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ABSTRACT

Objective: To explore the underlying genetic variations and
mechanisms in a family affected by isolated dystonia.

Material and Method: We employed whole genome Single Nu-
cleotide Polymorphism (SNP) based linkage analysis along with
whole exome sequencing (WES) in a consanguineous family pre-
senting with isolated dystonia. An in-house pipeline compiled
for WES analysis along with in-depth in silico prediction algo-
rithms were used to assess the associated data produced in this
study. Sanger sequencing was used for variant confirmation and
segregation.

Results: Data analysis included locus oriented WES variant prior-
itization and cryptic splicing predictions. We detected a homo-
zygous and synonymous variation rs748449895 (NM_015125.4:
c.4143C>T; p.(Thr1381=)) in the capicua transcriptional repres-
sor, CIC. This variation disrupts the YB-1 RNA recognition motif
and creates an alternative SRp20 RNA recognition motif.

Conclusion: The resulting variant might cause the dystonia phe-
notype by affecting the alternative splicing of CIC transcript and
altering the exon inclusion motif which may disrupt the ATXN1-
CIC complex.

Keywords: Autosomal recessive dystonia, whole genome genotyp-
ing, linkage analysis, whole exome sequencing, alternative splicing

OZET

Amag: izole distoni hastaligindan etkilenmis bir ailede hastaliga
neden olan genetik varyasyonlari ve mekanizmalari kegfetmek.

Gereg ve Yéntem: izole distoni hastaligi tanisi konmus ve ak-
raba evliligi bulunan bir ailede, tim genom Single Nucleotide
Polymorphism (SNP) temelli baglanti analizi ile beraber tim ek-
zom dizileme (TED) gergeklestirildi. TED analizleri icin laboratu-
varimizda gelistirilen akis hatti ve in siliko tahmin algoritmalar bu
calismada Uretilen verinin iligskilendirilmesinde kullanildi. Sanger
dizileme varyantlarin dogrulanmasi ve ayrimi icin kullanild.

Bulgular: SNP dizimi ile genotipleme, baglanti analizi ve ek-
zom dizileme analizleri sonucu rs748449895 (NM_015125.4: c.
4143C>T;p.(Thr1381=)) homozigot sinonim varyanti tespit edildi.
Devamindaki biyoinformatik analizler varyantin YB-1 RNA tanima
motifi oldugunu gosterdi. Bu varyant YB-1 RNA tanima motifini
bozarak, SRp20 RNA tanima motifi olugturmaktadir.

Sonug: Bulunan varyant, ekzon katilma motifini degistirerek CIC
transkriptinin alternatif kirpilmasini etkileyip ATXN1-CIC komp-
leksini bozarak distoni fenotipine yol agabilir.

Anahtar Kelimeler: Otozomal resesif distoni, tim genom geno-
tipleme, baglanti analizi, tim ekzom dizileme, alternatif kirpilma
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INTRODUCTION

Dystonia is a group of movement disorders that is charac-
terized by involuntary, chronic, twisting muscle contrac-
tions and which causes repetitive involuntary movements
with temporary or permanent abnormal postures (1). It
is a highly heterogeneous condition both in genetic and
clinical dimensions (2). Nevertheless, a number of genes
have been implicated in isolated dystonia, including
THAP1, GNAL, ANO3 and TORTA (3, 4).

Linkage analysis is an old, but still useful and reliable ap-
proach to map the chromosomal coordinates of disease
genes, particularly in extended families with monogenic
conditions (5). This method has had a tremendous im-
pact on autosomal recessive conditions in consanguin-
eous families. In today’s reality, where next generation
sequencing (NGS) techniques seem to be the gold stan-
dard for disease gene identification, linkage analysis still
has a role to serve: Linkage analysis pinpoints candidate
chromosomal regions as localization filters for NGS data
analysis. In this way, instead of evaluating a large num-
ber of samples and variants with unknown significance,
a limited number of patients with targeted variants can
be examined (6, 7). Whole exome sequencing (WES) is
a popular tool among all NGS approaches because of
its relatively low variant content and easy to handle anal-
ysis features compared to whole genome applications
(8). Therefore, in the last decade there have been several
reports that have combined linkage analysis with WES as
a powerful tool to determine genes and variants associ-
ated with the specific diseases (9-11).

Herein, we present genetic studies including Single Nu-
cleotide Polymorphism (SNP) array based linkage analysis

Table 1: Clinical characterization of affected siblings

and WES performed in a first degree consanguineous fam-
ily from Turkey with three patients afflicted with isolated
dystonia. This effort has led us to identify a novel variation
that possibly disrupts an alternative splicing motif in CIC.

MATERIAL AND METHOD

In this study, a first degree consanguineous family from
Turkey with three affected (Case 1, Case 2, Case 4) and
one unaffected (Case 3) siblings along with their mother
(Case 5) were evaluated. Clinical assessment was per-
formed at Istanbul University, Faculty of Medicine, Be-
havioral Neurology and Movement Disorders Unit of the
Neurology Department, Istanbul, Turkey. Physical and
neurological examinations were performed for all avail-
able family members and detailed information on family
history was collected. Informed consents were obtained
from all five family members in accordance with Istanbul
University, Istanbul Faculty of Medicine, Clinical Ethics
Committee with consent certificate 2015/493 approved
on 23/02/2015. The clinical features of the patients are
compiled in Table 1.

DNA was extracted using the QlAamp DNA Blood Maxi
Kit (Qiagen GmbH, Hilden, Germany) according to the
manufacturer’s protocol. Afterwards, whole genome
genotyping was performed for all five individuals using
the lllumina HumanCytoSNP-12v2-1 300k BeadChip kit.
Firstly, copy number variations (CNVs) were analyzed us-
ing lllumina GenomeStudio v2.0 using cnvPartition CNV
Analysis Plugin v3.2.1. PLINK Input Report Plug-in v2.1.4
is used to convert the data to a text format for linkage
analysis. Multipoint logarithm of the odds (LOD) score
was calculated using GeneHunter v.2.1r5 (12) and run
under EasyLinkage v5.08 (13) interphase assuming reces-

Sex
Age at onset (year)
First detectable sign

Age at last examination
Progression

Pyramidal signs
Oculomotor findings
ENMG study

MRI findings

Other findings

Case 1
M
7

Tremor

53

Yes

Brisk reflexes

Normal

Mild myopathic changes
Unremarkable

Dysarthria, dysphagia,
dystonic tremor, axial
dystonia, chorea, mild
asymmetric bradykinesia

Case 2 Case 4

F F

9 7

Tremor Dysarthria, dysphagia, gait
difficulty

42 53

Yes Yes

No No

Normal Normal

Normal N/A

Unremarkable N/A

Dysarthria, dysphagia, Dystonia

dystonic tremor, axial
dystonia, oromandibular
dystonia, ataxia
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sive inheritance with full penetrance. Computation was
adjusted in sets of 100 markers and spacing 0.1 cM. In
addition, Haplopainter v1.043 (14) was used to draw the
pedigree diagram and visualize the resulting haplotypes.

Whole exome sequencing was performed for the two af-
fected siblings (Case 2 and Case 4) from the family on
an lllumina HiSeq2000 platform. Exonic DNA was cap-
tured using Agilent SureSelect Human All Exon V5 (Agi-
lent Technologies, Santa Clara, CA, USA). Samples were
sequenced for the targeted regions with a mean cover-
age of 53x and 88% of the reads were covered over 20x.
Alignment to reference genome hg19 was done using
Burrows-Wheeler Aligner v0.7.16a (15), sorting, marking
duplicate reads and other bam manipulations were car-
ried out using Picard tools v2.12.0 (16), variant calling was
performed with the Genome Analysis Toolkit v3.6.0 Hap-
lotypeCaller (17). The variants were annotated using the
Ensembl Variant Effect Predictor (VEP) v101 (18). Variants
with gnomAD and 1kG allele frequency less than 0.001
were filtered using VEP filter script. Filtering of the high
LOD regions shared by two siblings was performed using
python v3.9 script. Validation and segregation analyses
for candidate variants were carried-out using Sanger se-
quencing. SpliceAid 2 and Splice Al were used to predict
the splicing impacts of these variations (19, 20).

RESULTS

A consanguineous family with four siblings and their
mother were studied. Three of the siblings (two of which
were female and one was male), were affected and the
other sibling was unaffected. All the affected siblings
(Case 1, Case 2, Case 4), the unaffected sibling (Case
3), and the mother (Case 5), were examined at the De-
partment of Neurology at Istanbul University Faculty of
Medicine. Case 1 was admitted to our clinic at the age
of 49 for the first time due to dystonia and involuntary
movements in the whole body. He started having trem-
ors in his right hand at the age of seven, and after two
years, he also had tremor in his left hand, and his writing
had gradually deteriorated. At the age of 12, gait diffi-
culty started, and at the age of 15, he had dystonia in
his whole body, mostly in his waist and neck, and rarely
dysphagia. His complaints increased in cold and crowd-
ed environments. He had no other diagnosed diseases.
His parents were cousins. He was the second of four sib-
lings, and his two sisters had similar complaints (Case 2,
Case 4). In his examination, he was disorientated, and
his speech was dysarthric. Myerson was positive. There
were diffuse dystonic and choreiform movements, (these
were more prominent on the right side of the body), and
dystonic tremors in the bilateral upper extremity. There
was bilateral mild bradykinesia which was more promi-
nent on the left side. Deep tendon reflexes were brisk.
He had gait difficulty due to severe dystonia in the whole

body. Cranial MRI and EEG examinations were normal.
EMG and muscle biopsy revealed mild myopathic chang-
es. Serum and urine copper and serum ceruloplasmin
levels were normal. Ophthalmic examination was unre-
markable. Bilateral p100 latencies were prolonged in the
visual evoked potential test. Genetic investigation for
Huntington’s disease was negative. Despite the L-dopa,
clonazepam, biperiden, baclofen, tetrabenazine and bor-
naprine treatments, his complaints were ongoing in his
last examination at the 4" year of his follow-up. Case 2
was admitted to our clinic for the first time at the age of
38 with gait difficulty, tremors in the hands, and speech
disorder. At the age of nine, she first started having trem-
ors in her right hand and, after a while, in her left hand,
and deterioration in writing was observed. Ten years
later, speech and swallowing disturbances were added,
and ten years later, ataxia and gait difficulties were ob-
served. Her past medical history was unremarkable. Her
speech was dysarthric in the neurological examination.
There were oromandibular dystonia and bilateral upper
extremity dystonic tremor, more prominent on the right.
She had gait difficulty due to ataxia. Vitamin E and se-
rum AFP levels were normal. Cranial MRl and EMG were
unremarkable. The neurological examination findings of
the patient, who did not attend follow-up examinations
regularly and did not respond to L-dopa treatment, were
the same in the 4% year follow-up. Case 4, who was ad-
mitted for the first time at the age of 53, had gradually
progressing gait, speech, and swallowing difficulty, which
started at the age of seven. The patient, who had dysar-
thria, generalized dystonia, and was unable to walk due
to dystonia at the first examination, did not attend main-
tain their examinations. The unaffected sibling (Case 3)
and the mother (Case 5) had no neurological complaints,
and neurological examinations were normal.

Evaluation of CNVs using the SNP data did not suggest a
shared CNV event in the affected siblings. Parametric link-
age analysis in the family identified seven linkage peaks
on chromosomes 1, 3, 4, 6, 10, 11 and 19, respectively
with a maximum LOD score of higher than 2.5 (Figure
1). These coordinates (Table 2) were prioritized for WES

Table 2: Chromosomal positions (hg19) of regions with
LOD score over 2.5

Chromosome Start End
chr1 94023997 110579200
chr3 150872381 153042330
chrd 140021705 140672561
chré 133528828 134365722
chr10 117763432 120364746
chr11 59716220 84908270
chr19 33538792 43404463
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Figure 1: Genetic studies in the dystonia family. A) Multipoint LOD scores (GeneHunter) of the SNP data set along
the autosomal chromosomes, B) SNP derived haplotype blocks (Haplopainter) on chromosome 19 around CIC gene,
C) Segregation of the variant NM 015125.4:¢.4143C>T within the family, D) Summary of the filtering steps to discover
candidate variants, E) In-silico prediction (Splice Aid 2) analysis to show possible alternative splicing effect of the variant

analysis. Filtering process started with the evaluation of  repressor-CIC encodes a member of high mobility group-
these regions and then continued with successive steps  box (HMG-box) superfamily of transcriptional repressors
as presented in Figure 1. This filtering strategy led us to and has shown to be a critical regulator of neuronal dif-
identify three synonymous candidate variants as annotat-  ferentiation (21). Although the variant was annotated as
ed with VEP and presented in Table 3. None of these vari- ~ synonymous with the VEP pipeline, the role of CIC gene
ants were present in the homozygous form in the gnomAD product in neuronal differentiation has prompted us to
database. Among these genes, Capicua transcriptional ~ perform familial variant segregation and in depth in sili-
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Table 3: Remaining variants as result of the filtering strategy

- HGVSc Existing variation

Position (hg19/hg38) Gene Consequence HGVSp GnomAD_AF

1 chr11:9.73021267T>A ARHGEF17 NM_014786.3:c.1584T>A rs553216026
chr11:9.73310222T>A synonymous_variant NP_055601.2:p.Pro528=

2 chr19:9.36431638G>A LRFN3 NM_024509.1:c.1311G>A rs144242723
chr19:9.35940736G>A synonymous_variant NP_078785.1:p.Gly437= 0.0008631

3 chr19:9.42798189C>T CiC NM_015125.5:c.4143C>T rs748449895
chr19:9.42294037C>T synonymous_variant NP_055940.3:p.Thr1381= 0.00004778

co analyses. Sanger sequencing of this variant along with
haplotype inspection of the linkage region confirmed
segregation of ENST00000575354.6:¢.4143C>T with the
phenotype in the pedigree (Figure 1). According to in
silico prediction tool SpliceAid 2 (19), the variant causes
disruption of the existing RNA recognition motif (RRM)
and creates a new different RRM (Figure 1). SpliceAl tool
also predicts a minor acceptor loss effect (20).

DISCUSSION

Using two unbiased genetic approaches, SNP based
linkage analysis and WES, we identified a variation that
possibly affects an alternative splicing motif in the CIC
gene that may be associated with dystonia. The CIC
gene is a human ortholog of the Drosophila melanogas-
ter capicua gene and belongs to the protein family of the
high mobility group (HMG)-box superfamily of transcrip-
tional repressors. Protein capicua homolog plays a role in
development of the central nervous system (CNS) and is
involved with brain development with ataxin-1(22). CICis
known to form a transcriptional repressor complex with
ATXN1 which was previously demonstrated to cause sev-
eral neurological diseases (23). Dystonias are a heteroge-
neous group of disorders as mentioned above. Dystonias
may be classified according to the affected body part,
e.g. focal, segmental, multifocal, hemidystonia and gen-
eralized. Furthermore, dystonias may also be classified
by associated features, such as isolated, combined and
complex (24). The most recent classifications of dysto-
nias are recommended by the European Federation of
Neurological Societies (25). Taken together, dystonias
are clinically and genetically complex, which complicates
gene identification studies. However, it may be possible
to identify candidate genes in pedigrees with clear auto-
somal recessive inheritance caused by identical descent
inheritance due to consanguinity. Recently, a number of
dystonia related genes have been identified in parallel
with the developments in NGS technologies, such as
Clz1, ANO3, TUBB4A and GNAL for primary dystonia,
PRRT2 for paroxysmal kinesigenic dystonia, and some
other genes, SLC30A10 and ATP1A3 (26). Both dominant
and recessive inheritance patterns are valid for genetic
dystonias (27). Among the studies with autosomal reces-

461

sive patterns, some patients have been reported in which
the parents were consanguineous (28, 29).

Our study demonstrates a synonymous variation
in CIC. This variation resides on the exon 17 of
ENST00000575354.6 (NM_015125.5), which consists
of 20 exons in total. Interestingly, it has been shown
that dominantly affecting variations in CIC may cause
intellectual disability (23). Likewise, in 2010, Vissers et
al. demonstrated a heterozygous de novo missense
variation (23, 30). In 2011 Bettegowda et al. reported
CIC gene variations in six cases in their study on human
oligodendroglioma (31). When considered overall,
variations in the CIC gene exhibit autosomal recessive
character. However, evaluating the nature and genetic
heterogeneity of the disease, it should be considered
that different inheritance patterns can be seen.

Although the homozygous variant detected herein is
synonymous, our in depth in silico analyses have shown
that this variation breaks the existing YB-1 RRM (GGC-
CACCUCACCCQ) (32) and creates a new motif (GGCCAC-
UUCACCC), which is recognized by SRp20 splicing fac-
tor (33). YB-1 transcription factor is shown to stimulate
exon inclusion while SRp20 stimulates the splicing of the
exon (32, 34). Consequently, this apparently 'silent’ varia-
tion may not be silent at the end of the day: It may result
in cryptic splicing via recruitment of the SRp20 splicing
factor. It is very well known that alternative splicing is an
important mechanism that confers protein diversity and
alterations in control of splicing may be associated with
disease (35-37). Several genetic diseases which are mo-
lecularly undiagnosed have turned out to be associat-
ed with cryptic splicing due to ‘silent’ exonic or intronic
variations that actually affect pre-mRNA splicing (38, 39).
Some well characterized neurological diseases, such as
frontotemporal dementia, parkinsonism, spinocerebel-
lar ataxia 8 are thought to be associated with abnormal
splicing, but the exact evidence is still unclear (40). Li-
catalosi et al. compiled neurological diseases, including
ataxia-telangiectasia, myotonic dystrophy, FXTAS, SMA,
SCA2-8-10-12 that are directly related to alternative splic-
ing defects (41). After these findings, in 2013 Feng and
Xie described different mechanisms of alternative splic-
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ing that are related to neurological diseases (42). Alter-
native splicing variants are also shown to be a part of
the disease mechanisms of neurological disorders with
complex genetic etiologies including ataxia and dystonia
(43, 44). In sum, although the mechanism of occurrence of
many neurological diseases has been reported to be al-
ternative splicing, there may be other many neurological
diseases that are still not clarified.

CONCLUSION

In our findings we demonstrated that CIC may be associ-
ated with dystonia and other neurological phenotypes by
mechanism of alternative splicing. Therefore, our report
requires further functional studies both for in vitro and in
vivo to define the exact features of the CIC gene.
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