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List of abbreviations

AAV — Adeno-associated virus

ALS — Amyotrophic lateral sclerosis

ALS-FRS-R — ALS Functional Rating Scale Revised
ALS/FTD — Amyotrophic lateral sclerosis and frontotemporal dementia
BMI — Body mass index

BSA — Bovine serum albumin

C9orf72 — Chromosome 9 open reading frame 72

CNS - Central nervous system

DNA — Deoxyribonucleic acid

ECAS — Edinburgh Cognitive and Behavioral ALS screen
EDTA — Ethylenediaminetetraacetic acid

fALS — Familial amyotrophic lateral sclerosis

FAS — Flail arm syndrome

FLS - Flail leg syndrome

FTD — Frontotemporal dementia

FUS — Fused in sarcoma

GDP — Gross domestic product

HRE — Hexanucleotide repeat expansion

IQR — Interquartile range

PCR — Polymerase chain reaction

PLS — Primary lateral sclerosis

PMA — Progressive muscular atrophy

pTDP43 — Phosphorylated TAR DNA binding protein 43
p.D90A — Point mutation aspartic acid at codon 90 changed to alanine
RNA — Ribonucleic acid

SALS — Sporadic amyotrophic lateral sclerosis

SD - Standard deviation

SNP — Single nucleotide polymorphism

SOD1 - Superoxidase dismutase 1

TARDBP — TAR DNA-binding protein



l. Introduction

Amyotrophic lateral sclerosis (ALS) is a multisystem neurodegenerative
disease characterized by loss of the upper and lower motor neurons in the central
nervous system (CNS), with patients exhibiting progressive muscle weakness,
paralysis, and eventual death due to a neuromuscular respiratory failure. This
occurs within three to five years in the median from the onset of the disease. In a
subset of patients, frontal lobe regions of the brain undergo degeneration with a
clinical presentation of cognitive and language deficits and personality changes
leading to diagnosis of amyotrophic lateral sclerosis and frontotemporal dementia
(ALS/FTD) (1).

ALS is considered to be a rare disease; in Europe incidence ranges from 2-
3 cases per 100.000 (2). In contrast, incidence of ALS varies based on the ancestral
origin (3). A limitation of global ALS epidemiology is that 80% of studies have been
conducted in Europe and the United States (4), thus data are lacking from other
parts of the world.

Aetiology of the disease is still unknown, despite some cluster of studies
reporting environmental causes (5,6). Epidemiologic and experimental studies
attempted to find potential exogenous risk factors for ALS (7), however proof of
causal associations is sparse. One study deliberately addressed some attributable
risk factors for ALS (8).

Clinical presentation of ALS is broadly heterogeneous with the representation
of symptoms depending on which motor neurons are affected, therefore having
different clinical implications by body regions, and differing from patient to patient.
Variable clinical phenotypes therefore affect disease progression and its diagnosis.
In general, itis observed that early focal symptoms of ALS usually begin in the limbs
(9). Associated with poorer prognosis, bulbar onset is more common in elderly
patients and women (10). Clinical phenotypes also seem to vary in populations from
different continents (3).

Neurological examination reveals concurring involvement of the upper
(spasticity, hyperreflexia and Babinski sign) and lower motor neurons (muscle
atrophy, fasciculation and cramps), which makes it hard to standardise the

diagnosing criteria for ALS with the considerations of its heterogeneous nature of
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symptoms. The El Escorial criteria consolidated by neurologists in the field on motor
neuron diseases, was used as a main criterion of diagnosing ALS (11). It was
subsequently revised and a thorough clinical classification of ALS subtypes by
syndrome was sought (12). Additionally, up to half of all patients have subtle
impairment of temporal and frontal lobe cognitive function, which is evidenced by
the fact that 50% of ALS patients develop frontotemporal dementia (FTD) (13).

About 90% of cases are observed to be sporadic ALS (SALS), and only 5-
10% of patients report family history and termed familial ALS (fALS). The first
genetic mutation identified as causing ALS were SOD1 mutations located on the
longer arm of the 215t chromosome of human genome (14).

SOD1 is globally the most commonly mutated gene and is associated with
approximately 20% of all fALS cases and 2% of sALS. The protein comprises 153
amino acids and, to this date, 210 mutations throughout its 5 exons have been
identified in the ALS cohort, with significant and non-pathogenic variants

(http://alsod.iop.kcl.ac.uk/). Depending on the location of the mutations along the

SOD1 gene, carriers have a variable phenotypic expressivity. For example, SOD1
p.D90A (aspartic acid at codon 90 changed to alanine, in exon 4), the most
commonly distributed mutation in the northern part of Europe, exhibits both in
autosomal dominant and recessive patterns in different populations (15,16), and is
associated with a much slower course than usual; conversely: the p.A4V, p.G41S,
p.G93A and p.R115G variants of SOD1 have consistently poor survival (17).
Pathogenesis of genetic mutation in SOD1 is explained to be induced by the
overproduction of reactive oxygen species through loss of function mutations in
SOD1 (18); while the gain of function mutations results in increase of oxidative
stress which impairs endogenous environment of neuronal cells (19). Accumulation
of proteins functionally altered during normal proteinogenesis leads to release of
excessive oxidative radicals into the cytoplasm.

Mutations in fused in sarcoma (FUS) gene were identified to cause about 5%
of fALS (20), and rarely, some SALS cases (21). Interestingly, de novo FUS
mutations accounted for 43% in early onset patients in Germany, genetically
explaining the causes of SALS in this cohort (22).

In 2012, a major genetic breakthrough in ALS research was made with the
identification of hexanucleotide repeat expansion (HRE) in a non-coding region of

the open reading frame 72 of the chromosome 9 (C90rf72); this genetic abnormality
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was frequently found in a series of families with an autosomal form of familial
frontotemporal dementia (11.7%) and familial ALS (23.5%) (23,24). This discovery
genetically and clinico-pathologically linked two separate diseases: ALS and FTD.
Pathomechanisms associated with this expansion are reviewed in detail elsewhere
(25).

Globally, the prevalence of C9orf72 HRE predominates in the European
derived populations, however, given sparse data from South and East Asia, its
distributions in these regions are inconclusive. Specifically, it is recognised to be
most prevalent in Finland, where it is claimed to be caused by founder effects (26).
Small cluster studies indicate different founder events occuring distinct from the
observed conserved haplotype (27).

A plethora of mutations identified in different cohorts, with different
pathogenic implications and identification of common genes susceptible to both
sporadic and familial ALS cases, complicates the definition of either sporadic or
familial ALS (28). Thus, once pathogenic mutation in a disease-causing gene is
found in the patient and segregates with the disease, the term hereditary or primary
genetic ALS is advised (12). The search for candidate genes for this disease is
accelerating, with only a few causative pathogenic variants playing a plausible role;
in fact, only 15% of all ALS cases (combined sALS and fALS) are genetically
explained (29). Indeed, heterogenic architecture with variants identified in several
rarely mutated ALS genes was performed in a large-set cohort of ALS families in
Germany, with 43% of participating families also remaining genetically unexplained
(30).

Functional studies conducted to understand how these genetic implications
are mechanistically altering mainly DNA/RNA processing, autophagy, vesicle
transport, oxidative stress and metabolism are elucidating parts of the puzzle (31).

Pathological implications have been identified phosphorylated TAR DNA
binding protein 43 (pTDP43) disposition at the cellular level of affected neurons of
diseased ALS patients (32). Distribution of protein aggregates in affected neurons
was observed along axonal pathways (33). Nevertheless, pTDP43 pathology is
almost never observed in the cases with mutations in the SOD1 gene, where, for
instance, neuronal inclusions containing aggregated SOD1 are recognised to be
pathologic hallmarks of ALS caused by SOD1 mutations in ALS patients (34,35).



Different protein types were identified pathologically in ALS patients with specific
genetic mutations (35).

The progressive nature of the disease makes it necessary to find appropriate
treatments for ALS. One treatment with a modest effect of prolonging progression
from 3-6 months is Riluzole (36), a glutamate modulator that acts by restraining
excitatory motor neuron firing, though the effect of the treatment depends on
administration of the drug in the early stages of the disease.

Based on clinical evaluation of gene or mutation-specific carriers mediated
by genes such as SOD1 and C9orf72, therapies are being developed to inactivate
production of toxic gene products (e.g. antisense oligonucleotides and adeno-
associated virus (AAV)-delivered microRNA)(37-39). However, these therapies are
for a subset of patients with specific mutation carriers, while the majority of ALS
patients are unexplained genetically.

The goals of ALS research area are to find a cure, halt disease progression,
or at least lengthen prognosis. Though breakthroughs in genetics, molecular
biology, pathology have allowed advances in the latter goal, patients still suffer and
there is no cure for this devastating disease.

Despite encouraging findings in genetics, it is also necessary to thoroughly
observe how disease progresses within individuals, and whether these patients
share specific phenotypic symptoms that modify the course of the disease.

Examining positive prognostic factors in patients living with disease may give
us an alternative way of approaching our patients with their specific prognoses. One
study described the disease to be prone to metabolic features, which had negative
prognostic values for the survival of disease (40). Thus high-caloric nutrition is an
established ALS therapy and has been found to prolong survival in patients with
percutaneous endoscopic gastrostomy (41). Younger onset of disease is also an
important positive prognostic factor for the progression of the disease.

Many studies attempt to delineate the pathogenesis of the disease, though it
remains poorly understood. As in many other disease pathologies, the complex
interplay between intrinsic and extrinsic factors may play a role in pathogenesis and
Is yet to be fully elucidated.

Reviewing the findings of ALS studies allows us to better understand the
pathogenesis of the functions altered during the disease course. It is imperable to

apply this understanding to evidence-based and individualized medicine globally, to
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summarize the common features that ALS may encompass. Thus, narrowing our
focus within populations of different backgrounds aid ascertainment of the possible
disease-causing factors, whether they are genetic, environmental or population
specific.

The Asian continent comprises widely diverse populations with different
ethnic, social, and cultural backgrounds as well as health systems. In recent years,
ALS research in Asia increased the knowledge of this disease (42—45). However, in
less developed countries in the Asian region, data remain limited (46).

Developing deeper knowledge about the differences between Caucasian and
Asian cohorts of ALS patients might lead to a deeper understanding of the ALS
genotype/phenotype relationship and is warranted to further define ALS in different
backgrounds.

The scientific sector is still at its infancy in Mongolia, comprising only 0.1% of
total GDP (gross domestic product). Thus, collaborative international projects on
this newly examined population may reveal distinct scientific features. Collaborative
approaches such as these have made it possible to describe and reveal some
genetic features of neurological diseases among Mongolians (47). Mongolia’s small
population size also enables us to reveal the architecture of ALS in the country more
easily. Observing the findings from different population background may also
differentiate the way that we explain the disease.

Mongolia, located in North Central Asia, represents a genetically distinct and
relatively homogenous population compared to other parts of the world (48,49). We
thus set out to characterize ALS in the Mongolian population clinically and

genetically.



Il Material and methods

This was a case-control study on the genetic background of ALS in Mongolia.
A collaboration initiated between two institutions (Mongolian Institute of Medical
Sciences and the Department of Neurology, Ulm University) enabled this project to
be carried out. The study protocol was reviewed by the Scientific Review Board of
the Institute of Medical Sciences, Ulaanbaatar, Mongolia and approved by the
Ethics Review Committee of the Ministry of Health of Mongolia (2015/07/111), which
is recognized as following international and local ethical regulations. Written

informed consent for participation in the study was obtained from all participants.

Study participants

Patients were recruited at the Department of Neurology, Institute of Medical
Sciences of Ulaanbaatar, Mongolia, after the referral from local neurologists of
Ulaanbaatar city’s general hospitals and neurologists throughout all provinces of
Mongolia. Briefly, ascertainment of cases was validated through an annual expert
workshop (with 148 participating neurologists from throughout the country) and an
outpatient study visit operated by German neurologists from Ulm University to
Ulaanbaatar, Mongolia. About 60% of the whole Mongolian population,
approximately 1.3 million inhabitants, reside in Ulaanbaatar city or its vicinity.
Furthermore, neurologists of all provinces in Mongolia, from March 2015 to
September 2018, participated in the study. Upon a registration of a suspected case
in the countryside in Mongolia, a specialized neurologist visited immobile patients
in the remotest areas of the country. We thus attempted to cover the entire
population of Mongolia. Standard clinical neurological examinations were performed
on a total of 74 unrelated patients. Data included age at onset, site of onset, delay
between first symptoms and diagnosis, and self-reported body weight information.
All patients met the revised El Escorial criteria for ALS. Clinical subtypes were
examined as described previously (12,50). Electromyography testing was
performed at the Reflex clinic in Ulaanbaatar, Mongolia. ALS functional rating scale
revised (ALS-FRS-R) scores were collected at the first presentation. We managed
inpatient clinical care for the patients residing in the remote locations; from these
patients, paired scores for ALS-FRS-R were correlated with their survival. The

censoring date for the survival analysis was December 2018. The patients were
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contacted every three months by telephone, and when possible, hospital care was
provided. Systematic mortality update was conducted once a year. The date of the
last contact was used as the censoring date for those patients lost to follow up, for
the others, it was the date of the last systematic mortality update.

To calculate crude incidence rates of ALS, annual reference data from the
booklet of the State Office of Reference of Mongolia was used, and age-
standardized rates were calculated using the world standard population database
(51) (Supplementary table 1). The prevalence rate was estimated as product of the
incidence rate and mean survival. We performed a descriptive statistical analysis.
Quantitative data are expressed as means and standard deviations (SD) or median
depending on the distribution of the values. Categorical data are described as
absolute frequencies and ratios. The Kaplan-Meier method (COX regression
analysis) was used to calculate survival and median survival times. All statistical

analysis were performed using SPSS17 program.

Blood collection, DNA extraction and Genetic testing

Collection of human peripheral venous blood was performed in a non-fasting
state using a Monovette™ blood drawing system (EDTA monovettes; Sarstedt,
Germany, #01.1605.001). 8 ml EDTA blood was used for DNA extraction.
Erythrocytes were lysed in 20 ml lysis buffer (155mM NH4CI, 10mM KHCOs, 0.1mM
Naz EDTA, pH=7.4) for 15 min on ice. The leukocyte pellet was re-suspended in 2.5
ml SE buffer (75 mM NaCl, 25 mM EDTA). To release the DNA, proteinase K
digestion was performed using 1001 20% SDS+proteinase K (10mg/ml, Roche,
Switzerland) overnight at 37 °C. 900 (| of saturated sodium chloride solution (6 M
NaCl) was added. The DNA was precipitated in 7 ml of 100% ethanol. Then, the
DNA was washed in 70% ethanol, dried at room temperature, and re-suspended in
300 (I buffer (1 M Tris/HCI, 0.5 mM EDTA) (52). A total of 125 healthy control
subjects, without any neurological disease at the time of sample collection provided
blood samples as controls and were matched to cases for sex, residence area and
age. Analysis of HRE in C9orf72 was performed by fragment analysis and repeat-
primed polymerase chain reaction (RP-PCR). Oligonucleotide primers were
published previously (23,24). Fragment analysis was performed with 50ng of
genomic DNA and the NEB polymerase kit OneTaq (OneTaq 2X Master Mix with
GC buffer, NEB, Germany) according to the manufacturer’s protocol and a touch-
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down PCR protocol (65 °C — 55 °C). RP-PCR was performed with 500 ng DN, 7-
deaze-2-deoxy GTP [2.5mM], Qiagen DNA polymerase and slow-down PCR
protocol (53). A C9orf72 expansion was anticipated if alleles larger than determined
by fragment analysis could be detected by RP-PCR. For Southern blot analysis 10
(g DNA was digested with Hindlll and Xbal overnight. DNA fragments were
separated by a 0.9% TRIS-Borat-EDTA (TBE) agarose gel, transferred by alkali
blotting onto Amersham Hybond NTM-XL (GE Healthcare, Fisher Scientific,
Germany) and hybridized to a 3°P- labelled probe overnight. After washing X-ray
films were exposed for 4-6 days at -80 °C. BstEIll digested lambda DNA was used
as a size marker for calculation of the repeat sizes (54,55). C9orf72 testing was
performed at the Molecular Genetics laboratories of the Institute of Human genetics
for all samples.

Analysis of point mutations SOD1 and FUS was tested by Sanger

sequencing. We designed forward and reverse ml3-tailed primers (primer
sequences are available on request). Amplification PCRs were performed using U
AmpliTagGold polymerase (Life Technologies, CA, USA, #N8080247), 1.5 (g BSA
(PAA, Austria, #K41-001), 0.4 mM of each nucleotide, 0.5 (I of each primer (10
pmol/l) and 10-15 ng genomic DNA. After PCR amplification the fragments
covering exons and exon-intron boundaries were treated with ExoSAP-IT
(Affymetrix, CA, USA, #78201). For the sequencing reaction the BigDye Terminator
v3.1 CycleSequencing kit (Life Technologies, CA, USA, #4337455) was used in
accordance with the manufacturer’s instructions. For haplotype analysis on
C9orf72-HRE positive cases and respective family members we genotyped the
most conserved risk haplotypes consisting of 15 single nucleotide polymorphism
(SNP) (56,57). The sequencing samples were prepared using 10 (I formamide.
Electrophoresis was performed on an ABI PRISM—3730 DNA Analyzer (Applied
Biosystems). The SNPs were genotyped using Sanger sequencing. SNPs were
excluded if they had a minor allele frequency (MAF) <0.01.
Fragment analysis and Sanger sequencing products were analysed on an ABI3130
DNA Analyzer (Applied Biosystems) using Pop-7 polymer (Life technologies, CA,
USA, #4352759) and dye or filter set C. Data were analysed with the PeakScanner
TM (Applied Biosystems) and with Sequence Scanner v2.0 (Applied Biosystems).



. Results

Epidemiology and Clinical demographics of ALS in Mongolia

In total, 74 patients with ALS, 37 unaffected family members, as well as 116

healthy, unrelated, age-matc

hed and gender-matched control individuals were

enrolled in the study. 3 out of the 74 index patients reported a family history of ALS

(4.0% fALS) and/or a phenotype consistent with FTD. Clinical demographics and

characteristics are depicted in

Table 1.

Table 1. Demographics and clinical characteristics of Mongolian ALS patients
diagnosed in the years from 2015 to 2018

Number of patients

74

Age of onset, median (IQR),

years

52 (IQR 43.7-58.2)

Male to female ratio

1.38:1 (43/31)

Type of onset; N (%)

Spinal 50 (67.6%)
Bulbar 24 (32.4%)
ALS subforms, N (%)

PLS 3 (4.1%)
PMA 2 (2.7%)
FAS/FLS 11 (14.9%)

BMI (kg/m2), median

26.1 (IQR 23.8-29.2)

Riluzole use, N (%)

7 (11.1%)

Loss of ALS-FRS-R per

month*

0.66 (IQR 0.35-1.29)

Survival from onset, months

56.0+6.0

Statistics given as median and interquartile range (IQR), ALS — Amyotrophic lateral sclerosis, PLS - primary lateral sclerosis, PMA -
progressive muscular atrophy, FAS - flail arm syndrome, FLS - flail leg syndrome, BMI — body mass index, ALS-FRS-R — ALS|

functional rating scale revised * data analysed on the subset of patients with the scores at the early stages of disease.

The mean age of onset of ALS was 52 (IQR 43.7-58.2) (Table 1). Crude
incidence of ALS in Mongolia was 0.61, while annual incidence adjusted for age and

sex using world standardized population was estimated to be 0.74 per 100.000
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people. With the mean survival of 56 months (from the date of onset), the prevalence
of ALS in the Mongolian population was estimated to be 3.64 per 100.000
inhabitants. The prevalence is higher in males than females (males: prevalence
3.82/100.000; females: 2.49/100.000; ratio 1.38:1). Moreover, the age-specific

prevalence peaked between 60 and 69 years of age (Figure 1).
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Figure 1. Age specific prevalence rates of ALS in Mongolian cohort. Green line shows estimated

overall age-specific prevalence rates, the blue dotted lines are those for males, the red lined line
for females.

We observed that 67.6% (n=50) of the patients had ALS with spinal onset of
symptoms, while bulbar onset accounted for 32.4% (n=24). Progressive muscle
atrophy (PMA), primary lateral sclerosis (PLS), flail arm syndrome (FAS) and flail
leg syndrome (FLS) subforms accounted for 2.7% (n = 2), 4.1% (n = 3) and 14.9%
(n=11) respectfully. The overall mean age at disease onset was 51.2 + 11.1 years.
Progressive bulbar paralysis was seen at older age, 53.6 (+ 12.2) years (Table 1).
Mean survival time from onset was 56.0 (£ 6.0) months, with bulbar onset cases
having the shortest survival with 40.1 (+ 6.3) months. Classical ALS patients (upper
combined with lower motor neuron disease and spinal onset) survived on average
47.2 (x 4.9) months. Positive predictive factors for survival were high body mass
index, younger age at onset, lower limb onset; if all factors were present, survival
reached 88.4 months.
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Cox proportional hazards model analysis revealed that younger age at onset
was significantly associated with longer survival (p = 0.01). Furthermore, we
correlated the survival from onset of ALS by the phenotype category in our

prospective cohort (Figure 2).
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Figure 2. Survival rates according to clinical subtypes in Mongolian ALS cohort. Survival rates
were highest for flail arm and leg phenotypes as illustrated with a green line. Our data also show
that bulbar onset patients represented with red line have the worst prognosis. The blue line in this

Kaplan-Meier curve shows survival rates of patients showing the classical ALS phenotype.

The paired ALS-FRS-R scores revealed 0.66 loss of score per month in the

patient group. Seven patients (11.1%) medicated with riluzole for ALS.

Genotyping of Mongolian ALS patients

We genotyped all patients and healthy controls who were recruited for this
study for mutations in the most frequent ALS genes, namely SOD1, C9orf72 and
FUS. We observed a pathogenic repeat expansion in the C9orf72 gene in a patient
with familial ALS-FTD (fALS-FTD), two patients with familial ALS (fALS) and in one
apparently sALS from different families and regions of the country. The two patients
without signs of FTD presented with classic bulbar onset ALS (Table 2). A patient
with sALS exhibited with classic form of ALS at onset of disease on 59 years old.
The length of the expansion ranged from 1200 to 2400 repeats, quantified by the
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southern blotting technique. No control individuals had the C9orf72 expansion, and
all controls were tested negative for mutations in SOD1 or FUS.

The case with fALS-FTD were seen in the field by an experienced ALS and
FTD neurologist from the department of Neurology, Ulm University, who was always

accompanied by a native speaking neurologist.

Table 2: Characteristics of Mongolian patients carrying ALS mutations. Presented are index
patients of families with C9orf72 mutation, all 3 patients with SOD1 mutation have

apparently sporadic ALS.
Gene ID Heterozygous / Sex Age of Duration/  Site of Additional Type
homozygous onset, months onset features of ALS
years

SOD1 p.D90A M41 Heterozygous F 52 >45 Bulbar Slow Bulbo-
progression Spinal
M56 Heterozygous F 59 >53 Upper Slow Spinal

Limb progression
M65 Homozygous F 56 >12 Lower Mild Spinal

Limb progression
C9orf72 M24 Heterozygous F 47 36 Upper fALS/FTD Bulbar

Hexanucleotide limb

Repeat M29 Heterozygous M 55 18 Bulbar fALS Bulbar
expansion M54 Heterozygous M 44 36 Bulbar fALS Bulbar
M73 Heterozygous F 59 >24 Upper SALS Spinal

limb

fALS — familial ALS, SALS — sporadic ALS, FTD - frontotemporal dementia, F — female, M — male.

FUS mutations have been previously reported to be responsible for a large
proportion of young-onset ALS cases (22). Because the Mongolian study cohort
contains a relatively high number of patients with onset before 45 years, we
genotyped the mutational hot-spot exons 14 to 15 of FUS in all cases with onset
before 45 years (n=15). None of the patients examined carried a mutation in the
FUS hot-spot exons.

Two heterozygous and one homozygous SOD1 p.D90A mutation carriers
were identified. Two of the heterozygous p.D90A mutation carriers exhibited ALS
with a slow progression of disease. The phenotype of homozygous p.D90A also
only moderately progressed. The family history of these patients could not be

explored further since all three patients were adopted (Figure 3).
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Figure 3. Pedigree of families exhibiting SOD1 p.D90A mutation detected in our Mongolian cohort

of ALS. The index patients are marked with an arrow and filled black circles, information below is
given in the format: age of each subject at the time of sample collection, genotype — SOD1 d90a

— heterozygous, SOD1 d90a/d90a — homozygous, wt - wildtype.

To further explore and examine our C9orf72 patient family with fALS-FTD,
we have included 18 family members for further analysis. The C9orf72 HRE were
observed in the 5 asymptomatic siblings of the index patient, and in two siblings
exhibiting symptoms of FTD. Her mother died of ALS at the age of 55. The index
patients” uncle also died of ALS at a similar age of 53. The two asymptomatic uncles
(both at least 10 years older than the index patient) and 4 children (all younger that
the index patient) were also tested positive for a C9orf72 HRE (Figure 4). The
grandfather of the index patient had a similar disease as reported by family
members. Analysis on the family member revealed an age-dependent penetrance

of 57% at 55 years of age.
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Figure 4. Pedigrees of Mongolian families with ALS/FTD or ALS and a C9orf72 HRE. The index
patients are marked with an arrow, information below is given in the format age of each subject at

the time of sample collection, age at death, genotype, and phenotype (58).
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Haplotype analyses of C9orf72 HRE carriers

We then investigated the most conserved C9orf72 risk haplotypes described
before, specifically the predominant European and recently published Han Chinese
haplotype. To that end, we tested the genotypes of in total 15 SNPs including risk
haplotype SNPs associated with the European C9orf72 mutation haplotype and
previously observed SNPs defining a Chinese C9orf72 mutation haplotype. The
common European founder haplotypes rs73440960A, rs11789520A, rs3849945C,
rs2453555/5 T/A, rs774359G, rs774357T and rs774356G were inconsistent with
alleles observed in Mongolian expansion carriers (Supplementary table 2). Recently
published Han Chinese risk haplotypes were partially present in the Mongolian
cohort. The Mongolian repeat expansion carriers did not harbor the European risk
alleles atrs1982915 and rs2281241 described previously. Moreover, specifically the
SNPs rs1948522T, rs1565948T and rs3849943A were strongly associated within
our expansion carriers. Taken together, the Mongolian risk haplotype differs both on
centromeric and telomeric side of the C9orf72 HRE from both the European and the
Chinese haplotype, indicating the presence of a Mongolian risk haplotype (58).

Linkage analysis conducted in three families with ALS or ALS/FTD revealed
that the common haplotype was found in all expansion carriers (n=20) (Figure 5).
Therefore, itis likely that a conserved risk haplotype underlies ALS/FTD in Mongolia.
Our linkage region covers a 43 kilobase long region; this region is slightly shorter

than the European predisposing haplotype which consists of 110kb region.
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Figure 5. Schematic representation of SNP genotyping data on C9orf72 HRE haplotypes from
Mongolia compared with Europe and China. Differences between populations are shaded in light
red. * = C9orf72 HRE-associated SNP genotypes (56), ** = SNP genotypes (57) defining the
Chinese C9orf72 HRE haplotype, *** = SNP markers by (56,57); “n.k.” indicates SNPs not
assessed/known in HRE carriers in the respective cohort; MNG = Mongolian, EU = European,
CHN = Chinese. The markers are presented in order from telomeric (right) to centromeric (left)
side (58).
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V. Discussion

In the present study, we provide the first description of ALS in the
homogenous Mongolian population as one of a not yet studied rather separated
Asian population. We report information on clinical phenotypes as well as a genetic
analysis of the most frequently mutated ALS disease genes. We describe different
clinical phenotypes when compared to Caucasian cohorts, and a surprisingly high
prevalence of C9orf72-linked ALS/FTD cases in Mongolia when compared to other
Asian populations. Moreover, we detected a distinct C9orf72 HRE risk haplotype in
the Mongolian population.

We had several methodological limitations in our study. First, the risk of
incomplete ascertainment of cases might have occurred. With the help of
international collaboration and neurological conference organized with even
including neurologists from the countryside, we were able to raise an awareness of
disease throughout the country. Another challenge was the lack of a validated
neuropsychological test in Mongolian language. FTD diagnosis was established
based on clinical impression by experienced neurologists from Ulm University, who
have been visiting Ulaanbaatar, Mongolia annually for the last ten consecutive
years. We are working on a validation of ECAS (Edinburgh Cognitive and Behavioral
ALS screen) in our Mongolian language. Validation of neuropsychological screening
and development of guidelines are necessary for an accurate observation and for
the evaluation of cognitive status in our patients. A more sophisticated approach is
now being taken for developing a proper battery for a screening of dementia in the
Mongolian population.

The approach in a more detailed analysis including sequencing of over 30
other ALS disease genes, including TDP-43/TARDBP, must follow.

The crude incidence of ALS is 0.61 and the prevalence rate was 3.64 per
100.000 in our Mongolian prospective cohort. To supplement reports on ALS in Asia
(46,59) we document a comparable incidence rate, when standardised to the world
population database. This is in line with other Asian populations like China (60), but
we highlight that the nature of the studies from these regions report data from the
hospital-based registries, whereas we report a data on the population based

prospective cohort (61).
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Varying evidence from geographical and continental countries reveal lower
incidences of ALS in some parts of the world (62). In Asia it can be explained by a
lack of health service access for elderly people in the highly populated countries and
ascertainment bias should be acknowledged. Considering the observation that more
than half of the patients diagnosed with ALS in our cohort were residing in the
countryside throughout Mongolia, revealing a good nationwide coverage.

People aged over 60 years old make up less than 5% of the Mongolian
population, the low percentage of elderly people indicates shorter life span, which
may reflect the low incidence of this late-onset disease.

The mean age of onset of the disease in our prospective cohort is 52 (IQR
43.7-58.2), which is also reported to be in the same range in other Asian cohorts
(10,46,60).

We observe that ALS is more prevalent in males compared to females
(1.31:1), which is in line with database online (ALS online database, ALSoD) (10).
In the general characteristics of the lifestyles of our patients, smoking and alcohol
usage were observed at higher level among males (data not shown). A thorough
case control study needed to prove this assumption. Indeed, studies report an
association of smoking playing a role as one of the risk factors for ALS in the
epidemiological observational studies (63,64), though other studies did not confirm
(65).

Classical ALS phenotypes (around 75%) in Asian populations does not
strongly differ to those seen in patients with European origin, which is the same with
our observation of spinal onset accounting for 67.5%, followed by bulbar-onset ALS.
Contrary to the studies reporting clinical subtype of ALS in comparison between
China and Germany, patients with FAS/FLS were diagnosed within the same range
(50), where we have seen 14.9% of patients exhibiting ALS subforms.

The longer survival is observed regardless of whether patients resided in the
rural or urban areas in our cohort, if considering that cases in the city would assuring
have better health services. In fact, the multidisciplinary health care facilities
designated for ALS patients are lacking in the community or are almost non-existent.

Several prognostic risk factors were observed in our cohort related to the
longer duration of disease. We report that younger onset of disease is correlated

with a longer survival of disease, supporting data reported elsewhere (46,50,60,66).
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We have analysed the records with complete information on the ALS-FRS-R
scores observed at the enrolment. Our patients with shorter disease duration had a
faster disease progression as measured by the loss of ALS-FRS-R score per month,
when comparing the scores from the early stages of disease with the later stages of
disease. Given more precise consideration on the progression of the disease,
reporting, and detecting prognostic indicators of short and long survival is
necessary.

Only 10 percent of our patients reported the use of one of the treatments
available for ALS patients. The low rate is most likely explained by the high cost of
the drug in Mongolia, and probably due to unavailability and/or insurance coverage.
Nevertheless, we have registered the orphan drug in the national drug registry in
Mongolia, to promote the provision of the latest treatment option for our patients.
We have observed a longer survival of one patient administered with riluzole,
compared to a patient with the same onset with out administration of the drug.

We anticipate that the presentation of higher body mass indexes in
Mongolian ALS patients could indeed act as one of the players in prolonging the
disease progression, which is reported recently (50). High BMIs are reported to
lower the risk of ALS in a Norwegian population-based study (67), which indeed
could be reflective of the low incidence of ALS in Mongolian population. A study
among healthy Mongolians, reporting natural selection on the population posing
genetic features susceptible for influencing energy storage could be a genetic
explanation to these obese features Mongolians exhibit (68).

The rate of familial ALS cases (4.8%) is roughly within the range of
observations in other European cohorts (9). Reluctance to report hereditary
diseases, adoption, and early death of family members due to other causes may
have led to an underestimation of the proportion of familial ALS cases. Moreover,
the reduced disease penetrance that we observed in one family with a C9orf72 HRE
could mask an even higher incidence of familial ALS in Mongolia.

A significant difference was identified previously (44), regarding the
frequencies of mutations in major ALS genes between European and Asian patient
cohorts. In Caucasian populations, the most common mutations were the C9orf72
HRE (fALS 33.7%, SALS 5.1%), followed by SOD1 (fALS 14.8%, SALS 1.2%),
TARDBP (fALS 4.2%, sALS 0.8%) and FUS mutations (fALS 2.8%, SALS 0.3%),

while in Asian populations the most common mutations were SOD1 mutations (fALS
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30.0%, SALS 1.5%), followed by FUS (fALS 6.4%, sALS 0.9%), C9orf72 HRE (fALS
2.3%, SALS 0.3%) and TARDBP (fALS 1.5%, SALS 0.2%) mutation (44). While
mutations in FUS are rarely found in the whole population of SALS patients and in
less than 10% of familial cases, young onset ALS (<45 years at onset) is to a large
proportion (roughly 50%) caused by FUS de novo mutations in respective
Caucasian cohorts (22).

In Mongolian patients, we observed two major differences to Caucasians: we
failed to detect a single FUS mutation in the 15 patients with early onset ALS and
encountered an unexpectedly high number of patients with C9orf72 HRE. Three
index patients with familial ALS or ALS/FTD and one single apparently sALS case
carried a C9orf72 HRE. While several of the healthy mutation carriers in the
respective families were below the age of expected onset, also several seemingly
non-penetrant aged asymptomatic relatives were identified. This is in agreement
with the known reduced penetrance of C9orf72 mutations (69—-72). We report an
age-dependent penetrance of 57% at 55 years of age in our cohort.

The contribution of specific ALS disease genes differs between the
populations, at least partially due to founder effects. For instance, C9orf72 HRE
mutations are the most frequent monogenic cause of ALS in the Western World,
while only a marginal proportion of genetic ALS cases are caused by C9orf72
mutations in most Asian populations, for example in China (42,57,73,74). This fact,
strengthened by the observation of a predominant C9orf72 risk haplotype in Europe,
has fostered the hypothesis that one or very few founder events are responsible for
the Caucasian C9orf72-linked ALS (56,75,76).

European C9orf72 mutations linked to a specific risk haplotype (77), indicate
one or few underlying mutational events arose several thousand years ago (76).
However, the description of additional C9orf72 haplotypes in non-European
populations suggests independent founder events (27). To find out whether the
Mongolian C9orf72 mutation is linked to one of the known haplotypes, we further
investigated the most conserved risk haplotypes described before, specifically the
predominant European (56) and Han Chinese haplotype (57). Moreover, a report
from another group from the Southern part of China revealed conflicting results
suggesting a European founder haplotype is indeed present in their cohort of

Chinese expansion carrier (78). This is partially explained by authors with inclusion
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of a cohort of patients which are isolated and have a genetically homogenous nature
compared with SALS patients from the north and central region of China (57,73).
Analysis of the haploblock around the C9orf72 HRE locus revealed a
common haplotype in all Mongolian C9orf72 mutation carriers. This suggests that a
founder effect is responsible for the relatively high frequency of C9orf72 HRE in
Mongolia. Moreover, we found this risk haplotype (58) to be different from the
common European haplotype as well as from the haplotype previously reported in
Chinese ALS patients (43,56,57,77—-79). Thus, the Mongolian C9orf72 mutation
most likely originates from distinct mutational events. The previously nomadic
Mongolian life could have facilitated the spread of this mutation across different
parts of Mongolia, and perhaps other parts of the world. It would furthermore be
interesting to see whether this haplotype is prevalent in other populations living
close to Mongolia, specifically in North and Central Asia. Approximately 10 million
ethnic Mongolians currently inhabit a wide geographical range that includes
Mongolia, Northern China, southern Russia, and other neighboring countries (80).
SODL1 is one of the most commonly mutated genes in familial forms of ALS
in European populations (30), but with varying frequencies in studies with different
ethnical backgrounds (44). Consistent with these reports, we detected 3 SOD1
mutation carriers (5.5% of the ALS patients genotyped) in this Asian cohort. The
family history of all three SOD1 mutant patients remained unclear. All three carried
the p.D90A mutation in SOD1, two in the heterozygous and one in the homozygous
state. This is also in line with several earlier reports demonstrating that the SOD1
p.D90A mutation can be the cause of either autosomal-dominantly inherited disease
or be responsible of the rarer instances of autosomal-recessively transmitted ALS
(16,81-83). Autosomal-dominant and autosomal-recessive modes of SOD1
p.D90A-linked inheritance are never observed within the same family (84). While
SOD1 is generally the most mutated gene in the studied ALS populations (44),
specifically the p.D90A mutation in SOD1 is the most frequent genetic cause of ALS
in Scandinavia as well as in other parts of Europe or the US (85-87), the p.D90A
SOD1 has not previously been identified in ALS patients in eastern Asia, though the
mutation has been found in epidemiological study among healthy populations (88).
However, the distinct mild phenotype of the Mongolian SOD1 p.D90A-associated
cases is similar to the phenotypes described before (85-87), suggesting that the

phenotype linked to this mutation is largely independent of the genetic population
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background. Furthermore, the phenotypic differences exhibited among only one
nucleotide change, with a strong representation affecting the duration and
progression of disease, is the area of interest.

Variable differences genetically and clinically among different populations
may express the hidden message encompassing the modifying and protective
factors affecting the phenotype and genotype of ALS. Nevertheless, physiological
processes coupled with the interaction of intrinsic and exogenous factors leading to
neurodegeneration, could depend on each individuals’ specific vulnerability to these
physiological cascades.

Exploring the genetic features of SOD1 p.D90A mutation, would be a globally
relevant study which may hinder the origin of the founder mutation. Previous
deliberate reports deeply warrant studies and results from central Asian origin to link
their finding to the ancestral origin (89). A key finding of this study, the high
prevalence of European mutation content in Mongolian ALS cases allows us to ask
further questions are: how did this European component appear in Mongolia?
Where and when did it originate? In a recent population genetic study authors
thoroughly revealed a shared degree of identity by descent between Finns and
Mongolians, thus indicating a pattern that Northern Asian populations interacted

across large geographical ranges (80).

Taken together, we observed phenotypes and a specific genotypes pattern
of ALS in Mongolia when compared to Europe or other Asian regions and describe
a novel C9orf72 risk haplotype that most likely originates from a distinct mutational
founder event. We demonstrate that studying ALS in homogenous, so far relatively
poorly characterized non-European populations can help to improve the insight into
genetics of this disease and possibly identifying modifying factors affecting some

phenotypic features.
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V. Summary

The clinical phenotypes and genetics of amyotrophic lateral sclerosis (ALS) vary
between ethnic groups. To broaden insights into the characteristics of ALS in Asia,
we studied this disease in the Mongolian population. Clinical data and DNA from 74
patients and 153 healthy control subjects (including family members of index
patients with mutation carriers) were collected from 2015 to 2018 and genotyped.
Mongolian ALS patients presented with an earlier onset and a more benign disease
course compared to European populations. While the C9orf72 hexanucleotide
repeat expansion (C9orf72 HRE) is reportedly rare in Asia, we identified two familial
ALS index patients and one fALS/FTD patient, and one single SALS patient carrying
C9orf72 alleles expanded to 1200-2400 hexanucleotide repeats. Analysis of the
haplotype surrounding the C9orf72 HRE revealed a haplotype different from the
European and Han Chinese C9orf72 HRE risk haplotypes, suggesting a population-
specific founder. Sequencing SOD1 revealed 2 heterozygous and 1 homozygous
p.D90A mutation in apparently sporadic ALS cases. In contrast to Caucasian
cohorts, de novo mutations in FUS were absent in early-onset (<45 years)
Mongolian ALS patients (n=15). In summary, we observed population specific
genetic features of ALS, and describe its phenotypical appearances in Mongolia
when compared to Europe and China. Further characterization of ALS in Mongolia
may result in a better understanding of modifying factors and genotype/phenotype

correlations of ALS in both Mongolia and Europe.

21



10.

11.

12.

13.

14.

15.

16.

VI. References

Weishaupt JH, Hyman T, Dikic . Common Molecular Pathways in Amyotrophic
Lateral Sclerosis and Frontotemporal Dementia. Trends Mol Med 2016; 22: 769—
83.

Rooney JPK, Brayne C, Tobin K, Logroscino G, Glymour MM, Hardiman O.
Benefits, pitfalls, and future design of population-based registers in
neurodegenerative disease. Neurology 2017; 88(24): 2321-9.

Marin B, Logroscino G, Boumédiene F, Labrunie A, Couratier P, Babron MC,
Leutenegger AL, Preux PM, Beghi E. Clinical and demographic factors and outcome
of amyotrophic lateral sclerosis in relation to population ancestral origin. Eur J
Epidemiol 2016; 31: 229-45.

Hardiman O, Al-Chalabi A, Chio A, Corr EM, Logroscino G, Robberecht W, Shaw
PJ, Simmons Z, Van den Berg LH. Amyotrophic lateral sclerosis. Nat Rev Dis
Primers 2017; 21: 3(1): 17071.

Spencer PS, Palmer VS, Ludolph AC. On the decline and etiology of high-incidence
motor system disease in West Papua (Southwest New Guinea). Mov Disord 2005;
20(SUPPL12): s119-s126.

Steele JC. Parkinsonism-dementia complex of Guam. Mov Disord 2005; 20(S12):
S99-107.

Murch SJ, Cox PA, Banack SA. A mechanism for slow release of biomagnified
cyanobacterial neurotoxins and neurodegenerative disease in Guam. Proc Natl
Acad of Sci 2004; 101(33): 12228-31.

Wang MD, Little J, Gomes J, Cashman NR, Krewski D. Identification of risk factors
associated with onset and progression of amyotrophic lateral sclerosis using
systematic review and meta-analysis. NeuroToxicology. 2017; 61: 101-30.
Rosenbohm A, Peter RS, Erhardt S, Lulé D, Rothenbacher D, Ludolph AC, Nagel
G, ALS Registry Study Group. Epidemiology of amyotrophic lateral sclerosis in
Southern Germany. J Neurol 2017; 264(4): 749-57.

McCombe PA, Henderson RD. Effects of gender in amyotrophic lateral sclerosis.
Gender Medicine 2010; 7: 557-70.

Brooks BR, Miller RG, Swash M, Munsat TL. El Escorial revisited: Revised criteria
for the diagnosis of amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis and
Other Motor Neuron Disorders 2000; 1 :293-99.

Ludolph A, Drory V, Hardiman O, Nakano |, Ravits J, Robberecht W, Shefner J,
WEN Research Group On ALS/MND. A revision of the El Escorial criteria.
Amyotroph Lateral Scler Frontotemporal Degener 2015; 16: 291-2.

Lomen-Hoerth C, Murphy J, Langmore S, Kramer JH, Olney RK, Miller B. Are
amyotrophic lateral sclerosis patients cognitively normal? Neurology. 2003; 60(7):
1094-7.

Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp P, Hentati A, Donaldson
D, Goto J, O’'Regan JP, Deng HX. Mutations in Cu/Zn superoxide dismutase gene
are associated with familial amyotrophic lateral sclerosis. Nature 1993; 362(6415):
59-62.

Hand CK, Mayeux-Portas V, Khoris J, Briolotti V, Clavelou P, Camu W, Rouleau
GA. Compound heterozygous D90A and D96N SOD1 mutations in a recessive
amyotrophic lateral sclerosis family. Ann of Neurol 2001; 49: 267-71.

Robberecht W, Aguirre T, van den Bosch L, Tilkin P, Cassiman JJ, Matthijs G. D90A
heterozygosity in the SOD1 gene is associated with familial and apparently sporadic
amyotrophic lateral sclerosis. Neurology 1996; 47(5): 1336-9.

22



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Andersen PM, Al-Chalabi A. Clinical genetics of amyotrophic lateral sclerosis: what
do we really know? Nat Rev Neurol 2011; 7: 603-15.

Kaur SJ, McKeown SR, Rashid S. Mutant SOD1 mediated pathogenesis of
Amyotrophic Lateral Sclerosis. Gene 2016; 577: 109-18.

Allen S, Heath PR, Kirby J, Wharton SB, Cookson MR, Menzies FM, Banks RE,
Shaw PJ. Analysis of the Cytosolic Proteome in a Cell Culture Model of Familial
Amyotrophic Lateral Sclerosis Reveals Alterations to the Proteasome, Antioxidant
Defenses, and Nitric Oxide Synthetic Pathways. Journal of Biological Chemistry
2003; 278: 6371-83.

Kwiatkowski TJ, Bosco DA, LeClerc AL, Tamrazian E, Vanderburg CR, Russ C,
Davis A, Gilchrist J, Kasarskis EJ, Munsat T, Valdmanis P, Rouleau GA, Hosler BA,
Cortelli P, de Jong PJ, Yoshinaga Y, Haines JL, Pericak-Vance MA, Yan J, Ticozzi
N, Siddique T, McKenna-Yasek D, Sapp PC, Horvitz HR, Landers JE, Brown Jr RH.
Mutations in the FUS/TLS Gene on Chromosome 16 Cause Familial Amyotrophic
Lateral Sclerosis. Science 2009; 323:1205-8.

Lai SL, Abramzon Y, Schymick JC, Stephan DA, Dunckley T, Dillman A, Cookson
M, Calvo A, Battistini S, Giannini F, Caponnetto C, Mancardi GL, Spataro R,
Monsurro MR, Tedeschi G, Marinou K, Sabatelli M, Conte A, Mandrioli J, Sola P,
Salvi F, Bartolomei I, Lombardo F, ITALSGEN Consortium, Mora G, Restagno G,
Chio A, Traynor BJ. FUS mutations in sporadic amyotrophic lateral sclerosis.
Neurobiology of Aging 2011; 32: 550.e1-550.e4.

Hubers A, Just W, Rosenbohm A, Miller K, Marroquin N, Goebel I, Hogel J, Thiele
H, Altmduller J, Nurnberg P, Weishaupt JH, Kubisch C, Ludolph AC, Volk AE. De
novo FUS mutations are the most frequent genetic cause in early-onset German
ALS patients. Neurobiology of Aging 2015; 36: 3117.e1-3117.€6.
DeJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M, Rutherford
NJ, Nicholson AM, Finch NA, Flynn H, Adamson J, Kouri N, Wojtas A, Sengdy P,
Hsiung GY, Karydas A, Seeley WW, Josephs KA, Coppola G, Geschwind DH,
Wszolek ZK, Feldman H, Knopman DS, Petersen RC, Miller BL, Dickson DW,
Boylan KB, Graff-Radford NR, Rademakers R. Expanded GGGGCC
Hexanucleotide Repeat in Noncoding Region of CO9ORF72 Causes Chromosome
9p-Linked FTD and ALS. Neuron 2011; 72: 245-56.

Renton AE, Majounie E, Waite A, Simon-Sanchez J, Rollinson S, Gibbs JR,
Schymick JC, Laaksovirta H, van Swieten JC, Myllykangas L, Kalimo H, Paetau A,
Abramzon Y, Remes AM, Kaganovich A, Scholz SW, Duckworth J, Ding J, Harmer
DW, Hernandez DG, Johnson JO, Mok K, Ryten M, Trabzuni D, Guerreiro RJ, Orrell
RW, Neal J, Murray A, Pearson J, Jansen IE, Sondervan D, Seelaar H, Blake D,
Young K, Halliwell N, Callister JB, Toulson G, Richardson A, Gerhard A, Snowden
J, Mann D, Neary D, Nalls MA, Peuralinna T, Jansson L, Isoviita VM, Kaivorinne AL,
Holttd-Vuori M, lkonen E, Sulkava R, Benatar M, Wuu J, Chio A, Restagno G,
Borghero G, Sabatelli M, ITALSGEN Consortium, Heckerman D, Rogaeva E,
Zinman L, Rothstein JD, Sendtner M, Drepper C, Eichler EE, Alkan C, Abdullaev Z,
Pack SD, Dutra A, Pak E, Hardy J, Singleton A, Williams NM, Heutink P, Pickering-
Brown S, Morris HR, Tienari PJ, Traynor BJ. A hexanucleotide repeat expansion in
CI90RF72 is the cause of chromosome 9p21-linked ALS-FTD. Neuron 2011; 72:
257-68.

Wen X, Westergard T, Pasinelli P, Trotti D. Pathogenic determinants and
mechanisms of ALS/FTD linked to hexanucleotide repeat expansions in the C9orf72
gene. Neuroscience Letters 2017; 636: 16—26.

Woollacott IOC, Mead S. The C9ORF72 expansion mutation: gene structure,
phenotypic and diagnostic issues. Acta Neuropathologica 2014; 127: 319-32.

23



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Goldstein O, Gana-Weisz M, Nefussy B, Vainer B, Nayshool O, Bar-Shira A,
Traynor BJ, Drory VE, Orr-Urtreger A. High frequency of C9orf72 hexanucleotide
repeat expansion in amyotrophic lateral sclerosis patients from two founder
populations sharing the same risk haplotype. Neurobiology of Aging 2018; 64:
160.e1-160.e7.

Al-Chalabi A, Lewis CM. Modelling the Effects of Penetrance and Family Size on
Rates of Sporadic and Familial Disease. Human Hered 2011; 71: 281-8.
Al-Chalabi A, Kwak S, Mehler M, Rouleau G, Siddique T, Strong M, Leigh PN.
Genetic and epigenetic studies of amyotrophic lateral sclerosis. Amyotroph Lateral
Scler and Frontotem Degeneration 2013; 14(supl): 44-52.

Mdaller K, Brenner D, Weydt P, Meyer T, Grehl T, Petri S, Grosskreutz J, Schuster
J, Volk AE, Borck G, Kubisch C, Klopstock T, Zeller D, Jablonka S, Sendtner M,
Klebe S, Knehr A, Gunther K, Weis J, Claeys KG, Schrank B, Sperfeld AD, Hubers
A, Otto M, Dorst J, Meitinger T, Strom TM, Andersen PM, Ludolph AC, Weishaupt
JH, German ALS network MND-NET. Comprehensive analysis of the mutation
spectrum in 301 German ALS families. J Neurol Neurosurg Psychiatry 2018; 89:
817-27.

Zufiria M, Gil-Bea FJ, Fernandez-Torrén R, Poza JJ, Mufioz-Blanco JL, Rojas-
Garcia R, Riancho J, Lopez de Munain A. ALS: A bucket of genes, environment,
metabolism and unknown ingredients. Prog Neurobiol 2016 ; 142: 104-29.
Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC, Chou TT, Bruce
J, Schuck T, Grossman M, Clark CM, McCluskey LF, Miller BL, Masliah E,
Mackenzie IR, Feldman H, Feiden W, Kretzschmar HA, Trojanowski JQ, Lee VM.
Ubiquitinated TDP-43 in Frontotemporal Lobar Degeneration and Amyotrophic
Lateral Sclerosis. Science 2006; 314(5796): 130-3.

Braak H, Brettschneider J, Ludolph AC, Lee VM, Trojanowski JQ, Tredici K.
Amyotrophic lateral sclerosis - A model of corticofugal axonal spread. Vol. 9, Nat
Rev Neurol 2013; 9(12); 708-14.

Jonsson PA, Ernhill K, Andersen PM, Bergemalm D, Bréannstrétm T, Gredal O,
Marklund SL. Minute quantities of misfolded mutant superoxide dismutase-1 cause
amyotrophic lateral sclerosis. Brain 2004; 127(1): 73-88.

Parakh S, Atkin JD. Protein folding alterations in amyotrophic lateral sclerosis. Brain
Research 2016; 1648: 633—-49.

Bensimon G, Lacomblez L, Meininger V. A Controlled Trial of Riluzole in
Amyotrophic Lateral Sclerosis. New England Journal of Medicine 1994; 330(9):
585-91.

Ralph GS, Radcliffe PA, Day DM, Carthy JM, Leroux MA, Lee DCP, Wong LF,
Bilsland LG, Greensmith L, Kingsman SM, Mitrophanous KA, Mazarakis ND,
Azzouz M. Silencing mutant SOD1 using RNAI protects against neurodegeneration
and extends survival in an ALS model. Nat Med 2005; 11: 429-33.

Miller TM, Pestronk A, David W, Rothstein J, Simpson E, Appel SH, Andres PL,
Mahoney K, Allred P, Alexander K, Ostrow LW, Schoenfeld D, Macklin EA, Norris
DA, Manousakis G, Crisp M, Smith R, Bennett CF, Bishop KM, Cudkowicz ME. An
antisense oligonucleotide against SOD1 delivered intrathecally for patients with
SOD1 familial amyotrophic lateral sclerosis: a phase 1, randomised, first-in-man
study. The Lancet Neurology 2013; 12: 435-42.

Stoica L, Todeasa SH, Cabrera GT, Salameh JS, EIMallah MK, Mueller C, Brown
RH Jr Sena-Esteves M. Adeno-associated virus-delivered artificial microRNA
extends survival and delays paralysis in an amyotrophic lateral sclerosis mouse
model. Annals of Neurology 2016; 79: 687—700.

24



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Desport JC, Preux PM, Truong TC, Vallat JM, Sautereau D, Couratier P. Nutritional
status is a prognostic factor for survival in ALS patients. Neurology 1999; 53: 1059—
63.

Wills AM, Hubbard J, Macklin EA, Glass J, Tandan R, Simpson EP, Brooks B,
Gelinas D, Mitsumoto H, Mozaffar T, Hanes GP, Ladha SS, Heiman-Patterson T,
Katz J, Lou JS, Mahoney K, Grasso D, Lawson R, Yu H, Cudkowicz M. Hypercaloric
enteral nutrition in patients with amyotrophic lateral sclerosis: a randomised, double-
blind, placebo-controlled phase 2 trial. The Lancet 2014; 383(9934): 2065-72.
Jiao B, Tang B, Liu X, Yan X, Zhou L, Yang Y, Wang J, Xia K, Shen L. Identification
of C9orf72 repeat expansions in patients with amyotrophic lateral sclerosis and
frontotemporal dementia in mainland China. Neurobiol Aging 2014; 35: 936.e19-
e22.

Jang JH, Kwon MJ, Choi WJ, Oh KW, Koh SH, Ki CS, Kim SH. Analysis of the
C9orf72 hexanucleotide repeat expansion in Korean patients with familial and
sporadic amyotrophic lateral sclerosis. Neurobiol Aging 2013; 34: 1311.e7-e9.

Zou ZY, Zhou ZR, Che CH, Liu CY, He RL, Huang HP. Genetic epidemiology of
amyotrophic lateral sclerosis: A systematic review and meta-analysis. J Neurol
Neurosurg Psychiatr 2017; 88: 540-9.

Soong BW, Lin KP, Guo YC, Lin CCK, Tsai PC, Liao YC, et al. Extensive molecular
genetic survey of Taiwanese patients with amyotrophic lateral sclerosis. Neurobiol
Aging 201; 35: 2423.e1-e6.

Shahrizaila N, Sobue G, Kuwabara S, Kim SH, Birks C, Fan DS, Bae JS, Hu CJ,
Gourie-Devi M, Noto Y, Shibuya K, Goh KJ, Kaji R, Tsai CP, Cui L, Talman P,
Henderson RD, Vucic S, Kiernan MC. Amyotrophic lateral sclerosis and motor
neuron syndromes in Asia. J Neurol Neurosurg Psychiatry 2016; 87: 821-30.
Sambuughin N, Sivakumar K, Selenge B, Suk Lee H, Friedlich D, Baasanjav D,
Dalakas MC, Goldfarb LG. Autosomal dominant distal spinal muscular atrophy type
V (dSMA-V) and Charcot-Marie-Tooth disease type 2D (CMT2D) segregate within
a single large kindred and map to a refined region on chromosome 7p15. Journ
Neurological Sciences 1998; 161:23-8.

Katoh T, Mano S, Munkhbat B, Tounai K, Oyungerel G, Chae GT, Han H, Jia GJ,
Tokunaga K, Munkhtuvshin N, Tamiya G, Inoko H. Genetic features of Khoton
Mongolians revealed by SNP analysis of the X chromosome. Gene 2005; 357: 95—
102.

Brissenden, Kidd, Evsanaa, Togtokh, Pakstis, Friedlaender, Kidd KK, Roscoe JM.
Mongolians in the Genetic Landscape of Central Asia: Exploring the Genetic
Relations among Mongolians and Other World Populations. Human Biology 2015;
87: 73-91.

Dorst J, Chen L, Rosenbohm A, Dreyhaupt J, Hibers A, Schuster J, Weishaupt JH,
Kassubek J, Gess B, Meyer T, Weyen U, Hermann A, Winkler J, Grehl T,
Hagenacker T, Lingor P, Koch JC, Sperfeld A, Petri S, GroRkreutz J, Metelmann M,
Wolf J, Winkler AS, Klopstock T, Boentert M, Johannesen S, Storch A, Schrank B,
Zeller D, Liu XL, Tang L, Fan DS, Ludolph AC. Prognostic factors in ALS: a
comparison between Germany and China. Journal of Neurology 2019; 266: 1516—
25.

Ahmad O, Boschi-Pinto C, Lopez A, Murray C, Lozano R, Inoue M. Age
standardization of rates: a new WHO standard. GPE Discussion paper series 2001;
32: 2-12.

Zondler L, Muller K, Khalaji S, Bliederhauser C, Ruf WP, Grozdanov V, Thiemann
M, Fundel-Clemes K, Freischmidt A, Holzmann K, Strobel B, Weydt P, Witting A,
Thal DR, Helferich AM, Hengerer B, Gottschalk KE, Hill O, Kluge M, Ludolph AC,

25



53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

Danzer KM, Weishaupt JH. Peripheral monocytes are functionally altered and
invade the CNS in ALS patients. Acta Neuropathol 2016; 132: 391-411.

Frey UH, Bachmann HS, Peters J, Siffert W. PCR-amplification of GC-rich regions:
“slowdown PCR.” Nature Protocols 2008; 3: 1312-7.

Akimoto C, Volk AE, van Blitterswijk M, van den Broeck M, Leblond CS, Lumbroso
S, Camu W, Neitzel B, Onodera O, van Rheenen W, Pinto S, Weber M, Smith B,
Proven M, Talbot K, Keagle P, Chesi A, Ratti A, van der Zee J, Alstermark H, Birve
A, Calini D, Nordin A, Tradowsky DC, Just W, Daoud H, Angerbauer S, DeJesus-
Hernandez M, Konno T, Lloyd-Jani A, de Carvalho M, Mouzat K, Landers JE,
Veldink JH, Silani V, Gitler AD, Shaw CE, Rouleau GA, van den Berg LH, Van
Broeckhoven C, Rademakers R, Andersen PM, Kubisch CA. A blinded international
study on the reliability of genetic testing for GGGGCC-repeat expansions in C9orf72
reveals marked differences in results among 14 laboratories. Journal of Medical
Genetics 2014; 51: 419-24.

Hubers A, Marroquin N, Schmoll B, Vielhaber S, Just M, Mayer B, Hogel J, Dorst J,
Mertens T, Just W, Aulitzky A, Wais V, Ludolph AC, Kubisch C, Weishaupt JH, Volk
AE. Polymerase chain reaction and Southern blot-based analysis of the C9orf72
hexanucleotide repeat in different motor neuron diseases. Neurobiol Aging 2014;
35:1214.el-e6.

Smith BN, Newhouse S, Shatunov A, Vance C, Topp S, Johnson L, Miller J, Lee Y,
Troakes C, Scott KM, Jones A, Gray |, Wright J, Hortobagyi T, Al-Sarraj S, Rogelj
B, Powell J, Lupton M, Lovestone S, Sapp PC, Weber M, Nestor PJ, Schelhaas HJ,
Asbroek AA, Silani V, Gellera C, Taroni F, Ticozzi N, Van den Berg L, Veldink J,
Van Damme P, Robberecht W, Shaw PJ, Kirby J, Pall H, Morrison KE, Morris A, de
Belleroche J, Vianney de Jong JM, Baas F, Andersen PM, Landers J, Brown RH Jr,
Weale ME, Al-Chalabi A, Shaw C E. The COORF72 expansion mutation is a
common cause of ALS+/-FTD in Europe and has a single founder. Eur J Hum Genet
2013; 21: 102-8.

He J, Tang L, Benyamin B, Shah S, Hemani G, LiuR, Ye S, Liu X, Ma Y, Zhang H,
Cremin K, Leo P, Wray NR, Visscher PM, Xu H, Brown MA, Bartlett PF, Mangelsdorf
M, Fan D. C9orf72 hexanucleotide repeat expansions in Chinese sporadic
amyotrophic lateral sclerosis. Neurobiol Aging 2015; 36: 2660.e1-e8.

Daria T, Mller K, Oidovdorj G, Baatar K, Boldbaatar P, Sarangerel J, Rentsenbat
M, Turbat S, Yadamsuren E, Weydt P, Dambasuren B, Bosookhuu O, Banzrai C,
Damchaa B, Pinkhardt EH, Rosenbohm A, Hogel J, Andersen PM, Borck G,
Batmunkh M, Ludolph AC, Weishaupt JH. Genotypes of amyotrophic lateral
sclerosis in Mongolia. J Neurol Neurosurg Psychiatry 2019; 90:1300-2.

Alavi A, Nafissi S, Rohani M, Shahidi G, Zamani B, Shamshiri H, Safari I, Elahi E.
Repeat expansion in COORF72 is not a major cause of amyotrophic lateral sclerosis
among iranian patients. Neurobiol Aging 2014; 35: 267.e1-e7.

Chen L, Zzhang B, Chen R, Tang L, Liu R, Yang Y, Liu X, Ye S, Zhan S, Fan D.
Natural history and clinical features of sporadic amyotrophic lateral sclerosis in
China. J Neurol Neurosurg Psychiatry 2015; 86: 1075-81.

Chen S, Sayana P, Zhang X, Le W. Genetics of amyotrophic lateral sclerosis: An
update. Mol Neurodegener 2013; 8: 28.

Cronin S, Hardiman O, Traynor BJ. Ethnic variation in the incidence of ALS.
Neurology 2007; 68: 1002-7.

Alonso A, Logroscino G, Hernan MA. Smoking and the risk of amyotrophic lateral
sclerosis: a systematic review and meta-analysis. J Neurol Neurosurg Psychiatry
2010; 81: 1249-52.

26



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

de Jong SW, Huisman MHB, Sutedja NA, van der Kooi AJ, de Visser M, Schelhaas
HJ, Fischer K, Veldink JH, van den Berg LH. Smoking, Alcohol Consumption, and
the Risk of Amyotrophic Lateral Sclerosis: A Population-based Study. Am J
Epidemiol 2012; 176: 233-9.

Fang F, Bellocco R, Hernan MA, Ye W. Smoking, Snuff dipping and the risk of
Amyotrophic Lateral Sclerosis — A Prospective Cohort Study. Neuroepidemiol 2006;
27:217-21.

Chio A, Logroscino G, Hardiman O, Swingler R, Mitchell D, Beghi E, Traynor BG;
Eurals Consortium. Prognostic factors in ALS: A critical review. Amyotroph Lateral
Scler 2009; 10: 310-23.

Nakken O, Meyer HE, Stigum H, Holmoy T. High BMI is associated with low ALS
risk. Neurology. 2019; 93: e424-32.

Nakayama K, Ohashi J, Watanabe K, Munkhtulga L, Iwamoto S. Evidence for Very
Recent Positive Selection in Mongolians. Mol Biol Evol 2017; 34: 1936—46.
Murphy NA, Arthur KC, Tienari PJ, Houlden H, Chio A, Traynor BJ. Age-related
penetrance of the C9orf72 repeat expansion. Sci Rep 2017; 7: 2116

Lysogorskaia E v., Abramycheva NY, Zakharova MN, Stepanova MS, Moroz AA,
Rossokhin A v, lllarioshkin SN. Genetic studies of Russian patients with amyotrophic
lateral sclerosis. Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration
2016; 17: 135-41.

Abramycheva NY, Lysogorskaia E v., Stepanova MS, Zakharova MN, Kovrazhkina
EA, Razinskaya OD, Smirnov AP, Maltsev AV, Ustyugov AA, Kukharsky MS,
Khritankova IV, Bachurin SO, Cooper-Knock J, Buchman VL, lllarioshkin SN,
Skvortsova VI, Ninkina N. C9ORF72 hexanucleotide repeat expansion in ALS
patients from the Central European Russia population. Neurobiol Aging 2015; 36:
2908.e5-e9.

Simoén-Sanchez J, Dopper EGP, Cohn-Hokke PE, Hukema RK, Nicolaou N, Seelaar
H, de Graaf JR, de Koning I, van Schoor NM, Deeg DJ, Smits M, Raaphorst J, van
den Berg LH, Schelhaas HJ, De Die-Smulders CE, Majoor-Krakauer D, Rozemuller
AJ, Willemsen R, Pijnenburg YA, Heutink P, van Swieten JC. The clinical and
pathological phenotype of COORF72 hexanucleotide repeat expansions. Brain
2012; 135: 723-35.

Zou ZY, Liu MS, Li XG, Cui LY. The distinctive genetic architecture of ALS in
mainland China: Table 1. J Neurol Neurosurg Psychiatry 2016; 87: 906—7.

Chen Y, Lin Z, Chen X, Cao B, Wei Q, Ou R, Zhao B, Song W, Wu Y, Shang HF.
Large C9orf72 repeat expansions are seen in Chinese patients with sporadic
amyotrophic lateral sclerosis. Neurobiol Aging 2016; 38: 217.e15-e22.

Beck J, Poulter M, Hensman D, Rohrer JD, Mahoney CJ, Adamson G, Campbell T,
Uphill J, Borg A, Fratta P, Orrell RW, Malaspina A, Rowe J, Brown J, Hodges J,
Sidle K, Polke JM, Houlden H, Schott JM, Fox NC, Rossor MN, Tabrizi SJ, Isaacs
AM, Hardy J, Warren JD, Collinge J, Mead S. Large C90rf72 hexanucleotide repeat
expansions are seen in multiple neurodegenerative syndromes and are more
frequent than expected in the UK population. Am J Hum Genet 2013; 92: 345-53.
Majounie E, Abramzon Y, Renton AE, Keller MF, Traynor BJ, Singleton AB. Large
C9orf72 repeat expansions are not a common cause of Parkinson’s disease.
Neurobiol Aging 2012; 33(10).

Mok KY, Koutsis G, Schottlaender L v, Polke J, Panas M, Houlden H. High
frequency of the expanded C9ORF72 hexanucleotide repeat in familial and sporadic
Greek ALS patients. Neurobiol Aging 2012; 33: 1851.el1-e5.

Tripolszki K, Csanyi B, Nagy D, Ratti A, Tiloca C, Silani V, Kereszty E, Torok N,
Vécsei L, Engelhardt JI, Klivényi P, Nagy N, Széll M. Genetic analysis of the SOD1

27



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

and CO9ORF72 genes in Hungarian patients with amyotrophic lateral sclerosis.
Neurobiol Aging 2015; 38: 217.e15-e22.

Tsai CP, Soong BW, Tu PH, Lin KP, Fuh JL, Tsai PC, Lu YC, Lee IH, Lee YC. A
hexanucleotide repeat expansion in C9ORF72 causes familial and sporadic ALS in
Taiwan. Neurobiol Aging 2012; 33: 2232.e11-e18.

Bai H, Guo X, Zhang D, Narisu N, Bu J, Jirimutu J, Liang F, Zhao X, Xing Y, Wang
D, LiT, Zhang Y, Guan B, Yang X, Yang Z, Shuangshan S, Su Z, Wu H, Li W, Chen
M, Zhu S, Bayinnamula B, Chang Y, Gao Y, Lan T, Suyalatu S, Huang H, Su Y,
Chen Y, Li W, Yang X, Feng Q, Wang J, Yang H, Wang J, Wu Q, Yin Y, Zhou H.
The genome of a Mongolian individual reveals the genetic imprints of Mongolians
on modern human populations. Genom Biol Evol 2014; 6: 3122-36.

Aguirre T, Matthijs G, Robberecht W, Tilkin P, Cassiman JJ. Mutational analysis of
the Cu/Zn superoxide dismutase gene in 23 familial and 69 sporadic cases of
amyotrophic lateral sclerosis in Belgium. Eur J Hum Genet 1999; 7: 599-602.
Marklund SL, Andersen PM, Forsgren L, Nilsson P, Ohlsson PI, Wikander G, Oberg
A. Normal Binding and Reactivity of Copper in Mutant Superoxide Dismutase
Isolated from Amyotrophic Lateral Sclerosis Patients. J Neurochem 1997; 69: 675—
81.

Jackson M, Al-Chalabi A, Enayat ZE, Chioza B, Leigh PN, Morrison KE. Copper/zinc
superoxide dismutase 1 and sporadic amyotrophic lateral sclerosis: Analysis of 155
cases and identification of novel insertion mutation. Ann Neurol 1997; 42: 803-7.
Khoris J, Moulard B, Briolotti V, Hayer M, Durieux A, Clavelou P, Malafosse A,
Rouleau GA, Camu W. Coexistence of dominant and recessive familial amyotrophic
lateral sclerosis with the D90A Cu,Zn superoxide dismutase mutation within the
same country. Euro J Neurol 2000; 7: 207-11.

Rabe M, Felbecker A, Waibel S, Steinbach P, Winter P, Ludolph AC. The
epidemiology of CuZn-SOD mutations in Germany: A study of 217 families. J Neurol
2010; 257: 1298-302.

Felbecker A, Camu W, Valdmanis PN, Sperfeld AD, Waibel S, Steinbach P, Rouleau
GA, Ludolph AC, Andersen PM. Four familial ALS pedigrees discordant for two
SOD1 mutations: Are all SOD1 mutations pathogenic? J Neurol Neurosurg
Psychiatry 2010; 81: 572—7.

Rabe M, Felbecker A, Waibel S, Steinbach P, Winter P, Ludolph AC. The
epidemiology of CuZn-SOD mutations in Germany: A study of 217 families. J Neurol
2010; 257: 1298-302.

Andersen M, Spitsyn VA, Makarov SV, Nilsson L, Kravchuk Ol, Bychkovskaya LS,
Marklund SL. The geographical and ethnic distribution of the D90A CuZn-SOD
mutation in the Russian Federation. Amyotroph Lateral Scler Other Motor Neuron
Disord 2001; 2: 63-9.

Parton MJ, Broom W, Andersen PM, Al-Chalabi A, Nigel Leigh P, Powell JF, et al.
D90A-SOD1 mediated amyotrophic lateral sclerosis: a single founder for all cases
with evidence for a Cis-acting disease modifier in the recessive haplotype. Hum
Mutat 2002; 20: 473.

28



VILI.

Supplementary materials

Supplementary table 1. Crude incidence and standardized rates of ALS in Mongolian cohort

observed by age at diagnosis using the world standard population database.

A Persons living in _ ALS cases ~Age specific Standard pop. Expected events in
ge group| years fom 2013-| - dagnosed nthe | - incidence (61 | 1100000 persons) | siandard pop.
20-29 3427046 2 0,06 16150 942,50267
30-39 3050584 6 0,2 14760 2903,0507
40-49 2364714 17 0,72 12630 9079,745
50-59 1640627 28 1,7 9920 16930,113
60-69 699634 13 1,86 6680 12412,204
-70 426768 5 1,2 5275 6180,1728
Crude rate: 0.61 ,r’;gig(s\:grr;g)a:trdized 0.74
*Data from State office of reference of Mongolia, **WHO world standard population distribution based on world
average population between 2000-2025

Supplementary Table 2. Genotyping data on cases carrying the C9orf72 HRE from Mongolia compared with

European risk haplotype and Chinese haplotype (58).

10

11

12

13

14

15

Name

rs2814707**

rs3849942**

rs3849943*

rs774356*

rs1565948**

rs774357*

rs774359***

rs2453554**

rs2453555*

rs3849945*

1s2282241

rs11789520***

rs1948522

rs73440960*

rs1982915**

Position

27536399

27543283

27543384

27559723

27559735

27559837

27561051

27561802

27563870

27563819

27572257

27574517
27575787
27578649

27579562

Frequency Frequency
of risk allele of risk allele
Europe East Asia

0.23 0.7
0.23 0.9
0.23 0.9
0.25 0.9
0.51 0.57
0.23 0.9
0.25 0.9
0.23 0.9
0.23 0.9
0.23 0.9
0.55 0.32

0.24

0.81

0.21

0.46

Frequency

of risk allele

South Asia
0.16
0.7
0.9
0.19
0.47
0.16
0.19
0.16
0.16
0.16

0.50

European
risk allele

> O 4 0 0 O >» >

—

—

G

Mongolian
haplotype

> > O O©

G O o & >» o H

C9orf72 HEXANUCLEOTIDE REPEAT EXPANSION

0.9

0.91

0.11

0.22

0.15

0.89

0.19

0.36

A

Cc
A
G

® O 4 ®

Chinese haplotype
(57)

n.k.

n.k.

n.k

n.k.

n.k.

n.k.

Reference /
alternative
allele
AIG
G/A
AlG
AIG
CIT
CIT
AIG
G/A
CIT
CIT

GIT

G/A
CIT
CIA

TIG

*SNPs by (56), *SNPs by (57) defined as Chinese haplotype, ***SNPs by (57) and (56), “n.k.” indicates not assessed genotypes in HRE carriers in the
respective cohort, the frequency of the haplotype risk alleles are from 1000 Genomes database (www.1000genomes.org/)
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