, abnormal postures, or inserted
involuntary movements (Kurian & Dale, 2016). Excessive movements are referred
as hyperkinesias or dyskinesias (Kurian & Dale, 2016). The paucity-of-movement
group is referred to as hypokinesia, meaning decreased amplitude of movements,
encompassing parkinsonian phenotypes (Fahn, Jankovic, & Hallett, 2011; Kurian
& Dale, 2016).
There can be many ways to classify movement disorders, e.g., the localisation
of pathology, aetiology, phenomenology, and pathophysiology. The most preferred
method is most likely multiple classification in which clinical, anatomical, and
aetiological aspects are considered in parallel (Fahn, 2011). Categorisation based
on the localisation of pathology and phenomenology is presented in Figure 6.
Benign childhood movement disorders are thought to be a manifestation of the
developing brain, reflecting the central nervous system immaturity and resolving
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over time with mostly normal neurological outcomes (Bonnet et al., 2010). Tics
resemble voluntary actions and share most of their neurophysiologic properties but
appear repetitive, seemingly uncontrollable, out of context, and exaggerated
(Ganos & Martino, 2015). Tourette syndrome is in the most severe end of this
spectrum, often with neuropsychiatric comorbidity, and it most likely has
multifactorial aetiology with genetic vulnerability and environmental factors
(Ganos & Martino, 2015). Stereotypic movement is a term that is applied to
activities involving specific movements—e.g., rocking and hand flapping or
waving—or more broadly to heterogeneous, self-directed, repetitive behaviours,
activities, and interests. Stereotypic movements can occur in typically developing
children, as well as in cases of autism spectrum disorder, mental retardation, and
sensory deprivation (Singer, 2009).
Hyperkinetic movement disorders are frequently seen in children with
neurological disorders and are often associated with dysfunction of the basal
ganglia, cerebral cortex, cerebellum, and other motor pathways due to static or
progressive injury (T. D. Sanger et al., 2010). Dystonia, ataxia, chorea, athetosis,
and myoclonus are examples of movement disorders belonging to the hyperkinesia
group (Fahn, 2011; T. D. Sanger et al., 2010).
Dystonia is characterised by sustained or intermittent muscle contractions,
causing abnormal, often repetitive, movements, postures, or both. Dystonic
movements are typically patterned, twisting, and may be tremulous. Dystonia is
often initiated or worsened by voluntary action and associated with overflow
muscle activation (Albanese et al., 2013). Dystonia classification proposal was first
made by Albanese et al. in 2013. This proposed classification of dystonia contains
two axes, clinical characteristics and aetiology (Albanese et al., 2013). Dystonia is
classified as isolated (formerly primary) when it is the predominant motor symptom
except for tremor, combined when it occurs in conjunction with additional
movement disorders, or complex (formerly secondary) when it is found in the
setting of a multisystem neurological and/or extra neurological disease (Marras et
al., 2016).
Ataxia is defined as the inability to generate a normal or expected voluntary
movement trajectory that cannot be attributed to weakness or involuntary muscle
activity around the affected joints (T. D. Sanger et al., 2006). Specific deficits that
may be seen as components of ataxia include dysmetria (inaccurate motion to a
target), dyssynergia (decomposition of multijoint movements), and
dysdiadochokinesia (lack of rhythmicity or excessive difficulty performing
rhythmic tasks). Ataxia may be caused by injury to cerebellum or it´s inflow or
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outflow tracts, or peripheral sensory loss, especially in fibres carrying
proprioceptive information (T. D. Sanger et al., 2006).
Chorea is defined as an ongoing, random-appearing sequence of one or more
discrete involuntary movements or movement fragments, athetosis as a slow,
continuous, involuntary writhing movement that prevents maintenance of a stable
posture, and myoclonus as a sequence of repeated, often non-rhythmic, brief shocklike jerks due to sudden involuntary contraction or relaxation of one or more
muscles (T. D. Sanger et al., 2010).
Paroxysmal dyskinesias can be subdivided into three clinical syndromes,
paroxysmal kinesigenic dyskinesia or choreoathetosis, paroxysmal exerciseinduced dyskinesia, and paroxysmal non-kinesigenic dyskinesia (Gardiner, 2015).
2.2.2 Aetiologies of childhood movement disorders
The underlying aetiologies for childhood movement disorders are diverse. In
general, aetiologies can be divided into acquired and genetic causes (Kurian & Dale,
2016).
Acquired causes of movement disorders
There are several acquired causes for movement disorders in childhood. Cerebral
palsy, due to subcortical ischemic injury, is one the most common causes of
movement disorders in children and infections can affect the subcortical structures,
resulting in movement disorders (Kurian & Dale, 2016). Movement disorders,
especially dystonia and chorea, are often a prominent feature of autoimmune
encephalitis in children. Stereotypies and perseveration are typically seen in antiN-methyl-D-aspartate (NMDA) receptor encephalitis, and akinesia and tremor are
suggestive of basal ganglia encephalitis (Mohammad et al., 2014). However,
movement disorder in the autoimmune encephalitis rarely occurs in isolation and
is almost always accompanied by other neurologic features (Kurian & Dale, 2016).
Autoimmune encephalitis should be treated promptly with immunotherapy
(Suleiman & Dale, 2015). It is important to perform MRI to identify stroke or
space-occupying lesions. The moya-moya vasculopathy may present with a waxing
and waning chorea that usually resolves over time by itself or after surgical
intervention (Ahn, Scott, Robertson, & Smith, 2013). Toxic and iatrogenic causes,
e.g., drugs, are possible causes of movement disorders that have a clear temporal
association with movement disorder (Kurian & Dale, 2016).
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2.3

Variation in the human genome

2.3.1 Human genome and genes
There are over 3 billion base pairs (bp) in the human genome (Human genome
assembly GRCh38.p12.). The bases are one of the three components of the
nucleotides, the other two being sugar and phosphate. In deoxyribonucleic acid
(DNA), the sugar is deoxyribose and the base can be adenosine (A), thymine (T),
cytosine (C), or guanine (G). In ribonucleic acid (RNA), the sugar is ribose and the
bases are A, G, and C—as in DNA—but instead of T, RNA has uracil (U). DNA
exists in the form of two polynucleotide chains wrapped around each other—the
double helix. Base pairing—A forming hydrogen bonds with T, and G with C—
brings the chains together as described by Watson and Crick in 1953 (Watson &
Crick, 2003). A normal diploid cell contains two copies of the genome in a long
double-helix DNA, which is packed into chromatin by histones and other proteinforming chromosomes. Each cell contains 46 chromosomes (Read Andrew &
Donnai Dian, 2015). In addition to the nuclear genome, the mitochondria have their
own genome, comprising of a single, circular DNA molecule 16,569 bp long (Lott
et al., 2013). The mitochondrial genome does not contain any introns and has 37
genes (Read Andrew & Donnai Dian, 2015).
The human genome was sequenced in The Human Genome Project, which was
launched in 1990 and completed in 2003 (International Human Genome
Sequencing Consortium, 2004). The sequence is constantly being updated, with the
last update published in July 2018 by the Genome Reference Consortium Human
Build 38 (GRCh38.p12), containing information of 20,418 coding genes and an
additional 2,958 alternative sequences (Zerbino et al., 2018). In general, it can be
stated that there are 20,000–25,000 protein-coding genes in the human genome
(International Human Genome Sequencing Consortium, 2004).
Genes are functional units of the DNA. The usual function of a gene is to
specify the structure of a protein. Genes also contain information needed to produce
functional RNA, such as ribosomal RNA and transfer RNA (Read Andrew &
Donnai Dian, 2015). Genes contain exon that have the protein-coding sequence and
non-coding introns that are removed from the primary transcript during splicing.
All the exons, the exome, cover only about 1–2% of the entire genome (Rehm et
al., 2013). The mature messenger RNA (mRNA) containing exons is exported to
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the cytoplasm, where it engages with a ribosome. The ribosome slides along the
mRNA, adding the appropriate amino acid to the growing polypeptide chain
according to the genetic code. Each amino acid is specified by a certain nucleotide
triplet of the mRNA. Many processes, e.g., folding, chemical modification, and
transport, are needed before newly synthesised protein becomes functional. Each
gene has an average of 5.4 different transcripts, which may have different functions.
Gene expression is modified by transcription factors that together form a complex,
including the RNA polymerase. Most mitochondrial functions depend on the
proteins encoded by nuclear genes that are transported to the mitochondrion after
being synthesised (Read Andrew & Donnai Dian, 2015).
2.3.2 Genetic variation in humans
The typical human genome differs from the reference sequence at 4.1 million to 5.0
million sites. Although over 99.9% of variants consist of single-nucleotide
polymorphisms (SNPs) and short insertions and deletions (indels), structural
variants affect more bases. Between 40,000–200,000 variants in a typical genome
have a population frequency < 0.5%. There are 149–182 protein-truncating variants,
10,000–12,000 sites with peptide-sequence-altering variants, 459,000–565,000
variant sites overlapping the known regulatory regions in a typical genome, and
24–30 variants implicated in rare diseases through the Clinical Variants database
(ClinVar) (1000 Genomes Project Consortium et al., 2015).
Some variants increase the susceptibility to certain disorders or are directly the
cause of a disease. Genetic variants can be classified based on their consequence
on the function of the gene product, e.g., loss-of-function or gain-of-function, or
based on how they affect the protein sequence. High impact on protein sequence is
found in frameshift variants that disrupt the reading frame, nonsense variants that
result in a premature stop codon, and splice site variants that disrupt splicing.
Missense variants result in a different amino acid and can have a functional effect
if the amino acid change disrupts a catalytically active residue. Synonymous
variants have a low impact on consequence since there is no change in the amino
acid (Zerbino et al., 2018). For human variants predicted to result in an amino acid
substitution, pathogenicity predictions can be made—e.g., with Sorting Intolerant
From Tolerant (SIFT) and Polymorphism Phenotyping version 2 (PolyPhen2)—to
predict the effects of the change on protein function (Adzhubei et al., 2010a; Kumar,
Henikoff, & Ng, 2009a).
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2.3.3 Genetics of diseases
Mendelian inheritance is seen whenever the phenotype is caused by mutation or
chromosomal abnormality at a single, fixed chromosomal location. Modes of
Mendelian inheritance are autosomal dominant, with 50% chance of passing the
heterozygous variant to a child, autosomal recessive, with 25% chance of having
an affected child with a homozygous variant, X-linked recessive, X-linked
dominant, Y-linked, and mitochondrial inheritance, in which mitochondrial DNA
(mtDNA) is inherited from the mother (Read Andrew & Donnai Dian, 2015).
Penetrance in a certain condition can vary and sometimes an autosomal dominant
condition can skip one generation. In general, however, Mendelian diseases have a
higher penetrance than multifactorial diseases (Read Andrew & Donnai Dian,
2015). In addition to inherited diseases, the de novo variants, i.e., the newly arising
variants either in parental germline cells or at some point after conception,
contribute to human diseases (Veltman & Brunner, 2012). Somatic de novo
mutations occur after conception in any call type except for germ cells, affect a
subset of cells and are not inherited (Veltman & Brunner, 2012).
2.4

Molecular genetic analyses

The genetic aetiology of diseases has been studied historically by linking a certain
locus or allele with a trait found in families, as in linkage analysis (Dawn Teare &
Barrett, 2005), or across the whole population, as in genetic association studies
(Cordell & Clayton, 2005). The completion of the Human Genome Project in 2003,
in which the whole human genome was sequenced, prompted the rapid evolution
of many novel genetic methods (Green, Watson, & Collins, 2015).
2.4.1 Comparative genomic hybridisation
Comparative genomic hybridisation (CGH) is a general method for finding the
copy-number variants not detected in traditional karyotyping, as small as 1 kb up
to 1 Mb (Salman, Jhanwar, & Ostrer, 2004). CGH measures DNA copy number
differences between a reference genome and a test genome. The DNA samples are
differentially labelled and hybridised to an immobilised substrate. Fluorescence
colour is produced according to the amount of patient DNA present. Deletions and
duplications can be mapped to the reference genome in order to list the genes
involved (Miller et al., 2010).
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2.4.2 Sanger sequencing
Sanger sequencing has been used in clinical testing for many years and is
considered to be the gold standard. However, its limitations include low throughput
and high cost, making multigene panels laborious and expensive (Rehm et al.,
2013). The dideoxy chain-termination method was developed by Frederick Sanger
in the 1970s (F. Sanger & Coulson, 1975). In principle, each time a nucleotide is
incorporated into the growing chain, there is a small chance of it being a
dideoxynucleotide, terminating the growth of the chain and resulting in a series of
nested fragments, each terminated by a colour-labelled dideoxynucleotide.
Fragments are separated by length using electrophoresis and read by a sequencing
machine (Read Andrew & Donnai Dian, 2015). Sanger sequencing is mainly used
in variant confirmation and single-gene testing of diseases with typical phenotype.
2.4.3 Next-generation sequencing
For over ten years, next-generation sequencing has been used to generate low-cost,
high-throughput sequence data. The basic principle is to sequence either clonally
amplified or single-molecule templates in massively parallel fashion (Rehm et al.,
2013). Fluorescently labelled nucleotides are added one-by-one using a DNA
polymerase to amplify the single-stranded molecules attached to the surface of a
flow cell (Mardis, 2013). An image is taken of each labelled nucleotide that is
incorporated into the DNA molecule. Based on the image, the computer determines
the correct base at each position and forms the nucleotide sequence. Sequence reads
are aligned to the reference sequence. Read length of the sequence is 300–700 bp
(NGS platforms.) and longer length is preferred for better aligning. Read depth
refers to a number of reads across any genomic location. Sequencing coverage
describes the average number of reads that align to known reference bases. The
next-generation sequencing (NGS) coverage level often determines whether variant
discovery can be made with a certain degree of confidence at particular base
positions (1000 Genomes Project Consortium et al., 2012). In deep sequencing, the
depth is hundreds or thousands of reads.
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Gene panels
Disease-targeted gene panels include only the disease-associated genes. Focusing
on a limited set of genes allows a greater depth of coverage for increased analytical
sensitivity and specificity. Since only genes with an established role in the targeted
disease are sequenced, the ability to interpret the findings in a clinical context is greater
(Rehm et al., 2013). The disadvantage is that much effort is needed to develop and
validate a suitable panel and to update it to include all the new gene discoveries
(LaDuca et al., 2017).
Whole-exome sequencing
For diseases with less distinct clinical phenotype the whole-exome sequencing
(WES) is preferred. In WES the exome, containing all the protein-coding exons of
genes, is sequenced. The exome contains the majority, ~85%, of recognised
disease-causing variants (Rehm et al., 2013). Because the coverage of WES is not
uniform due to sequence complexity, it might not be as sensitive in finding
pathogenic variants as targeted gene panels (Rehm et al., 2013). It seems, however,
that the present techniques allow for a very similar diagnostic yield with both WES
and targeted NGS panels (LaDuca et al., 2017). In WES, however, incidental
findings may raise ethical questions (Read Andrew & Donnai Dian, 2015).
Whole genome sequencing
Whole genome sequencing (WGS) allows the changes outside of the coding region
to be identified, although the majority of changes in non-coding regions at present
are not annotated. In terms of advantages, it is more likely to identify variants in
exomes that would otherwise be missed in WES due to inefficient exome capture
(Gilissen et al., 2014).
Analysis and interpretation of data
With NGS technology, the limitation is no longer the sequencing of one, many, or
all genes but rather the sequence analysis and interpretation of the produced genetic
information. In the variant annotation process, the variants identified by the variant
calling step are placed into their biological context, including substantial
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information at the variant and gene levels (Salgado, Bellgard, Desvignes, & Beroud,
2016).
To find possible pathogenic candidate genes, the sequencing data has to be
filtered. Variants that have been found in significant frequency in healthy
individuals are filtered, bearing in mind that in some isolate populations the carrier
frequencies of severe Mendelian diseases can be over 1% (Peltonen, Jalanko, &
Varilo, 1999). Variants that do not change amino acid sequence protein, e.g., noncoding variants and synonymous changes, are filtered. Mode of inheritance, variant
pathogenicity, and possible association to the specified disease should be
considered in the analysis of the variant (Read Andrew & Donnai Dian, 2015).
Since genetic findings can have a powerful effect on patient counselling and
care, misinterpretation should be avoided. Interpretation of the variant
pathogenicity should, ideally, utilise several lines of information, including genetic,
segregation, computational, clinical, and functional data (Richards et al., 2015).
The American College of Medical Genetics and Genomics (ACMG) has
established a commonly used five-tier scale to describe variant pathogenicity:
pathogenic, likely pathogenic, variant of uncertain significance, likely benign, and
benign (Richards et al., 2015).
2.5

Genetics of epilepsy and movement disorders

2.5.1 Genetics of epilepsy
It is estimated that more than half of the epilepsy cases have a genetic basis (Pal et
al., 2010). There are more than 80 genes that cause a condition or syndrome where
epilepsy is a core symptom. In addition, there are more than 70 genes that cause
neurodevelopmental abnormalities and epilepsy, and more than 530 genes
associated with gross physical or other systemic abnormalities that are
accompanied by epilepsy and seizures. There are also more than 240 genes
potentially associated with epilepsy that, in most cases, warrant further verification
(Wang et al., 2017).
During the initial era of family studies, many genes underlying the relatively
mild and dominantly inherited familial types of epilepsy were discovered,
including SCN1A and SCN1B in GEFS+, KCNQ2 and KCNQ3 in Benign Familial
Neonatal convulsions, GABRG2 in GEFS+ and childhood absence epilepsy, and
the concept of channelopathies was established (Steinlein, 2004). In a large
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association study, it was shown that genes responsible for familial and rare
epilepsies also contribute to the risk of common epilepsies (Epi4K consortium &
Epilepsy Phenome/Genome Project, 2017). It seems, however, that both severe
epileptic encephalopathies and familial epilepsies do not exist in isolation but are a
part of the spectrum of seizure disorders (I. Helbig & Tayoun, 2016).
Recently, rare functionally-relevant variants that encode the GABAA receptors
were found to constitute a significant risk factor for genetic generalised epilepsy
(May et al., 2018). In childhood absence epilepsy that appears before four years of
age, the pathogenic SLC2A1 variants are found in up to 10% of patients (Mullen,
Suls, De Jonghe, Berkovic, & Scheffer, 2010). Genes affecting the mTOR pathway,
DEPDC5, NPRL2, and NPRL3, have been found to contribute to common focal
epilepsies (Baulac et al., 2015; Ricos et al., 2016).
Genetics of epileptic encephalopathies
A genetic cause for an epileptic encephalopathy (EE) was first recognised in 2001,
when all seven children with the Dravet syndrome were found to have a pathogenic
SCN1A variant (Claes et al., 2001). Since then, with new molecular techniques, a
rapid growth in gene discovery for epileptic encephalopathy has occurred
(McTague et al., 2016).
Most mutations in epileptic encephalopathy occur de novo, probably in the
gamete or early embryogenesis. In EE, each gene shows phenotypic pleiotropy and
each epilepsy syndrome shows genetic heterogeneity (McTague et al., 2016). Genes
causing severe epilepsies function as channelopathies, cause synaptic dysfunction,
transporter defects, transcriptional dysregulation, impaired DNA repair and
chromatin remodelling, and metabolic defects. In many cases, however, the
mechanisms are still poorly understood (McTague et al., 2016).
Copy number variants (CNVs) contribute up to 8% of genetic causes of
epileptic encephalopathy (Mefford et al., 2011). Next-generation gene panels with
30–265 genes produce a diagnostic yield of 10–50%, with highest probability of
genetic diagnosis when epilepsy begins early (Carvill et al., 2013; Kothur et al.,
2018; Lemke et al., 2012; Parrini et al., 2017). Diagnostic yields may be explained
by the number of genes included in the panel and the phenotypes of the patients
selected for the analysis. Careful selection of cases for testing seems to increase the
diagnostic yield (Kothur et al., 2018). Diagnostic exome sequencing from proband
and parents (trio) found a positive result in 38% of patients with a range of
epilepsies, most likely in patients with neonatal-onset epileptic encephalopathies.
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In addition, in 7% of epilepsy patients, a novel candidate gene was reported (K. L.
Helbig et al., 2016). Examples of genes causing epileptic encephalopathy are
presented in Figure 7.
2.5.2 Genetics of movement disorders
Recent advances in molecular genetics have helped in the discovery of various
novel genes that cause paediatric movement disorders as part of
neurodevelopmental disorders. Recently, the Movement Disorder Society Task
Force for Nomenclature of Genetic Movement Disorders published
recommendations for the nomenclature of genetic movement disorders. Rather than
using locus numbers, which were originally established to specify chromosomal
regions that had been linked to a familial disorder where the gene was yet unknown,
it is recommended to use the movement disorder phenotype prefix followed by the
gene, e.g. DYT-SGCE instead of DYT1 (Marras et al., 2016).
In a study with 25 patients, the majority of whom had developmental
impairment in addition to movement disorder, seven patients had a microdeletion.
Four deletions included three genes earlier associated with movement disorders;
PRRT2 (MIM 128200), SGCE (MIM 159900), and TITF1 (MIM 118700) (Dale,
Grattan-Smith, Nicholson, & Peters, 2012). The NGS gene panel, consisting of 94
dystonia genes, discovered a genetic cause in 14.8% patients with dystonia of all
ages (van Egmond et al., 2017). When WES was done for nine patients with
combined and/or complex dystonia, four were found to have likely pathogenic or
pathogenic variants in previously reported disease associated genes, ACTB (MIM
607371), ATP1A3 (MIM 128235), PINK1 (MIM 605909), and ADCY5 (MIM
606703), and candidate genes were reported for the rest of the patients (Zech et al.,
2017). In a retrospective paediatric movement disorder cohort with 51 patients, 18%
received a genetic diagnosis with targeted NGS panels and 27% with WES. Only
4% of the patients were diagnosed by targeted sequencing on a clinical suspicion
of ataxia-teleangiectasia (MIM 208900). Genetic diagnosis provided diseasespecific treatment for two patients, including ketogenic diet for a GLUT1
deficiency (MIM 606777) and riboflavin for a riboflavin transporter deficiency
(MIM 614707), symptomatic treatment for four patients, and guided preventative
or sick day management in four patients, altogether affecting the treatment of 38%
of the diagnosed patients (Cordeiro et al., 2018).
The most common primary genetic dystonias presenting in childhood are
DYT1 (MIM 605204), DYT5a (MIM 128230), DYT5b (MIM 605407), and
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DYT11 (MIM 159900), caused by pathogenic variants in the TOR1A, GCH1, TH,
and SGCE genes, respectively (Albanese et al., 2013; Kurian & Dale, 2016).
Symptoms of DYT1 usually begin in childhood or early adolescence, typically in
one limb. In many patients, generalised dystonia ensues within five years of
presentation of the first symptoms. DYT5a, also known as the Segawa syndrome,
is an inherited dopa-responsive disorder that presents from early childhood with
limb dystonia, which can mimic the symptoms and signs of diplegic cerebral palsy.
In DYT5b, which is also partly dopa-responsive, dystonia is more complex,
occurring often together with parkinsonism features and neurodevelopmental delay.
DYT11, also called the myoclonus dystonia syndrome, has a clinical onset in the
median of five years and presents with early myoclonus that affects the upper limbs
and neck, occurring together with predominantly upper limb dystonia (Kurian &
Dale, 2016).
Chorea is often a part of complex neurologic disorders, e.g., the FOXG1
syndrome (MIM 613454) (Cellini et al., 2016). Chorea occurs in combination with
thyroid abnormalities in the Allan-Herndon-Dudley syndrome (MIM 300523) with
other neurological symptoms (Kurian & Jungbluth, 2014).
Almost half of the patients with paroxysmal dyskinesias have pathogenic
variants in the PRRT2, SLC2A1, and PNKD genes. In addition to paroxysmal
kinesigenic dyskinesia (MIM 128200), pathogenic variants in the PRRT2 gene
cause episodic ataxia, benign infantile epilepsy, paroxysmal exercise-induced
dyskinesia, migraine, and familial hemiplegic migraine. Pathogenic variants in the
SLC2A1 gene cause the GLUT1 syndrome (MIM 606777) manifesting typically
with paroxysmal dyskinesia, triggered by exercise or fasting. In addition,
paroxysmal non-kinesigenic dyskinesia, episodic ataxia, and myotonia have been
described. Movement disorders may occur independently or together with epilepsy
(Gardiner et al., 2015). Pathogenic variants in the PNKD gene cause phenotypes
that overlap with the PRRT2 and SLC2A1 genes (Gardiner et al., 2015; Leen et al.,
2010). Paroxysmal dyskinesia, caused by PRRT2, usually responds to
carbamazepine (H. F. Li et al., 2013) and should be therefore searched as well as
GLUT1 in which a ketogenic diet may affect the frequency and severity of the
movement disorder (Leen et al., 2010).
Genetic causes of ataxia are often inherited recessively and include Friedreich
ataxia (MIM 229300) with a GAA trinucleotide repeat expansion in the FXN gene,
ataxia with isolated vitamin E deficiency (MIM 277460) with pathogenic variants
in the TTPA gene, and ataxia-teleangiectasia (MIM 208900) with pathogenic
variants in the ATM gene (Kurian & Dale, 2016). Several dominant and recessive
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spinocerebellar ataxia (SCA) disorders may present in childhood with prominent
ataxia and gait instability, as well as other movement phenotypes, speech
disturbances, and progressive motor dysfunction (Nemeth et al., 2013). Some
ataxia syndromes may have a progressive disease course with cerebellar atrophy,
e.g., spinocerebellar ataxia, autosomal recessive 1 (MIM 606002) with pathogenic
SETX variant, and ataxia-teleangiectasia-like disorder-1 (MIM 604391) caused by
pathogenic homozygous MRE11A variants. In adulthood, slowly progressive
autosomal dominant SCA11 (MIM 604432) caused by the heterozygous pathogenic
TTBK2 variant and SCA14 (MIM 605361) with a pathogenic PRKCG variant may
cause cerebellar atrophy (Nemeth et al., 2013). Pathogenic homozygous POLG1
p.W748S causes the mitochondrial recessive ataxia syndrome (MIM 607549).
Carrier frequency of p.W748S in Finnish population is as high as 1:125 (Hakonen
et al., 2005).
There are several inborn errors of metabolism in which a movement disorder
is part of the phenotype. Recognition of underlying metabolic causes may allow
disease-specific treatments and improve the outcome. Even with treatment,
however, movement disorders in patients with IEM rarely resolve completely
(Christensen & Walsh, 2018). An IEM in which a movement disorder is a common
presenting abnormality in addition to GLUT1 (MIM 606777) is glutaric aciduria
type 1 (MIM 231670), caused by homozygous pathogenic variants in the GCDH.
Glutaric adicuria type 1 manifests often with encephalopathic crisis before age of
two years, followed usually by an abrupt-onset generalised dystonia, which may
coexist with chorea or hypokinetic rigidity. Wilson disease (MIM 277900) is a
copper transport disorder caused by homozygous pathogenic variants in the ATP7B
gene with significant phenotypic variability. Leigh syndrome (MIM 256000) can
be caused by pathogenic variants in several nuclear and mitochondrial genes that
are involved in cell energy metabolism. Patients may have multiorgan diseases,
affecting the organs with most energy demand. Movement disorders in the Leigh
syndrome include chorea, dystonia, ataxia, and rigidity. Specific treatment exists
for biotin-thiamine-responsive basal ganglia disease caused by pathogenic variants
in the SLC19A3 gene (MIM 607483), biotinidase deficiency (MIM 253260), and
primary coenzyme Q10 deficiency (MIM 612016) (Christensen & Walsh, 2018).
Neurodegeneration with brain iron accumulation (NBIA) is a group of inherited
progressive neurological diseases that present with dystonia, spasticity,
parkinsonism, and neuropsychiatric abnormalities. In brain MRI, these disorders
show abnormally high brain iron, especially within the basal ganglia, and many are
associated with cerebral and cerebellar atrophy (Meyer, Kurian, & Hayflick, 2015).
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Beta-propeller protein associated neurodegeneration (BPAN), which belongs to the
group of NBIA disorders, is caused by pathogenic de novo variants in the WDR45
gene. Clinical features include global developmental delay in childhood and further
regression in early adulthood with progressive dystonia, parkinsonism, and
dementia and epilepsy (Hayflick et al., 2013).
Paediatric neurotransmitter diseases can be subdivided into categories based
on the affected metabolic pathway: tetrahydrobiopterin, catecholamine (dopamine,
norepinephrine, and epinephrine), serotonin, serine, glycine, pyridoxine, glutamate
and gamma-aminobutyric acid (GABA) metabolism, and disorders with folate
deficiency. In addition to encephalopathy, seizures and movement disorders
(unilateral or asymmetric limb dystonia, progressive gait dysfunction, hypokinesia,
rigidity, postural tremor, involuntary tongue thrusting, oculogyric crises,
myoclonus, and chorea) patients with paediatric neurotransmitter disease may have
autonomic dysfunction and diurnal variation in symptoms (Christensen & Walsh,
2018). Neurotransmitter diseases with specific treatment options include doparesponsive dystonia, Segawa syndrome (MIM 128230) caused by pathogenic
variants in the GCH1 gene responding well to levodopa treatment, aromatic Lamino acid decarboxylase (AADC) deficiency (MIM 608643) caused by
pathogenic variants in the DDC gene usually partially responding to pyridoxine,
dopamine agonists, and monoamine oxidase inhibitors, and tyrosine hydroxylase
(TH) deficiency (MIM 605407) due to pathogenic variants in the TH gene usually
responding to levodopa with a decarboxylase inhibitor (Christensen & Walsh,
2018).
2.5.3 Shared genetic aetiology in epileptic encephalopathies and
movement disorders
Recently, the co-occurrence of hyperkinetic movement disorders in early-onset
epileptic encephalopathies has been increasingly recognised. Conditions sharing
both hyperkinetic movement disorder and epileptic encephalopathy are clinically
and genetically very heterogeneous and usually present in combination with
developmental disability (Carecchio & Mencacci, 2017). Examples of these genes
and associated phenotypes are presented in Table 1.
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Fig. 7. Genetic causes of epileptic encephalopathies. Adapted from McTague et al. (2016).
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Table 1. Example of genes causing epileptic encephalopathy and movement disorder, including the genes in this study.
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Aims of the study

The development of the diagnostics of the genetic causes of drug-resistant epilepsy,
epileptic encephalopathies and movement disorders, are emerging due to NGS
technologies. However, majority of cases still remain unsolved. In addition, the
phenotypes caused by definitive genes are expanding, causing uncertainty in
predicting the prognosis. Targeted treatments to correct a malfunctioning pathway
caused by a pathogenic gene variant are being developed. In particular, inborn
errors of metabolism that present with drug-resistant epilepsy and/or a movement
disorder should be diagnosed early since there are already existing treatments with
cofactors and vitamins.
All efforts are needed to define the full genotypic and phenotypic spectrum of
epilepsy, including epileptic encephalopathies, and movement disorders. Clinicians
are at the frontline in perceiving the clinical features, applying the modern NGS
techniques in diagnostic pathways, starting early treatment to ameliorate the
symptoms, and, when more specific treatments are available in the future, to avoid
comorbidities. We hypothesized that a genetic aetiology would be likely in
childhood-onset drug-resistant epilepsy occurring with comorbidities and in
familial movement disorder.
The specific aims of this research were:
1.
2.
3.
4.

To discover novel genetic causes and phenotypes of childhood-onset drugresistant epilepsy or epileptic or developmental encephalopathies.
To discover novel genetic causes and phenotypes of childhood-onset familial
movement disorders.
To discover novel genetic causes and phenotypes of early-onset epileptic
encephalopathies that appear together with movement disorders.
To evaluate the use of WES as a diagnostic tool in clinical practice.
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4

Materials and methods

4.1

Patients (I–V)

The study patients were recruited from the paediatric neurology unit of the Oulu
University Hospital, the Clinic for Children and Adolescents, during the 2011–
2016 period as a part of two ongoing population-based projects called POGE
(Pohjois-Suomen geneettiset epilepsiat, Genetic Epilepsies in Northern Finland)
and DEMO (Developmental Disorders, Epilepsies and Movement Disorders). The
Oulu University Hospital provides primary care for a population of 411,856 people
(31.12.17), out of which 66,720 are children under 15 years of age. Population in
the tertiary catchment area is 733,818, out of which 118,878 are children under 15
years of age. The Oulu University Hospital primary and tertiary care areas are
presented in Figure 8.
Children fulfilling the following inclusion criteria were eligible for the studies:
1.
2.
3.

drug-resistant epilepsy or epileptic or developmental encephalopathy (I and II),
or
familial movement disorder (III and IV), or
early-onset epileptic encephalopathy coexisting with movement disorder (V).

All together 12 Finnish patients, who fulfilled the above criteria, aetiology was
undefined and were treated at the Oulu University Hospital, were recruited for the
study. The total number of study patients, 16, was reached using GeneMatcher (I)
(Sobreira, Schiettecatte, Valle, & Hamosh, 2015), international research
collaboration (III, IV), and inclusion of the family members (III, IV).
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ROVANIEMI
KEMI

OULU
KAJAANI
KOKKOLA
Fig. 8. The Oulu University Hospital primary care area, the Northern Ostrobothnia
hospital district (light yellow), and other hospital districts within the tertiary catchment
area, with central hospitals situated in Rovaniemi, Kajaani, Kokkola, and Kemi.

4.2

Clinical and laboratory evaluation of patients (I–V)

Detailed clinical evaluations and laboratory data on the study patients were
collected. Clinical evaluation included a detailed analysis of a patient’s medical
history from medical reports and interviews with the patient and/or parents.
Thorough neurological examination was done. Analysis of a patient’s family
history was performed through interviews and from medical reports. Laboratory
analyses included blood count, plasma creatine kinase, plasma alkaline
phosphatase, plasma alanine aminotransferase, plasma amylase, blood gas analysis,
blood lactate, blood pyruvate, plasma homocysteine, plasma ammonium, plasma
amino acid, serum methylmalonic acid, serum very long chain fatty acids, serum
copper, blood cobalamin, serum folic acid, blood acylcarnitine profile, blood
vacuole cells, serum cholesterol, serum triglycerides, serum S-sulfocysteine, urine
S-sulfocysteine, urine organic acids, urine oligosaccharides, urine amino acids,
urine glycosaminoglycans, transferrin isoelectric focusing, cerebrospinal fluid
(CSF) neurotransmitters, CSF lactate, CSF pyruvate, respiratory chain activity
measures from muscle cells or fibroblasts, specific (pyruvate dehydrogenase
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complex, methionine synthase) enzyme testing of fibroblasts, muscle light and
electron microscopy, bone marrow examination, electroencephalogram (EEG), and
video EEG. Neuroradiological investigations included brain MRI, brain
computerised tomography (CT), and positron emission tomography (PET).
Functional testing included the measurement of methionine synthase activity
from a patient’s fibroblasts, performed in the Reference Centre for Inherited
Metabolic Diseases, University Central Hospital of Nancy, France (V), and protein
expression analysis from fibroblasts by immunoblotting by the Clinical Research
Center, Medical Research Center Oulu, Oulu University Hospital and University
of Oulu (V). Functional tests of SAMD9L variants to study the effects of the variant
on cell proliferation and the frequency of the variant in peripheral blood and
myelodysplastic bone marrow were performed in the Centre for Hematology and
Regenerative Medicine, Department of Medicine, Karolinska Institutet, Karolinska
University Hospital, Huddinge, Stockholm, Sweden (III).
In the search for aetiology according to clinical and laboratory features, the
London Medical Database and the Online Mendelian Inheritance in Man (OMIM®,
Johns Hopkins University, Baltimore, MD, MIM Number 159550:1.7.2016. URL:
https://omim.org/) were used.
4.3

Genetic testing of study patients (I–V)

Genetic testing consisted of whole-exome sequencing (WES) as part of clinical
diagnostics, except for those study patients whose clinical features, laboratory, or
neuroradiological findings suggested a specific condition in which case Sanger
sequencing was preferred. Genetic testing prior to conducting the WES or singlegene analysis included mitochondrial DNA deletion analysis, mitochondrial variant
analysis, array CGH, chromosome analysis, and molecular genetic analysis of the
trinucleotide repeat number. For genetic studies, DNA was extracted from blood
cells and primary skin fibroblasts using a QIAmp® DNA Mini Kit (Qiagen, Hilden,
Germany), and from a muscle biopsy sample based on the standard protocol with
phenol-chloroform-isoamyl alcohol extraction (PCIAA) and ethanol precipitation.
4.3.1 Sanger sequencing in genetic diagnostics (III–V)
Sanger sequencing of targeted coding regions by capillary ABI 3730 Genetic
Analyzer machine and analysis by SeqScape (v.3) was performed in the Centre for
Hematology and Regenerative Medicine, Department of Medicine, Karolinska
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Institutet, Karolinska University Hospital, Huddinge, Stockholm, Sweden (III, IV),
as well as in the Northern Finland Laboratory Centre, Oulu University Hospital, Oulu,
Finland (unpublished results in studies III–IV), and in the Reference Centre for
Inherited Metabolic Diseases, University Central Hospital of Nancy, France (V).
4.3.2 Whole-exome sequencing (I and II)
WES was performed in the Biocenter Oulu Sequencing Center, University of Oulu,
Oulu, Finland (I) or in the commercial diagnostic laboratory, Centogene, in Rostock,
Germany (II). Nextera Rapid Capture Exome Library kit, covering 45 Mb of the
genome and 99.4% of the RefSeq genes, was used for library preparation (Illumina,
San Diego, CA, USA) and the sequencing was performed using Illumina’s
NextSeq550 platform (I). Approximately 37 Mb (214,405) exons of the Consensus
Coding Sequences were enriched from fragmented genomic DNA by >340,000
probes designed against the human genome (Nextera Rapid Capture Exome,
Illumina) and the generated library was sequenced on the Illumina NextSeq or
Illumina HiSeq 4000 platform in the Centogene laboratory, Rostock, Germany (II).
4.3.3 Variant filtering and analysis (I and II)
WES data analyses were performed as part of the current thesis work (I). If the
initial analysis conducted through in-house bioinformatics in the commercial
diagnostic laboratory (Centogene, Rostock, Germany) was inconclusive, the WES
data were reanalysed as part of this study (II).
Within the BaseSpace Genomics computing environment (Illumina), BurrowsWheeler Aligner (BWA) Enrichment (BWA Genome Aligner Software and the
GATK Variant Caller) was used for sequence alignment and variant calling.
VariantStudio 3.0 (Illumina) was used for the annotation, filtering, and
classification of the variants. At first, the known disease-causing genes best-fitting
the phenotype for epilepsy were targeted: first 112 genes, followed by 522 genes,
dystonia 32 genes, cataract 45 genes, metabolic disorders 33 genes, nuclear
mitochondrial disease 37 genes, leukodystrophy 58 genes. In addition to the
aforementioned, all variants with a potential effect on protein were selected for
analysis (missense, frameshift, stop gained/lost, initiator codon, in-frame insertion,
in-frame deletion, and splice site alterations). All the variants were filtered further
according to their prevalence in the Exome Aggregation Consortium (ExAC)
database (which can be accessed at http://exac.broadinstitute.org/) and in the
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Sequencing
Initiative
Suomi
(SISu)
database
(available
at
http://www.sisuproject.fi/) by excluding the variants with minor allele
frequency >0.01. Integrative Genomics Viewer was used for data visualisation to
exclude the falsely annotated variants and sequencing artefacts (Robinson et al.,
2011).
4.3.4 Variant validation and segregation analyses (I and II)
Polymerase chain reaction (PCR) amplifications were made according to the
manufacturer’s instructions (Phire Hot start DNA polymerase F-120, Finnzymes).
Candidate variants identified by WES were validated and segregation analyses
were performed by bidirectional Sanger sequencing using the ABI3500xL analyser
in the Biocenter Oulu Sequencing Center, University of Oulu, Oulu, Finland
(https://www.oulu.fi/biocenter/sequencing-center). The primers were designed by
the Primer-BLAST programme (Ye et al., 2012) and the annealing temperatures
were calculated using the Tm calculator (ThermoFisher scientific.). Before genetic
counselling of the patients and their families by clinical geneticists, all the variants
were confirmed in commercial diagnostic laboratory.
4.3.5 Variant pathogenicity classification (I and II)
In silico prediction tools, the PolyPhen-2 (Adzhubei et al., 2010b), SIFT (Kumar,
Henikoff, & Ng, 2009b), and MutationTaster2 (Schwarz, Cooper, Schuelke, &
Seelow, 2014), were used to predict the effect of amino acid alterations on protein
function. Further assessments for pathogenicity were made based on the data
deposited in the Clinical Variants database (ClinVar.) and in The Human Gene
Mutation Database (The human gene mutation database.; Stenson et al., 2017), the
variant’s recurrence in publicly available databases: the Sequencing Initiative
Suomi project (SISu) at the (Institute for Molecular Medicine Finland (FIMM),
University of Helsinki, Finland, ), and the Exome Aggregation Consortium (ExAC)
Browser (ExAC browser beta.; Lek et al., 2016). Variants were classified in
VariantStudio 3.0 as pathogenic, presumed pathogenic, unknown significance,
presumed benign, and benign.
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4.4

Ethical issues (I–V)

Studies were conducted following present ethical principles for medical research
involving human subjects (Declaration of Helsinki, WMA, 1975, revised 2000)
Studies were approved by the Regional Ethics Committee of the Northern
Ostrobothnia Hospital District. Each international collaborating centre has
followed guidelines and received permission from their local ethics committees.
From all the participants or their guardians, informed written consent to participate
in the study was obtained and additional permissions were asked for prior to the
publication of patient information, including photographs and videos. Participation
in the study was voluntary and there was a chance for a patient to withdraw from
the study at any point. Only the genetic findings relevant to the patients’ symptoms
were provided to the patients and guardians, and genetic counselling was offered.
All the collected genetic and clinical information was kept confidential.
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5

Results

Clinical phenotypes of the 12 patients (probands from 12 Finnish families)
recruited for the studies included 10 patients with drug-resistant epilepsy or
epileptic or developmental encephalopathy (I, II), one patient with a familial
movement disorder (III–IV) and one patient with early-onset epileptic
encephalopathy and movement disorder (V).Clinical features of and whole-exome
sequencing results for 10 children with drug-resistant epilepsy or epileptic or
developmental encephalopathy (Studies I and II and unpublished results)
Molecular genetic studies with inconclusive results for 10 patients with drugresistant epilepsy or epileptic or developmental encephalopathy before WES
included array CGH for all and, depending on the phenotype, single-gene
sequencing or mutation testing through restriction fragment length polymorphism
(RFLP) analysis, NGS epilepsy gene panel, screening for mitochondrial deletions,
or mitochondrial DNA sequencing. As part of this study, WES was performed for
five patients at the Biocenter Oulu Sequencing Center, University of Oulu, Oulu,
Finland, for four patients at a commercial diagnostic laboratory (Centogene,
Rostock, Germany), and for one study patient at the Institute for Molecular
Medicine (FIMM, Helsinki, Finland) (Table 2). Trio-WES (including a proband
and parents) was done for two patients. After analysis of the WES data, two patients
(20%) received a definite genetic diagnosis for their disease (I, II). The pathogenic
de novo GABRG2 (I) variant was found in screening of known epilepsy genes and
a recurrent de novo NACC1 (II) variant was discovered in the reanalysis of the WES
data after clinical geneticist suggested a diagnosis based on the clinical features
described in a recent publication (Schoch et al., 2017) (Table 2, Table 3). In addition,
candidate genes were found in five study patients, although four patients were later
ruled out through segregation analyses. The significance of the homozygous
KDM2B variant has remained uncertain (Table 2).
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Table 2. Clinical features of and whole-exome sequencing results for 10 children from Northern Finland with drug-resistant epilepsy
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Table 3. Detailed results of the WES analyses for patients 2 (I) and 7 (II) from Table 2
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7
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no

NACC1 c.892C>T

334

5.1.1 Novel pathogenic GABRG2 variants and new phenotypes
(Study I)
Altogether three patients with novel pathogenic GABRG2 variants or previously
undescribed phenotypes were characterised in this study. One Finnish patient
(Table 4, patient 1) was identified by using WES on 10 children with drug-resistant
epilepsy or epileptic or developmental encephalopathy, as described in Tables 2 and
3, and two patients (Table 4, patients 2 and 3) were found through international
research collaboration established through GeneMatcher.
Clinical features of all patients included epileptic encephalopathy of a variable
time of epilepsy onset and drug-resistant epilepsy. Patients’ phenotypes, including
novel features, EEG, neuroradiological findings, and variant information, are
presented in Table 4.
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Table 4. Patients with GABRG2 variants.

5.1.2 Hyperkinetic movement disorder associated with the recurrent
pathogenic NACC1 variant (Study II)
Clinical features included profound intellectual disability, postnatal microcephaly,
bilateral cataract, cyclic tachycardia, vomiting, fever, sweating, diminished urine
secretion and urinary retention, constipation and frequent loose stools, periods of
insomnia alternating with periods of sleepiness in two-week cycles, inconsolable
crying in cycles during insomnia up to two years of age, jejunostomy feeding due
to reflux, eating difficulties and malnutrition, and focal epilepsy from one year of
age. Movement disorder features included involuntary tongue protrusion and axial
hypotonia at the age of six months, hyperkinetic movement disorder with chorea
and dystonia becoming more prominent during periods of insomnia after one year
of age, myoclonic jerks during sleep and wakefulness and episodic hyperkinetic
movements during sleep. Neurophysiological studies showed mild background
abnormality, high occipital 2–3 Hz delta, especially during sleep, and no
epileptiform discharges in interictal EEG. Neuroradiological findings and a
summary of clinical features are presented in Table 5. Genetic studies with
reanalysis of WES according to clinical features suggested by the clinical geneticist
revealed a recurrent de novo heterozygous NACC1 c.892C>T (p.R298W) variant.
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Table 5. Clinical features of a patient with a recurrent pathogenic NACC1 c.892C>T
variant.
Clinical feature
Movement disorder

Description
+

Classification

Hyperkinetic, chorea, dystonia, myoclonia

Cyclic presentation

+

Treatment benefit

Clonazepam, partial

Developmental disability

+

Dysautonomia

+

Severe irritability

+

Sleep disorder

+

Epilepsy

+

Epileptic encephalopathy

-

Bilateral cataracts

+

Neuroradiological findings

Delayed myelination, thin corpus callosum, and
mild decrease in brain volume in brain MRI

5.2

Familial movement disorder associated with the pathogenic
SAMD9L variant (Studies III and IV and unpublished results)

5.2.1 The family
Proband, II-2, is the second eldest son in the Finnish family presented in Figure 9.
Clinical features for II-2 included thrombocytopenia and neutropenia at 13 months of
age, MDS-7 (myelodysplastic syndrome with monosomy 7) at the age of 18 months
treated with haematopoietic stem cell transplantation (HSCT), severe varicella
infection at the age of four months, and recurrent otitis media and laryngitis.
Neurological features included attention deficit hyperactivity disorder (ADHD), a
single epileptic seizure, and progressive balance problems with dysmetria and
nystagmus that were discovered at the age of seven years. For the elder son, II-1,
clinical features included severe aplastic anaemia at the age of one year with
spontaneous recovery, mild leukopenia and thrombocytopenia from the age of 14 years,
and recurrent upper respiratory infections. Neurological features included clumsiness
and frequent falls at the age of five years, ADHD, and migraine with aura. Neurological
findings are presented in Table 6. For the younger daughter, II-3, clinical features,
including transient thrombocytopenia and mild neurological phenotype but not
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including movement disorder, are presented in Table 6. Mother, I-1, who has no history
of haematological abnormalities, manifested with adulthood-onset balance impairment,
lower limb weakness and clumsiness, difficulties in gaze fixation, memory problems,
migraine headaches with aura, and suspicion of ADHD. Neurological findings also
include mild dysmetria and dysdiadochokinesis in the left hand, mild proximal
weakness bilaterally in lower limb strength, especially in hip extension-flexion strength
and brisk deep tendon reflexes, mild problems with balance, gaze-evoked nystagmus
when looking to the sides or up and down. Thus, the neurologic phenotype within the
family ranged from nearly normal to marked disability. Moderate cerebellar atrophy
and symmetric white matter changes without gadolinium enhancement were
present in the brain MRI (I-1). Neuroradiological findings for II-1, II-2, and II-3
are presented in Table 6 and Figure 10.
Molecular genetic studies included a negative WES performed in a commercial
diagnostic laboratory (Centogene, Rostock, Germany) for I-1, II-1, and II-2. In the light
of the clinical features and brain MRI findings of ataxia-pancytopenia (MIM 159550),
the coding regions of SAMD9L were sequenced (I-1, II-1, and II-2) in the Centre for
Hematology and Regenerative Medicine, Department of Medicine, Karolinska
Institutet, Karolinska University Hospital, Huddinge, Stockholm, Sweden, revealing a
novel heterozygous SAMD9L c.2672T>C (p.I891T) missense variant, which was
predicted to be pathogenic (Polyphen probably damaging (1.0), MutationTaster disease
causing) and not present in publicly available databases. Variants were confirmed by
the Northern Finland Laboratory Centre, Oulu University Hospital, Oulu, Finland,
where also variant analysis for II-3 was done separately, after typical brain MRI
findings were discovered (Figure 7, Figure 8). Revertant SAMD9L variants, discovered
in the Centre for Hematology and Regenerative Medicine, Department of Medicine,
Karolinska Institutet, Karolinska University Hospital, Huddinge, Stockholm, Sweden,
were SAMD9L c.2302A>T for I-2 and UPD(7q) for II-1 and II-2.
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I-1

I-2

I-2

II-1
1

2

II-1

II-2

II-3

Movement disorder presenting as balance difficulties
Haematological symptoms (MDS or cytopenia(s))

II-2

CA TG AY C AT G

mosaic

C A T G AY CA T G

C AT G AY C A TG

II-3
C AT G AYC AT G

mosaic

Fig. 9. The pedigree of the Finnish family with movement disorder and haematological
symptoms associated with the pathogenic SAMD9L, p.I891T variant.

5.2.2 Functional properties of the SAMD9L p.I891T variant
Functional studies were conducted at the Centre for Hematology and Regenerative
Medicine, Department of Medicine, Karolinska Institutet, Karolinska University
Hospital, Huddinge, Stockholm, for I-1, II-2, and II-3, as part of research
collaboration (Tesi et al., 2017).
Pathogenic SAMD9L p.I891T variant decreases cell proliferation
To evaluate the effect of SAMD9L variant on protein expression, wild-type or
variant N-terminal fluorescent-protein–tagged SAMD9L was transiently expressed
in 293FT cells. Whereas endogenous SAMD9L was not detected, both wild-type
and mutant teal fluorescent protein (TFP)–SAMD9L were expressed. To determine
the impact of pathogenic SAMD9L variant on cell proliferation, cells were dye
labelled and subsequently transfected with wild-type or mutant TFP-SAMD9L.
Ectopic expression of TFP-SAMD9L wild type impaired cellular proliferation,
whereas expression of TFP-SAMD9L p.I891T variant strikingly halted
proliferation and thus represented gain-of-function mutation.
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Myelodysplastic cells lack the pathogenic SAMD9L variant
Mutation-specific digital polymerase chain reaction (dPCR) assays demonstrated
decreased frequencies of the pathogenic SAMD9L variants in DNA from the
myelodysplastic bone marrow of II-2, indicating that the loss of chromosome 7
material eliminated the pathogenic SAMD9L variants. Seemingly, the pathogenic
SAMD9L variants were not conducive to transformation and tumour cell
propagation. Rather, cytogenetic events, eradicating the pathogenic SAMD9L
variant and leading to chromosome 7 aberrations, may explain the MDS
predisposition.
5.2.3 Phenotypic features in children with the SAMD9L, p.I891T
variant
Phenotypic features of children with the SAMD9L p.I891T variant are presented in
Table 6 and neuroradiological features are presented in Figure 10.
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Table 6. Clinical features and neuroradiological and genetic findings in children with the pathogenic SAMD9L, p.I891T variant
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Fig. 10. Neuroradiological findings of children carrying the pathogenic SAMD9L p.I891T variant. Adapted from Gorcenco et al. (2017).
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5.3

Early-onset epileptic encephalopathy, hyperkinetic movement
disorder and megaloblastic anaemia due to pathogenic MTR
variant: Addressing the importance of plasma homocysteine
analysis (Study V)

Clinical features of the patient in Study V included the onset of epileptic
encephalopathy at three months of age, infantile spasms at the age of five months
evolving into the Lennox–Gastaut syndrome, hyperkinetic athetoid movement
disorder, profound intellectual disability, and progressive microcephaly. Laboratory
findings included severe macrocytic normochromic anaemia, with haemoglobin at
38 g/L (reference interval 100–136 g/L), and elevated fasting plasma homocysteine
at 100–120 µmol/L (reference interval 5–15 µmol/L). EEG findings included
strong background abnormality at the age of three months and modified
hypsarrhythmia at two years of age (Figure 11C). Neuroradiological features
included brain atrophy with incomplete folding, especially in frontal lobes, and
delayed myelination (Figure 11A-B). Functional analysis findings included
decreased methionine synthase activity of the fibroblasts at 0.17 nmol/mg/hour (9%
of the reference value) and was performed at the Reference Centre for Inherited
Metabolic Diseases, University Central Hospital of Nancy, France. Expression of
the methionine synthase (MTR) was decreased in the fibroblasts of the study patient
in comparison to that of the healthy control (Figure 8 F). Molecular genetic studies
conducted with Sanger sequencing at University Central Hospital of Nancy, France,
revealed a homozygous pathogenic MTR c.3518C > T (p.P1173L) variant. This
patient’s healthy parents were heterozygous carriers of the variant.
Treatment consisted of intramuscular hydroxocobalamin (OHCbl), oral folic
acid, and oral betaine from the age of three years. Treatment response was seen
through a decrease of seizure frequency after an initial increase, remission before
four years of age, seizure-freedom for almost four years, disappearance of epileptic
elements in EEG during wakefulness at the age of three years (Figure 11C-D) and
in correction of metabolic abnormalities, haemoglobin from 105 to 125 g/l
(reference value 106–136 g/L), mean cellular volume (MCV) from 104 to 87, and
increase in head circumference (Figure 11E).
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Fig. 11. Treatable epilepsy associated with the pathogenic MTR c.3518C > T (p.P1173L)
variant. Brain MRI findings (A-B), EEG findings before treatment with hydroxocobalamin,
folic acid, and betaine (C), EEG after treatment response (D), growth curve of the head
circumference with arrow pointing out the time of treatment start (E), and MTR protein
levels (F). Reprinted from Neuropediatrics, Komulainen-Ebrahim et al. (2017),
“Intractable Epilepsy due to MTR Deficiency: Importance of Homocysteine Analysis,” ©
2017, with permission from Georg Thieme Verlag KG.
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6

Discussion

6.1

Genotype-phenotype variation in childhood-onset epileptic
encephalopathies and movement disorders caused by the
pathogenic GABRG2, NACC1, and SAMD9L variants

For many genetic epilepsies and movement disorders, the phenotypic presentation
can be heterogeneous even in patients with identical genetic alterations (I. Helbig
& Tayoun, 2016; Kurian & Dale, 2016). Both benign and severe phenotypes have
been recognised in an increasing number of genetic epilepsies (I. Helbig & Tayoun,
2016). In epilepsy associated with the SCN1A gene, more than 1,200 variants have
been reported. SCN1A missense and truncation variants have been found in
approximately equal frequency in the Dravet syndrome, while GEFS+ has largely
been associated with missense variants. However, a recurring pathogenic missense
variant, the SCN1A, p.Thr266Met, has recently been found in patients with a more
severe phenotype with an earlier disease onset, profound developmental
impairment, and hyperkinetic movement disorder (Meng et al., 2015; Sadleir et al.,
2017). Paediatric movement disorders and epilepsy may be present together
(Cordeiro et al., 2018) or the same gene may cause both phenotypes separately
(Kurian & Dale, 2016). It has been postulated that phenotypic differences may be
due to the type and timing of mutations during development, the timing and
location of physiological gene expression, epigenetic factors, and modifier genes
(McTague et al., 2016).
The GABRG2 gene encodes a ɣ subunit of the GABAA receptor, which is the
primary mediator of fast inhibitory synaptic transmission in the central nervous
system (CNS) (Macdonald, Kang, & Gallagher, 2010). Variants in the GABRG2
gene can cause several different types of seizures, epilepsies, and epilepsy
syndromes (Kang, Shen, Zhou, Xu, & Macdonald, 2015; Macdonald et al., 2010).
It has been suggested that an explanation for the GABRG2 phenotypic differences
could lie in the extent of the reduction of the GABAA receptor channel function and
different pathomechanisms, e.g., dominant negative suppression and the retention
of receptor subunits in the endoplasmic reticulum with the outcome of
neurodegeneration (Kang et al., 2015). Furthermore, some families have several
individuals with seizures but no pathogenic variants in the GABRG2 or other known
genes involved in the pathogenesis of epilepsy, suggesting the possible
involvement of yet unknown epilepsy susceptibility genes in the epileptogenesis.
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Also, the location of the variant in the receptor has been correlated with the
epileptic encephalopathy phenotype (Shen et al., 2017). In study I, all patients had
epileptic encephalopathy phenotype, that has only been recently associated with
GABRG2 for the first time by Shen et al. (Shen et al., 2017). Seizure phenotypes
included atonic, generalised tonic-clonic, eyelid myoclonias, and absence seizures.
A novel phenotype, including hemiclonic seizures and migrating focal seizures in
EEG that electro-clinically fulfil the criteria of infant epilepsy with migrating focal
seizures, was present in a patient with the GABRG2 p.S306F variant. Hyperkinetic
movement disorder with generalised athetosis and later stereotypical movements
was present in a patient with the GABRG2 p.P282T variant. Hyperkinetic
movement disorder with choreoathetosis and hand stereotypies has previously been
described in literature in patients with epileptic encephalopathy associated with
GABRG2 variants (Shen et al., 2017). Furthermore, autism spectrum disorder
phenotype was identified in a patient with the GABRG2 p.P83S variant, which has
not previously been associated with GABRG2 variants. Neuroradiological features
included normal brain MRI in two patients and earlier undescribed evidence of
neurodegeneration in a patient with the p.P282T variant. GABRG2 de novo
pathogenic missense variants, p.P282T and p.S306F, were found to locate in the
transmembrane domains M1 and M2, respectively. The p.P282T variant in
transmembrane domain M1 delineates the pore region of the receptor. A similar
substitution, the p.P282S, has been described recently in which proline P282 was
substituted with serine (Shen et al., 2017). Both threonine and serine are polar
amino acids and very similar in their effects on protein structure. Therefore, one
could expect that a proline to threonine substitution in the p.P282 position would
have similar effects on the structure and function of the GABAA receptor as a
proline to serine substitution has. Indeed, patients with p.P282T and p.P282S have
similar phenotypic features, except for the neurodegenerative disease course of the
patient with the GABRG2 p.P282T variant that has been identified in this study. In
a study by Shen et al. (2017), functional characterisation of the GABRG2 p.P282S
mutant revealed that the variant has an effect on the stability of the GABRG2
subunit, causing accumulation of the subunit into the endoplasmic reticulum,
impairing the surface trafficking, and also disrupting the structural domains, thus
leading to impaired function of the GABAA receptor manifested by decreased
GABA potency and slower deactivation in in vitro experiments (Shen et al., 2017).
Variant p.S306F is located in the transmembrane domain M2 near the de novo
missense variant p.P302L, which has recently been linked to the Dravet syndrome
(Huang, Hernandez, Hu, & Macdonald, 2014). Both p.P302L and p.S306F are
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predicted to be common pore-lining residues that form part of the inner face of the
cavity predicted for wild type GABRG2 structure. Functional testing has shown
that the p.P302L variant causes loss-of-function by altering the conduction pathway
of the receptor during gating transitions among closed, open, and desensitised states,
which leads to enhanced neuronal excitability (Huang et al., 2014). The GABRG2
p.P83S variant has previously been described in a family with idiopathic
generalised epilepsy and the variant was found to segregate with the seizure
phenotype. However, they did not find a difference between the p.P83S mutant and
wild type in terms of surface expression and electrophysiological responses
(Hernandez et al., 2017). In contrast, later studies showed that the p.P83S variant
had reduced α1β2γ2 receptor surface expression due to impaired assembly into
pentamers, endoplasmic reticulum (ER) retention, and subsequent degradation
resulting in functional changes. The p.P83S mutant receptor showed decreased
whole cell current amplitudes and increased Zn2+ sensitivity. Inconsistent results
were probably due to different experimental setups (Bassett, 2017).
Recently, a recurrent pathogenic NACC1, p.R298W variant was described in
seven individuals with infantile onset epilepsy, bilateral cataracts, and profound
developmental delay (Schoch et al., 2017). Some of the patients also manifested
with cyclic vomiting (N= 1/7), severe irritability (N =7/7), and episodes of
dysautonomia with insomnia and tachycardia (N=1/7). Most patients had
stereotypic repetitive movements (Rett-like) (N=5/7), one had random choreiform
movements of the hands, and one had right arm dystonic posturing during
prolonged crying episodes (Schoch et al., 2017). In study II, severe cyclic
hyperkinetic movement disorder with choreoathetosis and dystonia was present in
a patient with otherwise similar phenotypic features as described by Schoch et al.
Neuroradiological findings included delayed myelination, thin corpus callosum,
and mild decrease in brain volume in brain MRI, similarly to patients described
earlier. Whole-exome sequencing (WES) revealed the same recurrent de novo
heterozygous NACC1 c.892C>T, p.R298W variant as in the publication by Schoch
et al. NACC1 encodes for a transcriptional repressor implicated in gene expression
(Korutla, Wang, Jackson, & Mackler, 2009). No functional studies have been
performed for the germline hotspot p.R298W variant, but dominant-negative
function due to protein dimerisation or gain-of-function mechanisms has been
suggested (Schoch et al., 2017), because less severe loss-of-function variants have
been associated with less severe phenotypes of autism spectrum disorder and
intellectual disability (Gilissen et al., 2014; Iossifov et al., 2014).
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The genetic cause of ataxia-pancytopenia (MIM 159550), SAMD9L, was
published in 2016 by Chen et al. (Chen et al., 2016). Patients were described to
have cerebellar ataxia, variable haematologic cytopenias, and predisposition to
bone marrow failure and myeloid leukaemia, sometimes associated with
monosomy 7. This recent publication made genetic diagnosis of familial movement
disorder (III-IV), sharing similar phenotypic features as described by Chen et al,
possible. Neurological phenotype in three children with familial movement
disorder (III-IV) included balance impairment, which was clearly visible upon
examination of one child but was either mild or not present in the child’s two
siblings. Additional features were dysmetria, mild pyramidal signs, and nystagmus.
Haematological cytopenias were present in all the children and one child developed
the myelodysplastic syndrome. Recurrent infections were present in two children.
Neuroradiological features in all three patients included cerebellar atrophy and
periventricular white matter changes. Cerebellar atrophy and white matter changes
seemed to be typical neuroradiological findings for the SAMD9L-related
neurological phenotype (Gorcenco et al., 2017). Attention deficit hyperactivity
disorder (ADHD) was present in two children, but it remains uncertain whether this
was related to the disorder. Expressivity of neurologic symptoms has been very
variable in SAMD9L-related disorder, from no neurologic signs discovered (Pastor
et al., 2018) to marked balance impairment (Gorcenco et al., 2017; Tesi et al., 2017)
(III–IV). Careful neurological examination is necessary to observe shuttle
neurological symptoms (Gorcenco et al., 2017). Haematologic disturbances can
also vary in severity in the carriers of pathogenic SAMD9L variants (Tesi et al.,
2017; Wong et al., 2018). The SAMD9L p.I891T variant was discovered in children
with familial movement disorder (III–IV) as part of this thesis. In functional studies
done at the Centre for Hematology and Regenerative Medicine, Department of
Medicine, Karolinska Institutet, Karolinska University Hospital, Huddinge,
Stockholm, Sweden, it was shown that the p.I891T variant has a gain-of-function
effect on cell proliferation. Haematopoietic revertant mosaicism by uniparental
disomy of 7q with loss of the mutated allele was present in patients II-1 and II-2
(before haematopoietic stem cell transplantation) in peripheral blood. UPD7q and
the compensatory effect of a somatic cis SAMD9L loss-of-function variants have
been suggested to explain some of the phenotypic differences in haematological
symptoms (Tesi et al., 2017). In particular, elimination of pathogenic SAMD9L
variants predisposes patients to the myelodysplastic syndrome (MDS) by
haploinsufficiency of additional genes on 7q (Inaba, Honda, & Matsui, 2018). The
cause of cerebellar atrophy remains unknown. In two siblings described by Chen,
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autopsy revealed marked cerebellar atrophy with moderate to marked diffuse loss
of Purkinje cells. (Chen et al., 2016). Therefore, cerebellar Purkinje cells and retinal
cells might be particularly vulnerable to the effects of pathogenic SAMD9L variants.
These current studies have widened the genotypic and phenotypic spectrum of
GABRG2- and SAMD9L-related disorders and have introduced a novel phenotype
associated with the recurrent NACC1 variant. They have also added to the body of
knowledge about the mechanisms affecting the phenotypic presentation associated
with SAMD9L variants. More knowledge is still needed about the mechanisms that
dictate how genes affect the phenotype together with the environment and the
genetic background of the patient in order to be able to provide more accurate
counselling to the families.
6.1.1 Rare diseases as a tool to identify the genetic causes of more
common diseases
By the European Union definition, rare diseases have a prevalence in the population
of less than 1 in 2,000 people (European commission.2018). It is difficult to
estimate the exact number of rare diseases, but a commonly cited figure is around
6,000–7,000 (Boycott, Vanstone, Bulman, & MacKenzie, 2013; Chong et al., 2015).
The genes underlying ~50% of the 7,000 known Mendelian phenotypes are still
unknown (Chong et al., 2015). Discovery of genes that are implicated in Mendelian
phenotypes would connect genes and their protein products to biological systems
and clinical phenotypes, provide a pathway for developing better strategies to find
genetic and environmental modifiers underlying common diseases, and enable
understanding of the functional and phenotypic consequences of non-coding
variation (Chong et al., 2015).
The aim of this thesis was to discover novel genetic causes and phenotypes of
childhood-onset drug-resistant epilepsy or epileptic or developmental
encephalopathies and movement disorders. Novel genetic findings develop the
diagnostics of rare diseases and increase the knowledge about disease mechanisms
and factors associated with neurological diseases, possibly enabling their use as
biomarkers or treatment targets. The ataxia-pancytopenia syndrome (MIM 159550)
is an autosomal dominant disorder associated with prominent neurological features,
including ataxia and nystagmus, as well as haematologic cytopenias and a
predisposition to myeloid leukaemia, involving -7/del(7q) first described by Li et
al. in 1978 (F. P. Li et al., 1978). The patients described in studies III and IV were
the first Finnish patients with pathogenic SAMD9L gene variants. Since then,
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pathogenic SAMD9L gene variants have become one the most common genetic
findings in inherited bone marrow failure. In a cohort of bone marrow failure
patients, 10/179 (5.6%) had a causative SAMD9L variant with SAMD9L being the
second most common gene after ERCC6L2 (Bluteau et al., 2018), and another study
has shown that germline variants in SAMD9L were present in 8.7% of 46 primary
MDS patients (Schwartz et al., 2017). Treatment guidelines related to SAMD9L
variants have recently been developed (Phowthongkum Prasit, Chen Dong-Hui,
Raskind Wendy, & Bird Thomas, 2017). In conclusion, in an effort to find a cause
for a rare disease one might find a cause for more common conditions for which
patients need prompt follow-up and counselling.
6.2

Role of whole-exome sequencing in clinical diagnostics and
ethical aspects

NGS methods have facilitated the detection of new genotype–phenotype
associations for genes previously implicated in Mendelian conditions, either by
establishing causative relationships with different known or novel conditions or by
expanding the clinical spectrum of already established Mendelian conditions
(Tarailo-Graovac, Wasserman, & Van Karnebeek, 2017). Improved genetic testing
methods have enhanced the ability to diagnose numerous rare diseases, often with
heterogeneous phenotypes, as well as some diseases that require targeted treatments
early to optimise the outcome (Clark et al., 2018). There have been some studies
comparing the utility of different NGS techniques. Some of them have not found
any significant difference between the diagnostic utility of WES and WGS in
suspected genetic disorders (Alfares et al., 2018; Clark et al., 2018), whereas in an
intellectual disability cohort of previously performed negative WES results, WGS
provided conclusive genetic diagnosis for 42% of 50 patients. All pathogenic
variants were identified from coding regions (Gilissen et al., 2014). Furthermore,
small copy number variants (CNV) not previously detected in array CGH were also
discovered. Using trio-WGS in the genetic diagnosis of developmental and
epileptic encephalopathies yielded to molecular diagnosis for 32% of individuals,
majority being de novo point mutations in coding regions and some at exon-intron
boundaries (Hamdan et al., 2017). Other authors have described variants found with
WGS but missed in WES because of unequal or incomplete coverage of exons,
particularly around the exon boundaries (Martin et al., 2014). In WGS, the introns
are also sequenced, but the limited understanding of non-coding variation makes
interpretation of findings difficult (ENCODE Project Consortium, 2012). Because
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of the high cost of WGS, reanalysis of WES data has been suggested as an option
before resorting to WGS (Alfares et al., 2018). Reanalysis of WES data with
additional family members, as trio-WES, allows faster detection of relevant de
novo variants and compound heterozygous variants before Sanger validation and
catalyses novel gene discoveries (Eldomery et al., 2017). Meta-analysis of
comparing the utility of WES or WGS in the diagnostics of a suspected genetic
condition, as a singleton or trio, has shown that the odds of the diagnosis double
using trios (Clark et al., 2018). Hospital laboratory testing has been found to
improve the diagnostic utility and bring less false-positive results in comparison to
reference laboratory testing in children with suspected genetic conditions. This was
mainly due to the availability of clinical information and interpretation of results
together with clinicians (Clark et al., 2018). The use of targeted WES earlier in the
diagnostic pathway in severe infancy-onset epilepsy has been shown to be costeffective (Howell et al., 2018). Particularly in drug-resistant epilepsy and epileptic
encephalopathies starting in infancy, the yield of genetic diagnosis has been higher
(K. L. Helbig et al., 2016; Kothur et al., 2018; Parrini et al., 2017; Veeramah et al.,
2013).
In this study, 10 children with drug-resistant epilepsy or epileptic or
developmental encephalopathy of undefined aetiology were analysed by using
WES (Table 2). Five had no prior WES analysis and the other five patients had
WES analysis done earlier, and were reanalysed as part of this study. One out of
the five patients, whose WES analysis was performed for the first time, received a
genetic diagnosis because a pathogenic de novo GABRG2 variant, included in the
epilepsy gene screen, was identified. The phenotype at the time of analysis did not
implicate GABRG2 as a potential genetic cause, making WES a useful tool in
diagnostics. Singleton WES made the validation and segregation analysis longer
than the trio-WES analysis would have been. The WES data was reanalysed for
one patient out of five. During the analysis process, the NACC1 gene was suggested
as a potential cause by a clinical geneticist based on the patient’s clinical features,
which were similar to ones described by Schoch et al (Schoch et al., 2017). TrioWES was quick to analyse for the variant. During the validation process by Sanger
sequencing, other etiological investigations were halted. In the current study, it was
possible to detect the same variants in the singleton-WES as would have been in
the trio-WES. Confirmation of potential candidate genes was time consuming and
mostly resulted in negative results (Table 2). For all the patients, array CGH was
conducted prior to WES with inconclusive results. With WGS, detection of small
CNVs is possible and the sequencing coverage higher, making it superior in
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diagnostics and possibly the first diagnostic option in the future, when the cost has
been lowered and knowledge on the intronic variants has increased. For now, WES,
preferably targeting the regions of interest for a specific condition for higher
coverage and using array CGH and possible reanalysis of data, if necessary,
remains a feasible option and should be used early in the diagnostic process,
especially in severe epilepsies with early onset (Howell et al., 2018). Clinical
experience is essential for choosing the right individuals for WES testing and for
the interpretation of the findings. In epileptic encephalopathies and movement
disorders, the genetic causes are heterogeneous (Cordeiro et al., 2018; McTague et
al., 2016) and potentially influence the treatment options. Thus, in these disorders,
WES is a useful diagnostic tool.
Next-generation sequencing technologies have shifted the focus from data
generation to data interpretation. At the moment, more data are generated than is
possible to interpret with still limited knowledge (I. Helbig & Tayoun, 2016).
Increasing awareness has brought us to a point where genes that have previously
been classified as pathogenic have now been proven not to be causative for the
disease (I. Helbig & Tayoun, 2016). The gold standard for all newly identified
variants, even in known genes, would be to undergo functional assessment in a
model system to reduce the risk of false-positive NGS results (McTague et al.,
2016). At this point, this is often not possible and, in the case of known genes
associated with specific condition, the pathogenicity classification is performed
using ACMG guidelines, as was done in patients with the GABRG2 (I) and NACC1
(II) variants in this study.
Finding a definitive cause for a patient’s condition is an end of a long diagnostic
journey. Family can receive more accurate information on the disease, its
comorbidities and prognostic implications. Diagnosis enables planning for the
long-term care, services, and evaluation of the available therapies for the child.
Diagnosis often affects the treatment even if there is no curative therapy available,
improving the quality of life. Genetic counselling is essential for families,
especially for severe diseases. It is possible for a specific pathogenic variant to be
tested in utero or prenatally by using in vitro fertilisation and preimplantation.
Joining support groups can offer psychosocial support for families. Database
registries can assist in understanding responses to treatments, comorbidities, and
prognosis (Kothur et al., 2018; McTague et al., 2016).
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6.2.1 Targeted treatments based on genetic aetiologies
Specific therapy, targeting the pathophysiology of the condition, is possible in some
neurometabolic disorders that manifest as early-onset drug-resistant epilepsy or
movement disorder, e.g., ketogenic diet in GLUT1 deficiency (Mullen et al., 2010)
and levodopa in dopa-responsive dystonia (MIM 128230). The treatment may be
targeted to reduce toxic products, e.g., penicillamine, trientine, and zinc for the
Wilson disease (MIM 277900), avoiding harmful substrates, e.g., restricting dietary
leucine in maple syrup urine disease (MIM 248600), or using vitamin supplements,
e.g., biotin in biotinidase deficiency (Jinnah et al., 2018). Treatment may also be
symptomatic, focusing on relieving the symptoms or avoiding the triggering
medicines, e.g., using a combination of valproate, clobazam, and stiripentol for
seizure control and avoiding sodium-channel blockers in the Dravet syndrome
associated with pathogenic SCN1A variants (Chiron & Dulac, 2011). Nextgeneration sequencing has enabled a discovery of novel genetic aetiologies and
addressed the problem of the diagnostic delay for genetic inborn errors of
metabolism (Campistol & Plecko, 2015; Cordeiro et al., 2018; Jinnah et al., 2018;
Tarailo-Graovac et al., 2016; van Karnebeek et al., 2018). Recently, remarkable
diagnostic potential of whole-exome sequencing has been shown in families with
unexplained neurometabolic disorder, when a precise diagnosis was established for
28 of 41 (68%) patients, and for almost half of the patients the diagnosis increased
the understanding of the disease mechanisms and allowed for targeted interventions
that improved the patients’ neurologic status and health outcomes (Tarailo-Graovac
et al., 2016).
Disease-specific treatments for epileptic encephalopathies are still limited
(McTague et al., 2016). However, in case of unexplained or drug-resistant epilepsy
in a neonatal period, aetiology should be actively searched for since the great
majority of vitamin-responsive epilepsies start in the neonatal or early infancy
period and early treatment may have a significant effect on the neurological
outcome of the child by preventing irreversible brain damage (MercimekMahmutoglu et al., 2015; Surtees & Wolf, 2007; Tarailo-Graovac et al., 2017). In
one study of 110 children with epileptic encephalopathy, 7% had IEM as an
aetiology and altogether 4.5 % had a treatable condition (Mercimek-Mahmutoglu
et al., 2015).
From previous publications describing type cblG methionine synthase deficiency,
a patient, with an early diagnosis and treatment started at the age of eight days with
OHCbl, betaine, and folic acid, showed normal neurological development in
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comparison to the results of other published patients, whose treatment was started
later (Carmel, Watkins, Goodman, & Rosenblatt, 1988; Harding, Arnold, Barness,
Wolff, & Rosenblatt, 1997; Poloschek, Fowler, Unsold, & Lorenz, 2005;
Rosenblatt, Thomas, Watkins, Cooper, & Erbe, 1987; Schiff et al., 2011; Wilson et
al., 1998). Even later in life, if epilepsy continues to stay drug-resistant, the search
for aetiology should be continued (Campistol & Plecko, 2015). For a patient with
the pathogenic homozygous MTR, p. P1173L variant (Study V), cofactor and
vitamin treatment started at the age of three years brought clear benefit, reducing
seizures and therefore improving the quality of life for the family. Increased fasting
plasma homocysteine (fP-homocysteine) was suggestive of diagnostics and should
be checked in infants manifesting with encephalopathy.
An underlying metabolic disorder should be considered in children with
myoclonic seizures, intractable drug resistant epilepsy, epileptic encephalopathy,
and those with suppression-burst EEG pattern, while keeping in mind the
complexity of the clinical picture and additional findings that may mask the
underlying IEM (Rahman et al., 2013; van Karnebeek et al., 2018). Standardised
testing protocols have been suggested to avoid unnecessary diagnostic delay.
Starting diagnostic therapy simultaneously with diagnostic procedures has been
recommended in infants until a diagnosis is received and more personalised
treatment becomes available (van Karnebeek et al., 2018) (Figure 12). Nextgeneration sequencing turnaround time for results has been, in general, longer than
for biochemical tests, so biochemical workup should not be postponed and is
recommended either prior to or concurrently with the genomic workup. Results can
also complement each other in case of variants with uncertain significance and
negative genetic results with biochemical abnormalities may point towards specific
conditions (van Karnebeek et al., 2018).
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Child with undefined drug-resistant epilepsy
Diagnostic
therapy

Testing

in infants

Tier1

History
Physical examination
EEG, MRI
Blood: anion gap, glucose,
liver function, blood gases,
ammonia, lactete, pyruvate,
creatine kinase, uric acid,
plasma amino acids,
total homocysteine,
plasma acylcarnitine,
copper/ceruloplasmin
Urine: urinanalysis
(ketone), organic acids,
AASA, purines/pyrimidines,
creatine metabolites

Tier 2

DIAGNOSIS

PERSONALIZED
TREATMENT

Blood: smear,
carbohydrate-deficient
transferrin, VLCFA,
enzyme activities,
leukocyte CoQ10
Urine: sulfocysteine,
sialic acid, oligosaccharides
CSF (infants): glucose,
lactate, pyruvate,
amino acids, tetrahydrofolate,
neurotransmitters, pterins

Pyridoxine 100 mg iv,
followed by
15-30 mg/kg/day in
3 doses p.o.,
if ineffective consider
PLP 30mg/kg/day
in 4 doses p.o
Biotin 10 mg/day p.o.
until normal results

Next-generation sequencing
Fig. 12. A suggestion for a diagnostic pathway for children with undefined drugresistant epilepsy that is suspected to be IEM. Adapted from van Karnebeek et al. (2018).

6.3

Strengths and limitations of the study

The unique genetic heritage of the Finnish population, marked by repeated
population bottlenecks and isolation, especially in northern Finland, has proven
helpful in the search for complex links between genes and diseases. This study has
focused on patients that have drug-resistant epilepsy or epileptic or developmental
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encephalopathy and/or a movement disorder in northern Finland, benefitting from
the unique homogenous genetic background. Exome-sequencing in studies I–II was
partly performed at the Biocenter Oulu Sequencing Center, University of Oulu,
Oulu, Finland. It was, therefore, possible to perform the WES analysis under the
guidance of experts from the Biocenter Oulu Sequencing Center. Functional studies
to confirm the pathogenicity of genetic findings is a time-consuming process.
Collaboration with a Swedish research group made it possible to perform functional
studies quickly to ensure the pathogenicity of variants and to enable a definite
diagnosis for the patients included in studies III–IV.
All the patients that presented with drug-resistant epilepsy or epileptic or
developmental encephalopathy and/or movement disorder, who were treated in the
Oulu University Hospital primary and tertiary care area, were not systematically
recruited in this study. Making population-based genetic analyses on these
conditions alone was not possible. All the studies that were included in this thesis
describe rare diseases and unique cases. Drawing more general conclusions on the
genotype–phenotype correlations has therefore not been possible. In addition, the
limitations with WES, including incomplete coverage of all the coding regions,
might partly explain the negative results in attempts to identify genetic causes for
80% of patients participating in WES studies. WGS would have provided a better
coverage, but the associated higher costs limited its use. Due to limited possibilities
for functional analysis, including electrophysiological studies, it was not possible
to perform the functional confirmation of the variants. More patients with the
pathogenic NACC1 variant should be included in the analysis of movement
disorder in study II in order to make it more conclusive.
6.4

Future aspects

Systematically recruiting children with epilepsy, especially starting in the first years
of life, who also have developmental comorbidities and movement disorder, should
be done to investigate which genetic causes are more typical behind these diseases
in northern Finland in order to develop targeted WES panels. Targeted WES panels
should be separately planned for infants with severe encephalopathy phenotype and
for drug-resistant epilepsy patients, together with screening possibilities for genetic
risk alleles for antiepileptic drug adverse effects. Information on genetic risk alleles
for antiepileptic drug adverse effects should be prospectively and systematically
gathered and analysed to increase the knowledge and develop more personalised
treatment protocols, according to the genetic aetiology and genetic predisposition
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to adverse effects. All this would increase the quality of life for the patients and
their families and also save costs by avoiding unnecessary investigations and
reducing hospital admissions and contacts. NGS testing should preferably be done
locally to increase the co-operation with bioinformaticians, clinicians, and
researchers in order to improve the accuracy of variant classification and to be able
to provide the results faster.
Plans have already been made to continue studies on the genetic aetiology of
children with epilepsy and developmental delay or developmental disability, who
have already been studied with WGS and array CGH. Depending on the availability
of resources, more prospective studies, mentioned earlier, are going to be
performed. Furthermore, it would be interesting to perform WGS also for the
patients with negative WES results in this study to be able to compare the utility of
these methods.
In order to share information and develop treatments for these rare disorders,
genetic and clinical information on possibly beneficial or harmful treatments
should be included into registries at both national and international levels. Methods
for functional analyses should be shared to make functional analyses of novel
variants available. Researchers should move closer to clinics that are using NGS in
the diagnostics of rare conditions to make the path from novel genetic discovery to
functional analysis faster and also to aid the development of targeted treatments.
Movement disorders are difficult to detect and knowledge about their genetic
backgrounds and pathomechanisms is still limited. Therefore, it would be
interesting to systematically recruit patients with identified movement disorders
and also those with early-onset encephalopathies in order to detect possible
comorbid movement disorders and follow them to see how the symptoms evolve
over time, as in the case of the patient with pathogenic GABRG2 p.P282T variant
(I).
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7

Conclusions

The aims of this thesis were to discover novel genetic causes and phenotypes of
childhood-onset drug-resistant epilepsy or epileptic or developmental
encephalopathies, familial movement disorders, and epileptic encephalopathies
occurring together with movement disorders, as well as to evaluate the use of WES
as a diagnostic tool in clinical practice. The goal is to improve the diagnostics,
treatments, and counselling of children with drug-resistant epilepsy or epileptic or
developmental encephalopathies and movement disorders with genetic aetiologies.
The following conclusions can be drawn based on the results of this work:
1.

2.

3.

.Novel phenotypes, including clinical and neuroradiological proof of
progressive neurodegeneration, epilepsy of infancy with migrating focal
seizures and autism spectrum disorder were found in patients with the
GABRG2 p.P282T, p.S306F and p.P83S variants, respectively. Pathogenic
GABRG2 p.P282T and p.S306F variants have not been published earlier in
literature and they are not present in publicly available databases. Therefore,
this study increased the body of knowledge about the genotypic and phenotypic
features of GABRG2-related disorders.
.Novel phenotype, the hyperkinetic movement disorder, was associated with
the recurrent pathogenic NACC1 p.R298W variant that was discovered in a
patient who manifested also with focal epilepsy, developmental disability,
bilateral cataracts, and dysautonomia. This study increased the body of
knowledge about the phenotypic features of the NACC1 associated disorder
that can be useful in clinical diagnostics.
Genetic cause, the heterozygous pathogenic SAMD9L p.I891T variant, for a
familial movement disorder presenting with balance impairment, nystagmus,
and dysmetria together with haematological symptoms, was found and the
neurological phenotype was characterised in detail. Neuroradiological findings,
with cerebellar atrophy and periventricular white matter changes, were
identified to be characteristic for the SAMD9L disorder. This study increased
the body of knowledge about the genotypic and phenotypic features of the
SAMD9L-related disorder, which was subsequently found to be one of the
most common genetic aetiologies of childhood bone marrow failure and the
myelodysplastic syndrome.
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4.

5.
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Genetic cause, the homozygous pathogenic MTR p.P1173L variant, for earlyonset epileptic encephalopathy occurring together with movement disorder and
haematological disturbances, was discovered based on clinical features and
metabolic analyses. Drug-resistant seizures responded to cofactor and vitamin
treatment. Elevated plasma homocysteine was essential in diagnostics. This
study increased the body of knowledge about treatable epilepsy associated with
MTR deficiency and pointed out the importance of continued efforts in the
search for a definite diagnosis to be able to offer targeted effective treatments
to patients as early as possible to influence the developmental outcome.
After analysis of WES data in 10 patients with drug-resistant epilepsy or
epileptic or developmental encephalopathy, two patients (20%) received a
definite genetic diagnosis for their condition (I, II). WES was shown to be
essential in the diagnosis of the patient with epileptic encephalopathy
associated with a pathogenic de novo GABRG2 (I) variant. Clinical features
guided the reanalysis of the WES data and the diagnosis of the patient with
epilepsy and hyperkinetic movement disorder associated with the recurrent de
novo NACC1 (II) variant. In addition, candidate genes were found for five
study patients but four were ruled out by subsequent segregation analyses. This
study confirmed that, in epileptic encephalopathies and movement disorders in
which the genetic causes and phenotypes are heterogeneous and sometimes
treatable, WES can be a useful tool for clinical diagnostics in search for novel
aetiologies, in evaluations for available treatment options, and in providing
more accurate genetic counselling for the families. The patients with negative
WES results in this study most likely have a genetic aetiology; therefore, WGS
should be performed to obtain a better intron-exon boundary coverage.
Nevertheless, due to the still limited knowledge of the intronic variants and the
higher price of WGS, targeted WES combined with array CGH remains
preferable for use in clinical diagnostics and should be initiated early in the
diagnostic process, especially in cases of severe epilepsy with early onset.
Clinicians treating children with drug-resistant epilepsy should be educated to
choose the right NGS method at the right time and to be able to interpret the
findings.
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