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Introduction

Amyotrophic lateral sclerosis (ALS) is a rare fatal neurodegenerative disease
characterized by the loss of motor neurons in the motor cortex as well as in the brainstem (van

Es et al. 2017).

Epidemiology and environmental risk factors of amyotrophic lateral sclerosis

Its incidence in European populations varies between 0.5-3.6/100 000/year, while
disease prevalence ranges from 1.1-8.2/100 000 (Alcaz et al. 1996; Joensen 2012). Incidence
of ALS cases has been on the rise lately, which may be attributed to more people reaching an
older age (Chio, Magnani, and Schiffer 1995). There is a slight male predominance among ALS
patients, the typical male:female ratio of ALS is 1.3-1.5. The first symptoms of the disease
commonly appear at around 60 years old, and the diagnosis of ALS is usually set up after a year
of disease onset (Chio et al. 2013).

Up to date only smoking cigarettes and ageing have been found to increase susceptibility
to ALS (Zhan and Fang 2019; Al-Chalabi and Hardiman 2013). Exposure to heavy metals and
pesticides, repeated head trauma and serving in the military have been proposed as
environmental risk factors of ALS but the published results are inconclusive (Al-Chalabi and

Hardiman 2013).

Symptoms of amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis usually presents with weakness confined to voluntary
muscles. Muscle wasting, muscle cramps and fasciculations are also characteristic features of
ALS. Based on the onset of symptoms limb-onset (around 2/3 of the cases) and bulbar-onset
(around 1/3 of the cases) forms of ALS may be differentiated (Masrori and Van Damme 2020).
Symptoms of a bulbar onset disease include dysphagia and dysarthria. Muscle weakness
commonly spreads to a neighboring region of the body or follows a neuroanatomical pathway.
Interestingly, eye movements and sphincter muscles frequently remain unaffected (van Es et al.
2017).

Around half of the ALS patients experience behavioral changes over the course of the
disease. These alterations include apathy, executive difficulties, fluency and memory loss (van
Es et al. 2017). Cognitive decline often indicates the presence of an underlying genetic variant

(Huetal. 2013). 5-15% of the ALS patients also fulfill the diagnostic criteria for frontotemporal



dementia (FTD), thus ALS and FTD may be considered to fall on a disease spectrum with the
two extremes represented by pure ALS and pure FTD (van Es et al. 2017).

Diagnosis of amyotrophic lateral sclerosis

Establishing the diagnosis of ALS may be a lengthy process and it is based on the
accurate past medical history and professional physical examination. Alternative diagnoses of
diseases which may show a phenotypic overlap must be excluded by relevant examinations
(Shefner et al. 2020). Electromyographic examination of an ALS patient shows fibrillations and
fasciculations in relaxed muscles as a sign of neurogenic damage (Masrori and Van Damme
2020). Nerve conduction studies may show a decreased response amplitude (de Carvalho et al.
2005). Imaging studies might be also carried out to exclude other conditions such as
discopathies or abnormalities of the motor system (Masrori and Van Damme 2020). In later
stages of disease there are several imaging markers that may be noted, such as hypointensity of
the motor cortex, atrophy of the precentral gyri or cortical thinning of the primary motor cortex
and of the corticospinal tract. These irregularities may reflect the decline in motor function
(Mazén et al. 2018).

Differential diagnoses to ALS include the identification of “ALS mimicking
syndromes” which may mislead clinicians in around 7-8% of cases (Traynor et al. 2000). In a
case of ALS presenting with predominantly upper motor neuron (UMN) signs hereditary spastic
paraplegia and diseases of the spinal cord and cervical disc protrusion are the most common
alternate diagnoses. In cases presenting with a lower motor neuron (LMN) sign dominance
peripheral neuropathy, myopathies, Kennedy’s disease and myasthenic syndromes should also
be considered (Masrori and Van Damme 2020).

ALS diagnostic is a lengthy procedure. Neurofilament light chain protein (NFL) seems
a promising biomarker which could speed up the diagnostic procedure (Verde, Otto, and Silani
2021). NFL levels show a more than threefold rise in cerebrospinal fluid of ALS patients
compared to patients diagnosed with syndromes mimicking ALS (Forgrave et al. 2019). In
addition, measurement of NFL in the serum yielded a similar sensitivity and specificity ratio
compared to cerebrospinal fluid NFL analysis (Gaiottino et al. 2013). However, further
examinations on NFL as an ALS biomarker are needed to routinely use NFL in everyday
clinical practice (Verde, Otto, and Silani 2021).

Until 2021 the El Escorial and the Awaji-shima criteria were used to guide the diagnosis
of ALS (Ludolph et al. 2015; Carvalho and Swash 2009) (Table 1.). While the El Escorial

criteria solely focuses on the findings of the physical examination, the Awaji-shima criteria
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introduces electrophysiological findings as a further base of evidence. In 2022, due to the
former two criteria being not easily understandable to patients, the Gold Coast criteria was
introduced which defines ALS as a broader entity. According to the Gold Coast criteria ALS is
a progressive neurological disease not explained by an alternative diagnosis. ALS must present
with UMN and LMN signs in the same body region or with LMN signs in at least two body
regions (Turner 2022).

Criteria Clinically definite ALS Clinically probable ALS Clinically possible ALS Suspected
ALS
El Escorial UMN and LMN signs in three UMN and LMN signs in UMN and LMN signs in only one LMN signs
criteria (1994) regions of the body at least two regions, with region, or UMN signs alone in only
some UMN sign rostral to two or more regions, or LMN
LMN signs signs rostral to UMN signs
Awaji-Shima Clinical or electrophysiological Clinical or Clinical or electrophysiological
criteria (2008) evidence of UMN and LMN electrophysiological evidence of UMN and LMN
signs in the bulbar region and at evidence of UMN and signs alone in two or more
least two spinal regions, or UMN LMN signs in at least two regions, or LMN signs rostral to
and LMN signs in three spinal regions, with some UMN UMN signs
regions signs rostral to LMN signs

Table 1. The El Escorial and Awaji-shima criteria for ALS diagnosis

To stratify severity of ALS at the time of diagnosis and to monitor the progression of
the disease a questionnaire (ALS Functional Rating Scale Revised) is used. The test contains
12 questions which assess the everyday functions spared by the disease. Questions cover speech
disturbances, fine motor function, breathing difficulties etc. The maximum score of 48 points
suggests no difficulties in everyday functions. The decline rate of ALS-FRS-R score reflects
disease progression and indicates survival time as well (Kimura et al. 2006; Kaufmann et al.

2005).

Treatment of amyotrophic lateral sclerosis

Unfortunately, ALS is currently an incurable disease. Although much effort is directed
towards finding an efficient therapy for patients, although the need remains unmet. Currently
two molecules are available that moderately increase survival of ALS patients: riluzole and
edaravone (Chid, Mazzini, and Mora 2020). Riluzole was the first FDA approved drug for ALS.
The medication prolongs survival of ALS patients by several months and slows down the
progression of the disease (Bensimon, Lacomblez, and Meininger 1994). Riluzole is a direct
inhibitor of the N-methyl-D-aspartate receptor and kainate type receptor of glutamate. By
enhancing the uptake and decreasing the release of glutamate riluzole reduces the glutamate

amount in the synaptic cleft and thus fights excitotoxicity (Dorst, Ludolph, and Huebers 2018).



Edavarone earned approval of the FDA in 2017 (Rothstein 2017). This small molecule
may act by abolishing lipid peroxides and hydroxyl radical species and thus lowering the levels
of oxidative stress (Adriano Chio, Mazzini, and Mora 2020). Edaravone is administered
intravenously and is known to stop the motor decline in ALS patients, although it is
questionable in the light of real world evidence whether edaravone really prolongs the survival
of patients (Yoshino 2019). Both drugs display relatively good tolerability and a good safety
profile with bearable adverse effects (Bensimon, Lacomblez, and Meininger 1994).

Numerous investigational treatments are under development for ALS, several of them
are gene-specific therapies, such as antisense oligonucleotides. Tofersen, an antisense
oligonucleotide known to reduce the production of SODI protein has already entered the phase
3 clinical trials and has demonstrated promising results. Levels of SODI protein in the
cerebrospinal fluid and levels of neurofilament light chain proteins in the plasma have
significantly decreased 28 weeks after initiation of intrathecally administered tofersen (Miller
et al. 2022). Tofersen is under trial in presymptomatic carriers of SOD/ mutations which
promises to yield even better outcomes than the use of tofersen in symptomatic ALS patients
(Benatar et al. 2022).

To provide the best available care for ALS patients a multidisciplinary approach is
essential (Masrori and Van Damme 2020). Physical therapy helps to sustain muscle function as
long as possible and prevents the formation of contractures (Dal Bello-Haas 2018). Once the
patient is at great risk of dysphagia and its complications, implantation of a percutaneous
endoscopic gastrostomy (PEG) is recommended. PEG implantation reduces the number of
hospitalizations and has been shown to prolong survival of patients (Lopez-Goémez et al. 2021).
In case the muscle weakness reaches the respiratory muscles artificial ventilation of the patients
may be initiated. Non-invasive ventilation helps with quality of life and extends survival among
late-stage ALS patients (Morelot-Panzini, Bruneteau, and Gonzalez-Bermejo 2019). End-of-
life care should also involve palliative treatment and hospice care (Karam et al. 2016).

Despite all therapeutic efforts, ALS still has a poor survival rate with the median
survival time from disease onset to death ranging from 1.5-4 years (Preux et al. 1996). However,
5-10% of patients experience a slower progression and are still alive more than 10 years after
the onset of symptoms (Millul et al. 2005). Negative prognostic factors include bulbar onset of
ALS and the emergence of weakness in the respiratory muscles (Bourke et al. 2006; Del Aguila
et al. 2003).
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Genetic background and pathomechanism of amyotrophic lateral sclerosis

Around 10% of ALS cases show a positive family history (fALS), while the other 90%
remains of sporadic etiology (SALS). Currently in almost 70% of familial ALS cases there is
an identifiable genetic alteration. However, in sporadic cases the chance of finding the causative
genetic variant is slim, only around 10% (Renton, Chio, and Traynor 2014).

The first gene to be associated with ALS was superoxide dismutase 1 (SODI) in 1993
by a linkage analysis study (Rosen et al. 1993). SOD1 variants may be identified in around 12%
of familial ALS cases and in 1% of sporadic ALS patients (Renton, Chio, and Traynor 2014).
The SODI gene encodes the Cu/Zn superoxide dismutase enzyme which is responsible for
converting reactive superoxide species into oxygen and hydrogen peroxide (Eleutherio et al.
2021).

In 2011 came a breakthrough in ALS genetics: an intronic GGGGCC hexanucleotide
repeat expansion in the chromosome 9 open reading frame 72 (C90rf72) gene was detected in
ALS patients by two independent research groups (Renton et al. 2012; DeJesus-Hernandez et
al. 2012). This repeat expansion is the most frequently noted genetic cause of ALS. The C9orf72
hexanucleotide repeat expansion may be identified in around 40% of familial ALS cases. In
sporadic ALS cases the frequency of the hexanucleotide repeat expansion varies from
population to population: while in Finnish sALS patients it is identified in more than 21%, in
Italian SALS patients only around 4%. (Majounie et al. 2012). Normal length alleles contain up
to 23 repeats, while fully expanded alleles range from 30 to more than 1000 hexanucleotide
units (DeJesus-Hernandez et al. 2012). Bulbar onset and cognitive decline seem to be more

common among C9orf72 repeat expansion carriers (Chio et al. 2012).
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Figure 1. The most frequently identified ALS associated genes in a timeline noting the year of discovery. Colors
show the stability of evidence connecting the gene to ALS (Gregory et al. 2020).

The application of next-generation sequencing methods in the last 20 years has led to a
boom in the number of ALS genes (Figure 1) (Gregory et al. 2020). Currently there are more
than 130 genes linked to ALS in the most comprehensive database (https://alsod.ac.uk). Out of

these genes there are around 20 genes that have a well-established causal relationship with ALS
and the other more than 100 genes may act as genetic risk factors or clinical modifiers of the
disease. With the technical development in recent years more and more large-scale ALS genetic
studies are being published. Vast sample repositories and consortia have been called to life to
help coordinate the efforts to further expand the knowledge on the genetic background of ALS
(Gregory et al. 2020).

The pathomechanism of amyotrophic lateral sclerosis is not fully explored yet and most
likely multiple pathological processes are involved (Figure 2) (Van Damme, Robberecht, and
Van Den Bosch 2017; van Es et al. 2017). Among others the pathological role of mitochondrial
disturbances, defects of the axonal transport mechanisms, excitotoxicity, oxidative stress,
inflammation, RNA metabolism dysregulations, RNA toxicity and compromised protein
degradation have been proposed as pathological processes behind the disease. Results of
extensive research also shows that a final common pathway could bind these various processes

together (Nguyen, Thombre, and Wang 2019).
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Figure 2. Pathological processes identified behind ALS

Several ALS-related proteins (for example: SODI, TDP-43, C9orf72) can enter
mitochondria and disrupt normal functioning, with increased formation of reactive oxygen
species (ROS) consequently. SODI encodes an antioxidant enzyme, which eliminates free
radicals produced as a byproduct of catabolic processes, thus has a cytoprotective effect. Recent
studies have identified the enzyme also as an RNA binding protein and as a regulator of
transcription (Eleutherio et al. 2021). It would be logical, that the loss of enzymatic activity and
thus the enhanced stress level of the cells would lead to cellular harm. However, SOD! variants
do not cause ALS by the above-described loss-of-function mechanism; the proposed pathway
for SOD1 variants is rather a gain-of-function: toxic SOD1 aggregates are formed which have
increased stability. The stable and misfolded protein aggregates resist the physiological protein
turnover and the protein overload is the factor driving the cellular stress and the subsequent cell
death.

The TAR DNA-binding protein (TDP-43 or TARDBP) is involved in the most
prominent ALS associated pathways, such as RNA metabolism as an RNA binding protein and

the molecule is involved in the biogenesis and processing of RNA molecules. Furthermore, the
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defects of the protein are associated with mitochondrial dysfunction, defects of protein
homeostasis and DNA repair (Bhardwaj et al. 2013). TDP-43 positive inclusion bodies often
appear in the brain of those ALS patients who do not carry either a SODI or a FUS variant
(Hasegawa et al. 2008). These aggregates localize to the cytoplasm and contain ubiquitinated
and hyperphosphorylated TDP-43 proteins which are resistant to normal breakdown processes
(De Boer et al. 2021). TDP-43 aggregates may disturb multiple essential intracellular processes
such as RNA metabolism (Tsuiji et al. 2013; De Boer et al. 2021). The aggregates also
contribute to the mislocalization of nucleoporins and other transport proteins and disturb the
usual nucleocytoplasmic transport routes and generate functional defects of the mitochondria
(Chou et al. 2018; Zuo et al. 2021). This leads to the accumulation of TDP-43 in the cytoplasm
where it cannot fulfill its role (Arai et al. 2006).

The FUS RNA-binding or fused-in-sarcoma protein, encoded by the FUS RNA-binding
protein (FUS) gene, is also a key player of several different pathways. It is an RNA binding
protein, involved in protein aggregation, alteration of DNA repair processes defect of RNA
metabolism, in regulation of transcription, RNA splicing and transport and DNA repair in
response to damage (Yamaguchi and Takanashi 2016). Evidence shows that experimental
overexpression of FUS leads to the formation of cytoplasmic inclusions which is cytotoxic
(Mitchell et al. 2013).

Another pathophysiological factor behind ALS is linked to the hexanucleotide repeat
expansion of the C9orf72 gene. The physiological function of the encoded protein is not fully
understood yet. It is thought to behave as a trafficking protein and may be involved in RNA
binding and RNA processing. Furthermore, it has a role as a regulator of GTPase enzymes
(Pang and Hu 2021). It was also proven to be a regulator of endosomal trafficking and may act
as a Rab guanine nucleotide exchange factor (Farg et al. 2014). The repeat expansion thought
to act by a gain-of-function, and also by a loss-of-function mechanism (Walsh et al. 2015).
Three non-exclusive potent pathological process have been pinpointed in association with the
repeat expansion of the gene: haploinsufficiency, RNA toxicity and sequestering as well as the
aggregation of faulty dipeptide repeat proteins (Walsh et al. 2015). Haploinsufficiency means
that the level of wild type protein product translated from only one allele is not sufficient for
normal operation of the cell. Haploinsufficiency might not be a highly prominent pathological
feature of C90rf72 repeat expansion since steady levels of C90rf72 mRNA have been found in
ALS patients (Sareen et al. 2013). If the C9orf72 protein is unable to process the RNAs in a
physiological manner, some RNA molecules may become sequestered. The sequestered RNAs

could include essential molecules which are unable to fulfill their role then and this mechanism
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leads to altered expression of various genes (Cooper-Knock et al. 2014). The expanded intronic
region may be translated into dipeptides which could form hairpin like structures and aggregate.
The dipeptide repeat proteins may overload the cell and thus lead to degenerative processes
(Mizielinska et al. 2014).

As depicted above, the molecular pathways that have been sofar implicated seem
heterogeneous and complex, from protein aggregation and defects in multiple key intraneuronal
processes, to dysfunction of glial cells. These above-mentioned pathological pathways may all

contribute to the process of neurodegeneration.
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Aims

In my thesis I aim to summarize the genetic examinations carried out by our research
group to explore the complex genetic architecture of the Hungarian amyotrophic lateral
sclerosis population.

In our project we aimed to thoroughly characterize from a genetic point of view the
patients diagnosed with amyotrophic lateral sclerosis between 2008 and 2021 at the Department
of Neurology, University of Szeged. Firstly, we intended to carry out the mutational screening
of the major ALS genes in all patients. Secondly, in a subset of patients we targeted genes that
have an ambiguous relationship to ALS. Lastly, in the same subset of patients we investigated
genes that are related to conditions which might be a differential diagnosis to ALS.

Furthermore, we aimed to establish genotype-phenotype relationships and explore the

proposed oligogenic background of the disease in Hungarian ALS patients.
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Patients and methods

Patients

183 unrelated patients of Hungarian origin diagnosed with ALS were recruited for our
study. The frequency of the detected variants was checked in an age and sex matched control
group of 204 healthy individuals. Epidemiological data can be seen in Table 2. Senior
neurologist clinicians from the Department of Neurology of the University of Szeged enrolled
the patients into our study. All patients fulfilled the revised Awaji-Shima and El Escorial criteria
(Carvalho and Swash 2009; Ludolph et al. 2015). Our study was performed in accordance with
the Helsinki Declaration and its later amendments and was approved by the Ethical Board of
the University of Szeged under the 553/2013 number. A written informed consent document

was signed by all participating patients.

Number of patients recruited for the current study 183
Male:Female (ratio) 73:110 (0.66)
Mean age at onset in years (SD in years) 62.99 (10.12)
Minimum age at onset (years) 36
Maximum age at onset (years) 86
Number of healthy age and sex matched control individuals 204

Table 2. Demographical data concerning the enrolled ALS patients.

One patient had a family history of ALS. Two more patients reported a late-onset
neuromuscular disease, mimicking ALS in their family. Four patients stated the occurrence of
additional neurodegenerative condition (Alzheimer’s or Parkinson’s disease) in their family

history.
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Figure 3.: Workflow of our study.
DNA extraction

Genomic DNA extraction was performed from peripheral blood samples of ALS
patients with a commercially available DNA extraction kit (DNeasy® Blood & Tissue Kit,
QIAGEN, Hilden, Germany), according to the manufacturer’s protocol.
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Next generation sequencing

Next generation sequencing techniques were used to assess 107 patients prescreened for
variants in the most important ALS genes. Whole exome sequencing was carried out in 21 ALS
patients, whilst a custom design gene panel was applied in 86 further patients on an Illumina
NextSeq 500 sequencer. A mean on-target coverage of 189x and 71x were reached on the panel
sequencing and on the WES, respectively.

The custom design panel contained 294 genes which were selected based on a thorough
literature search. These 294 genes were divided into 3 sets: “Major ALS genes set” (35 genes)
(Table 3), “Candidate or minor ALS genes set” (99 genes) (Table 4) and “Further
neurodegenerative and/or neuromuscular diseases gene set” (160 genes) (Table 5).

Variants with a read depth under 25 reads were validated by bidirectional Sanger

sequencing.

ANG DAO
ALS2 DCTNI
ATXN?2 ELP3
Corf72 ERBB4
CCNF EWSRI
CHCHDI10 FIG4
CHMP2B  FUS

GLEI
GRN
HNRNPAI
MATR3
NEFH
NEK1
OPTN

Table 3.: The “Major ALS gene set” of the used custom designed gene panel

AGT CcCS CST3 EPB41L1
ALAD CDHI3 CX3CRI EPHA4
ANXAILI CDH22 CYP2D6  FEZF2
APEXI CHGB DIAPH3 FGGY
APOE CNTF DISCI GARS
AR CNTN4 DNMT34  GRBI4
ARHGEF28 CNTN6 DOC2B HEXA
B4GALT6  CRIMI DPP6 HFE

KIF54
KIFAP3
LGALSL
LIF
LIPC
LMNBI
LOX
LUM

BCLI11B CRLF3 DYNCIH]I HNRNPA2BiMAOB

BCL6 CRYM EFEMP]  ITPR2
C2lorf2 CSNK1G3 ENAH KDR

MAPT
MOBP

PFNI TAF15
SETX TARDBP
SIGMARI  TBKI
SOD1 TUBA4A
SPG11 UBQLN2
SOSTM1 VAPB
SSI18L1 40
NAIP PON3 SELL
NETO1 PRPH SEMA6A
NIPAI PSENI SLCIA2
NT5CIA  PIR SLC39411
0GG1 RAMP3  SMNI
OMAI RBMS|1 SMN2
PARK7 RNASE2  SNCG
PCP4 RNFI94 ~ SOD2
PLEKHGS5  SARM1 S0X5
PONI SCFDI SPG7
PON2 SCN74 SUSD1

Table 4.: The “Candidate or minor ALS genes set” of the used custom designed gene panel
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SYT9
TREM?2
TRPM7
UNC1I34
VDR
VEGFA
VPS54
ZFP64
ZNF512B
ZNF746



AARS BAG3 CPTIC EGR2 GMPPB KCNC3 MTMR2 PNKP SBF1 TIAl

ACTAI BICD? CRYAB EIF4G1 GNB4 KCND3 MUSK PNPLA?2 SBF2 TMEM?240
AFG3L2 BSCL2 CYP2UI ELOVL4 GNE KIFIA MYH7 PNPLAG6 SCNI114 TPM2
AGRN Cl19orfl2  DCAFS8 ELOVLS GRID2 KIFIB MYOT POLG SEPT9 TPM3
ALDH18A41 CAS8 DDHDI ERLINI HADHB KIFIC NDRG1 POLG2 SH3TC2 TPP1
ANOS CACNAIA DES FBLNS HNRNPDL LAMA? NEFL POMGNTI SILI1 TRIM2
AP4E] CAMTAI  DHTKD1 FGD4 HSPBI LDB3 NKX2-1 POMT2 SLC1843  TRIM32
AP4M1 CAPNI DMD FGF14 HSPB3 LITAF NPCI PRKCG SLC3341  TRPC3
AP4S1 CCDC88C DMPK FKTN HSPBS LMNA NPC2 PRPS1 SPAST TRPV4
AP5Z1 CHRNE DNAJB2 FLNC HSPD1 LRRK2 PCNA PRX SPTBN2 TSEN54
APTX CLN5 DNAJCI3  GAN IGHMBP2 LRSAM]I PDYN RAB7A STUBI TTBK2
ATGS COL1341 DNM?2 GBEI INF2 MARS PEX10 REEP] SYNE2 TTN
ATLI COL6A2  DRP2 GDAPI ITPRI MED25 PIK3R5 REEP? SYNJI TTPA
ATM COL6A3  DST GIGYF2 KARS MFN2 PLEC RTN2 TAF1 YARS
ATXN7 COX10 DSTYK GJBI KBTBDI13 MORC2 PLPI RYRI TFG ZFYVE26
B3GALNT2 COX20 EEF2 GJC2 KCNA2 MPZ PMP22 SACS TGM6 ZNF9

Table 5.: The “Further neurodegenerative and/or neuromuscular diseases gene set” of the used custom designed

gene panel

Sanger sequencing

Sanger sequencing was used to assess the 6 following major ALS genes: SODI,
TARDBP, ANG, FUS, UBQLN2 and NEKI. Target specific primers were designed using the
NCBI Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) program and then
used in a polymerase chain reaction (PCR) to amplify the exons and the splice sites at each end
of the exons. Three mutational hotspots were also examined by Sanger sequencing: exon 4 and
exon 7 of the ANXA 11 gene and exon 15 in the CYLD gene. Sequencing was performed on an
ABI 3100 sequencer and compared then to the reference gene sequences utilizing NCBI

Nucleotide BLAST software.
Analysis of the hexanucleotide repeat expansion in the C9orf72 gene

The G4C; sequence found in the intronic region of the C90rf72 gene was investigated
by long read repeat primed PCR method. The AmplideX PCR/CE C9o0rf72 Assay (Asuragen,

Inc.) kit was used according to the modified protocol reported by Suh et al (Suh, Grando, and
Van Deerlin 2018).
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Fragment length analysis

The exact length of the repeat containing regions was determined by fragment length
analysis. The CAG repeat containing regions of the A7XN/ and ATXN2 genes were amplified
by polymerase chain reactions using specific 6-FAM fluorophore marked primers.
Fluorescently labeled DNA fragments were separated by capillary electrophoresis and sized by

comparison to an internal standard.

Multiplex ligation-dependent probe-amplification assay

Copy number variation of the SMNI and SMN2 genes were analyzed by multiplex
ligation-dependent probe-amplification assay (MLPA). SALSA MLPA SMA carrier probemix

P060 kit was used in accordance with the manufacturer’s protocol (MRC Holland).

Variant calling, filtering and interpretation

Burrows—Wheeler Aligner was used to line up the paired-end reads to the hg19 Human
Reference Genome. Variant calling was executed by Genome Analysis Toolkit software and
the Annovar tool was used for variant annotation (Wang, Li, and Hakonarson 2010).

Variants matching the following criteria were further evaluated: variants with a 10+ read
depth per base, variants with an alternative allele frequency over 30%, variants with a minor
allele frequency of below 0.1% in the most relevant population genetics databases, exonic or
variants located in close vicinity of a splice site, non-synonymous variants.

The detected variants were assessed based on the minor allele frequency, checked in
comprehensive population genetic databases, such as the non-Finnish European ancestry

database of gnomAD (https://gnomad.broadinstitute.org). Several predictive programs and

genomic variance prioritization tools were put to use in assessing the significance and the
possible consequences of a variant, such as SIFT, PolyPhen2, MutationTaster or SpliceAl. To

aild the interpretation of variants the Franklin bioinformatic online tool

(https://franklin.genoox.com) and VarSome (_https://varsome.com) (Kopanos et al. 2019) were
also used.

During variant interpretation we adhered to the 2015 guidelines of the American College
of Medical Genetics and Genomics (Richards et al. 2015). Variant classification was updated

in the fall of 2022 to check whether the classification of the variants have changed since the
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https://gnomad.broadinstitute.org/
https://varsome.com/

2019 initial analysis. Those variants that have been reported in the literature as causal in

connection with ALS have been categorized as pathogenic.

In silico modelling and computational simulation

To confirm the supposed pathogenicity of the novel ANG variant identified by our group
we designed and conducted in silico and in vitro studies. As a starter protein structure of the
human angiogenin protein was used from the Protein Data Bank (PDB) (Leonidas et al. 1999).
The in-silico p.R57W mutant was created while keeping the wild type secondary protein
structure. Hydrogens were connected to the molecule after detaching the CIT cofactor and
crystallographic waters with the help of the Xleap tool of AMBER 14. Figures were created by
PyMOL and visual molecular dynamics (VMD). VolArea plug-in was implemented for
calculating the solvent-accessible surface area of the nuclear localization signal (Humphrey,

Dalke, and Schulten 1996; Ribeiro et al. 2013).

Ribonucleolytic assay

Ribonucleolytic activity of wild type and p.R57W mutant angiogenin proteins was
measured on yeast tRNA substrate. The wild type and the p.R57W mutant angiogenin proteins
were incubated for 2 hours at 37°C in the presence of the yeast tRNA substrate and the
supernatant absorbance was measured at 260 nm. The tRNA substrate was used in different
concentrations. All measurements were repeated three times for accuracy. Mutant enzyme

activity was calculated related to the wild type angiogenin’s ribonucleolytic activity.

Nuclear translocation analysis

Human umbilical vein endothelial cells (HUVEC) were incubated with 1 ug/ml of wild
type and with 1 pg/ml p.R57W angiogenin protein for 30 minutes and then immunostained for
angiogenin. For visualization, cell nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI) fluorescent stain. Nuclear translocation assay was performed by enumerating the
average angiogenin staining intensity level in the nucleus and in the cytoplasm of cells in three

fields of view.
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Statistical analysis

Descriptive and comparative statistical methods were utilized to characterize our
dataset. GraphPad Prism version 8.0.0 for Windows, (GraphPad Software, San Diego,
California USA, www.graphpad.com) and RStudio software (RStudio Team 2020. RStudio:

Integrated Development for R. RStudio, PBC, Boston, MA URL http://www.rstudio.com/)

were used to carry out Student’s t-tests, Fisher’s exact test and y? statistics and to determine an

odds ratio. The level of significance was ascertained as p < 0.05.
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Results

In our large-scale genetic examinations, which were carried out to explore the complex
genetic architecture of the Hungarian amyotrophic lateral sclerosis population a total of 106
variants of interest were uncovered in 70 genes by coalescing Sanger sequencing, next-

generation sequencing techniques and repeat sizing.

Genetic variants identified in the main ALS genes

The most commonly identified genetic alterations in the European ALS population are
found in the SOD1, ANG, FUS, TARDBP, UBQLN2 and NEKI genes and the C9orf72 repeat
expansion plays a pivotal role as well. In our study the SODI, ANG, FUS, TARDBP, UBQLN2
and NEK genes were investigated in all the 186 patients by Sanger sequencing. The presence
of the intronic GGGGCC hexanucleotide repeat expansion of the C9orf72 were screened in 136
patients. Unfortunately, the rest of the samples did not have sufficient quality to perform the
C9orf72 hexanucleotide assessment. Presumably causative variants were identified in 29 cases

(Table 6).

MAF in non-
. Amino acid Finnish Pathogenicity Number of
Gene Nucleotide change change dbSNP European A CgM G patients Reference
(gnomAD)
ANG c.3G>T p. M1I - 0 likely pathogenic 2 Tripolszki et al., 2019a
ANG c.169C>T p.R5S7TW 1s749308574 0.0018% Vus 1 Tripolszki et al., 2019a
ANG c379G>A p V1271 rs553513710 0.0009% VUsS 1 Tripolszki et al., 2019a
NEK1 c.749A>G p-N250S 1rs368762503 0.0018% VUS 1 Tripolszki et al., 2019b
SOD1 c43G>A p.VISM rs1568807400 0 pathogenic 1 Tripolszki et al., 2017a
SOD1 c.272A>C p.D91A rs80265967 0.0743% likely pathogenic 1 Tripolszki et al., 2017a
SOD1 ¢.275_276del p-K92H{fsTer9 - 0 pathogenic 1 Tripolszki et al., 2017a
SOD1 c.435G>C p.L145F rs1482760341 0.0035% pathogenic 2 Tripolszki et al., 2017a
SOD1 c.435G>C p.L145F rs1482760341 0.0035% pathogenic 1 Nagy et al., 2022
hexanucleotide repeat X Tripolszki et al., 2017a,
Corf72 expansion ) ) 0 pathogenic 10 Tripolszki et al., 2019b
hexanucleotide repeat .
Corf72 - - 0 pathogenic 3 Nagy etal., 2022

expansion

Table 6. Variants identified in the main ALS genes in the cohort of 186 patients.

The most causative variants were identified in SOD/ gene, from which only one was
identified in the 29 lastly recruited patients. This SOD/ ¢.435G>C; p.L145F variant has already
been found in two previously investigated Hungarian ALS patients, thus, it is the most common
causative variant in our cohort. It is a missense variant, which affects the final exon of the gene.
It was identified in heterozygous form, which is in good agreement with the fact that the disease

caused by this variant follows autosomal dominant inheritance.
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The causative intronic GGGGCC repeat expansion in the C9orf72 gene was identified
in 13 patients, which is 9.56% (13/136). From the 29 lastly recruited patients 3 carried it.
Normal repeat length was defined as 28 or less hexanucleotide units. The expanded allele
encompassed more than 145 repeats in each case and all identified carriers harboured the

expansion in a heterozygous form.

Re-analysis of the major ALS gene set variants

A set of 35 major ALS genes were investigated in 107 patients by NGS analysis, in 21
patients by whole exome sequencing and in 86 patients by a custom designed NGS panel. From
the investigated 35 gwes NGS analysis revealed probable causative variants in 16 genes (Figure

4).

UBQLN2
4,3%
TBK1 —

4,3%
SQSTM1 e

8,7%

C90RF72
21,7%

SPG11
6,5%

SIGMAR1
2,2%

NEK1

13,0%

NEFH

Figure 4. Distribution of the identified variants of the “Major ALS gene set”. Only pathogenic, likely pathogenic
and variants of uncertain significance are included in the figure.

At least one variant of interest was identified in 43% (46/107) of the 107 examined patients.
According to the ACMG classification 1 pathogenic, 4 likely pathogenic variants and 22 VUS
were uncovered originally (Table 7). Thanks to incredible advances in NGS technology new
decision support variant classification softwares are available, which are great help in the
variant classification. The previously identified variants were reanalyzed with two of these
softwares, VarSome and Franklin (https://varsome.com, https://franklin.genoox.com/clinical-

db/home).
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MAF in non-
Nucleotide Amino acid Finnish

Gene change change dbSNP European Pathogenicity (ACMG) Detection method
(gnomAD)
ALS?2 ¢.3529G>T p-G1177X rs386134180 0 pathogenic WES
ALS2 c.4496G>A p-R1499H 1s566436589 0.0018% VUS Panel
CYorf72 c.1292G>A p-R431Q - 0.0074% Vus Repeat primed PCR

CCNF c.1714C>T p.R572W rs199743115 0 VuS Panel
CCNF ¢.316C>G p.L106V 1s990719669 0.0046% VUS Panel
ERBB4 c.268G>T p-A90S rs201678258 0.0078% VUS Panel
FIG4 ¢.2095C>T p.R699C rs764799053 0.007% VUsS Panel
GRN ¢.1003T>C p.C335R - 0 VUS Panel
KIF54 c.1735G>A p.A579T 15760135493 0.0018% VUS Panel
MATR3 c31C>T p.P11S 1s995345187 0 VUS WES
MATR3 c.824G>A p.S275N - 0 VUS Panel

NEFH c.1013C>T p.T3381 15774252076 0.0035% VUS, leaning pathogenic WES, panel
NEFH c.443G>C p-R148P - 0 VUuS Panel
NEFH c.1514C>T p.P505L rs1414968372 0.0009% VUs Panel

NEK1 c.782G>A p-R261H 1s200161705 0.3903% benign WES, panel
NEK1 c.749A>G p-N250S s368762503 0.0018% \ASN Panel
SIGMARI c.125T>G p.J42R rs1206984068 0 VUS Panel
SPG11 c.6101G>A p.R2034Q rs750101301 0.0018% VuS WES
SPG11 €.6352C>G p.L2118V 1s766851227 0.0018% VUS Panel
SPG11 ¢.6009G>T p.E2003D - 0 VUS Panel
SOSTM1 c.1175C>T p.P392L rs104893941 0.1344% likely pathogenic Panel
SOSTM1 c.1165G>C p-E389Q rs1391182750 0 likely pathogenic Panel
SOSTM1 c.1178G>A p-R393Q rs200551825 0.0008% VUS Panel
TBK1 c.1888 1890del  p.K631del - 0 VUS, leaning pathogenic Panel
TBK1 c.1190T>C p.I397T 1s755069538 0.0149% VUS Panel
UBQLN?2 c.1174A>G p-M392V rs1384003425 0.0012% likely pathogenic Panel
UBQLN2 c.252A>T p-Q84H - 0 VUuS Panel

Table 7. The identified variants of the “Major ALS gene set” in the 107 patients analyzed by NGS analysis.

In three cases the reanalysis suggested changes in the classification. The
NEK1:c.782G>A, p.R261H variant has been recategorized from VUS to benign due to its high
allele frequency in the gnomAD healthy databases. Two additional VUS, the NEFH:
c.1013C>T, p.T338I and the 7BK/: c.1888 1890del, p.K631del are still VUS, although now
they are leaning pathogenic (Table 7, highlighted in green), because their deleteriousness is
supported by several aggregative predictive algorithms. Although the TBK/: c.1888 1890del,
p-K631del small deletion affecting the 63 1st amino acid of the TBK1 protein does not lead to
a frameshift, it is missing from the healthy population in gnomAD. The submission of the above
mentioned 3 recategorized variants into ClinVar has certainly catalyzed their recategorization

(https://www.ncbi.nlm.nih.gov/clinvar/).
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Identification of genetic variants in candidate or minor ALS genes

A set of 99 candidate or minor ALS genes was investigated by NGS analysis. The
analysis identified 32 variants in 25 genes (Table 8).

Nucleotide ;Amino acid MAF in non-
Gene change change dbSNP Finnish European Pathogenicity (ACMG) Detection method
(gnomAD)

ccs c.490-1G>A - rs1199737977 0.0008% VUS, leaning pathogenic WES
CDHI3 c.713A>G p-N238S | rs757294994 0.0047% VUS Panel
CDH22 c.352G>A p.D118N | rs372007812 0.0016% VUS Panel
CNTN6 ¢2222G>C i p.R741P | 15754797179 0.0009% VUS Panel
DIAPH3 c.1445G>A | p.R482Q | rs762394580 0.0009% VUS WES
DIAPH3 c.3554C>G | p.A1185G - 0 VUS Panel
DISCI c.1055C>G | p.P352R | rs750722558 0.0018% VUS WES
DISC1 c.1163T>C p.L388P irs1196077554 0 VvUS Panel
DPP6 c.1424A>G | p.D475G - 0 Vus Panel
DYNCIHI i ¢.7748C>T | p.T25831 - 0 VUS WES
DYNCIH]I | ¢c.12868G>C | p.G4290R - 0 VUS WES
DYNCIHI i ¢.11221C>T | p.R3741C - 0 VvUS Panel
EPB41L1 c.1123C>T | p.R375W | rs758635781 0 Vus Panel
EPHA4 c.281C>T p-A94V  irs1347356714 0.0009% Vus Panel
FEZF?2 c.675G>T p-K225N - 0 VUS Panel
GRBI14 c.1007C>T | p.A336V | 15756507556 0.0039% VvUS Panel
GRBI4 ¢.386C>T p-T129M | rs141568578 0.00264% Vus Panel
HEXA c.1073+1G>C - 1576173977 0 pathogenic Panel
KDR c.1595C>T | p.A532V | rs147066083 0.017% VUS Panel
KIFAP3 c.1043A>G | p.K348R irs1203689157 0.0065% VvUS Panel
PLEKHGS | ¢.1037A>C | p.H415P - 0 \ASK Panel
PLEKHGS5 i ¢.773C>T p.P327L i rs910474236 0 VUS, leaning pathogenic Panel
PON2 c.705T>G p-Y235X - 0.0065% VUS, leaning pathogenic Panel
PON3 c.916A>T pI306F | rs201661676 0.0139% VvUS Panel
SCFD1 c.608C>T p-T2031 irs1459319965 0 Vus Panel
SCN74 c.1585A>G | p.M529V irs1462705963 0 Vus Panel
SPG7 c.1235C>T | p.A412V | 15746668495 0.0023% VUS, leaning pathogenic Panel
SPG7 c.1813G>C | p.G605R - 0 likely pathogenic Panel
SUSD1 c.1135C>T | p.R379C i rs778163116 0.0053% Vus Panel
VPS54 c.1078A>G | p.T360A | rs200574098 0.011% Vus Panel

Table 8. The identified variants of the “Candidate or minor ALS genes set” in the 107 patients analyzed by NGS
analysis.

Each variant was identified in only one patient. Out of these 32 variants one is classified
as pathogenic, another one as likely pathogenic, 4 as VUS-s that have a classification leaning
in the pathogenic direction, and 26 as VUS. The reanalysis by VarSome and Franklin software

has not changed any of the original classifications.
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Identification of genetic variants in genes associated with neurodegenerative or

neuromuscular diseases different from ALS

Additional 160 neurodegenerative or neuromuscular disease associated genes were also
investigated in the NGS study. From this “Further neurodegenerative and/or neuromuscular

diseases gene set” 45 variants in 29 genes were revealed (Table 9).

Gene N:}f:i?;fe Arzlll:::lg:ld dbSNP ]{:\:[:: :ple::n:‘zgnl:)l:ll::)h) Pathogenicity (ACMG) ; Detection method
AFG3L2 c.499G>A p.G167R rs1234429070 0 VUS Panel
ALDHI1841; ¢.2308G>A p.-V770M 1rs369153920 0.0031% VUS Panel
ATM c.2755A>G p.R919G - 0 VUS Panel
ATM c.8717T>C p-V2906A rs730881328 0.0009% VUS, leaning pathogenic Panel
BSCL2 c.641A>G p-H214R 1rs544020840 0.0018% VUS WES
CACNAIA | ¢c.6517G>T p.D2173Y rs370289732 0 VUs Panel
CACNAIA | ¢.3256G>T p.G1087C - 0 VUS Panel
FLNC €.3428C>T p.S1143L rs756192123 0.0018% VUS, leaning pathogenic WES
GBEI c.1193A>G p.H398R rs755004170 0.0009% VUS WES
GBEI c.496C>T p.R166C rs376546162 0.0039% VUS WES
GJBI c.688C>T p.R230C rs587781246 0 VUS WES
INF2 ¢.2489G>T p.G830V rs377340315 0.0303% VUS WES
KBTBDI3 | ¢.1112G>C p.C371S rs1019923438 0 VUS Panel
KBTBD13 c.239A>T p-Q80L - 0 VUsS Panel
KBTBDI13 c436C>T p.R146C - 0 VUs Panel
KBTBDI3 | c.1322T>A p.L441Q rs1005611902 0 VUS Panel
KCNA2 c.1351T>C p.S451P - 0 VUS Panel
KIFIB ¢.3099A>C p.K987N - 0 VUS WES
KIFIB ¢.5408G>A p.R1757Q rs1010276300 0.0008% VUS WES
KIFIB €.2942G>T p.RI8IL - 0 VUS WES
KIFIB c.1210A>G p.S404G - 0 VUS Panel
KIFIB c.2707C>T p.R903C - 0 VUS Panel
LDB3 c.1786G>A p.V601I 1rs727503130 0.0044% VUS Panel
LMNA c.1520G>A p-S395N - 0 VUS, leaning pathogenic Panel
MORC2 c.1753C>T p.R523C 1s548292999 0.0023% VUS WES
MTMR?2 c.408A>C p.E136D - 0 VUS Panel
MTMR?2 ¢.256G>C p.D86H - 0 VUS Panel
NDRG1 c.498C>A p-N166K - 0 VUS Panel
NPCI ¢.2959A>C p.K987Q rs969498640 0.0023% VUS, leaning pathogenic Panel
PNKP c.287T>G p-V96G - 0 VUS WES
POLG €.2243G>C p.W748S rs113994097 0.0907% pathogenic Panel

POLG c.1570C>G p.P524A 1rs577476988 0.0062% VUS WES, Panel

POLG c.391T>C p.Y131H rs562847013 0.0371% VUS Panel
SACS c.6706C>T p.P2236S - 0 VUS Panel
SACS c.6278G>A p.R2093H rs150018812 0.0016% VUS Panel
SACS ¢.12491T>C p.J4164T - 0 VUS Panel
SBF1 ¢.3274G>A p.E1092K rs371576175 0.0024% VUS Panel
SBF?2 c.2527A>G p-M843V 1rs1228700161 0.0009% VUS WES
SEPT9 c.1405G>A p.G469S rs1039884847 0 VUS Panel
SH3TC2 c.1973G>A p-R658H rs138040787 0.014% pathogenic Panel
SPTBN2 c.4396G>A p.V1466M 15763193925 0.0046% VUS Panel
SPTBN2 €.944C>T p.S315L rs1373892107 0 VUS Panel
TPM?2 c.356C>T p-AL119V rs757873408 0.0009% VUS, leaning pathogenic Panel
TRPC3 c.868G>A p.A290T - 0 VUsS WES
WASHCS5 | ¢.2644T>G p.F882V 15779756399 0.0039% VUS WES

Table 9. The NGS identified variants of genes associated with neurodegenerative and/or neuromuscular diseases
different from ALS
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The reanalysis by VarSome and Franklin software has not changed any of the
classifications: two variants are considered pathogenic, 6 are VUS-s which have an ACMG
classification that leans towards pathogenicity and 37 VUS. All variants were identified in a

heterozygous state.

By reanalyzing the whole exome sequencing data obtained in 2018 we were able to
evaluate the genes that have not been associated with ALS back then. Based on the literature

nine new genes are associated with ALS since 2018 (Table 10).

Gene Reference

ANXAIl Smith et al., 2017
ARPP21 Lietal., 2020

CYLD Dobson-Stone et al., 2020
CYPIA2 Siokas et al., 2021
GLT8DI  Cooper-Knock et al., 2019
MFSDS8 Huang et al., 2021

SIR Couly et al., 2020
SH2B3 Lahut et al., 2012
TIAI Mackenzie et al., 2017

Table 10. Novel genes associated with ALS in the last 5 years, and analyzed in our study.

Analyzing the sequence results from the NGS studies for these genes 4 variants were
detected in 4 different genes (Table 11). All variants were found in different patients in
heterozygous state except for the truncating variant in the MFSDS gene which was observed in

homozygous form.

i f i MAF in non-

i Nucleotide | Amino acid | Finnish Pathogenicity

H i dbSNP

Gene change change i European (ACMG)

: . (gnomAD)
ANXAIl  c.1105G>A  p.E369K rs34414015 0.000016 benign
ARPP2]  ¢c.1724T>C p.V521A - 0 VUS
GLT8DI1 c.13A>G p-K5E - 0 A4S
MFSD8  ¢910C>T = p.Q304X ] 0 likely pathogenic

Table 11. Variants identified by NGS in genes newly associated with ALS

No relevant variants were identified in 741, CYLD, SH2B3, SIR and in CYPI1A2 genes.
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Functional studies of the ANG R57W variant

A total of 3 ANG gene variants were identified in 4 patients from the 183 ALS patients
(2.19%) (Table 12). Two patients carried the ¢.3G>T, p.M1I variant, and the ¢.379G>A,
p.V1271 and the c.169C>T, p.R57W variants were detected in one patient.

Nucleotide i Amino acid . MAF i non- Pathogenicity Number of
Gene change change i dbSNP Finnish European (ACMG) patients
(gnomAD)
ANG c.3G>T p- M11 - 0 likely pathogenic 2
ANG c.169C>T  p.R57TW 15749308574 0.0018% VUS 1
ANG c.379G>A  pVI271  1s553513710 0.0009% VUS 1

Table 12. Variants identified in the ANG gene within the framework of our project.

The ¢.3G>T, p. M1I variant affects the transcriptional starting methionine and changes
it to valine. The variant is located in the signal peptide region that is cleaved from the mature
protein product (Strydom et al. 1985). Prediction tools categorize it as a likely pathogenic
variant with a possible start loss effect.

The ¢.379G>A, p.V127I variant is predicted as VUS. The 127" amino acid position is
highly conserved, thus variants affecting the position are noteworthy.

The ¢.169C>T, p.R57W variant is predicted as VUS. To understand the underling
mechanism by which the c.169C>T, p.R57W alteration causes the possible phenotype
computational simulations, ribonucleolytic assays and nuclear translocation assays were
performed.

The molecular dynamics simulation studies were conducted via in silico modelling.
Although more structural fluctuations were observed in the first 15 nanoseconds after the
emergence in case of the c.169C>T, p.R57W variant than in case of the wild type protein,
eventually steadiness was reached, therefore we conclude that the mutation does not alter the
stability of the protein (Figure 5).

During a 100 ns all-atom simulation study of the ¢.169C>T, p.R57W variant, a catalytic
site amino acid, the histidine in the 114%™ position showed a conformational switch. This

conformational change implicates a reduced ribonucleolytic activity.
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Figure 5. Catalytic residue His114 changed its conformation from native —80° during the simulations, indicating
its role in probable loss of ribonucleolytic activity, whereas wild-type ANG maintained a stable His114
conformation

As an endorsement of the in silico results a ribonucleolytic activity assay was performed.
In this study the mutant protein could only exhibit 57.4% of the wild type protein’s
ribonucleolytic activity (Figure 6). This means that the mutant angiogenin protein has a lower

activity than the wild type one.
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Figure 6. Comparison of the measured enzymatic activity of the wild type (WT) and the mutant(MUT) angiogenin
protein.

Additional results from the 100 ns simulations of the c.169C>T, p.R57W mutant protein
show that the most crucial amino acids forming the nuclear localization signal, 5SRRWS57 go

through a different folding process which makes the nuclear localization signal less accessible
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by solvents (Figure 7). A closed off structure may be observed in case of the mutant at both
examined timepoints while the wild type protein displays a loose and open conformation at both

timepoints.

Figure 7. The local folding of the nuclear localization signal in case of the wild type angiogenin (a and b) and in
case of the variant (c and d). Pictures were taken at two different timepoints (a and c, b and d, respectively).
Arginine residues are labelled as the former nomenclature of the ANG protein as R31, R32 and R33 which are
currently named R55, R56, R57 respectively.

As a validation of the above results, a nuclear translocation assay was carried out using
human umbilical vein endothelial cell (HUVEC) cultures. HUVECs were incubated with 1
pg/ml of wild type and with 1 pg/ml p.R57W angiogenin protein for 30 minutes and then
immunostained for angiogenin. Nuclear translocation assay was performed by enumerating the
average angiogenin staining intensity level in the nucleus and in the cytoplasm of cells in three
fields of view. Cells treated with wild type angiogenin showed a nuclear/cytoplasmic staining
in 24/34 cells per field of view, whilst cells treated with the c.169C>T, p.R57W mutant protein
exhibited a nuclear/cytoplasmic staining in 14/37 cells per field of view (Figure 8). Thus, a
statistically significant difference could be observed between the nuclear translocation ability
of the wild type and mutant protein (p=0.001). This confirms our hypothesis that the ¢.169C>T,

p.R57W mutation impairs the ability of the protein to undergo nuclear translocation.
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Figure 8. The c.169C>T, p.R57W mutation impairs the ability of the angiogenin protein to undergo nuclear
translocation. Cells treated with wild type angiogenin showed a nuclear/cytoplasmic staining, while cells treated
with wild mutant angiogenin protein showed a higher degree of cytoplasmic staining. The DNA is stained with
4',6-diamidino-2-phenylindole (DAPI) (blue).

Furthermore, an overall decrease in staining uptake could be observed in case of the
cells treated with mutant angiogenin which suggests that not only the ribonucleolytic activity
and the nuclear translocation ability of the protein was damaged, but also the cellular

recognition and internalization have decreased.

Screening of ALS genetic risk factors

Potential genetic risk factors, based on exhaustive search of the scientific literature, were
also screened. Genes that have been reported from ALS cohort studies and genes labelled as

‘moderate evidence’ or ‘tenuous’ in the ALS Online Database were examined.

Repeat expansion of the ATX/N1 gene

The intermediate length repeat expansion in the A7XN/ gene was assessed in 182 ALS
patients and 178 healthy control individuals. Normal alleles contain 6-31 repeats. Repeats
longer than 39 units confer a risk of spinocerebellar ataxia 1. In our study the cut-off number
>32 repeats was used as recommended by Conforti et al (Conforti et al. 2012). The distribution
of different alleles among the ALS patient cohort and the healthy control group are similar
(Figure 9).
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Figure 9. Distribution of ATXN] alleles by length in ALS patients and in healthy control individuals

Repeat length in case of ALS patients ranged from 24-37 units, while among control
individuals from 22-33 units (Figure 9). On average, ALS patients carried 28.03 CAG repeats,
while healthy control individuals bore a mean repeat length of 27.62 units (p=0.0014, 95%
confidence interval (CI): 0.16-0.6589). 8.79% (16/182) of the ALS patients proved to carry an
intermediate length allele (32-39 repeats) in heterozygous form while only 1.12% (2/178) of
the healthy control individuals were found to carry an intermediate length repeat expansion in
a heterozygous state. The difference reached the level of significance and an odds ratio of 8.482

(95% CI: 2.052-37.56) could be determined.
Repeat expansion of the 4TX/V2 gene

The CAG trinucleotide repeat expansion in the 47XN2 gene was assessed in 153 ALS
patients and 195 healthy control individuals. Normal ATXN2 allele were defined as less than 24
CAG units, intermediate length alleles contained 24-33 trinucleotide repeats while fully
expanded alleles encompassed more than 33 repeats.

The repeat range was 20-33 repeats in case of ALS patients and 18-32 repeats for the
healthy control group (Figure 10). The mean repeat number of the A7XN2 gene among ALS

patients was 23.28 CAG trinucleotide units, whilst control patients carried 23.11 repeats in

-34 -



average. The difference between the groups reached the level of significance (p= 0.0409, 95%
CI: 0.007215 — 0.3395).
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Figure 10. Distribution of 4TXN2 alleles by length among ALS patients and healthy control individuals

18.3% (26/153) ALS patients were found to carry an intermediate length repeat
expansion, while this rate was 9.23% (18/195) among control individuals. Only ALS patients
were observed to carry the intermediate length repeat expansion in a homozygous form (3
patients, one with a genotype off 24/24 and two patients represented 28/28 repeats), the repeat
expansion was only identified in a heterozygous state among control individuals. Statistically,
carrying an intermediate length allele confers a 2.203-fold risk for developing ALS. (95% CI:
1.196-4.098)

Copy number variations of the SMNI1 and SMN2 genes

The copy number variations of the SMNI and SMN2 genes were studied in 148 ALS
patients and in 148 control individuals by multiplex ligation-dependent probe-amplification
assay (MLPA). Duplications of the SMNI gene were present in 6 ALS patients and in 7 control
patients (6/148, 4.05% and 7/148, 4.73% respectively).

Homozygous deletions of the SMN2 pseudogene were observed in 7 ALS patients and
in 10 control individuals (4.73% and 6.76%, respectively).
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Discussion

In our study we performed a thorough genetic characterization of 183 Hungarian
amyotrophic lateral sclerosis patients, diagnosed between 2008 and 2021 at the Department of
Neurology, University of Szeged. By following a stepwise working algorithm, utilizing Sanger
sequencing, multiplex ligation-dependent probe-amplification assay, next-generation
sequencing methods and fragment length analysis we screened the major and the minor ALS
genes, genes associated with other neurodegenerative and neuromuscular diseases and
additionally provided information on the genetic risk factors of ALS.

Our work provides the first comprehensive genetic study of ALS patients of Hungarian

origin and we report the genetic landscape and architecture of these patients.

This work is the continuation and expansion of the previously published articles by our

research group on this topic (Tripolszki, Torok, et al. 2017; Tripolszki, Cséanyi, et al. 2017).

CYorf72 repeat expansion and SODI mutations are the most common genetic alterations

in Hungarian ALS patients

The main ALS genes (SOD1, ANG, FUS, TARDBP, UBQLN2 and NEK genes and the
C9orf72 repeat expansion) were investigated in every recruited patient since the involvement
of these genes is established as the most common ones in European populations.

Based on the literature, SOD/ variants may account for 12-23% of the familial ALS
forms and 1% of the sporadic cases (Andersen 2006; Yilmaz et al. 2023). Identifying SODI
mutation carriers is key in the treatment of ALS patients, since patients with SOD/ variants
may be eligible for antisense oligonucleotide-based therapy which is already available in
Hungary, too.

In our study altogether four different SOD/ variants were identified in 6 patients from
the investigated 183. Three recurrent missense variants (c.43G>A, p.V15M, ¢.272A>C,
p.DI91A and ¢.435G>C, p.L145F) and a novel frameshift variant (c.275 276del, p.K92RfsTer9)
leading to premature termination have been detected. The ¢.435G>C; p.L145F variant is the
most causative variant in our cohort as it was identified in three cases, twice in the first tested
66 patients (Tripolszki, Csanyi, et al. 2017) and ones in the 29 lastly recruited patients. This

missense variant affecting the last, fifth exon of the gene. It is described as a mutational hot
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spot (Wahiduzzaman et al. 2021). This variant is very rarely identified in the healthy non-
Finnish European population, its allele frequency is 0.0035% in the gnomAD database.
Functional studies have confirmed the damaging effect of the variant (Gal et al. 2016).

It was identified in heterozygous form in our patients, which is in good agreement with
its autosomal dominant inheritance. All three carrier patients were female. One of them reported
a family history of ALS (Tripolszki, Csanyi, et al. 2017). The ¢.435G>C, p.L145F variant is
thought to stem from the Istro-Rumanian peninsula or Serbia (Corcia et al. 2011). Although
none of our patients were of Balkan origin, based on the geographical proximity a common
ancestor may not be excluded. Studies associate the variant with a later onset of disease and a
slower progression (Ferrera et al. 2003), which fits our lastly diagnosed patient’s phenotype.
Both the later onset and the moderately progressive disease can be attributed to the mild
decrease of the enzymatic activity of the superoxide dismutase 1 enzyme (Mase¢ et al. 2001). A
non-specific cognitive decline has been also described in the literature. However, in our lastly
diagnosed patient neuropsychological tests are not suggestive of cognitive impairment. Early
respiratory involvement has been also noted in connection with the variant but in the case of
our lastly diagnosed patient there is no data pointing to early respiratory involvement (Corcia
etal. 2011).

The most recent patient (diagnosed in 2021) carrying the ¢.435G>C, p.L145F variant
has presented at the neurologist at the age of 70, 8 months after the onset of symptoms. She
started noticing the weakness of her left lower limb and gradually the weakness spread to all
other limbs. Her symptoms originated predominantly from LMN damage, but UMN and
pseudobulbar signs could also be observed. Her family history was negative for ALS and
diseases alike. Despite being treated with riluzole, her state slowly deteriorated and she died
due to the complications of progressive respiratory insufficiency 24 months after the onset of
symptoms.

Sparse data is available on the other two Hungarian patients carrying the c.435G>C,
p.L145F variant. One was a 29-year-old female at the onset of the disease. Her paternal
grandmother had a similar disease. Her symptoms started with lower limb weakness and
progressed with UMN signs as well. She passed away 4 years after the onset of the disease. The
other patient was a 46-year-old female with a negative family history for ALS. Her
comorbidities included lumbar polydiscopathy. She showed signs of LMN, UMN and bulbar
involvement and died 3 years after the onset of symptoms (Tripolszki, Csanyi, et al. 2017).

Our solved six cases are a 3.28% (6/183) diagnostic rate for the SOD1 gene. The larger
fraction of apparently sporadic ALS patients with an identified SOD] variant in our study may
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be attributed to the possible miscategorization of familial cases as sporadic due to the lack of

information about the ancestors.

According to a 2014 publication (Renton, Chio, and Traynor 2014b), among ALS
patients of European origin, 40% of familial ALS cases and around 7% of sporadic ALS cases
may be explained by the repeat expansion of the C90rf72 gene. Lower frequencies have been
reported in Italy, where 5.1% of sporadic ALS cases were positive for the repeat expansion, and
in a Flanders-Belgian cohort, where 3.81% of sporadic ALS patients were carriers of the
expansion (Ratti et al. 2012; van der Zee et al. 2013). C90rf72 hexanucleotide repeat expansion
was detected in 9.56% (13/136) of the examined Hungarian patients. In our Hungarian sporadic
ALS patients group a larger fraction of patients carry the C9orf72 repeat expansion, which again
may be caused by the possible miscategorization of familial cases as sporadic due to the lack
of information about the ancestors.

The mean age of the C90rf72 repeat expansion positive patients was 60.22 years, which
is a bit lower than the mean age at onset of the whole patient cohort (62.99 years). Most patients
presented at a neurologist’s office in less than a year after the onset of symptoms (mean time to
diagnosis from symptoms onset: 9.62 months). At the initial examination all patients had LMN
symptoms and 92.31% (12/13) of them displayed UMN signs as well. Bulbar symptoms were
also common, 69.23% (9/13) had experienced bulbar impairment as well, which is consistent
with the literature (Cooper-Knock, Shaw, and Kirby 2014).

We identified 3 C90rf72 repeat expansion positive patients carrying additional relevant
variants in another major ALS gene. One patient harbored the SOSTM c.1178G>A, p.R393Q
variant, another carried the NEK/I ¢.749A>G, p.N250S variant, and the third patient proved
positive for the intermediate length repeat expansion in the ATXN! gene. This finding supports
the hypothesis that ALS is rather an oligogenic disease and more than one potent genetic variant

may be identified in one patient (Blitterswijk et al. 2012).

Re-analysis of the panel sequencing data re-categorizes variants and detects rare

damaging ALS associated gene variants

In our project we re-analyzed the whole exome and panel sequencing data and
recategorized the variants that have earned an updated ACMG classification in the elapsed 5
years. It important to periodically re-assess the NGS data and keep re-classifying the VUSs to

decide on the real significance of the variants. With time additional data emerges which might
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necessitate the reconsideration of significance. This becomes easier with time as large cross-
ethnic healthy subject databases are becoming available.
From the investigated 35 major ALS genes additional variants of interest were detected

in 16 genes. One pathogenic and three likely pathogenic variants and 21 VUSs were identified.

One pathogenic variant was identified in the Alsin Rho Guanine Nucleotide Exchange
Factor (4LS2) gene. The ALS2 protein functions as a guanine nucleotide exchange factor for
the small GTPase RABS. The ALS2 protein co-localizes with the RABS protein on early
endosomal compartments, and functions as a modulator for endosomal dynamics. ALS2 gene
variants when found in homozygous form or in compound heterozygous state may cause
infantile-onset ascending spastic paralysis, while heterozygous variants are associated with an
adult-onset motor neuron disease (Sztriha et al. 2009). The uncovered ¢.3529G>T, p.G1177Ter
known pathogenic stop gain variant localizes to the Membrane Occupation and Recognition
Nexus (MORN 6) repeat motif. MORN motifs have a highly conserved sequence (Sajko et al.
2020). Each MORN repeat sequence begins with a GxG amino acid series, in which the second
glycine (in our case the 1177th amino acid) must be the smallest amino acid possible because
any larger amino acid would not be able to lodge the following highly conserved and
structurally bulky amino acid residues. Thus, the repeat region would not be able to form the
desired architecture (Sajko et al. 2020). The truncated protein would not be able to oligomerize

and to perform its Rab5-guanine exchange factor activity (Hadano et al. 2007).

Two likely pathogenic and one VUS variants were identified in the Ubiquitin binding
protein p62 (SOSTM1) gene. All three revealed variants localize to the ubiquitin binding
domain. The ubiquitin binding domain is a conserved site of the protein involved in binding of
other polyubiquitinated molecules and directing them towards degradation (Seibenhener et al.
2004). Disruption of the ubiquitin binding domain may disturb the physiological breakdown of
polyubiquitinated substrates. SOSTM1 variants have been first described in ALS patients in
2011 (Fecto et al. 2011). Before that SOSTM1 gene variants have been described in Paget
disease of the bone (Laurin et al. 2001). Surprisingly, the patient carrying the c.1165G>C,

p.E389Q variant also reported to have been diagnosed with Paget disease of the bone before.

The NIMA-related kinase 1 (VEK1) gene was recently identified as an ALS candidate
gene based on gene-burden studies thanks to the support from the viral online ALS Ice Bucket

Challenge (Cirulli et al. 2015). In our study two NEK missense variants have been observed:
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the ¢.782G>A, p.R261H and the ¢.749A>G, p.N250S variants. Both variants affect the protein
kinase domain. The p.R261H variant is a known ALS susceptibility factor (Kenna et al. 2016).
We identified the p.R261H variant in 3.68% (5/107) of ALS patients and in 1.08% (4/370) of
healthy control individuals, while a larger study involving ALS patients from all over Europe
noted a NEK] variant carriership frequency of 1.13% and 0.6% among patients and control
individuals respectively (Brenner et al. 2016). NEK variants seem to be more common among
Hungarian ALS patients than in other ethnicities. However, the exact cause of it remains
unsolved. As NEK loss of function variants are associated with an incomplete penetrance, thus
their elevated frequency among healthy individuals does not exclude the disease-causing

potential (Nguyen et al. 2018).

A likely pathogenic and a VUS variant were identified in the Ubiquilin 2 (UBQLN2)
gene which encodes an ubiquitin-like protein. The novel ¢.252A>T, p.Q84H VUS variant
affects the ubiquitin-like domain, which is located towards the N-terminal of the protein. This
domain is responsible for inhibiting GPCR mediated endocytosis and for coupling the protein
with other parts of the proteosome (Zhang et al. 2014). The identified likely pathogenic
c.1174A>G, p.M392V variant was also reported by a Chinese research group (Huang, Shen,
and Fan 2017). Their patient also presented as the classical ALS phenotype which is consistent
with our findings. Previously, a different variant affecting the same amino acid position
(p.M392I) has been reported pathogenic (Ozoguz et al. 2015). The reported patient had a rapidly

progressive juvenile onset disease.

Three different missense variants were observed in the Neurofilament Heavy Chain
(NEFH) gene. Variants in the NEFH gene have been associated with the development of ALS
since 1994 (Figlewicz et al. 1994). In our cohort two patients carried the ¢.1013C>T, p.T338I,
one person carried the ¢.443G>C, p.R148P and one the c.1514C>T, p.P505L variant. The
c.1013C>T, p.T338I and c.443G>C, p.R148P variants are located inside the intermediate
filament rod domain. The rod domains are essential in dimerization processes (Chernyatina et

al. 2012). The alteration of these sequences might result in loss of dimerization activity.

We identified a novel deletion ¢.1888 1890del, p.K631del and a recurrent missense
variant, ¢.1190T>C, p.I397T in the TANK binding kinase 1 (7BK1) gene. The protein encoded
by this gene mediates NFKB activation in response to certain growth factors. The role of 7TBK/

variants has been implied in ALS-FTD and also in pure forms of FTD (Freischmidt et al. 2015;
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Lamb et al. 2019). The patient carrying the 7BK/ c.1888 1890del, p.K631del variant was 37
years old at disease onset. Signs of FTD were also noted in her case. The frequency of the
c.1190T>C, p.I397T variant is extremely low in the gnomAD population database. However,
in contrast to other known pathogenic 7BK/ variants, the c.1190T>C, p.1397T variant does not
decrease but rather increases the phosphorylation activity of the protein. Moreover, it does not
seem to alter the structure and stability of the protein. The suggested classification of the variant

is VUS, although the pathogenicity of it is debatable (Pozzi et al. 2017).

Interestingly, in our study 5.61% (6/107) patients were observed to carry more than one
relevant variant in major ALS genes. Two patients carrying an expanded allele on the C9orf72
locus and one SOSTM1 or one NEK variant are described above. Co-occurrence of different

variants have been noted by others as well in ALS patients (Blitterswijk et al. 2012).

Variants detected in candidate or minor ALS genes presented with the classical ALS

phenotype

Thirty-two variants in 25 candidate or minor ALS genes were detected in 25 patients.
We cannot exclude the possibility that several of these variants contributed to the development
of ALS or ALS like phenotypes. However, in some cases the association between the disease
and the detected variant is tenuous, since the mode of inheritance does not fit the zygosity of
the variant.

The Hexosaminidase A (HEXA) gene is associated with Tay-Sachs disease which
follows an autosomal recessive hereditary pattern (Okada et al. 1971). In the literature a HEXA
variant was described in a male patient diagnosed with ALS at the age of 16. His disease
progressed into dementia, and he also showed ataxic symptoms as previously reported by
Mitsumoto et al (Mitsumoto et al. 1985). Based on enzyme activity assays and large-scale
genetic studies it was concluded that HEXA variants are not associated with ALS but the two
diseases may share a phenotypic overlap (Drory et al. 2003). The ¢.1073+1G>C splice variant
of the HEXA gene was uncovered in heterozygous form in one patient in our study. The variant
uncovered in our patient is likely not disease-causing since our patient showed the classic ALS
symptoms and had a later disease onset.

Two variants were revealed in the paraplegin SPG7 gene: the ¢.1813G>C, p.G605R
likely pathogenic missense variant and the c¢.1235C>T, p.A412V variant of uncertain

significance. All pathogenic SPG7 variants described to date affect the highly conserved AAA+
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homology ATPase domain (Osmanovic et al. 2020). Interestingly, the less plausible variant, the
c.1235C>T, p.A412V localizes to this domain. Although SPG7 variants were identified in ALS
patients in a large German cohort, they do not seem to have a causal relationship to ALS but
rather help the differentiation of spastic paraplegias from ALS (Kriiger et al. 2016).

In one of the patients, the ¢.490-1G>A splice variant of the copper chaperone for
superoxide dismutase gene (CCS) was detected. It can be interesting as overexpression of the
CCS gene combined with a SODI mutation results in a more rapid curse of disease in animal
models (Son et al. 2007). In two small studies no relevant CCS variants were revealed, thus it
may be a rare genetic factor contributing to ALS (Orlacchio et al. 2000; Silahtaroglu et al.
2002).

Pleckstrin Homology And RhoGEF Domain Containing G5 (PLEKHGS) gene variants
have been associated with juvenile onset and slowly progressing LMN disease (Maystadt et al.
2007). A missense variant, ¢.773C>T, p. P327L was uncovered in the PLEKHGS gene. A
PLEKHGS variant was found to segregate with a pathogenic TARDBP variant, which raises the
possibility of the two genes being in a functional connection (Goldstein et al. 2020). The
phenotype of our ALS patient does not fit to the previously described literature data; thus, it is
unlikely to be disease-causing one in our case.

A VUS variant - c.705T>G, p.Y235X - of the Paraoxonase 2 (PON2) gene was also
detected in our study. Paraoxonases possess antioxidant properties and are involved in
cholesterol and lipoprotein metabolism (Reichert, Levy, and Bydlowski 2021). The link
between abnormal lipid metabolism and neurodegeneration is well established for a while,
which could explain the potential role of the variant in the pathomechanism of ALS (Hall and

Harcup 1969).

Genetically based differential diagnosis to ALS offered by next generation sequencing

The third gene set of our analysis included 160 genes that are associated with
neurodegenerative and neuromuscular diseases that can mimic ALS in their clinical picture. In
this gene set 45 variants in 29 genes were revealed. However, many of the findings are likely
to be not disease-causing in our patients, since the clinical picture and inheritance pattern do

not always match the expected phenotype based on the genetic alteration.

Mitochondrial defects may also contribute to the pathomechanism of ALS (Dupuis et

al. 2011). We have identified a variant in the catalytic subunit of mitochondrial DNA
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polymerase encoded by the DNA Polymerase Gamma, Catalytic Subunit (POLG) gene. Some
of the adult onset POLG related diseases include progressive external ophthalmoplegia, sensory
ataxia, neuropathy, dysarthria and atypical parkinsonism (Rahman and Copeland 2019).
Although the phenotype spectrum associated with POLG variants is rather wide, the phenotype
of our patient does not exactly fit the POLG associated disease spectrum.

Homozygous or compound heterozygous variants of the SH3 domain and
tetratricopeptide repeats 2 (SH37C2) gene are known to cause Charcot—-Marie-Tooth
neuropathy type 4C (Lassuthova et al. 2011). The gene product is thought to be an adapter or
docking molecule. We identified the c.1973G>A, p.R658H variant of the gene in heterozygous
form. A Turkish study also identified an ALS pedigree carrying a heterozygous SH37C2 variant
(c.1568T>C, p.M523T). The Turkish proband was in her 5% decade of life and had a lower limb
onset of ALS (Kotan et al. 2020). Future examinations are needed to clarify the possible link
between heterozygous SH3TC2 variants and ALS.

Variants of the N-terminal actin binding domain of the Filamin-C (FLNC) gene may be
identified in patients with distal myopathy type 4, while variants affecting the filamin C rod and
dimerization domain account for myofibrillar myopathy type 5 (Duff et al. 2011). The
c.3428C>T, p.S1143L variant detected in one of our patients localizes to the filamin 9 repeat
domain which guides dimerization processes (Lamsoul, Dupré, and Lutz 2020). FLNC variants
were observed in abundance in frontotemporal dementia (FTD) patients, one of the described
patients displayed the FTD-ALS phenotype (Janssens et al. 2015). Since ALS and FTD are
located on the same phenotypic spectrum we may expect a growing number of studies linking
ALS and FLNC variants.

Lamin A (LMNA) gene variants are linked to autosomal dominant Emery-Dreifuss
muscular dystrophy, Dunningan type partial familial lipodystrophy and cardiomyopathies
(Bonne et al. 2000; Peters et al. 1998). Specific variants of each region of the protein are likely
to contribute to the development of different phenotypes. An LMNA variant was reported to
coexist with variants in major ALS genes SETX and FUS in a patient diagnosed with
lipodystrophy and ALS (Volkening et al. 2021). Our identified variant is the c.1520G>A,
p.S395N. In wild type lamin A the 395" amino acid position undergoes a posttranslational
modification and becomes a phosphoserine. Phosphorylation may play a role in the modulation
of its lamin associations (Kochin et al. 2014). Due to the serine to asparagine change it cannot

be modified, thus we suppose its deleterious effect.
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Based on the literature, nine novel genes have been linked to ALS since 2018 when our
first analysis of the next-generation sequencing (NGS) data took place. Taking advantage of
the possibility to re-analyze NGS data we were able to evaluate the ALS associated novel genes.
Four variants in 4 different genes were detected. All variants were found in heterozygous state
except for the truncating variant in the MFSDS gene which was observed in a homozygous
form.

In the literature an Annexin A1l (ANXAIIl) gene variant (c.119A>G, p.D40G) is
reported to segregate with ALS (Smith et al. 2017). Although we detected an other variant
(c.1105G>A, p.E369K) we believe it is causative as it is close to the C-terminal domain. C-
terminal domain variants of the encoded protein damage the calcium homeostasis and calcium
metabolism may be a key player in common pathway of neurodegeneration (Patai et al. 2017,
Nahm et al. 2020).

Variants of the major facilitator superfamily domain containing 8 (MFSDS) gene have
been linked to frontotemporal dementia in 2019 (Geier et al. 2019). Later the association was
confirmed in ALS patients as well (Huang et al. 2021). The encoded protein is a putative
lysosomal membrane transporter (Siintola et al. 2007). The identified ¢.910C>T, p.Q304X
nonsense variant of the MFSDS gene results in a truncated protein, thus we suppose it is not
able to fulfill its function.

The Glycosyltransferase 8 Domain Containing 1 (GLT8DI) gene is responsible for
coding a glycosyltransferase protein. Although the specific function of the coded protein has
not been determined yet, it was proven that both wild type and mutant GLT8D1 protein localize
to the Golgi network. ALS associated variants of the gene localize near the substrate binding
domain and impair the glycosyltransferase activity of the protein. (Cooper-Knock et al. 2019).
Since the ¢.13A>G, p.K5E variant detected in our patient disrupts the Golgi localization signal,
we expect the protein to mislocalize and thus damage the normal ganglioside metabolism.
Abnormal ganglioside processing has long been observed in ALS (Moll, Shaw, and Cooper-
Knock 2020; Desport et al. 2006).

It has been proposed that GLT8D1 variants and CAMP Regulated Phosphoprotein 21
(ARPP2]) variants act synergistically (Cooper-Knock et al. 2019). Unfortunately, we cannot
confirm their synergistic effect in our ALS cohort as our identified variants (the ARPP2]
c.1724T>C, p.V521A and the GLTS8DI c.13A>G, p.K5E variant) are carried by two different
patients. Recent studies from Australia and mainland China reported ARPP21 variants as
occasional findings in ALS patients (Li et al. 2020; Chan Moi Fat et al. 2021). Our data confirms

the same conclusion.
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A novel angiogenin variant impairs both the ribonucleolytic activity and the nuclear

translocation of the encoded protein

Relevant angiogenin (ANG) gene variants were detected in 2.19% (4/183) of our
patients, which is higher than reported by other groups of sporadic ALS patients (Greenway et
al. 2006). Literature data has shown the decreased stability of the protein and the decreased
enzymatic activity which are proportional to the disease duration and to inversely proportional
to the disease onset (Aluri et al. 2020). Although our cohort is too small to draw a far-fetched
conclusion from it, our results support the above hypotheses.

The ANG c.3G>T, p.M1I may have a start loss effect on the protein and thus interfere
with the physiological function of it. This variant was detected in a 79-year-old female patient
who noticed dysphagia and dysarthria 6 months prior to the examination. These were signs of
a pseudobulbar palsy. She presented with an atrophic tongue with restrained tongue movements
and generalized brisk reflexes. She got an ALSFRS-R score of 33/48 upon initial examinations.

We identified the ANG ¢.379G>A, p.V1271 in our cohort. This variant was first reported
in 2011 (Zou et al. 2012). In silico studies suggested that the replacement of the wild type valine
to isoleucine may precipitate the forming of a new hydrogen bond connecting the 127" and the
138™ amino acid position. This new hydrogen bond could disrupt the physiological protein
structure (Padhi et al. 2012). A ribonucleolytic assay similar to our experiment performed with
the p.V127I variant showed comparable results to our assay of the p.R57W variant. The
p-V1271 exhibits approximately half of the ribonucleolytic activity of the wild type enzyme,
just like we determined in case of the p.R57W variant (Bradshaw et al. 2017).

Our index patient carrying the c.379G>A, p.V1271 variant was a 63-year-old man who
had 1.5-year complaint of muscle twitching, muscle wasting and weakness of the right upper
limb. Thorough neurological examination discovered bulbar- and pseudobulbar paresis as well.
The patient scored 41/48 on the ALSFRS-R scale.

The ANG c.169C>T, p.R57W variant was identified in a 55-year-old male patient who
presented at the neurologist’s office one year after the onset of his symptoms. He showed severe
atrophy and weakness of the distal muscles of the upper limbs with concomitant tongue atrophy,
fasciculations and dysarthria. Electromyographic examination showed fibrillations in all
myotomes. Deep tendon reflexes were brisk on the lower limbs, while no deep tendon reflexes
could be elicited on the upper limbs. Upon initial examination the patient scored 35/48 on the

ALSFRS-R scale.
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Our functional assays have shown that the ¢.169C>T, p.R57W variant possesses a bit
more than half of the wild type protein’s ribonucleolytic activity. This piece of information
corresponds to data published before: almost all deleterious ANG variants exhibit a decreased
catalytic activity compared to the wild type protein (Wu et al. 2009; Bradshaw et al. 2017).

It has been shown that the c.169C>T, p.R57W variant also impairs the function of the
nuclear localization signal built by the S3IMRRRGLS59 amino acids of the encoded protein. The
three arginines (amino acid positions 55-57) are known to govern the process. The nuclear
localization sequence of the mutant protein forms a more closed off structure compared to the
wild type protein’s open structure of the SSRRR57 amino acids. This could be a consequence
of the replacement of a hydrophilic arginine to a hydrophobic tryptophane. We suppose that the
nuclear translocation activity of the protein shrinks due to the decreased solvent accessible
surface area of the variant protein. Based on the results of our functional studies carried out we
conclude that the arginine tryptophane change in the 57" amino acid position significantly
impairs the protein’s ability to translocate into the nucleus.

A different variant (c.169 170delCGinsGC) affecting the same amino acid, p.R57A has
been shown to lack angiogenic activity and also the variant protein did not get an admission
into the nucleus (Moroianu and Riordan 1994). Many of the ALS associated ANG variants act
by inducing a folding change of the structure and thus limiting the solvent accessible surface
area of the nuclear localization signal (Thiyagarajan et al. 2012; Padhi et al. 2014). Our studies
have characterized the p.R57W variant from a clinical, a genetic and from molecular point of

view and based on our results we consider the variant pathogenic.

Intermediate length repeat expansion of the ATXN1 and ATXN2 genes are common ALS

genetic risk factors in the Hungarian ALS population

Alongside of identifying causative ALS genes, ALS risk factor genes have been also
described in literature recently. The variations of these genes do not directly cause ALS but
rather increas the risk of developing the disease. These genes include ATXNI, AXTN2, SMN1
and SMN2 (Lee et al. 2011; Elden et al. 2010; Blauw et al. 2012).

Almost 9% (8.79%, 16/182) of the investigated ALS patients were found to carry the
intermediate length CAG repeat expansion in the ATXNI gene, while only 1.12% (2 out of the
178) control individuals carried an intermediate length allele.

Studies conducted on ethnically homogenous populations have reported lower rates of

the intermediate length ATXNI allele among ALS patients. In Italy 7.07% of the 418 tested
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ALS patients showed an elongated allele (Conforti et al. 2012). The fact that neither ATXN1
nor ATXN2 intermediate repeat expansions show an association with ALS among ALS patients
of African origin highlights the need to conduct population specific studies to detect the diverse
genetic architecture of ALS (Nel et al. 2021).

ATXNI intermediate length repeat expansions are thought to act as contributing factors
to TDP-43 protein aggregation. The abundance of ataxin-1 is believed to disturb the transport
of TDP-43 protein from the cytoplasm to the nucleus. Thus in the presence of the ATXNI
intermediate length repeat expansion, TDP-43 protein may become enriched in the cytoplasm
and tends to form aggregates (Tazelaar et al. 2020; Woerner et al. 2016).

According to previous studies, intermediate length alleles of the A7XN/ gene do not
alter the age at onset, the survival, or the phenotype of the patients (Tazelaar et al. 2020). The
age at onset of our ATXN! intermediate repeat expansion carrying patients was 60.18 years and
on average they have had an 18-month-long history of complaints. Ataxia could not be observed
in any of the patients. All of them had signs of upper- and lower motor neuron damage and
most of them presented bulbar signs as well.

Two patients carried an additional variant in a major ALS gene beside the ATXNI
intermediate repeat expansion. One patient carried the p.R84H variant of the UBQLN2 gene
and another patient also harbored the hexanucleotide repeat expansion in the C9orf72 gene.
Repeat expansion in the ATXNI and in the C90rf72 gene have been found to coexist frequently
(Lattante et al. 2018). The patient carrying both the C90rf72 and the ATXN1 repeat expansion
was diagnosed with ALS at the age of 70 based on a three-month history of dysphagia and
weakness. At initial examination she scored 37/48 on the ALS Functional Rating Scale and
29/30 on the Mini Mental State Examination. Further studies are needed to confirm the link
between CYorf72 and ATXNI repeat expansions in ALS, as the small size of our cohort does

not allow us to establish an association.

ATXN?2 intermediate length repeat expansions were first associated with an increased
risk of ALS in 2010 (Elden et al. 2010). In the literature there has been much debate on the cut-
off value of intermediate alleles: some authors suggested a cutoff repeat number as high as 32
CAG units (Corrado et al. 2011). In our study we used the values (> 24 repeats) which were
proposed by Elden et al 2010.

The detected 18.3% (26/153) frequency of the intermediate length alleles of the ALS
patients and 9.23% (18/195) of the control individuals is much higher than reported by
comparable studies conducted on European population (Daoud et al. 2011). None of the ATXN2
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intermediate length allele carrying patients showed clinical signs of type 2 spinocerebellar
ataxia, which is consistent with previous reports (Corrado et al. 2011).

Table 13 shows data from larger populations regarding the carriership frequency of
ATXNI and ATXN2 intermediate length alleles among ALS patients. It is noteworthy that no

other population shows as high carriership percentage as the examined Hungarian ALS patients.

Number of
uatientrs(/, Frequency in ALS patients/ controls
Gene Variant P . . described by other groups (population References First report Published functional studies
controls in this .
size)
study

7.07%/ 2.38% (418 ALS patients and 296

intermediate length -y ¢ (8 7994 healthy individuals); 5.84%/2.75% (411 | Confort eral., 2012;

ATXNI AG trinucleotid: onforti et al. , 2012 Tazelaar et al, 2020.
CAG inucleotide 26 1 1204) ALS patients and 436 healthy control Gongalves ef al. , 2020 Conforti etal., arclaaretat,
expansion T
individuals)
intermediate length 3%/ 0% (232 ALS patients and 395 healthy
28/153 (18.3%)/ 1.,2011;
ATXN2  CAG trinucleotide S3(I8.3%) ol individuals) 7.2%/ 5.1% (471 ALs | Comadoeral, 20115 Elden etal., 2010 Elden et al, 2010.

18/195 (9.23%)

Daoud et al., 2011
expansion cases and 556 healthy controls) aoudetat.

Table 13. Literature data on the ATXN/ and ATXN2 intermediate repeat expansion carriership frequency among
different populations.

With our results we confirm that both ATXN/ and ATXN2 intermediate length repeat
expansions are risk factors of ALS and both repeat expansions are more common in the

Hungarian ALS population compared to other European ethnicities.

Number of
u;:lie::s(; Frequency in ALS patients/ controls
Gene Variant P . . described by other groups (population References First report
controls in this .
size)
study
7.8%/ 1.8% (167 ALS patients and 167 . .
6/148 (4.05%)/ Ci et al., 2002; C
SMNI duplication (OS%) althy controls); 5.19%/2.6% (433 ALs  Cordiaeral, 2002 Corela o ar 2002
7/148 (4.73%) 3 etal., 2006
patients and 454 healthy controls)
20%/ 2% (25 ALS patients and 25 health: .
7/148 (4.73%)/ o/ 2% patients and 2> healtly 'y oo eral., 2012; Corcia er

SMN2 homozygous deletion controls); 5.8%/7.4% (502 ALS patients and Leeetal.,2012

o
107148 (6.76%) 502 healthy controls) al., 2012

Table 14. Literature data on SMNI duplications and SMN2 homozygous deletion in ALS patients.

Table 14 reports the frequency of copy number variations of the SMNI and SMN2 genes
in other populations. SMN1 duplications and SMN2 homozygous deletions were present in a
similar fraction of ALS patients of other European ethnicities as we have reported in case of
the Hungarian ALS patients.

Our results suggest that neither SMN/ duplications nor SMN2 homozygous deletions are
a potent genetic risk factors of ALS, since the frequency of these genetic variations are similar
in the ALS and the control group. Studies have shown that carrying three copies of the SMN/
gene is as common among ALS patients as 7%, and the duplication of the gene is associated

with a more than twofold increased risk of ALS (Corcia et al. 2002).
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Conflicting reports have emerged whether homozygous deletions of SMN2 are risk
factors for developing ALS or the complete opposite: homozygous SMN2 deletions may have
a protecting role against ALS (Lee et al. 2012; Corcia et al. 2012). Our data supports neither of
these strong statements. Up to date no effect of SMNI or SMN2 copy number variation has been

described in the literature regarding the age at onset or disease duration (Blauw et al. 2012).
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Conclusion

In this PhD dissertation we report the first detailed genetic investigations in the
Hungarian amyotrophic lateral sclerosis population that resulted in the identification of novel
putative ALS-associated genetic factors. With the accurate and detailed phenotypic data our
sample collection represents a great value to the Hungarian and to the international scientific
community as well.

Within the frameworks of our project, a novel angiogenin mutation was detected and
functionally characterized to prove its disease-causing role. We also performed the whole
exome sequencing of 21 ALS patients and carried out a thorough custom design panel
sequencing of additional 86 ALS patients. These panels were reanalyzed 5 years later.
Furthermore, we investigated the role of established genetic risk factors of ALS in the
Hungarian ALS patient’s cohort.

Genetic factors contributing to the development of ALS vary from one ethnic group to
the other (Zou et al. 2017). Characterizing a different population adds crucial data to the
growing amount of available information about the population-specific aspects of ALS. By
deciphering the genetic background of ALS, we might better understand the diverse
pathological processes behind the disease. Well understood pathology of the disease paves the
way to the development of effective and personalized therapeutic options (van Es et al. 2017).

Our project identified the genetic background of ALS in almost 41% of our patients and
our work also revealed novel genotype-phenotype correlations. To stratify the patients, genetic
risk factors were also investigated which helped to understand the different phenotypic
characteristics of patients with the same main or major ALS gene variant.

Particularly interesting is the oligogenic basis of ALS, for which more and more
evidence has stockpiled in recent years (Blitterswijk et al. 2012; Kuuluvainen et al. 2019; Ross
et al. 2020; McCann et al. 2021). It is believed that a more potent, penetrant variant or several
less penetrant variants contribute to the development of the disease. The subgroup of patients

carrying multiple major ALS gene variants identified in our cohort support this hypothesis.
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