
The Molecular Dissection of 
Ataxias in Turkey and the Impact of 
Whole Exome Sequencing in Their 

Precise Differential Diagnosis

M.Sc. Thesis Defense
Cemile Koçoğlu

NDAL
18.11.2016



Overview

Ataxias

    Mechanisms and cerebellum
Next Generation Sequencing and applications

    Whole exome sequencing
Application of WES to Turkish ataxia cohort

The outcome of WES in Turkish ataxia cohort

How to improve?
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Ataxias and the cerebellum
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What is Ataxia?

A taxis: without order 

Inability to control muscle 
movements

Imbalance

Cerebellar dysfunction
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Cerebellum

Motor input and output

Control over body movements

voluntary movements

balance and posture 

Motor learning

smooth, balanced muscular activity
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Cerebellum

Damage!
Imbalance 

Slowed / uncoordinated 
limb movements
Tremor
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“Ataxia”



Ataxias

autosomal dominant
autosomal recessive
X-linked
mitochondrial
sporadic

metabolic deficiencies
autoimmune conditions 
/ infections
exposure to toxic 
substances or drugs
cancer

Acquired ataxiasInherited ataxias
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Inherited Ataxias

Inherited Ataxias

Autosomal 
Dominant 

Spinocerebellar 
Ataxias (SCAs)

SCAs 1-43
Dentatorubral-

pallidoluysian atrophy
(DRPLA)

Episodic Ataxias Episodic ataxia type 1-8

Autosomal 
Recessive

  With cerebellar 
atrophy

Spastic Ataxia of 
Charlevoix-Saguenay 

(ARSACS)
Ataxia with oculomotor 

apraxia (AOA)

Without cerebellar 
atrophy

Friedreich’s Ataxia 
(FRDA)
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Mechanisms are Heterogeneous

Spinocerebellar ataxia:

      PolyQ toxicity

      Ion-channel dysfunction

      RNA toxicity

      Signal transduction

Autosomal recessive ataxia

      DNA repair defect

      Mitochondrial dysfunction

      Protein & chaperone 

dysfunction

      Metabolic defects
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Genetics in Turkey

solved
%20

unsolved
%80
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SCA1, 1.89%
SCA2, 3.70%
SCA3, 0.28%
SCA6, 0.09%
SCA7, 0%
SCA8, 0.38%
SCA17, 0.09%
DRPLA, 0.09%
FRDA, 12.62 %
HD, 0.38%

A total of 1054 patients

- Acquired
- Sporadic
- Mendelian genetics



How to solve the remaining 
patients?
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Next Generation Sequencing
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1953 DNA structure (Watson & Crick)

1977 Maxam & Gilbert sequencing
1977 Sanger sequencing
1990 Human Genome Project – start

1996 First NGS technology – Pyrosequencing

2003 HGP – ended

2007 NGS platforms routinely used



Whole Exome Sequencing (WES)

1% of the genome

80 % pathogenic variants

Data analysis

Cost-effective
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Whole Exome Sequencing

Foo et al., Nature Reviews Neurology, 
2012
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DiDonna & Opal, 2016

NGS and Ataxia Genetics
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Dissect the disease cause by 
whole exome sequencing
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Study Design
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SCA?
FRDA?

DRPLA?

vcf 
files

Convert to Plink
    Confim relationships
     
Family vcf
    AR: Homozygosity 
mapping
     Variant prioritization



Sample Selection
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Family history?

Consanguinity?

Detailed phenotype 
information
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Study Cohort

47 families - 150 individuals 

91 patients & 59 family members

Mean age at onset: 22.37+15.77

53 males & 38 females

12 AD / 34 AR / 1 both modes

Negative for repeat expansions
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Mean: 22.37



Exome data analysis pipeline – data 
processing
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Raw data : .fastq 

Aligned reads: .sam files

Binary aligned reads 
(bam files)

Align to reference 
genome

Indel realignment & 
BQSR

Variant calling

BWA 

GATK Genomic vcf

Convert to binary 
format & Mark PCR 

duplicates

GRCh b37 
decoy 

Samtools & 
Picard

Family vcfMerged vcf

GATK – Genotype GVCFs



WES data analysis – variant prioritization
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Functional annotation of variants - ANNOVAR

Reducing target by filtering according to inheritance 

pattern

Homozygosity mapping

Variant filtration

Allele frequencies from 1000 genomes, ExAC, Exome 

Variant Server

Protein prediction tools (SIFT, LRT, Polyphen-2)

Association with the disease



Identity-by-descent (IBD)

Identity by state (IBS): Identical nucleotide sequences in two or more 

individuals in an DNA segment

IBD: Alleles descended from a common ancestor 

Estimation of relatedness of the individuals by pi-hat values 

among individuals
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Confirmation of relationships



Expected Pi-hat values:

IV – V : 0.500

IV – II : 0.500

IV – I   : 0.250

IV – III : 0.250

IV – VI : 0.125
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IV V

II

VI

III

I

Identity-by-Descent



Plink - setup
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Genotyping rate: 0.015
# sites: 4785494

Study cohort
391 individuals

Working data set:
391 individuals

16742 variant sites

Genotyping rate: 0.936
# sites: 35219

Filter out sites 
missing > 0.1

Prune in LD  

--genome

IBD estimations



PLINK – Runs of Homozygosity
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Runs of homozygosity
Find homozygous stretches

Prune SNPs
Remove SNPs in LD

Create plink hard callsBinary plink files (bed, bim, fam / ped, 

map)

Family vcf

Parameter
UMCU 
Neurogenetics 
lab.

HOMWES by 
Kancheva et al Optimizied

Size threshold (kb) to call on 
ROH 750 1000 500

SNP number threshold to call 
an ROH 30 10 10

Sliding window size in SNPs 5 20 20

Allowed missing SNPs 10 5 10

Proportion of homozygous 
window threshold 0.05 0.05 0.05

Minimum SNP density to call 
an ROH 1 50 400

Maximum allowed gap 4000 500 2000

Allowed heterozygous SNPs 1 1 1



The impact of WES in disease 
gene identification

Results from a Turkish cohort
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WES Results

WES applied to 47 ataxia families

Mutations identified in:

2/12 dominant pedigrees

18/34 recessive pedigrees
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WES Results
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Family 
Initial 

diagnosis
Mutated gene

Mutation
Associated Disease (OMIM)Coding sequence Protein sequence

1 SCA AFG3L2 c.C2062A Pro688Thr SCA28
2 SCA KIF1B c.G4712A Arg1571Gln CMT2A1
3 SCA SYNE1 c.C20263T Arg6755Ter ARCA-1
4 SCA SACS c.19923_12927delAAGAA Lys4308fs*21 ARSACS
5 SCA SACS c.C11374T Arg3792Ter ARSACS
6 FA APTX c.T569G Val190Gly AOA1
7 SCA / FA SETX c.5549-2A>G NA AOA2
8 FA SETX c.5635delG Val1879Ter AOA2
9 FA SETX c.5249dupT Leu1750fs*7 AOA2
10 SBMA / FA SETX c.T6686C Met2229Thr AOA2
11 FA SETX c.5249dupT Leu1750fs*7 AOA2
12 SCA / FA CAPN1 c.G994A Gly332Arg ARHSP76
13 SCA CAPN1 c.G1176A Trp392Ter ARHSP76
14 SCA SPG11 c.1966_1967delAA Lys656fs*11 ARHSP-TCC
15 SCA SPG7 c.G1972A Ala658Thr ARHSP-7
16 SCA SPG7 c.C1763T Thr588Met ARHSP-7
17 FA KIF1C c.G38A Arg13Gln SPAX-2
18 FA / SCA ADCK3 c.G1009A Ala337Thr ARCA-2
19 SCA ADCK3 c. C1013T Ala338Val ARCA-2
20 FA TTPA c.487delT Trp163fs*13 AVED



WES Results
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Family 
Initial 

diagnosis
Mutated gene

Mutation
Associated Disease (OMIM)Coding sequence Protein sequence

1 SCA AFG3L2 c.C2062A Pro688Thr SCA28
2 SCA KIF1B c.G4712A Arg1571Gln CMT2A1
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5 SCA SACS c.C11374T Arg3792Ter ARSACS
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7 SCA / FA SETX c.5549-2A>G NA AOA2
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9 FA SETX c.5249dupT Leu1750fs*7 AOA2
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14 SCA SPG11 c.1966_1967delAA Lys656fs*11 ARHSP-TCC
15 SCA SPG7 c.G1972A Ala658Thr ARHSP-7
16 SCA SPG7 c.C1763T Thr588Met ARHSP-7
17 FA KIF1C c.G38A Arg13Gln SPAX-2
18 FA / SCA ADCK3 c.G1009A Ala337Thr ARCA-2
19 SCA ADCK3 c. C1013T Ala338Val ARCA-2
20 FA TTPA c.487delT Trp163fs*13 AVED



Fam 2: KIF1B

6 generation family

Multiple affected in all 

generations

Diagnosis: SCA
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III

I

II

IV

V

VI

1935
ao: 39 y
ex: 75 y

P7
1964

ao: 46

P6
1965
ao: 46

P5
1973
ao: 37

1935

1991 1994 2000

ex: 77 ex: 2008 1937
ao: 70 y

* * *



Fam 2: KIF1B

WES: KIF1B : Kinesin family member 1B

p.Arg1571Gln (ExAC: 8.237e-06)
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Kinesin motor domain Arg1571GlnGln97Leu

Kinesin associated FHA

Kinesin protein PH

KIF1B

GERP: 5.53
PolyPhen2: 1.0
SIFT: 0.17



Zhao et al., 2001 (Reported by Saito et 
al., 1997)

Muscle weakness

Pes cavus

Tendon reflexes reduced in 

lower extremities

Mild sensory disturbance

Patients of this study (P5-P7)
Cerebellar findings

EMG normal

Pes cavus

Hammer toe

Loss of vibration sense
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Fam 2: KIF1B



Fam 3: SYNE1

Diagnosis: SCA

SMA type 3 suspicion in the youngest brother
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I

II
P8

1991
ao: 17

P9
1990

ao: 10

P10
1996
ao: 5

1992 1994

1968 1969

* *

* * *



Fam 3: SYNE1

SYNE1: Nesprin 1

 p.Arg6755Stop (ExAC: 8.243e-06 - hom)

Autosomal Recessive Cerebellar Ataxia type 1 (Gros-Louis et al., 2007)

Izumi et al., 2010

ARCA-1plus motor neuron involvement!

Ozoguz et al., 2015

SYNE1 mutations in ALS

Synofzik et al., 2016

Ataxia with motor neuron involvement
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I

II

P8
1991

ao: 17

P9
1990
ao: 10

P10
1996
ao: 5

1992 1994

1968 1969

* *

* * *

Homozygosity mapping

Chromosome 6
SYNE1
p.Arg6755Stop



Fam 12 & 13: CAPN1

Common feature: spasticity

ao < 40

Diagnosis: SCA
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V

VI

I

II

III

IV

P27
1963
ao: 15

P28
1971

ao: 33-34

1963 1967 1969 1973

1992 1996 199919921987

1934 1934

* *

* *

I

II

III

IV

P26
1979
ao: 23

20021999

1974 1980 1982

1955

1983 1992 MS

1956

*



Fam 12 & 13: CAPN1
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Homozygosity mapping: 
Chromosome 11

CAPN1
Fam12 p.Gly332Arg 
Fam13 p.Trp392Stop



Fam 12 & 13: CAPN1

CAPN1: Calpain-1 

Fam12 p.Gly332Arg (ExAC: not present - hom)

Fam13 p.Trp392Stop (ExAC: 8.513e-06 - hom)
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May 2016

Autosomal Recessive 
Hereditary Spastic Paraplegia 
76



Fam 14: SPG11

Juvenile onset patient

Cerebellar atrophy

Cognitive dysfunction

Diagnosis: SCA
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*

*

infant death ex: 37ex: 1.5 ex: 33 P29
1951

ao: 15

1936
ex: 68

1940

I

II

III

V

IV



Fam 14: SPG11
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Homozygosity mapping: 
Chromosome 15 SPG11: p.Lys626fs*11 

(hom)

P28
1951
ao: 15

N
ex: 1.5 ex: 33 Infant death ex: 37

1936
ex: 68 1940

I

II

III

IV

V

*

*



Fam 14: SPG11

SPG11: Spatacsin

p.Lys626fs*11 (hom)

Autosomal Recessive Hereditary Spastic Paraplegia with Thin 

Corpus Callosum

Autosomal Recessive Juvenile Amyotrophic Lateral Sclerosis (ALS)

MRI: Thinning of the corpus callosum confirmed

Reexamination: Juvenile ALS
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Fam 15 & 16: SPG7

Adult onset ataxia

P33 developed spasticity
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Fam 15 & 16: SPG7
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Homozygosity 
mapping: 
Chromosome 16
SPG7
Fam 15 p. Ala658Thr 
Fam 16 p.Thr588Met 



Fam 15 & 16: SPG7

SPG7: Paraplegin  

Fam 15 p. Ala658Thr (hom)

Fam 16 p.Thr588Met (hom)

Autosomal Recessive Hereditary Spastic Paraplegia 7
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Overall Results 

Disease cause identified in 20 / 47

1 case later diagnosed with HD

Ongoing analysis in 26 / 47 patients
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Ataxia Genetics in Turkey - updated
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solved
%20

unsolved
%80

Exome
%2

Conventional
%20

Unsolved
%79



The Outcome of WES in Investigated  
Ataxia Families

High yield

Novel genotype-phenotype associations

Precise diagnosis

Possible treatments
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Expansion
%2

Unsolved
%55

Solved
%43



Why 55% unsolved: 
WES Technical Shortcomings

Noncoding regions of the genome 
(~99%)

Inability to detect
   - repeats
   - large indels
   - copy number variants

Choice of software
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How to proceed in 55%?
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Variants of unknown significance (VUS)

 - need of more detailed clinical information 

 - further confirmation of suspected variants

Oligogenic inheritance

Epigenetics

Environmental factors

Novel disease genes



Path to novel disease gene discovery

Increase sample size with 
similar clinical features

Alternative strategies

Network analysis

Combine with epigenome
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Detailed phenotyping of all affected individuals



Dissection of ataxia: Conclusion

Detailed phenotyping of patients CRUCIAL
One gene multiple phenotypes

Keeping pace with developing tools in bioinformatics 

IMPORTANT

Interdisciplinary collaborations on several levels - a MUST

Translational research / Precision medicine – the FUTURE
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Thank you!
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