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Investigation of Motor Neuron Diseases by WES:  
Genetic Dissection of a Turkish ALS Cohort

 Amyotrophic Lateral Sclerosis 
◦ Genetic Basis of ALS 

 Gene discovery in ALS 
◦ Linkage analysis 
◦ Association studies 
◦ NGS  

 Application of WES to Turkish MND cohort 
◦ Bioinformatic Evaluation of the WES Data 

 Results 
 Discussion : Limitations and Possible Improvements
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An overview of ALS
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The Hallmarks of ALS
•Degeneration of upper and lower motor neurons  

 in the brain and spinal cord 

 Worldwide prevalance:  less than 200,000  
 1 in 500 adult deaths  

◦ The mean age of onset in ALS is 55 

◦ Fatal within the first 30 months from diagnosis 

• First described by the French neurobiologist JM Charcot 

• Spasticity, atrophy  and progressive weakness of muscles 

Lou Gehrig

Stephan 
Hawking
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The Genetic Basis of ALS
•~ 90 % of ALS cases are sporadic (sALS) 

•~10 % are familial ALS (fALS)  

•More than 40 genes associated with ALS 

Florent Laferriere & Magdalini Polymenidou, Swiss Medical Weekly, 20155



The Genetic Basis of ALS

Alsultan AA, Waller R et al., Dove Medical Press, 2016

GWAS & Linkage 
analysis

Application of 
NGS

Linkage 
analysis & 
Discovery of 
SOD1
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The first breakthrough: The discovery of SOD1
•SOD1 is the first ALS gene,  

•The locus was detected by linkage analysis in 1991,  

• The SOD1 gene was discovered in 1993 

•Explains 20 % fALS and 3 % sALS with more than 170 mutations 
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The second breakthrough: The C9ORF72 repeat expansion mutation
•G4C2 hexanucleotide repeat expansion 

•The locus was detected by the combination of linkage analysis and 

association studies in 2006.  

•The most common cause of ALS, FTD, ALS-FTD  

• Explains 10 % of sALS and 30 % of fALS cases  
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The third breakthrough: The advent of NGS

•Human Genome Project 

• the first map of the 3 billion bases in the human genome 

• identify genetic variants in an individual, which did not match 

the reference sequence  

•An NGS platform can produce millions of short reads from 25 to 500 

base pairs 

• An approach to detect SNVs and short INDELs 

•WGS & WES 
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Aim

   

 -To establish an efficient in-silico workflow to process the WES 

data. 

 -To characterize novel genotype-phenotype associations in MNDs 

by  

◦ identifying both known and novel mutations in known ALS-MND genes. 

◦ describing mutations in novel genes associated with an MND 

phenotype. 
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Application of WES
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An overview of Turkish MND cohort

 35 AR families with 
consanguineous 

marriage

 57 families 
(81 patients + 66 unaffected family members) 

 

  

    

    

    

 22 AD + 1 XLD 
families
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General Workflow of Exome Sequencing

@SIM:1:FCX:1:15:6329:1045 
1:N:0:2 
TCGCACTCAACGCCCTGCATA
TGACAAGA 
+ 
<>;##=><9=AAAAAAAAAA9#:<#
<;<<<???
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Bioinformatic Pipeline  I
FASTQ

Alignment to  Ref. 
genome 
BWA

SAM BAM
Convert to 

binary format 
SAMTOOLS

Variant calling 
GATK HaplotypeCaller

Genomic 
VCF

 Extract variants + 
Calibration 

GATK Genotype GVC

Family 
VCF

Annotation 
ANNOVAR

Annotated 
VCF
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Bioinformatic Pipeline II 

•Variant Prioritization 

• Mode of inheritance 

•Filtration-Allele Frequency 

• 1000G, dbSNP 
• ExAC 
• In house control db 
• Prediction tools (Polyphen, SIFT, Gerp ++, OMIM) 

•Homozygosity Mapping 
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Quality Check- QC metrics 

•Cohort based Sample QC (147 individuals) 

• Mean depth of coverage 
• Missingness Rate 
• Ts/Tv ratio 

•Population Stratification 

• PCA - to generate population clusters 
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Homozygosity Mapping

Create plink hard calls 

• Binary plink files (ped, bim, fam)

Prune SNPs 

• Remove SNPs in LD

IBD calculation 
• Confirm relationships

Runs of homozygosity & R plots  

• Optimized parameters

17



Homozygosity Mapping-Runs of Homozygosity parameters
UMCU 

Neurogenetics 
lab.
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Parameter

Size threshold (kb) to call 
on ROH

SNP number threshold to 
call an ROH

Sliding window size in 
SNPs

Allowed missing SNPs

Proportion of homozygous 
window threshold

Minimum SNP density to 
call an ROH

Maximum allowed gap

Allowed heterozygous 
SNPs
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Results
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An overview of Turkish MND cohort

 35 AR families

 22 unsolved 13 solved
 15 unsolved 7 solved

DNAJB2 
C19ORF12(3) 

PANK2 
IGHMBP2 
PLEKHG5 
SLC12A6 
ACADS 

SLC52A3 
ZFYVE26 

SPG11 
SIGMAR1

TRPV4 
ANG 
MPZ 
VCP 

ERBB4-LRSAM1 
SQSTM1 
UBQLN2

 57 families 
(81 patients + 66 unaffected family members) 

 

  

    

    

    

 21 AD + 1 XLD 
families
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An overview of Turkish MND cohort- Sample Quality Metrics

  

    

    

The average missingness  
Mean: 0,0925 
Stdev: 0,16

Mean: 63X

21



An overview of Turkish MND cohort- Sample Quality Metrics

  

    

    

Mean: 2,21 
Stdev: 0,079
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An overview of Turkish MND cohort- Sample Quality Metrics

  

    

    

Principal Component Analysis
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Identified Mutations in AR- inherited families

 

Initial 
diagnosis

Variation
OMIM Association

Gene
Coding 

sequence
Protein 

sequence

Family 1
distal motor 
neuropathy

DNAJB2 c.757G>A p.Glu253Lys distal spinal muscular atrophy

Family 2 Atypical ALS C19ORF12 c.194G>T p.Gly65Val NBIA4
Family 3 Atypical ALS C19ORF12 c.194G>T p.Gly65Val NBIA4
Family 4 ALS C19ORF12 c.32C>T p.Thr11Met NBIA4
Family 5 HSP PANK2 c.427G>A p.Ala143Thr NBIA1
Family 6 MND IGHMBP2 c.638A>G p.His213Arg SMARD1
Family 7 ALS PLEKHG5 c.1648C>T p.Gln550Ter distal spinal muscular atrophy 
Family 8 HSP SLC12A6 c.1073+G>A - Andermann syndrome
Family 9 MND ACADS c.1108A>G p.Met370Val (SCAD) deficiency
Family 10 BVVL SLC52A3 c.802C>T p.Arg268Trp BVVL1
Family 11 MND ZFVYE26 c.2074delC p.L692fs SPG15
Family 12 MND SPG11 c.1423C>T p.Gln478Ter SPG11, ARJALS
Family 13 MND SIGMAR1 c.308G>A p.Gly103Glu ALS-16
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Identified Mutations in AD-XLD inherited families

 

Inherita
nce

Initial diagnosis
Variation

OMIM Association
Gene

Coding 
sequence

Protein 
sequence

Family 14 AD
Scapuloperone

al SMA/CMT TRPV4 c.943C>T p.Arg315Trp
scapuloperoneal SMA / hereditary 

motor and sensory neuropathy type 2 
Family 15 AD ALS ANG c.208A>G p.Ile70Val ALS-9
Family 16 AD CMT MPZ c.293G>A p.Arg98His CMT1B
Family 17 AD ALS/FTD VCP c.572G>C p.Arg191Pro ALS-14 w/wo FTD

Family 18 AD ALS
ERBB4 c.3334C>T p.Arg1112Cys ALS-19
LRSAM

1 c.578G>A p.Cys193Tyr CMT2P

Family 19 AD ALS
SQSTM

1 c.374A>G p.Asn125Ser ALS/FTD/Paget disease of bone

Family 20 XLD ALS/MMND
UBQLN

2 c.374A>G p.Met391Ile ALS-15 w/wo FTD
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DNAJB2 mutation (p. Glu253Lys) in a patient with distal SMA

2009

* *

*

I
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III
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ao:31

*:  exome data available 
P: patient 
ao: age of onset

Dr. Mustafa Ertas
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C19ORF12 mutations (p. Gly65Val) in patients with atypical ALS
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27



C19ORF12 mutations (p. Thr11Met) in patients with early onset ALS
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An ERBB4  mutation with an intra-familial clinical variation
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Dr. Nalan Gunes 
Dr. Atay Vural

ERBB4

c.
3334C>

T
p.Arg1112C

ys ALS-19
LRSAM

1
c.

578G>A p.Cys193Tyr CMT2P
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ERBB4 mutations in ALS
November, 2013

30



A Novel VCP mutation causing ALS and cognitive dysfunction 

1962
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ex: 39
cancer
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A Novel gene causing BVVL – KIF13A2

32



Summary and Discussion
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      ALS 
      NBIA 
      Other non-ALS MNDs

Overall Results

Unsolved
%65

Solved
%35

UBQLN2
SQSTM1

LRSAM1

ERBB4

VCP

MPZ

ANG

TRPV4

SIGMAR1

SPG11
ZFVYE26

SLC52A3

SLC12A6

PLEKHG5

IGHMBP2

PANK2

C19ORF12

DNAJB2
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Remaining Cases to be Solved

Unsolved
%65

Solved
%35

Technical Limitations of WES I 
-Short-read sequencing approach in NGS 
Inability to detect structural variations

Technical Limitations of WES II 
-Low coverage problem 
Especially for heterozygous variants

Data processing 
-False positives

Sample Size 
-Discovery of novel disease causative genes 
 Association studies

Detailed and Correct Pedigree information 
-Misleading or missing clinical information 
-Importance of deep phenotyping
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Project MinE 
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