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1 Introduction

1.1 Cerebellar ataxias

Ataxia is a derived term from the ancient Greek word dta&io which translates to disorder

or absence of order. (Beal, Lang and Ludolph, 2005)

Cerebellar ataxias are a clinically and genetically very heterogenous group of
neurodegenerative disorders. In general, cerebellar ataxias can be divided into hereditary,

acquired and sporadic ataxias.

Hereditary ataxias are caused by inherited genetic variant. As seen in Figure 1 hereditary
ataxias can be subdivided according to the inheritance into autosomal dominant,
autosomal recessive, X-linked and mitochondrial. (Palau and Espinos, 2006; Synofzik,
Schols and Riess, 2013; Taroni, Chiapparini and Mariotti, 2013; Cabal-Herrera et al.,
2020)

Hereditary ataxias

[ [ ‘ | I

Autosomal

. Autosomal recessive X-linked Mitochondrial
dominant

Spinocerebellar . .
— - —Degenerative ataxias
ataxia

| | Ataxias with DNA

—  Episodic ataxia repair defects

Dentatorubral-
“—  pallidoluysian — Congenital ataxias
atrophy

Ataxias with
—associated metabolic
disorders

L Ataxias with
associated features

Figure 1: Categorisation of hereditary ataxias according to Palau and Espinos, 2006, Synofzik, Schols and Riess,
2013, Taroni, Chiapparini and Mariotti, 2013, Cabal-Herrera et al., 2020.



The average prevalence of autosomal dominant cerebellar ataxias is 2.7/100.000 with
Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph disease, being the
most common form. In autosomal recessive cerebellar ataxias, the average prevalence is
3,3:100.000. Friedreich ataxia is reported to be the most common form. (Ruano et al.,

2014; Pilotto and Saxena, 2018)

Regarding X-linked cerebellar ataxia the most common form is the Fragile-X-associated
tremor/ataxia-Syndrome with a prevalence of 1:4.000 in men and 1:8.000 in women.

(Hagerman, 2008)

With mitochondrial ataxias the prevalence is estimated to be 1:5000. (Gorman et al.,

2015)

As shown in Figure 2 acquired ataxias are diverse with a broad spectrum of possible
causes. (Nachbauer, Eigentler and Boesch, 2015) They can occur at any age, but the
probability of developing an acquired ataxia increases with age. It is particularly
important to conduct a careful search for acquired ataxia, as there are more treatment

options available for this condition than for genetic and sporadic degenerative ataxias.

Acquired ataxias

e
| | | | 1
. Infectious | Vitamin . '
Autoimmune N Toxic cerebellar .
. cerebellar | deficiency X Miscellaneous
ataxias . . diseases
diseases | disorders |
| ]
Paraneoplastic | Bacterial Brain
. = . . — Alcohol .
disorders infections haemorrhage
Non- [ [
paraneoplastic | — Viral infections — Chemical toxins  [— Brain tumour
disorders
L— Prion disease — Drugs Cerebellar
stroke
|
Developmental |

— Hyperthermia —  structural
abnormalities |

— Medication

— Postradiogenic

Figure 2: Categorisation of acquired ataxias according to Nachbauer, Eigentler and Boesch, 2015.



Sporadic degenerative ataxias and their diagnosis pose a major challenge. All non-genetic
and genetic causes of ataxia must be considered to rule out hereditary and acquired

ataxias.

Sporadic degenerative ataxias include the cerebellar type of multiple system atrophy and
sporadic adult-onset ataxia of unknown aetiology. (Klockgether, 2010; Gaalen and
Warrenburg, 2012; Lin and Kuo, 2023)

1.2 The role of the cerebellum

Cerebellar ataxias encompass a broad spectrum of neurodegenerative diseases whose
common feature is the progressive dysfunction in the cerebellum. The characteristic
symptoms of affected individuals range from gait instability, dysarthria and oculomotor
disorder to cognitive impairments and systemic manifestations caused by degeneration or

abnormal development of the cerebellum and its connections.

The cerebellum is responsible for regulating motor function, coordinating the body’s
complex movements through somatosensory feedback and motor learning processes as
well as nonmotor functions such as abstract thinking, fluency of speech and social
cognition. In cases of cerebellar damage, movements, posture, stance and gait tend to
become unsteady, and it becomes difficult to perform precise movements. Speech
disorders and hypotonia of the muscles also usually occur as well as a disturbed
mentalising process and an impaired social cognition and affection. (Buckner, 2013;

Ahmadian et al., 2019; Van Overwalle et al., 2020; Rudolph et al., 2023)

Anatomically the cerebellum is divided into two hemispheres and a vermis.
Microscopically, it can be further subdivided into the cerebellar cortex and the cerebellar

medulla with the cerebellar nuclei.

The cerebellar cortex is again divided vertically into the following three zones:

vestibulocerebellum, spinocerebellum and pontocerebellum. (Winser et al., 2018)
Each zone mediates specific functions:

Vestibulocerebellum:

The vestibulocerebellum is phylogenetically the oldest part of the cerebellum and



regulates balance as well as postural and oculomotor functions. It receives primary
vestibular afferents via the vestibular nuclei, which convey information about position
and acceleration. It also receives visual input from the pretectum and the visual cortex.

Furthermore, it receives somatosensory information regarding the body's position.

Processing these three types of input the vestibulocerebellum maintains the balance of the
body by tensing or relaxing the trunk and leg muscles in a compensatory manner when

movement of a limb causes impairment.

The medial part of the vestibulocerebellum coordinates balance by controlling the trunk
muscles and the extremity extensors via the nucleus vestibularis lateralis as well as the
vestibulospinal tracts. Therefore, lesions in this part lead to balance disorders. Patients

have difficulties standing upright (stance ataxia) or sitting (truncal ataxia).

The lateral parts of the vestibulocerebellum regulate head and eye movements via the
nucleus vestibularis medialis. Lesions in this part lead to problems fixating the eyes on a
point. For instance, if an object moves continuously in the direction of the damaged side,
it can only be followed by sudden eye movements (saccades). The disturbance of the
fixation of the gaze on a stable point leads to spontaneous nystagmus, whereby the eyes
wander uncontrollably before being brought back by saccades, and disturbance of the
vestibulo-ocular reflex, which normally leads to gaze stabilization by turning the eyes in

proportion to the head movement in the opposite direction. (Park et al., 2021)

Spinocerebellum

The spinocerebellum controls muscle tone. It consists of two parts: The medial vermis
and the paramedian zones. This area of the cerebellum controls the precise coordination
of muscle activity during movement. Therefore, the spinocerebellum is responsible for
continuously comparing the desired position with the actual position. Furthermore, it can

also compensate for balance and posture disorders caused by movement.

The spinocerebellum receives afferents directly from the spinal cord. Lesions in the
spinocerebellum result in disorders affecting motor functions such as target and support.
Movements can no longer be continuously corrected by processing sensory feedback
from muscles and joints. In the case of dysmetria, patients either overshoot or fail to reach

the target. Problems can also occur when performing rapid alternating movements, such



as screwing in a light bulb, and are referred to as dysdiadochokinesia. Trembling during
a targeted movement is referred to as intention tremor. This form of tremor typically
increases as the target is approached, resulting from excessive and slow corrective
movements. Rather than initiating corrections based on the anticipated movement
trajectory of the efferent copy before execution, the cerebellum can only make subsequent

corrections based on incoming afferents.

Pontocerebellum

In evolutionary terms, the pontocerebellum is the youngest part of the cerebellum and
corresponds to the two cerebellar hemispheres. It communicates almost exclusively with
the cerebral cortex and receives no sensory afferents. It receives inputs from the
prefrontal, premotor and supplementary motor cortex areas via the pons. Additionally, it
receives motor efferent copies from the primary motor cortex and the spinocerebellum

via the inferior olive.

The main functions of the pontocerebellum are motor learning and creating complex
movement sequences, such as speech motor skills or complicated hand movements like
playing music. These sequences require rapid and precise movements from many
muscles, making feedback regulation difficult. The pontocerebellum acts as a procedural
memory, enabling implicit learning. After extensive training, it stores and enables very
complicated automated movement sequences so that they no longer require conscious
thought, with the individual steps largely performed without sensory feedback or
conscious control. This distinguishes the pontocerebellum functionally from the other two
parts of the cerebellum, which use sensory feedback to mediate movement sequences and

corrections.

Failure symptoms in the pontocerebellum lead to impairments in complex, learnt
movements, resulting in asynergy, dysmetria, dysdiadochokinesia, action tremor and a
loss of coordination in the individual muscle movements of a sequence. Unilateral lesions
lead to limb ataxia. If speech motor skills are affected, the result is dysarthria with unclear,
slurred or choppy speech. Asynergy can also lead to the decomposition of movement
sequences, whereby the components of a movement are performed one after the other

rather than simultaneously. (Dietrichs, 2008)



Horizontally the cerebellar cortex consists of three cell layers and comprises five types of
nerve cells (stellate cells, basket cells, golgi cells, granule cells and Purkinje cells), some

of which have variable synapses that enable motor learning and synaptic plasticity.

The molecular layer contains dendrites of Purkinje cells, axons of the granule cells
(parallel fibres), climbing fibres and interneurons, especially stellate cells and basket

cells.

The Purkinje cell layer consists of the large, inhibitory Purkinje cells, which are the only

output structure of the cerebellar cortex, and Bergmann glia.

The granular cell layer contains small, excitatory granule cells and Golgi cells (inhibitory

interneurons).

These three layers are functionally closely intertwined in a stereotypical manner to
perform the cerebellum's corrective and learning functions at a cellular and molecular

level.

The calculations and output signals in the cerebellum are essentially based on the targeted
and modifiable inhibition of existing activity, not on the generation of new signals. The
two main excitatory inputs to the cerebellar cortex are provided by the mossy and
climbing fibres, which also stimulate the cerebellar nuclei via axon collaterals. The local
interconnection of the five cell types enables context-dependent processing of the original
input signal within the cerebellar cortex through mechanisms such as divergence, spatial

and temporal contrast enhancement and synaptic plasticity.

The GABAergic Purkinje cells form the central integration station of the cerebellar
cortex. They are the only projection neurons in this region and selectively inhibit the
stimulation of certain populations of neurons in the cerebellar nuclei. The remaining
excitation pattern of the cerebellar nuclei’s projection neurons forms the actual integrative

output signal of the cerebellum.

In hereditary cerebellar ataxias the three layers are affected to varying degrees, resulting

in impaired coordination of movement and balance coordination. (Liss and Kétzel, 2019)

In the molecular layer dysfunction of interneurons can interfere with the fine modulation

of Purkinje cell activity. In spinocerebellar ataxia type 1, it has been demonstrated that



the hyperactivity of the interneurons in the molecular layer results in the degeneration of
Purkinje cells, which impairs synaptic integration and inhibitory control. (Pilotto et al.,

2023)

Purkinje cells in the Purkinje cell layer are particularly susceptible to genetic ataxia. They
project GABA to the cerebellar nuclei, thereby controlling motor fine-tuning. Their
degeneration is crucial for the development of symptoms. Failure of these cells leads to
uncoordinated movements. (Becker et al., 2009) Variants in the ATXN1, ATXN2 or
ITPR1 genes have been shown to directly impair the function or survival of Purkinje cells.
(Kashiwabuchi et al., 1995; Serra et al., 2006; Kasumu and Bezprozvanny, 2012; Paul
and Limaiem, 2025)

In the granular layer, granule cells receive input from the mossy fibres from the spinal
cord and brainstem, transmitting them to the Purkinje cells via parallel fibres. Disorders
in this layer (e.g. due to disturbed synapse formation or cell loss) can impair information
processing throughout the cerebellar circuit. In some hereditary ataxias, such as
Friedreich’s ataxia, degeneration of the granule cells or their afferent pathways can also

occur. (Pascual-Castroviejo et al., 1994; Simon et al., 2004)

1.3 Diagnostics of cerebellar ataxias

When it comes to diagnosing cerebellar ataxias, taking a detailed medical history and
conducting a thorough clinical examination are the most important steps. It is particularly
important to take the family history as accurately and comprehensively as possible, given
that comparable movement disorders in relatives might be a key indicator of genetic
ataxia. However, a negative family history does not rule out the possibility of genetic
ataxia. The clinical neurological examination includes testing for the presence of ataxia-
typical symptoms of gait and stance ataxia, tremor, dysarthria and nystagmus.

Coordination and reflex exercises are also carried out.

Even though in most cases it is already possible to differentiate clinically between ataxia
and a focal cerebellar disease (tumor, abscess, multiple sclerosis and others), a clear
distinction can only be made with an MRI of the brain, which is usually the next

diagnostic step. In some cases of ataxia, a diagnosis can be made based on the clinical



presentation and MRI scan results (e.g. leptomeningeal hemosiderosis). If a diagnosis is
not possible at this stage, biochemical and molecular genetic tests are performed. Blood
and cerebrospinal fluid can be examined for evidence of acquired ataxias. If biochemical
screening does not lead to a definitive diagnosis, genetic testing will follow. This is
initially based on family history and the most likely mode of inheritance. If a definitive
diagnosis cannot be made at this stage either, gene panel examination, whole exome

sequencing or whole genome sequencing is carried out. (Jacobi and Minnerop, 2021)

1.4 Clinical presentation of hereditary cerebellar ataxias

Hereditary autosomal recessive cerebellar ataxias are often multisystemic diseases that
can involve the central as well as the peripheral nervous system. The huge variety of
partially overlapping symptoms and large genetic heterogeneity complicate finding the

correct diagnosis. (Manto and Marmolino, 2009)

Cerebellar ataxia is a neurological syndrome caused by dysfunction in the cerebellum or
its afferent and efferent connections. The condition manifests as a variety of motor and,
occasionally, cognitive symptoms, which can be traced back to the cerebellum's central

role in coordinating, fine-tuning, and planning movement sequences.

A central feature is broad-based gait ataxia, characterised by an unsteady, staggering
walk. The stride length is irregular, with frequent stumbles and falls occurring. An
unsteady stance with a tendency to sway or fall without external influence may also occur,
particularly when the eyes are closed. Target movement disorders may also be present.
Dysmetria is evident in voluntary movements and is often accompanied by hypermetria,

hypometria and an intention tremor.

Dysdiadochokinesia is observed when the coordination of rapid, alternating movements
is impaired. Cerebellar dysarthria can occur and is also known as ataxic dysarthria.
Speech is slow and choppy, with irregular accentuation of syllables and explosive

vocalisations. (Manto and Marién, 2015)

The cerebellum is also involved in coordinating oculomotor functions. Consequences of
disorders in this area include nystagmus, saccades and disorders of eye tracking, as well

as impaired fixation and gaze stabilisation.



Decreased muscle tone at baseline, manifested as muscular hypotonia, may be observed.
This results in the extremities appearing flaccid and increased pendular movement during

reflexes.

Non-motor symptoms that may be observed include affective symptoms such as apathy,
depression, and disinhibition, as well as executive dysfunction involving reduced
cognitive flexibility, slower thinking, and a decreased problem solving and self regulation

abilities. (Schmahmann and Sherman, 1998; Schmahmann, 2004)

Attention and working memory disorders may also be present. Visual-spatial impairments
manifest as a disturbed sense of spatial orientation. Linguistic changes do not manifest as
classic aphasia, but rather as reduced verbal fluency, limited sentence structure, and an
imprecise choice of words. Deficits in understanding social contexts, empathy, and

recognising emotions may also be present. (Hoche et al., 2016)

To assess disease severity and progression, the International Cooperative Ataxia Rating
Scale (ICARS) was established. It consists of the four parts postural and stance
disturbances, limb movements disturbances, speech disorders and oculomotor disorders.

The highest possible score is 100. (Trouillas et al., 1997)

Later, the scale for assessment and rating of ataxia (SARA) was introduced. It is easier to
administer, and its completion requires less than 15 minutes. The scale is divided into the
following eight categories: gait, stance, siting, speech disturbance, finger chase, nose-
finger-test, fast alternating hand movements and heel-shin slide. A total score between 0
to 40 is possible, with 0 being no ataxia and 40 being the most severe form of ataxia.

(Schmitz-Hiibsch et al., 2006)



1.5 Genetics of hereditary cerebellar ataxias

The most common features in hereditary cerebellar ataxias are an impaired speech, limb
coordination, poor balance and a gait disorder. Frequently observed neurological signs
and symptoms include cerebellar oculomotor disturbances with gaze evoked nystagmus,
saccadic pursuit and dysmetric saccades, and limb ataxia with dysmetria and
dysdiadochokinesis. (Hersheson, Haworth and Houlden, 2012; Vedolin et al, 2013;
Arslan et al., 2017)

The molecular diagnosis of hereditary cerebellar ataxias relies mostly on genetic testing.
With more than 150 known causative genes, the genetic etiology of ataxias is extremely
heterogeneous. Traditionally, hereditary ataxias are classified according to their mode of
inheritance. The inheritance patterns include autosomal dominant and recessive,

mitochondrial and X-linked inheritance.

Observed variant mechanisms are also heterogeneous and variants leading to a gain or

loss of function have been described. (Hersheson, Haworth and Houlden, 2012)
Genetic mechanisms can be divided into four main categories.

1. Trinucleotide repeat expansions:
This usually affects CAG, GAA or CTG repeats. Many autosomal dominant
ataxias are caused by CAG repeat expansions. The main pathophysiological
mechanism of these expansions is the toxic effect of abnormally elongated
polyamino acid chains. In the case of CAG repeat expansions, polyglutamine-
mediated toxicity occurs. Machado-Joseph disease (spinocerebellar ataxia 3) is an
example of this. (Durr, 2010; Matilla-Duefias et al., 2014)
Intronic repeat expansions also exist, as in the case of Friedrich ataxia. In this
condition, GAA expansions occur in intron 1. This ultimately leads to reduced
frataxin expression, resulting in mitochondrial iron accumulation and oxidative
damage to nerve cell populations. (Koeppen, 2011)

2. Loss-of-function variants:
Autosomal recessive ataxias are typically caused by variants that result in the
complete or partial loss of function of the encoded protein. This can affect

functions associated with mitochondria, metabolism or DNA repair.
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In the case of cerebellar ataxia with CoQ10 deficiency, for example, the
mitochondrial respiratory chain is disrupted, resulting in a deficiency of ATP and
subsequent neuronal cell death. (Lopriore et al., 2024)

A metabolic disorder is present in ataxia with vitamin E deficiency. In this case,
a variant in the 77PA gene leads to impaired vitamin E transport, resulting in
oxidative stress and nerve cell damage. (Thapa et al., 2022)
Ataxia-telangiectasia is characterised by a variant in the 47M gene that leads to a
defect in DNA double-strand break repair. (Amirifar et al., 2019)
Gain-of-function variants:

In some cases, a variant can result in the production of proteins that impair cell
function in a toxic way. One example of this is dentatorubral-pallidoluysary
atrophy. A variant in the ATN1 gene causes the production of a mutated atrophin-
1 protein that has an abnormally long polyglutamine tract. This protein then
accumulates in the cells, disrupting normal neuronal processes and ultimately

resulting in neuronal dysfunction and cell death. (Sato ef al., 1999)

. Mitochondrial variants:

These are mtDNA variants, which are usually inherited from the mother and
include point variants or deletions of mitochondrial DNA. One example is
MELAS (Mitochondrial Encephalomyopathy with Lactic Acidosis and Stroke-
like episodes) syndrome, which is caused by a variant in the M7-TL1 gene and
leads to mitochondrial encephalopathy with ataxia. There are also nuclear genes
that have a mitochondrial function, such as POLG. These genes code for proteins
involved in mitochondrial replication or repair. Variants in these genes can result
in ataxia, epilepsy, myopathy, and sensory neuropathy. (El-Hattab et al., 2015;
Vernon and Bindoff, 2018)

Typically, variants in ataxia-causing genes result in a progressive atrophy of the

cerebellum and Purkinje Cell degeneration leading to the atactic phenotype. (Sakaguchi

et al., 1996; Lim et al., 2006; Huang and Verbeek, 2019)

Despite the large number of known ataxia genes, nearly 30% of patients with hereditary

ataxia remain without a genetic diagnosis. (Smeets and Verbeek, 2014)
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On the one hand, unusual types of variants, e.g. structural variants, repeat expansions or
variants located in non-coding regions that are challenging to detect even using whole
genome sequencing contribute to this diagnostic gap. On the other hand, there are still

unknown genes that cause ataxias.

Molecular genetic diagnostics play a central role in clarifying hereditary ataxias. Due to
enormous genetic heterogeneity and overlapping clinical phenotypes, targeted genetic

analysis is essential for precise diagnosis and prognosis assessment.

In order to genetically diagnose a person with atactic symptoms there are different
possible initial situations. If a genetic variant is already known in this family, the patient
can be tested for the presence of this very variant for example via Polymerase Chain
Reaction and subsequent Sanger sequencing. The situation is quite different if the patient
is the first to have the disease in the family or if there are several family members with

the disease but no known genetic variant.

A step-by-step procedure has been established for genetic diagnostics. After clinical
assessment and taking a family history, a targeted repeat-expansion analysis can be
performed quickly and cost-effectively, but this does not cover other variant types or rare
cerebellar ataxias. The minimum standard for molecular genetic diagnostics is the
performance of a comprehensive ataxia-specific NGS panel. If this does not lead to a
genetic diagnosis, then whole-exome or whole-genome sequencing can be performed.
Whole-exome sequencing is an effective procedure to sequence all protein-coding regions
of genes in a genome. The human exome constitutes about 1% of the human genome with
approximately 180.000 exons. Therefore, it is considerably faster and cheaper than
whole-genome sequencing. But in case of variants that are not located in protein-coding
regions whole-genome sequencing is indispensable. In both procedures a biochemical
analysis needs to be performed with this huge quantity of data. Candidate variants can be
further analysed via Polymerase Chain Reaction (PCR) and Sanger sequencing of

additional healthy or affected family members. (Ng ef al., 2009, 2010)

Genotype-phenotype correlations are a central topic of neurogenetic research, as they can
be used to predict disease progression, age of onset and additional symptoms based on

genetic findings.
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Polyglutamine ataxias are a well-characterised group with relatively clear correlations
between repeat length, disease onset and clinical symptoms. In spinocerebellar ataxia type
1, for example, the typical phenotype consists of ataxia, dysarthria and pyramidal tract
signs, and it is known that the longer the repeat in the ATXN1 gene, the earlier the disease

will manifest and the more severe it will be. (Ziihlke et al., 2002)

In the case of Friedreich's ataxia, the length of the GAA repeats in intron 1 of the FXN
gene also determines the phenotype. If fewer than 300 repeats are present, the disease will
have a later onset and a milder course. Conversely, if more than 700 GAA repeats are
present, an earlier onset of the disease, rapid progression, and often cardiomyopathy can

be expected. (Metz et al., 2013; Lecocq et al., 2016)

In ataxia-telangiectasia, the type of variant significantly influences both the age at which
symptoms first appear and the extent to which multiple systems are affected. The classic
form of ataxia-telangiectasia with early onset, pronounced immunodeficiency and an
increased risk of malignancy is seen if there is a null variant (frameshift or nonsense) in
the ATM gene, which leads to complete loss of function of the gene. This form is
characterised by ataxia, oculocutaneous telangiectasia, and an increased susceptibility to
infections. However, if a missense variant is present, a degree of residual enzyme activity
may result in a mild form of the disease presenting with isolated cerebellar ataxia and

occasionally parkinsonism, but with late onset. (Taylor and Byrd, 2005)

Knowledge of the exact genetic variant is exceptionally important in many regards. In
most cases it takes a lot of years sometimes even decades to detect the underlying cause
of a disease. This is very exhausting for both the patient and their relatives. Finding the
reason that explains the patients’ symptoms is a milestone towards acceptance and
understanding of the disease. It furthermore is the foundation for more diagnostics
towards previously undetected symptoms and for preventing complications. The genetic
diagnosis is essential for physical medicine, rehabilitation and a possible cure. Moreover,
it has an intrafamilial importance regarding the health of other family members and their

family planning.
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1.6 Primary research project and thesis objective

The central goal of this research project is the identification of novel ataxia gene
candidates to increase the diagnostic rate in a cohort of previously undiagnosed hereditary
ataxia cases compatible with autosomal recessive inheritance of ataxia. Towards this goal,

we have defined the following specific objectives:

1. Compilation of the cohort: To compile the demographic and clinical information
of unsolved cases, complete missing pedigrees, check sample availability and
assemble NGS datasets for all unsolved families.

2. Re-analysis of NGS datasets for variants in known genes: To identify candidate
variants in known ataxia genes using appropriate predefined filter settings for
known ataxia genes, perform segregation studies, establish a genetic diagnosis
and re-assess the family phenotype.

3. Identification of novel ataxia gene candidates: To identify candidate variants in
potential novel disease genes based on appropriate filter settings and provide rich
variant annotation allowing to prioritize candidate variants based on segregation
in several families, predicted delirious effect on protein function, functional

pathway annotation and expression profiles.

14



2 Materials and Methods

2.1

2.1.1
Ethics vote reference number: 598/2011BO1

Materials

Devices, Software and Kits

Table 1: Devices used in this study.

Device

Manufacturer

Centrifuge 5810R/5425

Eppendorf AG, Hamburg, Germany

Gel Documentation Chamber V02 9119

Viber Lirmat, Eberhardzell, Germany

Genetic Analyzer 3130x1

Applied Biosystems, Foster City, USA

Nanodrop ND1000 Peqlab Biotechnologie, Erlangen,
Germany
T100™ Thermal Cycler Bio-Rad Laboratories, Hercules, USA

Table 2: Software used in this study.

Software

Company

3130x1 Series DataCollection 4

Applied Biosystems, Foster City, USA

Bio-Capt 12.6 Software

Viber Lirmat, Eberhardzell, Germany

Nanodrop 1000 Software

Peqlab Biotechnologie, Erlangen,

Germany

SeqA6 Sample manager

Open source

Staden Package (Pregap4)

Open source

Genesis Open source
UCSC Genome Browser Open source
Primer3web Open source
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Table 3: Kits used in this study.

Kits Manufacturer

BigDye™  Terminator v3.1 Cycle Life Technologies GmbH, Darmstadt,

Sequencing Kit Germany
Poly(A) Tail Length Assay Kit; 76455 Affymetrix, Inc., Cleveland, USA
QIAquick Gel Extraction Kit; 28706 Qiagen, Hilden, Germany

2.1.2  Reagents for PCR, Agarose Gel Electrophoresis and Sequencing

Table 4: Components and manufacturing companies for PCR, Agarose Gel Electrophoresis and Sequencing.

Reagent Company
Colorless GoTaq Reaction Buffer 5x Promega, Madison, WI, USA
dNTPs (10 mM) Life Technologies, Thermo Fisher

Scientific, Waltham, USA

Formamide Life Technologies, Thermo Fisher

Scientific, Waltham, USA

Gel loading buffer Life Technologies, Thermo Fisher
Scientific, Waltham, USA

Gene Ruler DNA Ladder Mix Life Technologies, Thermo Fisher
Scientific, Waltham, USA

G2 GoTaq DNA Polymerase Promega, Madison, WI, USA

Green GoTaq Reaction Buffer 5x Promega, Madison, WI, USA

Midori Green Advance Biozym, Vienna, Austria

SeaKem LE Agarose Lonza, Basel, Switzerland

Tris-borate EDTA buffer pH=8 0,5x (TBE Lonza, Basel, Switzerland

buffer)

ddH>O Merck
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2.1.3 PCR and sequencing primer

Table 5: Sequencing primer pairs, all primers were purchased from Integrated DNA Technologies (Coralville, lowa,

Us4)
Name Position Primer sequences (5°-3°)
ATPase Family chr18:12340273- Fw: TCTTCAGAGACTCGACCACC
Gene 3 Like 2 12340510 Rv: TGCGGCTGTTGTGCTTATTT
(AFG3L2)
ATPase Family chr18:12351147- Fw: CCAGTTTTAGCGGTCGGAGA
Gene 3 Like 2 12351394 Rv: ATGTCGTCATTTTGGCCGG
(AFG3L2)
Glycosylphosphati  chr8:145139364- Fw: CAGACACTGCTGCTCATGGT
dylinositol Anchor 145139565 Rv: CTCCAGCTAGACCCCATCCT

Attachment Protein

1 (GPAAI)
Glycosylphosphati ~ chr8:145138706- Fw: TGACTCTACCAACAGCCAGG
dylinositol Anchor 145138919 Rv: CTTCAAGCCAAGCCTCAGTG

Attachment Protein

1 (GPAAI)

Mitochondrial chr10:30629201- Fw: GGCAACTGATTACTTGACCGT
Poly(A) 30629381 Rv: AGGGTCTCTATGCTGTCGTA
Polymerase

(MTPAP)

N-Glycanase

chr3:25770619-

Fw: GTTACCATGTGCCAGTCTGT

(NGLYI) 25770770 Rv: ATTTCTAAACAGCTCCACCTTTG
Peptidyl-tRNA- chr17:57774979- Fw: GAGCTTTGACCACCACCTTG
Hydrolase 2 57775208 Rv: GACGAGCAAGACACACACAG
(PTRH?2)

Peptidyl-tRNA- chr17:57775226- Fw: CCCAAAGCATACTCGAAGGC
Hydrolase 2 57775377 Rv: ACTGCCGGATAGTGATAACTGT
(PTRH?2)

Ring Finger Protein

216 (RNF216)

chr7:5752301-
5752460

Fw: AATGGGGAAGAGTTGGCAGA
Rv: GTTCGTTCCCAACCAGTGAG
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Ring Finger Protein chr7:5780781-

Fw: AGAAGAGGGGCCTGAAATCC

216 (RNF216) 5780931 Rv: CCAACAGCCCCGTGAAATAA
O-Phosphoserine-  chr4:25125661- Fw: ACTTCGTTCTTTTCTTACTGCCT
tRNA- 25125833 Rv: GGTCCATGCAAACTGTGAGT
Selenocysteine-

tRNA-Synthase

(SEPSECYS)

O-Phosphoserine-  chr4:25125491- Fw: TGCTTGCTTGTACTACAGCCT
tRNA- 25125837 Rv: CTTGGGTCCATGCAAACTGTG
Selenocysteine-

tRNA-Synthase

(SEPSECYS)

2.1.4 Cell culture media and supplements

Table 6: Cell culture media and manufacturing companies.

Medium Company

Dulbecco’s Modified Eagle’s Medium Life Technologies GmbH, Darmstadt,
(DMEM) Germany

Dulbecco’s Phosphate Buffered Saline PAA laboratories GmbH, Pasching,
(PBS) Austria

Fetal Bovine Serum (FBS)

Table 7: Supplements and manufacturing companies.

Supplements

Gibco Invitrogen, Paisley, Scotland, UK

Company

Dimethylsulfoxide (DMSO)

Sigma-Aldrich, St. Louis, USA

Ethylenediaminetetraacetic acid (EDTA)

Carl Roth GmbH, Karlsruhe, Germany

Trypsin

Carl Roth GmbH, Karlsruhe, Germany

Cordycepin
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http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=777229179_AhFBtF4bF7LYTpZ1Gr82YLe2nVAY&db=hg19&position=chr4:25125491-25125837&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=777229179_AhFBtF4bF7LYTpZ1Gr82YLe2nVAY&db=hg19&position=chr4:25125491-25125837&hgPcrResult=pack

2.2 Methods

2.2.1 Insilico

2.2.1.1 Forming the cohort

To extract unsolved autosomal recessive ataxia families for further analysis, we started
with a database (February 2017) containing all patients presenting at the department of
neurology at the University of Tiibingen with symptoms of cerebellar ataxia or hereditary

spastic spinal paralysis and an available exome and/or genome dataset.

Patients with symptoms
of cerebellar ataxia or
spastic spinal paralysis

669 patients
Exclusion Already genetically solved
124 patients
Exclusion No exome / genome dataset
190 patients
Exclusion No atactic phenotype
231 patients

Final database

| 125 patientsl

Figure 3: Starting from the original database of 669 patients, systematic sorting and exclusion led to our final
database of 125 patients.

As shown in Figure 3 the initial table included 669 entries. First all patients that were
already solved genetically were removed. Afterwards a systematic sorting according to
the phenotypes presented by the remaining patients was performed. It was differentiated
between patients that showed atactic symptoms and those with symptoms of a spastic

spinal paralysis. There were 125 patients in 108 families left with family members
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showing atactic signs like deficits in balance and coordination. There are also non-

cerebellar features like a mental retardation and facial dysmorphisms.

Final database

| 125 patients in 108 families

A\
Creating pedigrees

NV

Determining mode
of inheritance

I I

autosomal autosomal sinclear
recessive dominant
| 103 families | 2 families I 3 families |
N/ NV
Final cohort Exclusion

Figure 4: The final dataset was analysed to determine the most likely inheritance pattern for each family. Ultimately,
103 families were selected to form the final cohort.

As shown in Figure 4 a pedigree was then constructed for each family and the most likely
mode of inheritance was determined. Three families were excluded from the final cohort,
because no mode of inheritance could be determined due to insufficient information on
the family members. Two further families were also excluded from the final cohort,
because the most likely mode of inheritance was suspected to be autosomal dominant. In
this study it was focused on the families most likely to have an autosomal recessive

inheritance.

After extensive sorting, 103 families finally remained to form our final cohort.
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autosomal

recessive
103 families |
[ | l | |
multiplex multiplex non- simplex simplex non-
consanguine consanguine consanguine consanguine
12 families | 9 families| 9 families| 73 families|

Figure 5: The resulting final cohort consisting of 103 families was subdivided into simplex and multiplex cases and
with regard to consanguinity.

The final cohort is further subdivided as shown in Figure 5. It was divided into simplex
and multiplex cases. A simplex case means that only one individual in the family is
affected, whereas a multiplex case means that several individuals are affected.
Consanguinity was also considered, and simplex or multiplex cases were classified

accordingly.

2.2.1.2 NGS data analysis using the Genesis platform

Genesis is a unique, cloud-based, NIH-supported online database to analyse exome and
genome data sets. These datasets are uploaded by different users and are subsequently
available to all so that data alignment can take place to discover new disease-causing
variants and moreover to also confirm new candidate genes and their characterization. In
2015 already 12.403 whole exome / whole genome datasets have been uploaded with

more than 100 defined phenotypes.

Several individual filter strategies are possible and can also combine phenotype and
genotype. The interpretation of the results is then carried out by the expert by performing

further investigations of the variant found. (Gonzalez et al., 2015)
The following filter criteria were used in this study:

1. Allele frequencies
Allele frequency is defined as the relative frequency of a variant within a
population. It is calculated by dividing the number of copies of a particular allele
by the total number of copies of all observed alleles in that locus in a population.

(Gillespie, 2004)
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2. Quality filters

Quality filters are divided into depth filters and genotype quality filters.

The depth filter is necessary for achieving more accurate genotype results as it
describes the number of reads that passed quality control. The higher the reads
are, the better the genotype results. The minimum value should be eights reads to
have a less than 1% chance of a biallelic variant appearing monoallelic.

The genotype quality corresponds to the Phred quality score and indicates the
probability that a specific genotype is the true genotype. Similar to the depth filter,
a higher score means a more accurate result. Its minimum value is 20 with a
corresponding Phred quality score of 99% accuracy. (Carson et al., 2014)
Genesis allele counts

The Genesis allele count restricts the maximum number of variants occurring in
the Genesis database. The higher this value is, the more individuals show the same
allele variant.

Inheritance pattern

In this study it was differentiated between following inheritance patterns:

De novo

o simplex cases without other affected family members and one possible

disease-causing variant

Autosomal dominant

o multiplex cases with affected members in every generation

Homozygous recessive
o simplex-consanguineous cases with healthy individuals and an
affected child

o multiplex cases with affected individuals in not every generation

Compound heterozygous recessive
o simplex or multiplex cases with healthy individuals and affected

children

. Variant Class

It was differentiated between loss of function, non-synonymous and synonymous

variants.



A loss of function variant leads to a change in the transcript, which in turn leads
to a direct change in the protein. This group includes transcript ablation, a new
splice acceptor or donor, stop gaining variants, a frameshift or loss of start or stop
codon. These variants are disease-causing only in recessive inheritance or in the
presence of haploinsufficiency. (Houge et al., 2021)

Non-synonymous in contrast to synonymous variants alter the DNA- and
subsequently the amino acid sequence, possibly being disease-causing.
Synonymous variants are thought to be neutral because the resulting protein does
not show any change in its amino acid sequence. However there are cases in which
a synonymous variant appears to be disease causing due to alterations in splicing
sites. (Akli et al., 1990; Richard and Beckmann, 1995; Griffiths, 2002; Pagani,
Raponi and Baralle, 2005)

Genomic locus

When searching for variants in already known ataxia-causing genes as well as
searching for second hits of candidate genes, there is also the possibly to filter for

a specific genomic locus.
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2.2.1.2.1 Analysis of variants in known ataxia genes

First, all affected individuals in our cohort were analysed for previously known ataxia-

causing gene variants.

Analysis of variants in already known ataxia causing genes
[ 103 families]
| | | ]
multiplex multiplex non- simplex simplex non-
consanguine consanguine consanguine consanguine
L1 12 families| 9 families | 9 families 73 families

Autosomal recessive and

Autosomal recessive filter settings . . -
dominant filter settings

Figure 6: All 103 families forming the final cohort were first analysed for the presence of variants in already known
ataxia-causing genes.

As shown in Figure 6 family by family analysis was performed in Genesis for already
known variants shown in Table 8. We distinguished between dominant and recessive
inheritance, since in general both would be possible. The probability of a recessive
inheritance pattern is higher in simplex cases with consanguineous family background,
but also a dominant inheritance pattern or de novo variant could be possible. In multiplex
cases with affected individuals but healthy parents a recessive inheritance pattern is

assumed.

The following filter settings were applied: quality filters DP > 8§, GQ > 50, QUAL > 35,

genomic locus of all known ataxia causing genes.

For an autosomal dominant inheritance, the minor allele frequency in ExAC, 1000

Genomes and EVS was set to be <0,01% and the Genesis allele count had been set to 5.

For an autosomal recessive inheritance, the minor allele frequency in ExAC, 1000

Genomes and EVS was set to be <1% and the Genesis allele count had been set to 50.
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Table 8: Known ataxia genes (table provided by Prof. Dr. med. R. Schiile-Freyer via the European Reference Network
for Rare Neurological Diseases (ERN RND), status as of 05/2017).

A

ABCB7, ABCDI, ABHDI12, ADGRGI, AFG3L2, AHII, ALG6, AMACR, ANOI0,
APTX, ARLI3B, ARL3, ARMCY, ARSA, ATCAY, ATM, ATNI, ATPIA3, ATP2B3,
ATP7B, ATP8A2, ATXNI, ATXN10, ATXN2, ATXN3, ATXN7, ATXNS, ATXNSOS

B
B4GALNTI, B9D1, BEANI, BTD

C

CAS8, CACNAIA, CACNAIG, CACNB4, CAMTAI, CC2D24, CCDCS88C, CEP104,
CEPI120, CEP290, CEP41, CLCN2, CLN5, CLN6, CLNS, COQ2, COQ6, COQ84, CP,
CPLANEIL, CSPPI, CTDPI, CWFI9LI1, CYP2741, CYP7BI

D

DABI, DARS2, DDB2, DLAT, DNAJC19, DNAJC3, DNAJCS5, DNMT1I

E
EEF2, EIF2B1, EIF2B2, EIF2B3, EIF2B4, EIF2B5, ELOVL4, ELOVLS, ERCC2,
ERCC3, ERCC4, ERCCS

F
FGFI14, FLVCRI, FMRI, FOLRI, FXN

G
GALC, GBA, GBA2, GCDH, GFAP, GJBI, GLBI, GLRX5, GOSR2, GRID2, GRM1

H
HEXA, HEXB, HPRTI, HSD17B4, HYLS1

I
IFRDI, INPPSE, INPP5K, ITPRI
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K
KCNAI, KCNA2, KCNCI, KCNC3, KCND3, KCNJI10, KIAA0556, KIAA0586,
KIAA0753, KIF1A, KIFIC, KIF7

L
L2HGDH

M
MARS2, MFSDS8, MKS1, MLC1, MME, MRE11, MSTOI1, MTPAP, MTTP

N
NDUFS7, NEUI, NKX2-1, NKX6-2, NOP56, NPCI, NPC2, NPHPI, NUBPL

O
OFDI, OPAI, OPA3

P

PCNA, PDE6D, PDHX, PDSS1, PDSS2, PDYN, PEXI, PEXI0, PEX11B, PEXI2,
PEXI13, PEX14, PEX16, PEX19, PEX2, PEX26, PEX3, PEX5, PEX6, PEX7, PHYH,
PIBF1, PIK3R5, PLA2G6, PLEKHG4, PMM?2, PMPCA, PNKP, PNPLA6, POLG,
POLR3A, POLR3B, PPP2R2B, PPTI, PRICKLEI, PRKCG, PRPSI, PRRT2, PTRH?2

R
RARS2, RNF168, RNF170, RNF216, RNUI12, RPGRIPIL, RUBCN

S

SACS, SCA20, SCA25, SCA30, SCA32, SCA37, SCYL1, SEPSECS, SEPT9, SETX, SIL1,
SLC17A45, SLC19A43, SLCIA3, SLC25A415, SLC25A446, SLC2A1, SLC52A42, SLC9A41,
SLCY946, SMPD1, SNAP25, SNX14, SPART, SPG7, SPR, SPTBN2, SOSTM1, STUBI,
SYNEIL, SYT14
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T

TBCE, TBP, TCTNI, TCTN2, TCTN3, TDPI1, TDP2, TGCM6, TMEM138, TMEM?216,
TMEM231, TMEM237, TMEM240, TMEMG67, TPPI, TRAPPCI11, TRPC3, TSEN2,

TSEN34, TSEN54, TTBK2, TTC19, TTPA, TUBB2B, TUBB4A, TWNK

v
VAMPI, VARS2, VLDLR, VPS134, VRKI

\%
WDR73, WDR81, WWOX

X
XPA, XPC

Z
ZFYVE26, ZNF423, ZNF592
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2.2.1.2.2 Analysis of variants in novel candidate genes

The remaining families that could not be solved with variants in already known ataxia-

causing genes were analyzed regarding new candidate genes.

autosomal
recessive
103 families

[

I

I

multiplex multiplex non- simplex simplex non-
consanguine consanguine consanguine consanguine
L_{ 12 families)| 9 families| 9 families | 73 families |
N

Solved by analysis of variants in already known ataxia causing genes &

solved by other laboratories

3 solved 3 solved 3 solveiL
multiplex multiplex non- simplex simplex non- PREPARE
consanguine consanguine consanguine consanguine group
[ 9families| 6 families| 9families] L | 70 families| 885 patients|
Seed cohort Confirmation cohort

Figure 7: After exclusion of the families that were solved either by already known genes or by other laboratories, the
remaining multiplex and simplex consanguine families formed the seed cohort. All simplex non-consanguine families
and the PREPARE group formed the confirmation cohort.

The first step was to create the seed cohort consisting of all multiplex cases and simplex-
consanguineous cases as shown in Figure 7. In total these are 24 families. Assuming an
autosomal recessive inheritance matter, the filter settings were adapted to be stricter with
the minor allele frequency in EXAC, 1000 Genomes and EVS being set to <0,2% and the
Genesis allele count being set to 11. The results were reviewed regarding their segregation
within the families. Afterwards a second hit search in our confirmation cohort was
performed using segregating variants to identify other affected individuals. Our
confirmation cohort consists not only of all our non-consanguineous simplex cases but

includes also the ataxia datasets collected by the PREPARE consortium.

“PREPARE” is a research project that established a network of patients with recessive
ataxias from 2016 to 2019 with the aim of developing systematic therapy studies

including basic genetic characterisation, drosophila and mouse model and biomarker
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screening. The PREPARE consortium has collected whole exome and genome
sequencing datasets from unsolved ataxia families that are accessible via the Genesis
database. In total it contained 885 patients in 825 families. We used the PREPARE dataset

to validate candidate variants resulting from our approach in a larger cohort of cases.

The variants found were then further screened for potential pathogenicity.

2.2.1.3 Omim
To validate a possible candidate gene and to collect more details about specific genes the

database https://www.omim.org/ was used.

2.2.1.4 ExAC and GnomAD
ExAC

The Exome Aggregation Consortium browser (ExAC browser) is large databank that
contains exome sequence datasets from 60.706 individuals. (Karczewski et al., 2017)
These individuals are of diverse ethnicities. This browser contains nine times more
exomes than the Exome Variant Server (EVS) and 24 times more Exomes than the 1000
Genomes (1000G) Project. It provides a publicly available platform for the evaluation
and interpretation of clinical data and genetic information from affected individuals. (Lek

etal.,2016)
GnomAD

The Genome Aggregation Database (GnomAD v4.0) consists of 125.748 exomes and
15.708 genomes. It has replaced the ExAC browser and contains all its data. (Karczewski

et al., 2020)

2.2.1.5 Constraint scores
The intolerance of a gene regarding a specific type of variant is indicated by means of the
constraint score. The fewer variations of a particular class a gene shows, the more

intolerant it is to that specific type of variation. A distinction is made between Z-scores
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and pLI-scores. The Z-scores refer to the missense and synonymous categories, whereas

the pLI-scores are used for the loss-of-function variations.

Positive Z-scores indicate an increased intolerance to a type of variation, so that the gene
accordingly has fewer variants of this type. Negative Z-scores are linked to a higher

tolerance towards a variant and therefore more variants can be found.

The probability of a specific variant being loss-of-function intolerant is refelected with
the pLI-score. There are three possible classes regarding the genes’ tolerance towards loss
of function variants: null, recessive and haploinsufficient. Null means that it shows full
tolerance. In a recessive inheritance manner the heterozygous loss of function variant is
tolerated, whereas a homozygous variant is not. In case of haploinsufficiency there is no
tolerance of a heterozygous loss of function variant. The pLI-score that is 20,9 indicates
a high intolerance regarding a loss of function variant. (Samocha et al., 2014, 2017; Lek

etal.,2016)

2.2.1.6 Conservation scores

As species develop changes in the genome might occur. During evolution different
species underwent different changes that could either be tolerated or be pathogenic.
Whole exome and genome sequencing has been used to trace evolutionary changes in
DNA base sequences. Comparing the exomes and genomes of different species,
similarities and differences can be identified. In particular, the sections that have persisted
across the different species are considered to be highly conserved and therefore rather
intolerant of changes, so that changes here have an increased pathogenic potential.
Typically, natural selection eliminates variants and variants in regions that are highly

conserved.
PhastCons and PhyloP are two methods to measure the evolutionary conservation.

PhastCons is a method based on a hidden Markov model. Using multiple alignments, it
estimates each nucleotides possibility whether it belongs to a conserved element. It does
not only consider each alignment column by its own but also pays attention to
neighbouring columns and shows the probabilities of a negative selection. The PhastCons

score ranges between 0 and 1 with values closer to 1 indicating higher conservation.
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In contrast, PhyloP is a method that only measures each individual columns conservation
separately, ignoring the effects of flanking columns. It also is a measurement for both
acceleration and conservation. Positive scores indicate well conserved sites, negative
scores are interpreted as fast evolving. (Yang, 1995; Siepel et al., 2005; Pollard et al.,
2010)

2.2.1.7 CADD Score

The CADD score estimates the probability that a genetic variant, such as a single
nucleotide or insertion/deletion variant, will have a harmful effect on the human genome.
To this end, it combines several annotations, including conservation and function

information, into a single metric. Variants with higher scores are more likely to be

harmful. (Rentzsch et al., 2019)

22.1.8 ACMG

To evaluate variants, the American College of Medical Genetics and Genomics together
with the Association for Molecular Pathology and the College of American Pathologists
developed a standardised classification system. There are five categories: benign, likely

benign, uncertain significance, likely pathogenic and pathogenic. (Richards et al., 2015)

This classification can be derived into a points system that is based on the Bayesian
principle. This results in the scores shown in Table 9, which are proportional to the

logarithmic odds ratio. (Tavtigian et al., 2020)

Table 9: ACMG classification point system to interpret variants (source: Tavtigian et al., 2020).

Category Point ranges
Pathogenic >10

Likely Pathogenic 6-9
Uncertain 0-5

Likely Benign -1--6
Benign <-7

The ACMG classifications were taken from the VarSome germline classification from

the database https://varsome.com (version 11.4).
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2.2.1.9 Tissue expression

A change at the DNA level does not necessarily translate into a change at the protein level
that ultimately results. Since the hereditary ataxias are particularly characterized by
alteration or loss of neuronal tissue in the brain and cerebellum, a look at the tissue

expression of the candidate genes and their transcripts is also important.

To be able to classify the functional effects Genotype-Tissue-Expression project (GTEx)
and Human Protein Atlas portal were used as sources to have a look particularly at

expression in the brain and cerebellum.

The GTEXx project (https://gtexportal.org’/home/) is a database containing 17.382 samples
of 948 donors (as of 2021). These donors are of different sex and ethnical and racial
groups. They are between 21 - 70 years old and sample collection started within 24 hours
of their deaths. Exclusion criteria are an infection with the human immunodeficiency
virus or hepatitis, cancer in metastatic situation, chemotherapy or radiation within the
previous two years, blood transfusions within 48 hours prior to the death or the body mass
index below 18.5kg/m? or above 35kg/m?. (Lonsdale et al., 2013; ‘The Genotype-Tissue
Expression (GTEXx) project’, 2013)

The Human Protein Atlas portal (https://www.proteinatlas.org/) contains samples from
144 cancer patients. These samples were taken from normal tissue around the diseased
area and revised by a pathologist and found to be histologically healthy. (Pontén, Jirstrém
and Uhlen, 2008; Uhlén et al., 2015)

2.2.1.10 Interaction between known ataxia genes and novel candidate genes

The interaction of our candidate genes with already known ataxia-causing genes was
investigated using the high-throughput identification pipeline for promoter interacting
enhancer elements “HIPPIE” (http://cbdm-01.zdv.uni-mainz.de/~mschaefer/hippie/).
This is a pipeline using Hi-C raw reads to identify DNA-DNA interacting fragments.
(Hwang et al., 2015)

We examined both the direct interaction and the interaction between genes that occurs

via a maximum of 1 additional gene.
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2.2.1.11 Primer design

To find the perfect fitting primers for each individual genetic position there were 4 steps
necessary. First the genomic position of each variant was given by Genesis. With that
data the UCSC Genome Browser (http://genome.ucsc.edu/index.html) was then used to
get the exact DNA region adding 200 bases up- (5’) and downstream (3°). The DNA
region was copied and pasted to Primer3web (http://bioinfo.ut.ee/primer3/), the variant
was put in parentheses and the program put out several left and right primers. These
primers where then checked wusing the primer blast tool by NCBI
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Criteria for the primer to be suitable

include a low self-3’ complementarity and less than three mismatches.

2.2.2 Invitro

2.2.2.1 Polymerase chain reaction

The polymerase chain reaction (PCR) is a well-established procedure in the laboratory to
amplify several DNA fragments. First specific primers were designed (as described in
2.2.1.2) matching to the DNA region of interest. Following this the DNA amplification
was performed using the reaction shown in Table 10 and the standard PCR protocol

shown in Table 11.

Table 10: PCR reaction mix.

Reagent Amount (pl)
Green GoTaq Reaction Buffer 5x 5

dNTPs (10 mM) 0.5

G2 GoTaq DNA Polymerase 0.25

Primer (forward & reverse) 1.25

DNA sample (10ng/pl) 2.5

ddH>O 15.5

Total 25
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Table 11: PCR protocol.

Step Temperature (°C) Duration

1 95 5 min

2 94 30 sec

3 62 30 sec

4 72 30 sec

5 Go to step 2; repeat 35x
6 72 10 min

7 4 forever

2.2.2.2 Touchdown PCR

Touchdown polymerase chain reaction is used to increase the specificity of the reaction.
As shown in Table 12 the initial annealing temperature was at 62°C and gradually
decreased by 1°C until the calculated annealing time for the designed primers was

reached. The PCR was then carried out with this temperature.

Table 12: tdPCR protocol.

Step Temperature (°C) Duration

1 94 5 min

2 94 30 sec

3 62 (-1°C/cycle) 30 sec

4 72 30 sec

5 Go to step 2; repeat 10x
6 94 30 sec

7 52 30 sec

8 72 30 sec

9 Go to step 6; repeat 25x
10 72 7 min

11 4 forever
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2.2.2.3 Gel Electrophoresis
To confirm whether the PCR worked and the correct product was amplified, a gel

electrophoresis was carried out for each PCR approach.

For this purpose, a 2% agarose gel with the components listed in Table 13 is prepared.
First agarose and TBE buffer were mixed and heated in the microwave until a uniform
gel was obtained. Then Midori Green was added, stirred and the gel was poured in an

appropriate mold, everything cooled down and formed a solid gel.

The first chamber of the 2% agarose gel was loaded with 7ul gene ruler DNA ladder mix

as size marker, the other chambers were loaded with 5ul of the DNA sample.

A voltage of 200V for large gels respectively 120V for small gels was applied for 30

minutes. Afterwards the gel was evaluated via fluorescence.

Table 13: Components 2% agarose gel.

Component Amount
SeaKem LE Agarose 4g

TBE buffer 200ml
Midori Green 12ul

The remaining PCR products were purified with sodium acetate and ethanol
(NaAc/EtOH). Therefore, 40ul NaAc/EtOH were added to 20ul of the remaining PCR
product and centrifuged at 23°c for 45 minutes with 3220 rcf. The supernatant was
discarded and as a washing process 100ul of 70% ethanol was added and centrifuged at
23°C for 10 minutes with 3220 rcf. The supernatant was discarded again and the washing
process was repeated once. As last purification step the tubes were centrifuged upside

down without their caps at 23°C with 600 rcf for 1 minute.

For further use the now precipitated PCR products were diluted in 151 ddH2O and gently

mixed for 30 minutes at 23°C.
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2.2.2.4 Sequencing PCR

A sequencing PCR was performed to prepare the PCR products for the following Sanger

Sequencing. The PCR was performed as described in section 2.2.2.1, with the exception

that forward and reverse primers were used separately. The sequencing PCR reaction mix

is shown in Table 14 and the sequencing PCR protocol is shown in Table 15.

Table 14: Sequencing PCR reaction mix.

Reagent Amount (pl)
Colorless GoTaq Reaction Buffer 5x 1.65
BigDye™ v3.1 0.7

Primer (10pmol/pl) forward or reverse 1

Purified PCR product 4

ddH>O 2.65

Total 10

Table 15: Sequencing PCR protocol.

Step Temperature (°C) Duration

1 94 1 min

2 94 10 sec

3 50 5 sec

4 60 4 min

5 Go to step 2; repeat 30x
6 4 forever

The PCR products were purified with 30ml NaAc/EtOH. The further procedure remained

the same as described in section 2.2.2.3.

2.2.2.5 Sanger Sequencing

To determine the specific nucleotide sequence of the PCR products Sanger sequencing

was used. The wells of a sequencing plate were loaded with 15ul of Formamide and 7pl
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of the purified PCR products where added. Subsequently the samples were sequenced
with the 3100 Avant Genetic Analyzer using the standard instrument protocol. The results

were afterwards analysed with Pregap4.

2.2.2.6 Fibroblast culture and RNA Isolation

To isolate the RNA from fibroblasts the patient derived cells were thawn in a water bath,
afterwards treated with DMEM and FBS and centrifuged to clear the cells. The
supernatant was removed and the resulting pellet was resuspended with 100ul of medium.
The cell suspension was then added into a 25cm? flask with 3ml DMEM and FBS. After
two days the medium changed and the cells were fed. They were splitted after four days
using trypsin and EDTA to detach the cells from the flask. The reaction was stopped with
DMEM and the cells were transferred into new and bigger flasks. To isolate the RNA
from those fibroblasts the High Pure RNA Isolation Kit from Roche was used.

2.2.2.7 Cordycepin

To check on the polyadenylation status we treated the above-mentioned fibroblasts of our
control group with Cordycepin 50ul, because Cordycepin is known to prevent the
polyadenylation of the mRNA. The fibroblasts of our control group were divided into
three parts. The first part was treated with 50ul Cordycepin for 15 minutes, the second
part was treated with 50ul Cordycepin for 45 minutes and the third part was not treated
with Cordycepin. Our aim was to compare the length of the polyadenylation of the

untreated and treated control with our patients’ polyadenylation length.

2.2.2.8 Polyadenylation Assay
To determine the length of poly-a-tails the USB®-Poly(A) Tail-Length Assay Kit from
Affymetrix was used. Fibroblasts were cultured and RNA was isolated as described

above.

First poly(G/I)-tails were added by adding the reagents shown in Table 16 to the RNA

sample.
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Table 16: Poly(G/I)-tail-mix used in the polyadenylation assay.

Reagent Amount (pl) Final concentration
Total RNAsample, 1pg Up to 14pul 0,1ug up to 2pg

5x Tail Buffer Mix 4ul

10x Tail Enzyme Mix 2ul

Water, nuclease-free Up to 20ul

Total 20ul

Afterwards this mixture was incubated for 60 minutes at 37°C. 2ul of 10x Tail Stop
Solution were added and the now poly(G/I)-tailed RNA was reverse transcribed by
following the protocol described in Table 17.

Table 17: Reverse transcription mix used in the polyadenylation assay.

Reagent RT + RT -
G/I Tailed RNA Sample Sul Sul
5x RT Buffer Mix 4ul 4ul
10x RT Enzyme Mix 2ul -
Water, nuclease-free Oul 11pl

The resulting probes were incubated at 44°C for 60 minutes, next at 92°C for 10 minutes.
The amplification was performed directly after the incubation time. Therefore, the
samples were diluted by adding 20ul nuclease-free water, added to the PCR mix shown

in Table 18 and the PCR was performed using the protocol described in Table 19.
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Table 18: PCR mix used in the polyadenylation assay.

Reagent RT + tail RT — tail RT + RT — specific
PCR PCR specific PCR  PCR
Diluted RT sample 2,5ul 2,5ul 2,5ul 2,5ul
5x PCR Buffer Mix  5ul Sul Sul Sul
10uM Gene-Specific  1pl Tul Tul Tl
PCR Forward Primer
10uM Universal Tul Tl - -
PCR Reverse Primer
10uM Gene-Specific - - Tul Tl
PCR Reverse Primer
25mM MgCI2 1,5ul 1,5ul 1,5ul 1,5ul
1.25 units/pl Tl Tl Tl Tl
HotStart-IT® Taq
DNA Polymerase
Water, Nuclease- 13ul 13ul 13ul 13ul
Free
Table 19: PCR protocol used in the polyadenylation assay.

Step Temperature (°C) Duration
Pre-incubation 94 2 min
Amplification 94 10 sec

60 30 sec

72 5 min
Soak 4 forever

The detection was performed using two different methods. First the size of the PCR

product was assessed with a 2% agarose gel and visualized with a fluorescence image

scanner. Second the PCR products were sequenced using the standard sequencing

protocol described in 2.2.2.4 and in Tables 14 and 15.
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3 Results

3.1 Overview of cohort
The aim of this work was to identify autosomal recessive ataxia genes. The focus is set

on either homozygous or heterozygous recessive inheritance pattern.

As previously described our cohort was formed of patients who show ataxic symptoms
with recessive inheritance being most likely. Our final cohort consists of 103 families

who were not yet diagnosed genetically.

These 103 families were now further subdivided into simplex and multiplex cases as well

as consanguineous and non-consanguineous families.

A simplex case is defined with only one affected individual in the entire family, whereas

a multiplex case includes multiple affected individuals.

Consanguineous means biologically related. In consanguineous relationships, there is a
higher risk of transmitting recessively inherited diseases as there is a higher probability

that two individuals are carrying the same recessive variant.

This results in the following subdivision of the index cases, shown in Figure 8:

73 simplex non-consanguineous cases,

9 simplex consanguineous cases,

9 multiplex non-consanguineous cases and

12 multiplex consanguineous cases.
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Figure 8: Distribution of our 103 index cases into simplex and multiplex cases as well as consanguineous and non-
consanguineous cases.

In addition to the index cases, our cohort also includes other affected family members of

the multiplex families as well as healthy relatives. All in all there are:
- 103 index cases,
- 13 other affected and
- 10 healthy family members.

Furthermore, we have whole exome and / or whole genome datasets for the individuals

in our cohort. Our cohort includes:

68 individuals with whole exome datasets,

40 individuals with whole genome datasets,

14 individuals with both exome and genome datasets and

4 individuals without datasets.
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All cases were divided into two tiers. Tier 1 is the seed cohort that includes all
consanguineous and multiplex recessive cases and is used to search for new genes. Tier
2 formed our confirmation cohort and includes all non-consanguineous simplex cases and

additionally the ataxia datasets collected by the PREPARE consortium.
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3.2 Known genes

To address our objective to identify variants in known ataxia genes we performed a
systematic re-analysis of the available NGS datasets. Hereby, we queried the data for the
presence of variants in known ataxia causing genes. According to the ERN-RND genelist,
there are 251 genes that are known to cause hereditary ataxias linked to autosomal

dominant, recessive, X-linked or mitochondrial inheritance patterns.

In this study we only distinguished between autosomal dominant and recessive
inheritance. Filter criteria that support the autosomal recessive or dominant inheritance

pattern were applied (see methods) as well as the known ataxia causing genes (Table 8).

Each of the 103 families was examined in Genesis.

[ 103 families |
| l 1
autosomal .
recessive filter autofsiﬁr;rasledtzrmant
setting g
85 compound . 232 monoallelic variants
heterozygous variants in .1 5 homozygous varla'r?ts in 165 genes in 52
. - in 15 genes in 15 families o
29 genes in 30 families families

1. Check for plausibility -> Exclusion of variants in PABPC1 and GSN
2. Further prioritisation of all other variants:

* Comparison with already known variant types

* Functionalratings in silico

* Conservation ratings in silico

Figure 9: Procedure for searching in already known ataxia-causing genes. All variants found are checked for
plausibility and then prioritised further.

In 67 families variants in already known ataxia-causing genes were identified in silico.

As shown in Figure 9 it was further differentiated between homozygous and compound

heterozygous variants using the filter mode that supports autosomal recessive inheritance.

In simplex non-consanguine cases filter settings that support the autosomal dominant
inheritance were also applied as an autosomal dominant mode of inheritance or de novo

variant could also be possible.
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These hits were checked in silico for plausibility. In the two genes PABPCI and GSN, a
comparatively large number of variants was found that were therefore not investigated
further, as the probability that these are pathogenic with so many occurring variants is
unlikely. In the PABPC1 gene 16 compound heterozygous variants in 9 families and in

the GSN gene 10 hits in compound heterozygous variants in 1 family were found.

Subsequently, all other variants were further prioritised to identify truly potential disease-
causing variants. All hits were compared with already known variant types that cause
ataxias and especially truncating variants were further examined. Furthermore, the
functional and conservation ratings of each variant found in silico were evaluated. The
higher the functional and conservation score, the higher the probability that the variant

found is potentially pathogenic.

First, segregation within families was examined in silico. Those variants that segregated

in silico were further examined via PCR and Sanger sequencing.

autosomal
recessive
103 families

| | | |

multiplex multiplex non- simplex simplex non-
consanguine consanguine consanguine consanguine
12 families| 9 families| 9 families 73 families

l

l

Analysis of variants in already known ataxia causing genes

3 solved 1 solved 2 solvedl
N N\
multiplex multiplex non- simplex simplex non-
consanguine consanguine consanguine consanguine

9 families

8 families

9 families

71 families

Figure 10: This is an overview of the number of families that could be genetically solved by analysing known genes.

With this approach 6 families could be genetically diagnosed as shown in Figure 10.
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Table 20: Overview of the segregating variants in known ataxia genes.

Family = Chromosome Position Reference Alternate Genotype Gene Variant type
16 10 30629278 G A G/A MTPAP Missense
29 18 12340322 G T G/T AFG3L2 Missense
29 18 12351346 G A G/A AFG3L2 Missense
53 17 57775069 CAG C deletion / PTRH2 Frame shift

deletion
53 17 57775279 C T T/T PTRH2 Missense
58 7 5752394 C T C/T RNF216 Missense
58 7 5780868 CA C wildtype / RNF216 Deletion
deletion
59 22 50885968 C G C/G SBF1 Missense
59 22 50898096 C A C/A SBF1 Missense
81 4 25125738 C T T/T SEPSECS Missense
88 3 25770698 TTTGA T deletion / NGLYI Deletion
deletion

Table 20 summarises the variants that we found in genes that are already known to cause
ataxia. We also identified a segregating variant in the already known ataxia-gene

MTPAP, but functional analysis showed no harmful impact on protein level.
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3.2.1 AFG3L2—Family 29

1.1 1.2 1.3 1.4
'II.1 1.2 ‘u.s
* 1951 * 1952 * 1964
‘ .1 . .2
z * 1976 * 1979
Figure 11: Pedigree of family 29.
Table 21: Overview of the AFG3L2 variants.

Chromosome 18 18
Position 12340322 12351346
Variant type SNV SNV
Reference G G
Alternate Allele T A
Zygosity heterozygous heterozygous
Gene AFG3L2 AFG3L2
Genbank transcript ID NM_006796.3 NM_006796.3
cDNA c.1858C>A c.1385C>T
Protein effect p-Q620K p.A462V
GnomAD allele frequency 0.000001590 0.000002030
ClinVar status Pathogenic Uncertain significance

ACMG-Classification

Pathogenic: 10 points = 10
P-0B

Pathogenic: 15 points = 15
P-0B

PhastCons100way
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http://www.ncbi.nlm.nih.gov/nuccore/NM_006796
http://www.ncbi.nlm.nih.gov/nuccore/NM_006796

PhyloP100way 9.818 9.783

Index III.1 G/T G/A
Mother I1.3 (affected) G/G G/A
Brother I11.2 (affected) G/G G/A
Grandmother 1.2 (healthy) G/G G/G
Aunt II.1 (affected) G/T G/G
Father I1.2 (affected) G/T G/G

In family 29 two heterozygous missense variants in the AFG3L2 gene described in Table
21 were found with whole-genome sequencing and their segregation within the family
was already confirmed via PCR and subsequent Sanger sequencing prior to this study.
Interestingly, only the index patient carries both missense variants, whereas only one

variant could be detected in each of the other affected family members.

First there is a heterozygous missense variant at the genomic position chr18:12340322
leading to a switch from guanine to thymidine with the new base triplet encoding for the
amino acid lysine instead of glutamine. This is a site that is highly conserved
(PhyloP100way 9.818 and PhastCons100way 1.000) and therefore being more intolerant

towards variants.

The second heterozygous missense variant is located at the genomic position chrl8:
12351346 with a switch from guanine to adenine. This new base triplet now encodes for
the amino acid valine instead of alanine. Like the first variant this site is also highly
conserved (PhyloP100way 9.783 and PhastCons100way 1.000).
Both missense variants are classified as being pathogenic and the allele frequencies in the
gnomAD database show that both variants are very rare. The z-Score of missense variants

in the AFG3L2 gene is 1,99 therefore showing less tolerance towards missense variants.

As shown in Figure 11 there are three family members showing signs of a neurological
disorder and optic atrophy - the index patient, her mother and her younger brother. Two
other relatives, the father and the paternal aunt, showed atactic symptoms in old age, but

without optic atrophy.
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The index patient presented with neurological symptoms since the age of 2. Initially she
showed optic atrophy that progressed over time and lead to a bilateral blindness at age 35
years. At the age of 8 years a childhood myoclonus and at the age of 15 a spastic-atactic
gait disorder was noticed. The ataxia was progressive and at the age of 35 she had a mild-
to-moderate cerebellar ataxia with SARA score of 7 points, increasing to 13.5 when she
was 43 years old. Furthermore, she presented with paraspasticity and a distal chorea of

both hands.

Her mother reported early signs of a mild visual reduction starting at the age of 8 years
that did not progress. She has a cervical dystonia without progression since being 55 years
of age. She did not show any other neurological symptoms like a spastic-atactic gait

disorder, myoclonus or chorea.

Her younger brother stated that since the age of 4 he had a progressive visual reduction.

Like his mother he did not show other neurological symptoms.

Her father developed mild atactic symptoms at the age of 64 years with a SARA score of

4. He had no visual impairment or other neurological symptoms.

Interestingly, when comparing the different severity of neurological symptoms within the
family, it quickly becomes apparent that the index patient is the most severely affected.
The mild phenotype of the family members is due to the fact that they are each only
carriers of a heterozygous variant. The index patient, on the other hand, shows a severe

phenotype and carries bi-allelic variants.
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3.2.2 PTRH2 —Family 53

1.1 1.2 1.3 1.4 1.5
Z * 1987 * 1988 * 1990 * 1993
Figure 12: Pedigree of family 53.
Table 22: Overview of the PTRH2 variant.
Chromosome 17 17
Position 57775069 57775279
Variant type INDEL SNV
Reference CAG C
Alternate Allele C T
Zygosity homozygous homozygous
Gene PTRH?2 PTRH?
Genbank transcript ID NM 016077.5 NM 016077.5
cDNA c.269 270delCT c.61G>A
Protein effect p-Ala90GlyfsTer13 p. V211
GnomAD allele frequency Not present. Not present.
ClinVar status Pathogenic Likely benign

ACMG-Classification

Pathogenic: 13 points = 13
P-0B

Benign: -17 points =0 P —
17B

PhastCons100way 1.000 0.999
PhyloP100way 9.675 3.689
Index II.1 deletion/deletion T/T
Sister 11.2 (affected) deletion/deletion T/T
Brother I1.3 (healthy) wildtype/deletion C/C
Sister 1.4 (healthy) wildtype/deletion C/T
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In family 53 two variants in the PTRH2 gene were found in this family with whole-
genome sequencing and their segregation was confirmed via PCR and subsequent Sanger
sequencing. As described in Table 22 there is a truncating frameshift variant at the
genomic position chr17:57775069 leading to a deletion of the bases adenine and guanine,
resulting in a premature stop codon and thus altering the amino acid sequence. It shortens
the protein by 78 amino acids. This variant was not present in the gnomAD database. Its
ACMGQ classification hints towards being pathogenic which is also supported by the fact
that this is a homozygous truncating variant. This site also shows high conservation

(PhastCons100way 1.000, PhyloP100way 9.675).

The second variant is a missense variant at the genomic position chr17:57775279 that
leads to a switch from cytosine to thymine with the new base triplet encoding for the
amino acid valine instead of isoleucine. This variant is classified as likely benign by the
ACMG classification. It was not present in the gnomAD database and shows a high
conservation (PhastCons100way 0.999, PhyloP100way 3.689), but slightly less than the

first found variant.

In this family two out of five children born of consanguineous parents have an early onset
neurological disorder as shown in Figure 12. The index patient II.1 as well as her sister
I1.2 suffer from movement disorders since their birth. Further symptoms are a severe
hearing loss, mental retardation, hepatomegaly and steatosis hepatis, anaemia and a
severe gait and balance impairment. They also suffer from vertigo and fatigue, stomach-
ache and diarrhoea. Their condition does not seem to be progressive. There are three more

children who appear healthy. One of those three sibling died of an unrelated cause.
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3.2.3 RNF216 —Family 58

1.1 1.2
* 1953 * 1955

1.1
* 1980

1.2
* 1982

7

Figure 13: Pedigree of family 58.

Table 23: Overview of the RNF216 variant.

Chromosome 7 7

Position 5752394 5780868
Variant type SNV Deletion
Reference C CA

Alternate Allele T C

Zygosity heterozygous heterozygous
Gene RNF216 RNF216
Genbank transcript ID NM 207116.3 NM 207116.3
cDNA c.1763G>A c.608 608delT
Protein effect p-Arg588Gin p.Leu203ArgfsTer37
GnomAD allele frequency Not present. Not present.

ClinVar status

No data available.

No data available.

ACMG-Classification

Uncertain significance: 3

points=3P-0B

Likely pathogenic: 9
points=9P-0B

PhastCons100way 1.000 0.297
PhyloP100way 7.080 1.591

Index II.1 C/T wildtype/deletion
Mother 1.2 (healthy) C/C wildtype/deletion
Father 1.1 (healthy) C/T wildtype/ wildtype
Brother I1.2 (healthy) C/C wildtype/deletion
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In family 58 we found two heterozygous variants in the RNF216 gene, described in Table
23, segregating within the family with the index patient being a carrier of both variants

whereas his relatives only carry one variant each.

There is a heterozygous missense variant at the genomic position chr7:5752394, leading
to a switch from cytosine to thymine. This switch causes the amino acid glutamine being
incorporated instead of arginine. This variant was not present in gnomAD and is of
uncertain significance. It is a highly conserved site (PhastConsl00way 1.000,

PhyloP100way 7.080).

The second variant is a deletion at the genomic position chr7:5780868, which creates a
new premature termination codon. This variant was also not present in gnomAD and it is

classified by the ACMG classification as likely pathogenic.

As shown in Figure 13 there is a male patient suffering from an early onset neurological
disorder in this non consanguineous family. The family history is blank for movement
disorders and seizures. The parents appear healthy and are not consanguineous. The

younger brother also appears healthy.

The patient states that his seizure disorder has existed since childhood and that since 2003
he has had progressive symptoms and a suspected cognitive impairment of unclear origin.
Magnetic resonance imaging showed an infratentorial emphasized cerebral atrophy as

well as changes in the medullary layers.

After a difficult birth with a healthy infant, who learned to sit at eight months, to walk at
14 months and to speak his first words at 18 months, a seizure occurred for the first time
at the age of about six years. He was subsequently placed on a phenobarbital and later on

levetiracetam.

At the age of 23 an unusual and progressively worsening gait pattern occurred and an
increasing clumsiness of both hands was noticed. The patient also has problems
pronouncing words correctly. Double vision and dysphagia are not present. The patient

appears childlike and mentally retarded.

The neurological examination findings show clear cerebellar symptoms. The finger-
following-test shows a hypermetria on the left side. A mild tremor and dysmetria

emphasized as well on the left side is noticeable in the finger-nose-test. There is a mild
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bradydiadochokinesia on his left side. The knee-heel-test shows a tremor and dysmetria.
His stand is broad-based. Rhomberg's standing test is possible, with eye closure clear
tendency to fall. Single-leg and tandem stance no longer possible with progression of the
disease. There is an ataxic gait pattern. Free walking is no longer possible, only with help

of a rollator and even than he is very unsteady.

Laboratory chemistry showed a decreased arylsulphatase in the urine as an indication of
a possible metrechromatic leucodystrophy. However, a demyelinating polyneuropathy

could not be diagnosed.

A muscle biopsy showed mild chronic neurogenic muscle atrophy. The nerve biopsy

showed evidence of a moderate neuropathy, but without electrophysiological evidence.

Furthermore, hypogonadotropic hypogonadism and secondary osteoporosis were

diagnosed.
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3.2.4 SBF1-Family 59

1.1
* 1952

.1
* 1976

> |

1.2
* 1957

1.2
* 1987

Figure 14: Pedigree of family 59.

Table 24: Overview of the SBF1 variant.

Chromosome 22 22

Position 50885968 50898096

Variant type Missense Splice acceptor variant
Reference C C

Alternate Allele G A

Zygosity heterozygous heterozygous
Gene SBF1 SBF1

Genbank transcript ID NM 002972.4 NM 002972.4
cDNA c.5434G>C c.3492-1G>T
Protein effect p-Aspl812His Non.

GnomAD allele frequency Not present. Not present.
ClinVar status Uncertain significance Likely pathogenic.

ACMG-Classification

Uncertain significance: 2 Pathogenic: 11 points = 11

points=2P-0B P-0B
PhastCons100way 1.000 1.000
PhyloP100way 7.412 7.386
Index 11.2 C/G C/A
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In family 59 using Genesis two variants in the SBF'/ gene were found, which are described
in Table 24. First there is a missense variant at the genomic position Chr22:50885968 that
leads to a change in the amino acid sequence by changing the aspartic acid to histidine at
position 1812. This variant is classified with an uncertain significance. It is in a highly

conserved location (PhastCons100way 1.000, PhyloP100way 7.412).

Second there is a truncating variant at the genomic position Chr22:50898096 that leads
to a new splice acceptor in a non-coding area. This variant is classified as being
pathogenic by the ACMG. Like the above-mentioned variant this variant is also highly
conserved (PhastCons100way 1.000, PhyloP100way 7.386).

Both variants were not present in the gnomAD database.

In this non consanguineous family, as shown in Figure 14, there is a male patient who

showed first atactic signs at the age of 3. His sister and parents appear healthy.
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3.2.5 SEPSECS—Family 81

1.1
* 1960

1.2
* 1969

i _

Figure 15: Pedigree of family §1.

Table 25: Overview of the SEPSECS variant.

1.1
* 1989

1.2
* 1996

Chromosome 4

Position 25125738
Variant type SNV
Reference C

Alternate Allele T

Zygosity homozygous
Gene SEPSECS
Genbank transcript ID NM 016955.4
cDNA c.1321G>A
Protein effect p.G441R
GnomAD allele frequency Not present.

ClinVar status

No data available.

ACMG-Classification

Likely pathogenic: 7 points=7 P -0 B

PhastCons100way 1.000
PhyloP100way 7.108
Index II.1 T/T
Brother I1.2 (affected) T/T
Mother 1.2 (healthy) C/T
Father 1.1 (healthy) C/T
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In family 81 we identified a homozygous missense variant in the SEPSECS gene at the
genomic position chr4:25125738 that segregates within the family and is further
described in Table 25. Mother and father are heterozygous carriers of this variant, the
affected children are both homozygous carriers. The family pedigree is shown in Figure
15. This missense variant leads to a switch from cytosine to thymine and subsequently

the amino acid glycine is changed to arginine (Gly441Arg).

It is classified as likely pathogenic and is located in a highly conserved area

(PhastCons100way 1.000, PhyloP100way 7.108). It is not present in gnomAD.

This is a consanguineous family with the parents being first degree cousins. There are
two affected children. The index patient II.1 showed an early-onset mental and
intellectual development retardation. Her motoric skills worsened when she was in her
early twenties. She showed balance impairment as well as gait difficulties. Her physical
appearance is much younger and smaller than expected. At the age of 23 she developed
rapid progressive atactic symptoms. The cMRI shows a significant cerebellar atrophy, but
no thin corpus callosum and no signaling abnormalities as in ARSACS or
leukoencephalopathy. According to medical history, her brother I1.2 suffers from a mental

retardation as well but he shows no physical impairment.
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3.2.6 NGLYI-Family 88

S

1.1

V.1
* 1945

L.
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V.2
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V.3

VA l V.2 V.3
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* 1981

V.4 l V.5
* 1984 * 1989

Figure 16: Pedigree of family §88.

Table 26: Overview of the NGLY1 variant.

V.6
*1992

l

V.7
* 1994

Chromosome 3

Position 25770698

Variant type INDEL

Reference TTTGA

Alternate Allele T

Zygosity homozygous

Gene NGLYI

Genbank transcript ID NM 018297.4

cDNA c.1533 1536delTCAA
Protein effect p.-N5S11Kfs*51
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GnomAD allele frequency Not present.

ClinVar status Pathogenic

ACMG-Classification Pathogenic: 17 points=17P -0 B
Index IV.6 deletion/deletion

Mother II1.2 (healthy) wildtype/deletion

Uncle II1.3 (healthy) wildtype/deletion

In family 88 a truncating homozygous variant was found in the NGLY! gene. At the
chromosomic position Chr3:25770698 the bases TTTGA were deleted, as described in
Table 26. This deletion leads to a preterminal stop codon with the protein being shortened
by 94 amino acids. It is classified as being pathogenic by the ACMG classification and is
not present in gnomAD. Its pathogenic potential is supported by the fact that it is a

homozygous truncating variant.

Its segregation within the family was confirmed by PCR and subsequent Sanger
sequencing. The index patient carries a homozygous deletion, her healthy mother and

uncle carry the wildtype on one allele and the deletion on the other allele.

As shown in Figure 16 this is a consanguineous family with the mother and the father of
the index patient being second degree cousins. There are four daughters. Besides the index
patient there are two more daughters who are also affected showing the same phenotype.
Only one daughter appears unaffected and healthy. Furthermore, the mother had 4

abortions.
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3.2.7 MTPAP —Family 16

1.1 1.2
*1972 *1972

1.1 1.2
ﬂ * 1999 * 2001

Figure 17: Pedigree of family 16.

Table 27: Overview of the MTPAP variant.

Chromosome 10

Position 30629278

Variant type SNV

Reference G

Alternate Allele A

Zygosity homozygous
Gene MTPAP

Genbank transcript ID NM 018109.4
cDNA c.432C>T

Protein effect p.Phel44=
GnomAD allele frequency Variant not found.
ClinVar status No data available.
ACMG-Classification Likely benign: -1 points=1P—-2B
PhastCons100way 1.000
PhyloP100way 1.832

Index II.1 A/A

Sister 11.2 (affected) A/A

Mother 1.2 (healthy) G/A

Father 1.1 (healthy) G/A
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In family 16 we identified a homozygous missense variant in the MTPAP gene that
segregates within the family. As described in Table 27 there is a switch from the base
guanine to adenine at the genomic position chr10:30629278 that does not result in a
change of the amino acid sequence. The ACMG-classification indicates that this variant

is likely benign. It is well conserved (PhastCons100way 1.000, PhyloP100way 1.832).

As shown in Figure 17 this is a consanguineous Turkish Kurdish family with the parents
being first degree cousins. They have two daughters who both suffer from an early onset
ataxia. The age of onset in the index patient is 4 years, her sister showed first signs at the

age of 3.

In order to further examine the variant we found in family 16 and to evaluate its
pathogenic potential, we also performed mitochondrial poly (A) tail assays. Even though
the amino acid sequence is not changed by this base exchange, it is possible that the
stability of the amino acid chain is impaired and therefore the polyadenylation is affected

negatively.

For the polyadenylation assay we examined the mRNA of our index patient II.1, her
affected sister I1.2 and a control mRNA that appears healthy and is of similar age as our
patients. Furthermore, we also treated two batches of our control fibroblasts with

Cordycepin in order to inhibit the polyadenylation. (Wong et al., 2010)

The fragment analysis of our probes did not show any difference in the polyadenylation

status (Figure 18). Neither in the affected patients nor in the treated control probes.

Therefore, we assume that our identified variant is not disease causing and family 16

remains genetically unsolved.
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Figure 18: Fragment analysis of the polyadenylation assay. There is no difference in the polyadenylation status

62

between the affected patients and the healthy control patient.




3.3 Solved by other laboratories

Analysis of variants in already known ataxia causing genes

3 solvecﬂ/ 1 solved 2 solve{L
v N
multiplex multiplex non- simplex simplex non-
consanguine consanguine consanguine consanguine

9 families

8 familiesl
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9 familiesl
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71 familiesl
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Figure 19: After analysing all families for variants in already known ataxia causing genes, 3 more families were
solved by other laboratories.

As shown in Figure 19 three families were genetically diagnosed by other laboratories.

Table 28: Overview of the variants in known ataxia genes that were found by other laboratories.

Family = Chromosome  Position Reference  Alternate Genotype Gene Variant type
26 1 1451415 C G C/G ATAD34 Missense
26 1 1452793 G A G/A ATAD3A4 Splice acceptor

variant
39 MT 8881 T C T/C MT ATP6 Missense
69 9 >1000 GAA FXN Repeat
Repeats Expansion

Table 28 summarises the variants that were found by other laboratories in genes that are

already known to cause ataxia.
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3.3.1 ATAD3A - Family 26

111 1.2
* 1950 * 1962

|

1.1
1982

1.2
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1.3 1.4
*1943 * 1945

Figure 20: Pedigree of family 26.

Table 29: Overview of the ATAD3A variant.

1.5
* 1953

1.6 .7 1.8
*1953

1.3

Chromosome 1 1

Position 1451415 1452793

Variant type Missense Splice acceptor variant
Reference C G

Genotype G A

Gene ATAD3A4 ATAD3A

Genbank transcript ID NM 001170535.3 NM 018188.5
cDNA c.229C>G c.528+1G>A
Protein effect p.Leu77Val 2.5263G>T
GnomAD allele frequency Not present. Not present.
ClinVar status Uncertain significance. Likely pathogenic.

ACMG-Classification

Uncertain significance: 4

points=5P—-1B

Likely pathogenic: 9
points=9P-0B

PhastCons100way 0.968 1.000
PhyloP100way 2.021 9.266
Sister I11.1 (affected) C/G G/A
Brother I11.2 (affected) C/G G/A
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Concurrently with this study, the Institute of Medical Genetics and Applied Genomics at
the University Hospital Tiibingen has detected two variants in the ATAD3A gene,
described in Table 29, which segregate in family 26.

First there is a heterozygous missense variant at the genomic position chr1:1451415 with
a switch from cytosine to guanine leading to a change in the amino acid chain from leucine
to valine. The clinical variant status is of an unknown significance. According to

PhastCons100way and PyhloP100way this position is well conserved.

The second variant is a heterozygous single base exchange in the intronic region. It does

not lead to a change on protein level.

In this non consanguineous family, as shown in Figure 20, there are two affected siblings
with an early onset neurological disorder. At the initial presentation the male patient
showed leg spasticity, external ophthalmoplegia, early childhood cataract, extrapyramidal
symptoms and severe mental retardation. The accompanying parents reported that the
first surgery was performed at the age of 5 months due to a bilateral cataract. They
furthermore reported delayed cognitive and motor development. He learned to walk and
speak his first two-word sentences at 2 years old. At the age of 3 years, he was diagnosed
with an intellectual disability. He learned to climb stairs at about the age of 5 years. His

fine motor skills are also very limited since childhood.

His older sister presented with cerebellar ataxia with mild cognitive impairment, early
childhood cataract and external ophthalmoplegia. She first showed symptoms at the age
of 6 years. She has a slowly progressive gait and fine motor and a mild cognitive
impairment. Her parents report that she learned to walk independently at the age of 14-
18 months. The development of speech had started early, she talked and sang a lot and
was also active in motor activities, for example, she climbed a lot. At the age of 6 years,
she walked noticeably unsteadily and over time, the gait pattern and coordination had
further deteriorated. Furthermore, cognitive impairments as well as psychiatric
abnormalities had been noticed early on with short attention span, depression and impulse
and aggression control disorder. Further follow-up examinations showed the disease to
be progressive, as she was requiring walking aids and developing hypacusis. A cMRI was

performed in 2009 and showed a vermal accentuated cerebellar atrophy.
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3.3.2 MT_ATP6 — Family 39

1.1
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* 1926

1.2
* 1944

1.1
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* 1978

Figure 21: Pedigree of family 39.

Table 30: Overview of the MT ATP6 variant.

Chromosome MT

Position 8881

Variant type SNV
Reference T

Genotype C

Gene MT ATP6
Genbank transcript ID NC 012920.1
cDNA c.355T>C

Protein effect

p-Serl119Pro

gnomAD mitochondrial

Variant not found.

MitoMap

0; likely pathogenic

ClinVar status

No data available.

ACMG-Classification

Uncertain significance: 5 points=5P -0 B

PhastCons100way

0.000

PhyloP100way

66

0.576



In family 39 molecular genetic testing revealed the presence of a variant in the MT-ATP6
gene at the position m.8881T>C leading to a p.Serl119Pro switch as shown in Table 30.
We were not able to detect this variant using whole genome sequencing or whole exome
sequencing because this gene is part of the mitochondrial genome and the Genesis

analysis pipeline was not suited to detect mitochondrial variants.

In this non consanguineous family, there are three affected male siblings with a
neurological disorder as shown in Figure 21. The index patient initially presented himself
at the neurological department at the age of 35. He reported of an early onset cerebellar
ataxia with sensorimotor axonal polyneuropathy, pyramidal tract lesion, discrete
cognitive performance impairment, action-depending myoclonia and bladder and fecal
incontinence. In 2009 a cMRI was performed which shows cerebellar atrophy of a
cerebellum that is probably already primarily hypoplastic without a thin corpus callosum
or myelon atrophy. His two younger brothers also suffered from ataxia. His parents and

other family members appeared to be healthy.
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3.3.3  FXN - Family 69

.1 .2 C)m

VA1 V.2
z * 1996

Figure 22: Pedigree of family 69.

In family 69 molecular genetic testing was performed and a disease-causing homoallelic

GAA expansion with about 1000 repeats in the FXN gene was verified.

As shown in Figure 22 this is a non-consanguineous family. The index patient presented
with cerebellar ataxia since the age of 12 years. Symptoms began insidiously with
uncoordinated gait and balance but without involvement of fine motor skills. On initial
neurologic examination, sluggish speech was noted. She also showed a positive Babinski
sign on both sides and hollow feet. Regular follow-up examinations showed an increase

in sluggish speech but no reduction in walking distance.
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3.4 New candidate genes

After screening all families for variants in previously known ataxia-causing genes, our
aim was to identify new disease-causing genes. Therefore, the patients’ genomes were
analysed again with Genesis. Filter criteria now included a minor allele frequency of 0.2%

(MAF in ExAC, 1000 Genomes and EVS <0.2%).

multiplex
consanguine
9 families

multiplex non-
consanguine
6 families

simplex
consanguine
9 families

Seed cohort

|

Analysis in Genesis, minor allele frequency < 0.2%

!

631 variants in 297 genes

. 572 missense variants
. 41 loss of function variants
. 15 inframe deletions

. 3inframe insertions

Figure 23: Forming and analysing the seed cohort consisting of all multiplex and simplex consanguine cases using
Genesis.

As shown in Figure 23 first the seed cohort was analysed in Genesis. 631 variants (572
missense variants, 41 loss of function variants, 15 inframe deletions, 3 inframe insertions)

in 297 genes were found.
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Figure 24: The search for new genes started with an analysis in the seed cohort in Genesis. The identified variants
were then rechecked in the confirmation cohort.

As shown in Figure 24 we rechecked those newfound genes in the confirmation cohort to
find out if there are other families also having variants in one of those genes to increase
the likelihood of identifying new disease-causing variants. 4752 variants (4227 missense
variants, 351 loss of function variants, 2 variants in coding sequence, 106 inframe
deletions, 61 inframe insertions, 4 protein altering variants and 1 stop retaining variant)
in 264 genes were found. Having a closer look at these hits a cutoff was set to only include
variants in the final table that occurred in a maximum of 5 families. With that 910 variants

in 10 genes were eliminated from the final table.

70



3842 variants in 254 genes

l

In silico analysis and prioritisation:
* Distinguishing between missense and loss-of-function variants
* Constraint scores

* Loss of function variants: pLI = 0.7

* Missense variants: z-score = 2, CADD score: = 20
* Conservation scores
» Tissue expressionin brain and cerebellum
* Interactions with known ataxia-causing genes

l l

Missense variants
Loss of function variants CIT, GABRA2, GGTLC2, GPAAT,
CIC, GABRA2, PAPOLG, PKD1, GSTT1, IGSF9B, KIF1B, KIF5C,
PPP2R3A, RAPGEF2, TNXB KMT2D, MAP4K1, NPIPA1, PI4KA,
POLR1A, RAPGEF2, SPEN,
ZMYM4

Figure 25: Further in silico analysis and prioritisation led to the identification of 21 potential new candidate genes.

The resulting genes were analysed regarding their pathogenic potential, evolutionary
conservation, tissue distribution and possible interaction with already known ataxia-

causing genes as shown in Figure 25.

Using this approach, we identified 21 new potential ataxia-causing genes in silico.

Table 31: Overview of the 21 new potential ataxia-causing genes identified in silico in the seed cohort.

Family = Chromosome Position Reference Alternate Genotype Gene Variant type
92 19 42773535 T G T/G CIC Splice donor
92 19 42776500 C A C/A CIC Missense
92 19 42799164 A C A/C CIC Missense
63 12 120270646 G C C/C CIT Missense
92 4 46388157 TG T TG/T GABRA2 Frameshift
92 4 46388160 T A T/A GABRA2 Missense
47 22 22989241 G C G/C GGTLC2 Missense

71



72

47 22 22989298 A A/G GGTLC2 Missense
43 8 145139449 C T/T GPAA1 Missense
62 8 145138868 G A/A GPAA1 Missense
18 22 24376825 C T/T GSTT1 Missense
37 11 133789656 G C/C IGSF9B Missense
71 1 10322003 A A/G KIF1B Missense
71 1 10338081 G G/T KIF1B Missense
16 2 149866716 C T/T KIF5C Missense
16 12 49420856 C C/T KMT2D Missense
16 12 49432470 G G/C KMT2D Missense
47 19 39079854 A A/G MAP4K1 Missense
47 19 39079859 C C/A MAP4K1 Missense
37 16 15045754 C C/G NPIPAL1 Missense
37 16 15031321 G G/A NPIPAL1 Missense
37 16 15045859 C C/T NPIPAL1 Missense
20 2 60987307 A G/G PAPOLG Missense
20 22 21083710 C G/G PI4KA Missense
16 16 2156401 G A/A PKDI1 Missense
32 2 86280095 C T/T POLRIA Missense
70 3 135789340 TG TG/T PPP2R3A Frameshift
70 3 135789342 G G/C PPP2R3A Missense
107 4 160262952 T T/C RAPGEF2 Missense
107 4 160262959 C C/G RAPGEF2 Missense
71 1 16259904 C C/T SPEN Missense
71 1 16262073 G G/A SPEN Missense
37 6 32049177 C C/T TNXB Missense
37 6 32065101 G G/A TNXB Missense
52 1 35824553 C G/G ZMYM4 Missense



Following a thorough literature review of these genes and their variants, shown in Table
31, our focus turned to the GPAAI gene. The other in Table 29 listed variants were not

analysed.

The GPAAI gene is significantly involved in GPI anchor synthesis and other GPI-
associated diseases associated with intellectual disability, hypotonia and epilepsy have
already been described in the literature. By that time, it was not yet described as being an
ataxia-causing gene. In two families of our seed cohort homozygous missense variants in

the GPAA1 gene were identified.

We found four patients in two consanguineous families carrying homozygous variants in
the GPAAI gene. In both families the patients presented with an early onset cerebellar
ataxia with quite similar phenotypes including cerebellar atrophy, mental retardation,

developmental delay and the inability to walk independently.

34.1 GPAAI-Family 43 and 62

Family 43

Figure 26: Pedigree of family 43.

As shown in Figure 26 family 43 is a consanguineous family with 5 affected persons. The
index patient had experienced significant developmental delays from birth but had never
regressed. There was a history of seizures in infancy, although these could not be
described in detail. He started to crawl at 24 months of age. He could sit unaided from

the age of 36 months. He can only walk with the aid of a rollator; otherwise, his gait is
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very wobbly and ataxic. His first words were spoken at the age of four, and his vocabulary
is not age appropriate. His speech also appears dysarthric. He has an alternating
convergent strabismus. There are saccadic eye movements and in general a reduced
muscle tone. Dysmetria and an intention tremor are also present. The cMRI shows clear

cerebellar atrophy, which is progressive as shown by follow-up examinations.

Family 62

1.1 1.2
* 1968 *1970

1.1 1.2 1.3 1.4 1.5 1.6
*1980 * 1996 * 1994 * 2001

Figure 27: Pedigree of family 62.

Family 62 is also consanguineous with one affected person and 5 healthy siblings as
shown in Figure 27. The index patient has a developmental delay, coordination disorder
and learning disability. The gait pattern is clumsy and the coordination of both the upper
and lower extremities appears limited. There is also moderate diadochokinesis. The
muscle tone appears hypotonic. The cMRI shows pronounced cerebellar atrophy. His
facial features appear dysmorphic, characterised by bulging lips, a long face, and

myopathic facies.

Whole exome sequencing was performed in both family 43 and family 62 and no variant

in the known ataxia-causing genes could be detected.

We identified two homozygous missense variants in the GPAAI gene.
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Table 32: Overview of the GPAAI variants in family 43 and 62.

Family 43 62
Chromosome 8 8
Position 145139449 145138868
Variant type SNV SNV
Reference C G
Alternate Allele T A
Zygosity homozygous homozygous
Gene GPAAI GPAAl
Protein Notation ENSP00000347206.4: ENSP00000347206.4:
p-Ala316Val p-Vall8llle
Genbank transcript ID NM 003801.4 NM 003801.4
cDNA c.947C>T c.541G>A
Protein effect p.-A316V p.-V1811
GnomAD allele frequency Not present. Not present.
ClinVar status Uncertain Likely benign
significance.
ACMG-Classification Uncertain Likely benign: -5 points =
significance: 5 points 1P-6B
=5P-0B
PhastCons100way 1.000 1.900
PhyloP100way 7.118 5.540

As shown in Table 32 the first variant is located at the genomic position chr8:145139449
with a change from cytosine to thymidine resulting in an alteration in the amino acid chain
from alanine to valine. This site is highly conserved (PhastCons100way 1.000,
PhyloP100way 7.118). It is classified with an uncertain significance. It is not present in

gnomAD.

The second variant is at the genomic position chr8:145138868. It is a single-nucleotide
variant with guanine being exchanged for alanine resulting in a change in the amino acid

chain. Isoleucine is now inserted in place of valine. The conservation scores are a little
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bit lower than for the first variant, but nevertheless it shows a high conservation
(PhastConsway100 1.900, PhyloP100way 5.540). This variant is classified as likely

benign and it also is not present in gnomAD.

Table 33: Genetic analysis in family 43 and family 62..

Family 43 Family 62
Index V.2 T/T Index I1.3 A/A
Mother IV.10 (healthy) C/T Mother 1.2 (healthy) G/A
Father V.9 (healthy) C/T Father 1.1 (healthy) G/A
Brother V.1 (healthy) C/T Brother I1.2 (healthy) G/G
Brother V.4 (affected) T/T Sister 1.4 (healthy) G/A
Uncle IV.11 (healthy) C/T Brother I1.5 (healthy) G/A
Cousin V.6 (affected) T/T
patencv2 L/ VN s
affected . affected ‘
Laett'lzer:)zygous ,_v.{f/ - \ \ AVA ;aet{]eer:)zygous / Vo
unaffected T g unaffected L L XL
oime LMYV AL am AANALS N

Figure 28: Sanger sequencing analysis of the affected homozygous index patient, one unaffected heterozygous family
member and an unaffected wildtype control for each of the two families.

As shown in Table 33 and Figure 28 both variants were validated via PCR and subsequent
Sanger sequencing and are segregating within the respective family in an autosomal

recessive manner.

The GPAAI gene encodes for an anchor attachment protein. If our variants decrease the
number of functioning GPI anchors less proteins will be bound to the cell surface.

Therefore, to further validate the pathogenicity of the above shown variants we quantified
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the abundance of GPI anchored proteins on the surface of patients’ peripheral blood

monocytes compared to controls.

Quantification was performed by our college Prof. Mohle, Department of Hematology
and Oncology, Medical Center, University Hospital of Tiibingen, Germany, using the
FLAER based flow cytometry. FLAER is the abbreviation of fluorescein-labeled
proaerolysin. This flow cytometry analysis uses antibodies that are directed against GPI
anchored proteins. It was performed with peripheral blood monocytes of our index patient

V.2 and a healthy control.
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Figure 29: The surface abundance of FLAER, a marker for GPI anchor proteins, was measured on control (upper
image) and patient (lower image) PBMCs by FACS analysis. Patient fibroblasts show a reduction of GPI anchor
protein expression on the cell surface by ~30%.

The results show a significant reduction of GPI anchored proteins on the cell surface by
approximately 30% as shown in Figure 29. This leads us to the conclusion that variants
in the GPAAI gene can cause a reduced expression of GPI anchored proteins on the cell

surface leading to an early onset cerebellar ataxia.
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4 Discussion

Hereditary ataxias appear with a variety of symptoms and are genetically very
heterogenous. Despite the growing number of genetic testing methods available,
molecular diagnosis remains challenging in many cases. In addition to known genes, rare
or previously undescribed variants that further differentiate the genetic landscape of these

diseases are increasingly appearing.

The aim of this study was to use modern sequencing technologies to identify new disease-
causing variants in patients with cerebellar ataxias of unknown genetic origin, and to
provide a genetic diagnosis for as many families with atactic symptoms as possible. For
this purpose, both already known disease-causing genes and new candidate genes were

investigated.

We focused particularly on recessive inheritance in consanguineous and multiplex
families. Consanguineous families have a much higher risk of being affected by recessive
inherited diseases because the likelihood that two disease causing recessive variants are
being inherited is two times higher compared to non-consanguineous families. In the
general population there is a 2-4% likelihood to inherite an unpredicted disease. In
consanguineous families where first degree cousins are married the likelihood doubles.

(Murken, 2006)

Autosomal recessive genetic diseases can be caused by both homozygous and compound
heterozygous variants. Homozygosity for a variant occurs when both alleles of a gene
carry the same variant. If both copies of a gene contain the same disease-causing variant,
the gene loses all function and the disease manifests itself. Compound heterozygosity is
present if two different disease-causing variants are present in the same gene, on each of
the two alleles. Although these variants are distinct, they both result in a loss or severe
restriction of gene function. Since there is no normal copy, the gene product cannot be
produced in sufficient quantity or quality, resulting in the development of the disease.
Both homozygous and compound heterozygous variants can lead to disease if both alleles
severely impair the function of a gene to the extent that its normal physiological role can

no longer be fulfilled.
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A variant is a permanent change to an organism’s DNA sequence that can affect protein
biosynthesis, influence the function of the encoded protein and change the resulting
phenotype. The structure of a protein is closely linked to its function. Proteins consist of
a specific sequence of amino acids that fold into a particular three-dimensional shape.
Even a single amino acid change, such as a point variants, can influence this folding,
particularly if the new amino acid has different chemical properties, such as charge,
polarity or size. If the amino acid change affects the active site of an enzyme, the enzyme
may no longer recognise its substrate or may be unable to convert it effectively. Similarly,
if a variant leads to an amino acid change in the binding site of a protein, its binding
capacity may be reduced or eliminated entirely. Furthermore, an unsuitable amino acid
can cause the protein to become unstable, resulting in it being broken down more quickly

or forming aggregates in the body.

Of the 103 families with hereditary autosomal recessive cerebellar ataxia in the studied
cohort, disease-causing variants were found in 6 families in the known ataxia-associated
genes AFG3L2, NGLYI, PTRH2, RNF216, SBFI and SEPSECS. These genes are
associated with a broad phenotypic spectrum that may include additional neurological
symptoms alongside ataxia. These results emphasise the diagnostic value of exome and

genome sequencing, even with regard to rare but known disease genes.

In 3 other families, variants in the ATAD3A4, FXN and MT-ATP6 genes were identified by
collaborating laboratories. These findings provide a fuller picture of the genetic causes of
hereditary cerebellar ataxias within the cohort and emphasise the importance of

collaboration and data sharing between centres to optimise the diagnostic rate.

The fact that 9 families with variants in known ataxia genes could be solved may be due

to the following factors:

1. The sensitivity of earlier tests was limited. Panel diagnostics only examine
selected genes, and whole exome sequencing only covers the coding regions of
the genome. This means that variants in regulatory regions or structural variants
often remain undetected.

2. The technical limitations of past sequencing methods. Standard exome sequencing
is not reliable for detecting repeat expansion disorders such as Friedreich's ataxia.

Large deletions or duplications can also be overlooked. Older analyses may also
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fail to detect variants with a low allele frequency that fall below the detection
limit. The potential of today's genome sequencing lies in its ability to detect non-
coding regions, structural variants and mitochondrial DNA. This capability
surpasses that of conventional panel diagnostics or exome sequencing, enabling
the identification of variants that may have been overlooked.

3. Advances in bioinformatics and interpretation. Older analyses may have classified
variants as 'variants of unclear significance', but more recent findings have since
reclassified them as pathogenic. Better interpretation can also be achieved through
changes in annotation, databases and algorithms. Therefore, reanalysing older
sequence data can now lead to a diagnosis.

4. The variant had previously been overlooked or misclassified. It is possible that
the variant was present in the datasets but went unrecognised due to incorrect
filtering, poor exome coverage or an unclear genotype-phenotype association at

the time.

Two missense variants in the GPAA 1 gene were identified in two unrelated families that

were undescribed at the time of data collection in this study.

GPAAI is a gene that encodes a subunit of the GPI transamidase complex. This complex
is essential for the post-translational attachment of GPI anchors to proteins, which is a

central process to the anchoring of proteins to the cell membrane.

Segregation analyses demonstrated autosomal recessive inheritance. Functional
validation was performed using FLAER analysis, which revealed decreased expression
of GPI-anchored proteins on the cell surface. This supports the functional relevance of

the variants and strongly indicates the pathogenicity of the variant.

Previously published data suggest possible involvement in syndromic diseases. The cases
described here are not isolated ataxia either, since in addition to cerebellar symptoms, the

patients also have impaired cognitive abilities and a developmental disorder.

Our findings suggest that GPAA1 is another gene that should be considered in cases of
syndromic cerebellar ataxia, particularly when it is accompanied by cognitive
impairment. Further research involving larger patient cohorts and functional analyses is

required to determine the precise function of GPAA! in neurodegenerative diseases.
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If only diagnoses determined by our sequencing are taken into account, the genetic
clarification rate achieved here is 7.8% (eight out of 103 families). Including the
externally resolved cases brings the overall clearance rate to 10.7% (11 out of 103
families). This diagnosis rate appears to be lower than that achieved in similar studies.
Depending on factors such as the sequencing method used, selection criteria, clinical
phenotyping and the ethnic composition of the cohorts, diagnosis rates in the literature
vary between 20% and 50%. (Anheim et al., 2010; Németh et al., 2013; Fogel et al., 2014;
Ngo et al., 2020)

The comparatively low rate of our study could be due to several factors:

1. The heterogeneity of phenotypic presentation, particularly in cases involving
additional neurological or cognitive symptoms, often makes targeted gene
prioritisation challenging.

2. A high proportion of previously unknown or difficult to interpret variants in new
or less characterized genes. Even with high technical effort, the interpretation of
variants of unknown significance remains limited if functional validation is not
possible.

3. Possible selection bias: many patients in the cohort had already undergone
previous genetic testing, so this could be a residual cohort that is more difficult to
diagnose.

4. Technical limitations such as low detection of structural variants or non-coding

variants despite genome sequencing could also play a role.

The above factors provide a good starting point for improving the diagnosis rate. Using
deep phenotyping for phenotypic-genetic feedback to enable more precise gene filtering
through standardised symptom input, or reverse phenotyping to target retesting of the

candidate gene and determine whether the phenotype matches, would be beneficial.

Furthermore, the diagnosis rate can be increased by re-analysing data using current
databases, as variants that were previously unclear may now be classified as disease-
causing. Therefore, functional validation is necessary to prove the pathogenicity of

variants.
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Improvement in sequencing technology, such as the us of whole genome sequencing
instead of whole exome sequencing, long-read sequencing, which better covers complex
genetic regions, repeats and structural variants, and deep sequencing, which increases

sensitivity, would also support a higher diagnosis rate.

This study highlights the genetic heterogeneity of hereditary cerebellar ataxias,
demonstrating the importance of comprehensive sequencing technology combined with
functional analysis. Identifying pathogenic variants in GPAAl expands the range of
known autosomal recessive cerebellar ataxia genes, suggesting that defects in GPI
biosynthesis may play a more significant role than previously thought in syndromic forms

of cerebellar ataxia.

The study also has some limitations. Firstly, the small number of GPAAI-positive
families (two cases) makes it difficult to draw conclusions about frequency and
phenotypic variability. Secondly, functional characterisation was performed exclusively
by FLAER analysis. While this provides evidence of reduced GPI-anchored protein
expression, further studies, such as the use of animal models, are needed to improve our
understanding of the disease-relevant mechanisms. Furthermore, potential environmental
factors or genetic modifiers that could influence clinical expression have not been

systematically investigated.

It is very well possible that some families could not be solved, because here no recessive
inheritance is causative, but for example an X-linked or a mitochondrial inheritance. In

non-consanguineous simplex families, a de novo variant is also quite possible.

Overall, this work expands the genetic spectrum of hereditary autosomal recessive
cerebellar ataxias by confirming new and rare genes that are already known to cause the
disease. The results presented here emphasise the importance of personalised diagnostic

strategies and could enable targeted therapy approaches in the long term.

Future studies should include in-depth phenotype-genotype correlations, systematic
functional analyses, and international collaborations to identify additional rare genes,

with the aim of improving the diagnostic rate and identifying therapeutic targets.
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4.1 Known genes

411 AFG3L2 - Family 29
In family 29 we identified two heterozygous missense variants in the AFG3L2 gene that

segregate within the family.

The AFG3L2 gene encodes for the ATPase Family Gene 3 Like Matrix AAA Peptidase
Subunit 2. This is an enzyme that is located at the inner mitochondrial membrane,
interacts with proteins and the ribosome and is very closely related to paraplegin. Variants
in this gene are already known to cause dominant spinocerebellar ataxia 28, recessive
spastic ataxia 5 and dominant optic atrophy. (Koppen et al., 2007; Baderna et al., 2020;
Caporali et al., 2020)

In 2020 functional analyses were performed showing that the two found heterozygous
missense variants trigger optic atrophy and a spastic ataxia. Carriers of only the p.A462V
variant are the mother and brother of our index patient. Showing a pure optic atrophy,

they fit the published phenotype.

The index patient’s father is a carrier of the p.Q620K variant. He also fits the phenotype
and developed mild atactic symptoms later in life showing no signs of a visual

impairment.

The index patient presented with a combined phenotype with optic atrophy and childhood
onset progressive gait disturbance, spastic-ataxia and dystonia. She carries not only the
p-A462V variant that is linked to the optic atrophy but also the p.Q620K variant that

causes her atactic symptoms.
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Figure 30: AFG3L2 protein with variant distribution and their phenotypical association (red = optic atrophy, black
= spinocerebellar ataxia 28, blue = spastic ataxia syndrome 5). Source: Reproduced with permission from Annals of
Neurology, John Wiley and Sons, “ATPase Domain AFG3L2 Mutations Alter OPA1 Processing and Cause Optic
Neuropathy”, Taroni et al., 2020, https://doi.org/10.1002/ana.25723

Interestingly the resulting phenotype is linked to the localisation of the variant. Optic
atrophy seems to be associated with variants within the ATPase domain, whereas spastic

and atactic symptoms occur with variants in the proteolytic domain (see Figure 30).

Using a yeast model, the variants pathogenicity was demonstrated. Further cell studies
were performed, showing changes in OPA1 that were also demonstrated visually due to
fragmentation of the mitochondrial network within patients’ fibroblasts. (Caporali et al.,

2020)

Current therapeutic research approaches include the use of Ca?" modulators, such as
ceftriaxone, to improve motor function. Administering the drug before the onset of
symptoms prevented the occurrence of ataxia. (Maltecca et al, 2015) Targeting
proteotoxicity with chloramphenicol has also been shown to be effective in restoring the
shape of mitochondria in AFG3L2 variants in vitro. (Richter et al., 2019) Further research
into therapeutic approaches requires clinical studies on calcium modulators and,
potentially, combination therapies. It would also be important to develop biomarkers that
reflect mitochondrial stress in order to demonstrate the effectiveness of potential

treatments at an early stage.
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4.1.2 PTRH2 - Family 53
In family 53 we identified a truncating and a missense variant in the PTRH2 gene. Their

segregation within the family was confirmed via PCR and subsequent Sanger sequencing.

The PTRH?2 gene encodes for the enzyme peptidyl-tRNA-hydrolase 2. It is a highly
conserved gene that catalyses the hydrolysis of dissociated peptidyl-tRNA’s which would
accumulate within the cell and disturb or even inhibit the synthesis of new proteins.
Furthermore, it is an important protein that regulates the cell cycle by being part of an
integrin signaling complex and also mediating against apoptosis by inducing bcl-2. On
the other hand PTRH2 also mediates towards anoikis by being phosphorylated when the

cell is losing its attachment to the extracellular matrix. (Hu et al., 2014)

The disease caused by the PTRH?2 variant is abbreviated IMNEPD. Written out this means
infantile-onset multisystem neurologic, endocrine and pancreatic disease. Patients present
with microcephalgia, mental retardation, hearing loss, EEG abnormalities, progressive
atactic symptoms and cerebellar atrophy. The endocrine organs thyroid, liver and
pancreas also appear affected. Patients show signs of hepatomegaly, pancreatic atrophy
and hypothyroidism. (Picker-Minh et al., 2016) Researchers are currently investigating
therapeutic approaches using mTOR agonists in animal models. These approaches could
help to slow down or even partially reverse Purkinje cell atrophy. (Picker-Minh ef al.,

2023)

Our patients II.1 and II.2 also show all these previously described symptoms. All these
similarities in their phenotype strongly suggest that the variants we identified in the
PTRH?2 gene are disease-causing in this family. Further analyses should include the

measurement of PTRH2 protein levels in fibroblasts.

Close monitoring of our patients is of utmost importance because this disease affects so
many organ systems. There should be a close collaboration between physicians,
neurologists, endocrinologists and other specialists to treat our patients as well as
possible. Knowledge about the recessive inheritance also is essential for this family and

their family planning.
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4.1.3 RNF216 —Family 58
In family 58 we identified two heterozygous variants in the RNF216 gene. Within the

family their segregation was confirmed.

RNF216 is the abbreviation for the Ring Finger Protein 216. It encodes the enzyme E3
ubiquitin ligase. This enzyme mediates ubiquitination and labelling of proteins for
proteasome-mediated degradation suggesting that our found variants may disrupt this
fundamental cellular process leading to a pathological impact on the cerebellum,
hippocampus and cerebral white matter. Furthermore, there are pathological effects on
the endocrine reproductive cascade due to damage in the hypothalamus and pituitary

gland.

Figure 31: Panel A is a sagittal cerebral magnetic resonance image showing diffuse cerebellar atrophy (arrow) and
cortical atrophy. Panel B is a transverse image and shows multiple distinct and confluent hyperintensity foci in the
white matter. Reproduced with permission from “Ataxia, Dementia, and Hypogonadotropism Caused by Disordered
Ubigquitination" by Margolin et al. 2013 (DOI: 10.1056/NEJMoal215993), Copyright Massachusetts Medical
Society.

Variants in this protein are already associated with autosomal recessive cerebellar ataxia
and hypogonadotropic hypogonadism known as Gordon Holmes Syndrome. As shown in
Figure 31 patients also present with cerebellar atrophy. In the animal model, which was
demonstrated in zebrafish, inactivation of RNF216 caused cerebellar disorganization and

reduced the sizes of the head, optical tecta and eye cup. (Margolin et al., 2013)

Our index patient takes Levetiracetam, testosterone and vitamin D per os. In addition,
physiotherapeutic therapy is performed 1-2 times a week. Both drug and

physiotherapeutic treatment should be continued.
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4.1.4 SBF1-Family 59

In family 59 we identified two heterozygous variants in the SBF'/ gene.

SBF1 stands for Set-binding factor 1. It belongs to the myotubularin family and has a

critical role regarding cellular growth control. (Cui et al., 1998)

This gene is linked to the Charcot-Marie-Tooth disease which is a very heterogenous
disease both clinically and genetically. (Patzko and Shy, 2012) It is a demyelinating
disorder of the peripheral nervous system that is characterized by a slow progression with
distal muscle weakness, atrophy and sensorimotor loss. Variants in the SBF/ gene were
linked to the Charcot-Marie-Tooth disease type 4B3 before. Patients with this disease
reach early developmental milestones in time, but later present with progressive gait
insecurities and weakness especially in their legs. There are signs of muscular atrophy of
the upper and lower limbs, areflexia and foot deformities like a pes planus. (Nakhro et

al., 2013)

There are several clinical features that the patient shows that fit the phenotype. First
symptoms were noticed when he was only 3 years old, so he achieved major motor
milestones without any delay in his early development. The clinical examination showed
gait insecurities with slow progression, absent Achilles tendon reflexes and distinctive
hollow feet on both sides as well as reduced nerve conduction velocities. In addition to
his physical impairments, he also has a low intelligence quotient and a short span of
attention. The cMRI performed in 2013 showed no morphologically certain correlate for
the stated symptoms, in particular there was no evidence of circumscribed atrophy or a

barrier disorder.

As for now annual re-presentation in the neurological outpatient clinic as well as regular

physical activity with coordination training as part of the physiotherapy is recommended.
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4.1.5 SEPSECS - Family 81

In family 81 we identified a homozygous variant in the SEPSECS gene that segregates
within the family.

The SEPSECS gene encodes for the enzyme O-phosphoserine-tRNA-selenocysteine-
tRNA-synthase. Amino acids are chemical compounds consisting of an amino and a
carboxylic acid group, which can be found in every living organism. They are the main
components of proteins and are set free by proteolysis. The mRNA encodes the amino
acid sequence in triplets with every triplet representing a codon that stands for a
proteinogenic amino acid. All together they form a protein. There are 21 proteinogenic
amino acids. Selenocysteine is the 215 amino acids and quite unique, because there is no

codon representing selenocysteine in humans. (Heinrich, Miiller and Graeve, 2014)
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Figure 32: Biosynthesis of Sec-tRNA. The upper arrow shows the synthesis in bacteria using the selenocysteine
synthase. The lower arrow shows the synthesis in eukaryotes and archae using an intermediate step and the
enzyme SEPSECS to synthesize Sec-tRNA. Reprinted from The American Journal of Human Genetics, Agamy et
al., Mutations Disrupting Selenocysteine Formation Cause Progressive Cerebello-Cerebral Atrophy, 2010,
https://doi.org/10.1016/j.ajhg.2010.09.007, with permission from Elsevier

As shown in Figure 32 the formation of selenocysteine occurs on its own cognate tRNA
and the enzyme O-phosphoserine-tRNA-selenocysteine-tRNA-synthase catalyses the
final reaction in the selenocysteine synthesis by transforming O-phosphoseryl-tRNA into

selenocysteinyl-tRNA. (Palioura ef al., 2009)

Progressive cerebello-cerebral atrophy is an autosomal recessive inherited disease that is
linked to a missense variant in the SEPSECS gene. Patients with that disease present with
mental retardation, microcephaly, spasticity and seizures. Imaging reveals a progressive

cerebellar und cerebral atrophy. (Agamy et al., 2010)

SEPSECS variants are also linked to the pontocerebellar hypoplasia type 2D. MRI

findings in these patients seem similar to our patients’ imaging results.
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Figure 33: Cerebral magnetic resonance images of a patient with cerebellar atrophy (b), compared to a control (a)
and a PCH2A patient (c). Source: van Dijk, T., Vermeij, JD., van Koningsbruggen, S. et al. A SEPSECS mutation in a
23-year-old woman with microcephaly and progressive cerebellar ataxia. J Inherit Metab Dis 41, 897-898 (2018).
https://doi.org/10.1007/s10545-018-0151-x, http.//creativecommons.org/licenses/by/4.0/

Figure 34: Sagittal (left) and coronar (vight) cerebral magnetic resonance image of our index patient showing a
significant atrophy of the cerebellum. There are no signs that would be indicative of ARSACS or
leukoencephalopathy.
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As shown in Figure 33 and Figure 34 they present with a hypoplastic cerebellum, small
cerebellar hemispheres, a hypoplastic ventral pons, supratentorial cerebral atrophy,
dilated ventricle, the white matter myelination appears delayed and there is no defect in

the corpus callosum. (Uhl et al., 1998; van Dijk et al., 2018)

Further investigations to confirm the pathogenicity of this variant should also include the

measurement of SepSecs activity by an anaerobic assay.
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4.1.6 NGLY1-Family 88
In family 88 a homozygous variant was identified and its segregation within the family

was confirmed via PCR and subsequent Sanger sequencing.

Transcription and translation of the highly conserved NGLY! gene lead to the enzyme N-
glycanase that is very important for the protein degradation associated with the ER.
Misfolded N-linked glycoproteins cannot be proceeded at the Golgi complex so the N-
glycanase catalyzes their deglycosylation and therefore leads to their degradation. (Zhou

et al., 2006)

Variants in the NGLY!I gene can lead to the congentinal disorder of deglycolysation 1
with partial or complete loss of function of the enzyme N-glycanase. Previous described
patients with NGLY 1-deficiency show a variety of phenotypes with developmental delay,
mental retardation, microcephaly, epileptic seizures, movement disorders, elevated liver
enzymes, scoliosis and muscular atrophy. (Enns ef al., 2014; Cahan and Frick, 2019) Due
to the small number of patients, there is only a small amount of phenotypic information

available.

In a clinical examination the index patient is described as friendly but agitated and
restless. When she was one year old first hyperkinetic movement disorders were noticed.
She would fell over when sitting and began toe walking when she was ten months old. At
the age of five she was able to walk independently but lost this ability and was wheelchair-
bound when turning 13 years old. She also has a combined speech expression disorder,
dysphagia, an impairment of her fine motor skills and is mentally retarded. Her liver
enzymes are slightly elevated. She has scoliosis and recurrent urinary tract infections as
well as micturition disturbances. An electroencephalography showed epileptiforme

potentials. Her affected siblings showed a very similar phenotype.

It is of keen interest to find a treatment for affected individuals. Using Drosophila there
are now several compounds that were identified to potentially treat the NGLY deficiency.

(Hope et al., 2022; Pandey et al., 2022)

AAV9-mediated gene replacement therapy in NGLY 1-deficient rats normalises motor
deficits and biomarkers in the brain. (Zhu et al., 2022) A phase 1/2 study of the

intracerebroventricular administration of AAV9-based GS-100 therapy is currently
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underway in children and adolescents. Initial preclinical data show a reduction in

neurological biomarkers, as well as an improvement in the behaviour of the test subjects.

4.1.7 MTPAP—Family 16

In family 16 we identified a homozygous synonymous variant in the MTPAP gene.
MTPAP encodes for the mitochondrial poly (A) polymerase that catalyses the
polyadenylation of the mRNA, which is important in many respects. It stabilizes the
mRNA, leads to their nuclear export and its translation and also promotes the decay of
the RNA. (Tomecki et al., 2004) In human mitochondria the mitochondrial poly (A)
polymerase is the key enzyme that implements the polyadenylation of the mRNA and

therefore maintains the gene expression in the mitochondrion.

There is a known ataxia causing variant in the MTPAP gene that is inherited in an
autosomal recessive manner. In an Amish family there are six children suffering from a
progressive cerebellar ataxia, spastic paraparesis, dysarthria, optic atrophy and mental
retardation. A homozygous c¢.1432A>G variant in the MTPAP gene was identified the
segregates within the family. Further analyses were carried out like a poly (A) tail assay
which showed a significant difference in length of the poly a tails leading to the
conclusion that this variant is responsible for the spastic ataxia in this family. (Crosby et

al., 2010)

Mitochondrial poly (A) tail assays were performed to further investigate the pathogenic
potential. Those assays showed a normal polyadenylation status leading to the conclusion

that this variant does not cause the disease in this family.
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4.2 Solved by other laboratories

There is an urgent need in research to not only follow one approach but to also collaborate
with other research groups. Due to that three families could be solved by other

laboratories.

4.2.1 ATAD3A —Family 26
In family 26 the Institute of Medical Genetics and Applied Genomics at the University
Hospital Tiibingen identified two variants in the ATAD3A4 gene segregating in the family.

There is evidence that variants in the A7TAD3A4 gene can cause congenital cataract,
cerebellar atrophy, hearing loss and chronic progressive external ophthalmoplegia. Using
drosophila mutants, the pathogenicity and lethal potential of variants in the AT7AD3A4 was
shown. The above-mentioned p.Leu77Val variant was also replicated and compared to
other variants. Drosophila flies with the p.Leu77Val variant showed a shorter lifespan
and age-dependent motor deficits. Furthermore, flight analyses were performed, which
were normal in those Drosophila flies at young age but showed deficits at old age.
Compared to other variants, the p.Leu77Val variant seems to have less pathogenic

potential on its own. (Yap et al., 2021)

4.2.2 MT_ATP6 —Family 39
MT ATP6 gene encodes for the ATP synthase 6 which is also known as complex V of
the respiratory chain. (Anderson ef al., 1981)

There are only few cases with affected individuals carrying a MT ATP6 variant. They are
showing a broad spectrum of clinical symptoms. At the biochemical level, a lower ATP
synthesis rate, an obtained ATP hydrolysis capacity and an abnormally higher
mitochondrial membrane potential were found most frequently among variant carriers.
Furthermore, their heteroplasmy level is much higher compaired to asymptomatic
relatives. There is a positive correlation between heteroplasmy levels and phenotype
expression, with higher heteroplasmy levels observed in earlier-onset phenotypes.

(Ganetzky et al., 2019)
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4.2.3  FXN —Family 69
In family 69 a homoallelic GAA repeat expansion with about 1000 repeats was verified.

FXN is the abbreviation for Frataxin. This is a mitochondrial protein and linked to

Friedreich ataxia. (Schmucker et al., 2008)

Friedreich ataxia, first noted in 1863, is a recessively inherited progressive and
degenerative disease. The disease-causing variant is a homozygous trinucleotide repeat
expansion located on chromosome 9. It leads to symptoms in the central and peripheral
nervous systems and can also cause complication with heart, skeleton and endocrine
pancreas. Depending on the length of the repeat expansion is the expression of the disease.
In patients with shorter repeat expansions, a later onset of symptoms and a rather mild
course is observed. The longer the repeat expansion is, the more severe the course of the

disease. (Koeppen, 2011)

Due to the wide variety of symptoms, regular neurological follow-up is recommended, as
well as regular consultations with cardiologists, orthopedists, family physicians and

ophthalmologists.

Considerable therapeutic progress has been made in recent years in the treatment of
Friedreich's ataxia. Omaveloxolone has been approved for symptomatic therapy of
Friedreich ataxia since 2023. It activates the Nrf2 pathways, thereby reducing oxidative

stress. (Lynch et al., 2023)

Current causal treatment studies focus on epigenetic modulators, gene therapies and
protein-based approaches. Despite promising data, robust long-term studies and
combinatorial therapy concepts are still lacking in order to adequately address the

heterogeneous and multisystemic nature of the disease.
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4.3 New candidate genes

The aim in this study was to identify new ataxia-causing candidate genes. We identified

21 new potentially ataxia-causing genes in silico, shown in Table 29.

Following a thorough literature review, we prioritised further analysis of the GPAA1
variants identified. At the time of data collection, this gene had not yet been associated
with ataxia. The other identified genes, which are listed in Table 29, have only been
studied in silico thus far due to time constraints, as studying them experimentally would

have exceeded the scope of our study. This could provide a basis for further research.

4.3.1 GPAAI1 - Families 43 and 62

We were able to identify two families that both carry variants in the GPAA! gene.

In family 43 and in family 62 we identified two homozygous missense variants in the
GPAAI gene segregating within both families. Both variants were undescribed at the time

of data collection in this study.

The GPAAI gene encodes for the glycosylphosphatidylinositol anchor attachment protein
1 and is an interactor with the 7CTN3 gene, which is an already known ataxia causing

gene. The tissue expression is not specific as shown in Figure 35 and in Figure 36.
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Figure 35: Tissue gene expression of GPAAIL. It shows low tissue specificity (source:
https://gtexportal.org/home/gene/GPAAI).
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Figure 36: Tissue expression of GPAAI. There is no specific tissue expression (source:
https://'www.proteinatlas.org/ENSG00000197858-GPAAI).

First described in 1995 GPAALI is an essential enzyme that enables the GPI-anchoring of
proteins which will be attached to the surface of the cell membrane. (Hamburger, Egerton

and Riezman, 1995)
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Figure 37: GPI anchored protein and its structural features. Reprinted from Journal of Lipid Research, Susanne
Heider,John A. Dangerfield, Christoph Metzner et al., Biomedical applications of glycosylphosphatidylinositol-
anchored proteins, 2016, https://doi.org/10.1194/jlr.R070201, http.//creativecommons.org/licenses/by/4.0/

Proteins are covalently bound to GPI anchors via their carboxyl group as shown in Figure

37. GPI anchors are composed of ethanolamine phosphate, a trimannoside glycan core,
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glucosamine and inositol phospholipid. (Heider, Dangerfield and Metzner, 2016) Their
main function is to attach GPI-modified proteins at the cell surface. Therefore, after
processing in the endoplasmatic reticulum, the GPI-modified protein is transferred as a

lipid raft to the plasma membrane via trans-Golgi-network. (Ikezawa, 2002)

The amount of GPI anchored proteins on the cell surface gives us conclusions regarding
the protein function. Quantification showed 30% less GPI anchored proteins leading to

our conclusion that this might be an ataxia causing gene.

In 2017 Nguyen et al. also identified ten patients with GPAAI variants. Phenotypic
features found were a delay in development, seizures, cerebellar atrophy and osteopenia.
Functional studies showed reduced cell-surface quantities of GPI anchored proteins.

(Nguyen et al., 2017)

A further publication expands the range of symptoms associated with a variant in the

GPAAI gene to include dysarthria, dysmetria and ataxia. (Castle et al., 2021)

In 2023, another homozygous variant in the GPAAl gene was identified in a boy
exhibiting similar symptoms to those observed in the two families in our cohort. He
presented with hypotonia and strabismus and has a history of seizures. His cMRI scan

shows progressive cerebellar atrophy. (Fontana et al., 2023)

In order to investigate the effects on brain development and neurological function, Lukacs
et al. developed a novel mouse model featuring targeted CNS-specific GPI anchor
deficiency. Mice with GPI production switched off showed severe, progressive ataxia and
cerebellar development defects. Life expectancy was shortened and the test animals died
prematurely. These results highlight the importance of GPI anchors for normal brain

development and neurological functioning. (Lukacs, Blizzard and Stottmann, 2020)

This supports our finding that variants in GPAAI interfering with the GPI anchor

synthesis pathway could lead to the atactic symptoms in our patients in family 43 and 62.

There are also other variants in the GPI anchor synthesis leading to diseases like
paroxysmal nocturnal hemoglobinuria, intellectual disability, hypotonia, epilepsy

(Makrythanasis et al., 2016) and mabry syndrome (Thompson et al., 2012).

Further functional studies are needed to explain the variability in the patients’ phenotypes.
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For the families that have not been solved so far, further environmental diagnostics as

well as a search based on a different inheritance pattern is recommended.

Furthermore, regular re-analyses are necessary because technological progress is
increasingly leading to the discovery of variants that were previously unclear or unknown,

which could result in a genetic diagnosis for these families.
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5 Abstract

Hereditary cerebellar ataxias manifest themselves both clinically and genetically as
extremely heterogeneous movement disorders. The disorders of balance and movement
coordination that characterize these diseases are caused by a progressive degeneration of
cerebellar Purkinje cells. Optic atrophy, retinitis pigmentosa, cognitive impairment,
epileptic seizures and peripheral neuropathies are some of the other symptoms that can

occur in connection with cerebellar ataxia.

To date, variants are known in 251 genes that can cause autosomal dominant, autosomal
recessive, X-linked and mitochondrial forms of cerebellar ataxia. Despite this high
number, about 50% of patients with ataxic symptoms do not have a genetically confirmed

diagnosis.

The identification of the disease-causing genes is essential for the development of
standardized, comprehensive and cost-effective genetic tests. On the other hand, it also
forms the basis for therapy-orientated research and the development of effective and

targeted therapies.

In this work, I am focusing on autosomal recessive inherited ataxias. I identified possible
disease-causing gene alterations in silico and confirmed them by PCR and subsequent
Sanger sequencing. In the cohort, which consists of 103 families, variants in known
ataxia-causing genes were detected in 6 families. A synonymous variant in the MTPAP

gene was classified as non-disease-causing by further investigation at the protein level.
In addition, I identified the GPAAI gene as a new ataxia-causing gene in 2 other families.

A thorough functional investigation of newly discovered disease-causing genes and

variants is being conducted separately from this project.
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6 Zusammenfassung

Hereditére cerebelldre Ataxien manifestieren sich sowohl klinisch als auch genetisch als
extrem heterogene Bewegungsstorungen. Die fiir diese Erkrankungen charakteristischen
Storungen der Balance und der Bewegungskoordination entstehen aufgrund einer
progressiven Degeneration cerebelldrer Purkinje Zellen. Optikusatrophie, Retinitis
pigmentosa, kognitive Beeintrachtigungen, epileptische Anfille, periphere Neuropathien
sind einige weitere Symptome, die im Zusammenhang mit einer cerebelldren Ataxie
auftreten konnen.

Bislang sind Varianten in ca. 250 Genen bekannt, die autosomal dominante, autosomal
rezessive, X-chromosomale und mitochondriale Formen der cerebelliren Ataxien
verursachen konnen. Trotz dieser hohen Zahl haben in etwa 50% der Patienten mit
ataktischen Symptomen keine genetisch gesicherte Diagnose.

Die Identifizierung der krankheitsverursachenden Gene ist zum einen fiir die Diagnostik
zur Entwicklung standardisierter, umfangreicher und kostengiinstiger Gentests essenziell.
Zum anderen stellt sie aber auch die Basis fiir die therapieorientierte Forschung und
Entwicklung wirksamer und zielgerichteter Therapien dar.

In meiner Doktorarbeit konzentriere ich mich auf autosomal rezessiv vererbte Ataxien.
Ich identifizierte mdgliche krankheitsverursachende Genverdnderungen in silico und
bestitige sie mittels PCR und anschlieender Sanger-Sequenzierung. Insgesamt wurden
in der Kohorte, die aus 103 Familien besteht, in 6 Familien Varianten in bekannten
Ataxie-verursachenden Genen nachgewiesen. Eine synonyme Variante im MTPAP Gen
wurde durch weiterfiihrende Untersuchung auf Protein-Ebene als nicht
krankheitsausldsend eingestuft.

Zudem habe ich das GPAAI Gen als neues, Ataxie-verursachendes Gen in 2 weiteren
Familien identifiziert.

Eine griindliche funktionelle Untersuchung neu entdeckter krankheitsverursachender

Gene und Varianten wird separat von diesem Projekt durchgefiihrt.
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