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Summary 

Movement disorders are neurological syndromes characterized by excess or paucity of 

movements. They are a large group of complex and clinically heterogeneous disorders and 

many of them have a genetic cause. The genetics of movement disorders is understudied in 

Pakistan. Consanguineous families are best suited to elucidate the causes of recessively 

inherited disorders. Next generation sequencing technology further facilitates gene 

identification. 

Ten families with multiple affected individuals were recruited in this study. All patients in 

the families presented different degrees of abnormalities including complete loss of voluntary 

movements, abnormal postures of upper and lower limbs, unusual gait, with or without 

abnormal ocular movements. All the affected members were videotaped according to a 

standard protocol and diagnosed by medical experts in Germany. Physical tests, biochemical 

tests, and neuroimaging were performed for the affected participants. 

Whole exome sequencing was performed for two to five samples from each of nine families. 

Variants were filtered based on zygosity, their frequency in public databases and prioritized 

based on their effect on the encoded proteins. Only those variants were considered that were 

homozygous in the affected individuals and segregated with the phenotype. Candidate 

variants were sequenced in all available family members for validation and segregation 

analyses. A functional assay was performed for a missense variant to check the localization 

of mutant protein in cells. 

The genetic causes of the disorder in five of nine families were identified. A novel nonsense 

variant in APTX was identified in family RDHM-02 and the disorder was diagnosed as ataxia 

with oculomotor apraxia type 1. Clinical phenotypic variability was observed among the 

affected members of the family. A novel single base pair duplication in SACS was identified 

in family RDHM-01. SACS variants have been described previously in spastic ataxia of the 

Charlevoix-Saguenay (ARSACS). All affected members of family RDHM-01 had ataxia, 

bradykinesia including hypomimia, mild dystonic postures of the upper limbs, supranuclear 

gaze palsy, and spasticity. Brain MRI of one affected individual showed severe vermal 
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atrophy, the characteristic feature of ARSACS patients, and other brain structures 

abnormalities including global subcortical atrophy. Global white matter atrophy was not 

observed in previously reported ARSACS patients. A novel seven base pair deletion in 

ATCAY was found in family RDHR-04. ATCAY variants have only been reported in a few 

individuals with Cayman cerebellar ataxia from Cayman Island. The phenotype in all 

affected members of family RDHR-04 was characterized by a wide-based ataxic gait and 

dystonic postures of the upper limbs. They also had strabismus and apraxia, as well as some 

cognitive impairment. The mild bibrachial dystonia observed in RDHR-04 was a new feature 

associated with Cayman ataxia. Severe cerebellum atrophy was observed in cranial MRI of 

two affected individuals. 

A novel missense variant of MCOLN1 was identified in family RDHM-03, which encodes 

mucolipin 1. Both affected individuals had adolescent onset generalized dystonia, mild ataxia 

and were mildly bradykinetic. Of note, MCOLN1 variants have been reported as a cause of 

mucolipidosis IV, which is a neurodegenerative lysosomal storage disorder characterized by 

psychomotor retardation and ophthalmologic abnormalities. MCOLN1 variant (c.551T>C, 

p.Ile184Thr) did not affect the localization of mucolipin 1 when transfected into fibroblast 

cells as compared to wild-type. It indicates that the variant affects the protein by a different 

pathway. This finding perhaps explains the association of this variant with a different 

phenotype as compared to that reported for variants resulting in mucolipidosis IV. Finally, a 

novel missense variant in ECEL1 was found in family RDHR-01. ECEL1 variants have been 

reported to cause an autosomal recessive disorder known as distal arthrogryposis, type 5D 

Affected individuals in family RDHR-01 presented a phenotype associated with an unusual 

gait, ptosis, limbs contracture, curved fingers, and adducted thumbs. The affected individuals 

were initially enrolled on the basis of the dystonic postures of their upper and lower limbs. 

However, the identification of the genetic cause of the disorder helped in the correct 

diagnosis of these individuals from family RDHR-01, which was not possible solely based on 

the phenotype. 

The current study has revealed a high rate of clinical and genetic heterogeneity among the 

enrolled families. This suggests that only the clinical phenotypes are not sufficient to 



iii 

 

distinguish and diagnose a particular rare movement disorder. Therefore, this complexity can 

be resolved by exome sequencing which leads to the ultimate detection of disease-causing 

variants for highly heterogeneous disorders. These rare genetic variants are involved in 

pathogenesis and also expand the phenotypic spectrum of some of these movement disorders. 

The families in which no genetic cause was identified demonstrate that some pathogenic 

variant can be missed by exome sequencing. These families could be molecularly 

characterized by genome sequencing in future. These findings will reveal new variants in 

known genes or implicate variants in new genes, perhaps with novel disease mechanisms. 

This will increase the understanding of involved genes and their pathophysiology in 

movement disorders. 
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Overview 

Voluntary and involuntary movements in humans take place due to the intricate interactions 

of the different parts of the brain, spinal cord, nerves and muscles. Any disruption of the 

complex circuitry within the basal ganglia and other parts of the brain causes movement 

disorders. These have different clinical presentations including ataxia, dystonia, essential 

tremor, chorea, Huntington's disease, multiple system atrophy, Parkinson's disease, 

progressive supranuclear palsy, restless leg syndrome, tics, Tourette's syndrome and Wilson's 

disease (Pizzolato & Mandat, 2012). They can have a profound effect on the health and the 

quality of life. 

Movement disorders are neurological disorders which are associated with either an excess of 

or by paucity of voluntary or autonomic movements. They are broadly categorized into two 

types. The hypokinetic disorders are associated with the loss of movement and hyperkinetic 

disorders are those with excessive movements (Fahn, 2011). Hypokinetic movement 

disorders referred to as akinetic or rigid disorders such as Parkinsonism syndrome are mainly 

manifested in adulthood. Hyperkinetic movement disorders referred to as dyskinesia are 

more common in childhood and encompass the bulk of movement disorders in children. 

Examples include tics, chorea/ballismus, dystonia, myoclonus, stereotypies and tremors 

among others (Schlaggar & Mink, 2003). 

Movement disorders affect individuals globally. Some specific movement disorders are more 

prevalent in specific regions of the world. The prevalence of movement disorders in Pakistan 

is unknown. A prospective study on movement disorder was carried out from 1988 to 1990, 

at the Civil Hospital, Karachi in Pakistan. Seventy-two cases representing different 

movement disorders were recorded within this period. Out of these, 28 (38.8%) patients were 

diagnosed with dystonia, while the other types of movement disorders for the remaining 44 

patients were not described (Vanek & Sarwar, 2008). In India, movement disorders constitute 

3-8% neurological syndromes with a crude prevalence rate (CPR) varying from 31 to 45 out 

of 100,000 peoples of < 60 years of age. The CPR of different movement disorders in India is 
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as follows: dystonia (43.91/100,000), essential tremor (16.63/100,000), and Parkinson’s

disease (40/100,000) (Das et al., 2013). 

Movement disorders affect the ability to produce and control the movement, the speed, 

fluency, the quality and the ease of movement. They are often accompanied by secondary 

clinical presentations such as seizures, cognitive deficits, autoimmune deficiencies, and 

psychiatric symptoms among others. A large number have a genetic cause. The disorders are 

classified into monogenic (Mendelian) and polygenic or multifactorial (complex). Many 

disorders have been mapped to a specific region of the genome and for some diseases 

specific genes have been identified. 

The hereditary movement disorders show different inheritance patterns including autosomal 

recessive, autosomal dominant, X-linked recessive, X-linked dominant and mitochondrial 

inheritance. Several genetic loci have been identified for dystonia, ataxia, juvenile 

Parkinsonism, essential tremor and several other movement disorders. Many of the disorders 

have no genetic cause identified as yet which suggests that additional genes and their variants 

remain to be discovered (Krebs & Paisán-Ruiz, 2012). Massively parallel (MPS) or next 

generation sequencing (NGS) technologies such as whole-exome sequencing or whole 

genome sequencing, enable the rapid and systematic identification of disease causing 

mutations and high risk alleles by resolution of the entire exome and genome, respectively. 

Massively parallel sequencing is an ideal approach to identify the disease causing genes for 

inherited movement disorders in a limited time period. It has increased the rate of discovery 

of new genes involved in different movement disorders including ataxia and dystonia (Wang 

et al., 2016). 

Continuing traditional and new approaches to study inherited movement disorders will 

increase the number of known genes for movement disorders and facilitate their rate of 

diagnosis. This will lead to an increased understanding of the involved genes in both 

unaffected and affected individuals (Singleton, 2011). 
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Ataxias 

Ataxia is a non-specific clinical presentation associated with discoordination ofmuscles’s

movement or motor function, gait instability, impairment of articulation, abnormalities of eye 

movements and swallowing difficulties (Hills et al., 2013). Hereditary ataxias can result due 

to degeneration of dorsal ganglia and pathways in the spinal cord (such as Friedreich ataxia) 

or cerebellum (such as ataxia-telangiectesia) or both to some extent (such as spinocerebellar 

ataxia). Cerebellar ataxia is a prominent feature of many genetic disorders and some of them 

are inherited in an autosomal recessive pattern. Most autosomal recessive ataxias begin 

during childhood or early adulthood, but late onset is also possible. 

Autosomal recessive cerebellar ataxias 

Autosomal recessive cerebellar ataxias (ARCA) are neurological ataxic disorders associated 

with degeneration or abnormal development of cerebellum and spinal cord. In most cases, 

they have an early onset before the age of twenty years. On the basis of clinicogenetic criteria 

ARCA can be classified as i) congenital or developmental ataxias, ii) metabolic ataxias 

including ataxias due to enzymatic defects, iii) ataxia due to DNA repair defects, iv) 

degenerative and progressive ataxias, and v) ataxia associated with other features (Palau & 

Espinós, 2006). 

More than 30 genes have been identified for different autosomal recessive ataxia disorders 

(Table 1.1). Friedreich ataxia and ataxia-telangiectesia are the most common inherited 

ataxias observed at childhood under the age of five years. The spinocerebellar ataxia 

autosomal recessive (SCAR) loci are named in the order which they are identified preceded 

by a SCAR prefix. Most SCAR loci are rare and often reported in a single family (Akbar & 

Ashizawa, 2015). Causative genes have been identified for many of these mapped loci (Table 

1.1). However, for SCAR3 (6p23-p21, (Bomont et al., 2000)), SCAR4 (1p36, (Burmeister et 

al., 2002)) and SCAR6 (20q11-q13, (Tranebjaerg et al., 2003)), a specific locus has been 

identified by homozygosity mapping but the involved genes are still unknown. 
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Cayman cerebellar ataxia 

This is a congenital ataxia and characterized by early hypotonia from birth, psychomotor 

delay and non-progressive cerebellar dysfunction, including truncal and limb ataxia, 

dysarthria, nystagmus and intention tremor. Brain imaging studies of the affected individuals 

show cerebellar hypoplasia. This disease was first identified in an isolated population of the 

Grand Cayman Island (Nystuen et al., 1996). The causative mutations were identified in 

ATCAY which encodes a protein called caytaxin having a CRAL-TRIO domain. This domain 

binds to small lipophilic molecules. ATCAY plays a role in synaptogenesis of cerebellar 

granular and Purkinje cells and glutamate synthesis (Bomar et al., 2003).  

Ataxias with oculomotor apraxias 

Ataxias with oculomotor apraxias (AOA) are the most common types of recessive ataxia 

caused by DNA repair defects. They are typically characterized by childhood onset and 

characteristic abnormalities of eye movements. Oculomotor apraxia is the impairment of 

saccade initiation and cancellation of vestibular-ocular reflex, resulting in hypometric 

saccades and defective control of voluntary eye movements (Akbar & Ashizawa, 2015). 

Ataxia with oculomotor apraxia type 1 (AOA1) begins at the age of less than 10 years and is 

associated with dysarthria, limb dysmetria, distal and symmetric muscle weakness and 

wasting, polyneuropathy, areflixia and oculomotor apraxia. Dystonia, chorea, masked facies 

or mental retardation is also observed in some patients. Most AOA1 patients become wheel 

chair bound due to the loss of independent ambulation which is evident between seven to ten 

years after the onset of symptoms. Biochemical tests show increased level of cholesterol and 

creatine kinase and decreased level of albumin in the blood. AOA1 is most common in Japan 

and second most frequent in Portugal. AOA1 is caused by mutations in APTX which encodes 

a protein called aprataxin involved in single and double strand DNA repair (Moreira et al., 

2001). 

Ataxia with occolomotor apraxia type 2 (AOA2) begins in teenage and is associated with 

spinocerebellar ataxia, choreoathetosis, dystonic postures on walking and is occasionally 
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accompanied by occulomotar apraxia. It is caused by mutations of SETX, which encodes a 

protein called senataxin (Moreira et al., 2004). Two other genes have been identified for 

AOA, Ataxia with occolomotor apraxia type 3, PIK3R5 (Al Tassan et al., 2012)  and Ataxia 

with occolomotor apraxia type 4, PNKP (Bras et al., 2015). PIK3R5 encodes 101 KD subunit 

of class 1 phosphoinositide 3-kinases (PI3Ks) known as phosphoinositide 3-kinase regulatory 

subunit 5. PI3Ks plays an important role in cellular functions such as proliferation, 

differentiation, cell growth, survival, and chemotaxis (Brock et al., 2003). PNKP encodes 

polynucleotide kinase 3-prime phosphatase, which is involved in DNA repair mechanism by 

its activity of 5' phosphorylation and 3' phosphatase of nucleic acids (Bernstein et al., 2005). 

Autosomal recessive spastic ataxia of Charlevoix-Saguenay 

Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) belongs to the group 

of degenerative or progressive ataxias. ARSACS was first identified in the Charlevoix-

Saguenay region of Quebec, Canada in 1978 (Engert et al., 2000). Now, ARSACS has been 

reported worldwide (Li et al., 2015). It is typically characterized by early onset of ataxia 

followed by spasticity, polyneuropathy and amyotrophy of distal muscels. It is caused by 

mutations in SACS, which encodes a protein called sacsin. This is involved in ubiquitin-

proteasome pathway (Engert, et al., 2000). 
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Table 1.1: Loci and genes identified for different autosomal recessive ataxia disorders 

Disorder Locus  Position Gene  Protein Reference  

Friedreich’sataxia FRDA 9q13-21.1 FXN Frataxin (Campuzano et 

al., 1996) 

Ataxia telangiectasia AT 11q22-23 ATM Serine-protein 

kinase 

(Savitsky et al., 

1995) 

Ataxia-Telangiectasia-like 

Disorder 1 

ATLD1 11q21 MRE11 Double-strand 

break repair 

protein 

(Stewart et al., 

1999) 

Ataxia Telangiectasia like 

Disorder 2 

ATLD2 20p12.3 PCNA Proliferating cell 

nuclear antigen 

(Baple et al., 

2014) 

Ataxia with oculomotor 

apraxia type 1 

AOA1 9p21.1 APTX Aprataxin (Moreira, et al., 

2001) 

Ataxia with oculomotor 

apraxia type 2 

AOA2 

(SCAR1) 

9q34.13 SETX Senataxin (Moreira, et al., 

2004) 

Ataxia with oculomotor 

apraxia type 3 

AOA3 17p13.1 PIK3R5 Phosphoinositide 

3-kinase 

regulatory subunit 

5 

(Al Tassan, et al., 

2012) 

Ataxia with oculomotor 

apraxia type 4 

AOA4 19q13.33 PNKP Polynucleotide 

kinase 3-prime 

phosphatase  

(Bras, et al., 

2015) 

Autosomal recessive 

spastic ataxia of 

Charlevoix-Saguenay 

ARSACS 13q11 SACS Sacsin (Engert, et al., 

2000) 

Abetalipoproteinemia ABL 4q22-24 MTTP Microsomal 

triglyceride 

transfer protein 

(Sharp et al., 

1993) 

Ataxia with vitamin 

deficiency 

AVED 8q13.1-

13.3 

TTP1 Alpha-tocopherol 

transfer protein 

(Ouahchi et al., 

1995) 

Refsum’sdisease PHAX 10p13 PHYH Phytanoyl-CoA 

hydroxylase 

(Mihalik et al., 

1997) 

Cerebrotendinous 

xanthomatosis 

CTX 2q35 CYP27A1 Sterol 27-

hydroxylase 

(Cali et al., 1991) 

Infantile onset 

spinocerebellar ataxia 

IOSCA 10q24.31 C10ORF2 Twinkle protein 

(Mitochondrial 

helicase) 

(Nikali et al., 

2005) 
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Table1.1:Continued… 

Disorder Locus Position Gene  Protein Reference  

Cayman cerbellar ataxia ATCAY 19p13.3 ATCAY Caytaxin (Bomar, et al., 

2003) 

Marinesco–Sjogren 

Syndrome 

MSS 5q31.2 SIL1 Nucleotide 

exchange factor 

(Anttonen et al., 

2005) 

Seizures, Sensorineural 

Deafness, Ataxia, Mental 

Retardation, and 

Electrolyte Imbalance 

Syndrome 

SeSAME 1q23.2 KCNJ10 Inward Rectifier 

K+ Channel 

(Scholl et al., 

2009) 

Posterior Column Ataxia 

and Retinitis Pigmentosa 

AXPC1 1q32.3 FLVCR1 Heme-transporter 

protein 

(Rajadhyaksha et 

al., 2010) 

Spinocerebellar Ataxia, 

Autosomal Recessive 2 

SCAR2 9q34.3 PMPCA Mitochondrial-

processing 

peptidase subunit 

alpha 

(Jobling et al., 

2015) 

Spinocerebellar Ataxia, 

Autosomal Recessive 5 

SCAR5 15q25.2 WDR73 WD repeat-

containing protein 

73 

(Colin et al., 

2014) 

Spinocerebellar Ataxia, 

Autosomal Recessive 7 

SCAR7 11p15.4 TPP1 Tripeptidyl-

peptidase 1 

(Sun et al., 2013) 

Spinocerebellar Ataxia, 

Autosomal Recessive 8 

SCAR8 6q25.2 SYNE1 Nesprin-1 (Gros-Louis et 

al., 2007) 

Spinocerebellar Ataxia, 

Autosomal Recessive 9 

SCAR9 1q42.13 ADCK3 Coenzyme Q8A (Mollet et al., 

2008) 

Spinocerebellar Ataxia, 

Autosomal Recessive 10 

SCAR10 3p22.1-

21.3 

ANO10 Anoctamin-10 (S. Vermeer et 

al., 2010) 

Spinocerebellar Ataxia, 

Autosomal Recessive 11 

SCAR11 1q32.2 SYT14 Synaptotagmin 14 (Doi et al., 2011) 

Spinocerebellar Ataxia, 

Autosomal Recessive 12 

SCAR12 16q23.1-

23.2 

WWOX WW domain-

containing 

oxidoreductase 

(Mallaret et al., 

2014) 

Spinocerebellar Ataxia, 

Autosomal Recessive 13 

SCAR13 6q24.3 GRM1 Metabotropic 

glutamate receptor 

1 

(Guergueltcheva 

et al., 2012) 

Spinocerebellar Ataxia, 

Autosomal Recessive 14 

SCAR14 11q13.2 SPTBN2 Beta-III spectrin (Lise et al., 2012) 
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Table1.1:Continued… 

Disorder Locus Position Gene  Protein Reference  

Spinocerebellar Ataxia, 

Autosomal Recessive 15 

SCAR15 3q29 RUBCN Rubicon (Assoum et al., 

2010) 

Spinocerebellar Ataxia, 

Autosomal Recessive 16 

SCAR16 16p13.3 STUB1 E3 ubiquitin-

protein ligase 

(Shi et al., 2013) 

Spinocerebellar Ataxia, 

Autosomal Recessive 17 

SCAR17 10q24.31 CWF19L1 CWF19-like 

protein 1 

(Burns et al., 

2014) 

Spinocerebellar Ataxia, 

Autosomal Recessive 18 

SCAR18 4q22.1-

22.2 

GRID2 Glutamate receptor 

ionotropic, delta-2 

(Utine et al., 

2013) 

Spinocerebellar Ataxia, 

Autosomal Recessive 19 

SCAR19 1p36.11 SLC9A1 Sodium/hydrogen 

exchanger 1 

(Guissart et al., 

2015) 

Spinocerebellar Ataxia, 

Autosomal Recessive 20 

SCAR20 6q14.3 SNX14 Sorting nexin-14 (Thomas et al., 

2014) 

Spinocerebellar Ataxia, 

Autosomal Recessive 21 

SCAR21 11q13.1 SCYL1 N-terminal kinase-

like protein 

(Schmidt et al., 

2015) 

Spinocerebellar Ataxia, 

Autosomal Recessive 22 

SCAR22 2q11.2 VWA3B VWA domain-

containing protein 

3B 

(Kawarai et al., 

2016) 

Spinocerebellar Ataxia, 

Autosomal Recessive 23 

SCAR23 6p22.3 TDP2 Tyrosyl-DNA 

phosphodiesterase 

2 

(Gómez-

Herreros et al., 

2014) 

Spinocerebellar Ataxia, 

Autosomal Recessive 24 

SCAR24 3q22.1 UBA5 Ubiquitin-like 

modifier-activating 

enzyme 5 

(Duan et al., 

2016) 
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Dystonia 

After essential tremor and Parkinson's disease, dystonia is the third most common movement 

disorder worldwide (Quinlivan et al., 2014). They are a heterogeneous group of hyperkinetic 

movement disorders, characterized by sustained or intermittent muscle contractions, 

frequently causing abnormal and repetitive or jerky movements and abnormal postures. 

Dystonic movements are typically patterned, involve twisting and may be tremulous. 

Dystonia often becomes worse due to voluntary actions and is associated with overflow 

muscle activation (Fahn, 2011). 

Dystonia disorders are classified according to two criteria i) clinical characteristics, and ii) 

known etiology. Each type of classification has different subgroups. Based on the clinical 

characteristics, dystonia are grouped by four aspects; age at the onset, body distribution, 

temporal pattern and absence or coexistence with other clinical manifestations. On the basis 

of the age of onset they are categorized into five groups; infancy (birth to 2 years), childhood 

(3-12 years), adolescence (13-20 years), early adulthood (21-40 years) and late adulthood 

(>40 years).  On the basis of the body distribution they are characterized into focal dystonia 

(only one body region is affected e.g. blepharospasm, writer’s cramp etc.), segmental

dystonia (two or more adjacent body regions are affected e.g. cranial dystonia), multifocal 

dystonia (two noncontiguous or more body regions are involved), hemi-dystonia (body 

regions restricted to one body sides are involved), and generalized dystonia (the trunk and at 

least two other sites are involved). The classification according to temporal pattern includes 

manner of onset (acute or chronic), long-term variations in severity (static or progressive) 

and short-term variations in symptoms (action-specific, diurnal fluctuations, intermittent). 

Absence or presence of Associated features define the isolated dystonia (dystonia is the sole 

clinical sign), combined dystonia (dystonia can occur along with other movement disorders), 

and complex dystonia (dystonia with other neurological signs, for instance ataxia) (Klein, 

2014). 

On the basis of etiology, dystonia is classified into inherited or acquired. Inherited dystonia 

have a genetic cause. Acquired dystonia is caused by environmental factors e.g. dystonia due 
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to perinatal brain injury, infection, drugs, and vascular damage among others (Albanese et 

al., 2013). 

Dystonia and its syndromes can be inherited in an autosomal dominant mode (such as 

TOR1A; ATP1A3), autosomal recessive (such as TH), X-linked recessive (such as TAF1), and 

as a mitochondrial trait (such as Leigh's Syndrome) (Albanese, et al., 2013). To date, more 

than 25 dystonia loci have been identified in different populations, only six of which are 

autosomal recessive in nature (Table 1.2). However, only few of the involved genes have 

been identified. In contrast, sixteen genes have been identified for dominantly inherited 

dystonia. The genes found to be mutated in autosomal dominant inherited isolated dystonia 

identified by exome sequencing are TUBB4A (Hersheson et al., 2013), CIZ1 (Xiao et al., 

2012), ANO3 (Charlesworth et al., 2012), and GNAL (Fuchs et al., 2013). These genes 

encode diverse proteins of different functions. TUBB4A encodes a brain-specific member of 

beta tubulin family which dimerizes with alpha tubulin during microtubules assembly 

(Hersheson, et al., 2013). CIZI encodes Zinc figure DNA binding protein called CDKN1A 

interacting zinc finger protein 1, which regulates cellular localization of CDKN1A (Coverley 

et al., 2005). ANO3 encodes anoctamin-3, which is a transmembrane protein and a member 

calcium-activated chloride channels’ family (Charlesworth, et al., 2012). GNAL encodes a 

stimulatory G-alpha subunit of the G protein receptor (Fuchs, et al., 2013). 

Autosomal Recessive Dystonia 

Recessively inherited isolated dystonia has been reported in a few consanguineous families. 

To identify the genetic cause of autosomal recessive primary isolated dystonia in a Sephardic 

Jewish family (Khan et al., 2003), whole exome sequencing was performed and a new gene 

for the disorder, HPCA was identified (Charlesworth et al., 2015). Compound heterozygous 

mutations in COL6A have also been reported to cause early-onset segmental isolated dystonia 

in a German family segregating the phenotype as an autosomal recessive trait (Zech et al., 

2015). Recently, a new gene MECR was identified to be associated with childhood-onset 

dystonia with optic atrophy and basal ganglia abnormalities in seven families recruited from 

USA, Italy and Australia (Heimer et al., 2016). 
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Dystonia-plus syndromes 

Dystonia-plus syndromes represent a heterogeneous group of disorders, in which dystonia is 

accompanied by other neurological features or pharmacological responses. DOPA-responsive 

dystonia (DRD) is characterized by lower limb dystonia, gait disturbance in the first decade 

of life, diurnal fluctuation in the symptoms of dystonia, gradual generalization of dystonia. 

Parkinsonism results in around 70% cases. Although mostly autosomal dominant due to 

variants of GCH1 (Ichinose et al., 1994), autosomal recessive forms of DRD are caused by 

pathogenic variants in TH (Lüdecke et al., 1996) or SPR (Bonafé et al., 2001). 
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Table 1.2: Loci and genes identified for autosomal recessive dystonia 

Disorder Locus Position  Gene  Protein Reference  

Dystonia-2, Torsion, 

Autosomal Recessive 

DYT2 1p35.1 HPCA Hippocalcin (Charlesworth, 

et al., 2015) 

Autosomal Recessive 

Dopa-Responsive 

Dystonia 

DYT5b* 11p15.5 TH Tyrosine 

hydroxylase 

(Lüdecke, et al., 

1996) 

2p13.2 SPR Sepiapterin 

reductase 

(Bonafé, et al., 

2001) 

Dystonia-16, early-

onset dystonia-

parkinsonism 

DYT16 2q31.2 PRKRA Double-stranded 

RNA-dependent 

protein kinase 

activator A 

(Camargos et 

al., 2008) 

Dystonia-17, Torsion, 

Autosomal Recessive 

DYT17 20p11.2-

q13.12 

Unknown  Unknown  (Chouery et al., 

2008) 

Dystonia-27, Segmental 

Isolated Dystonia 

DYT27 2q37.3 COL6A3 Collagen alpha-

3(VI) chain 

(Zech, et al., 

2015) 

Dystonia-29, Dystonia, 

childhood-onset, with 

optic atrophy and basal 

ganglia abnormalities 

DYT29 1p35.3 MECR Trans-2-enoyl-

CoA reductase 

(Heimer, et al., 

2016) 

*DYT 5a is inherited in autosomal dominant pattern due to variant of GCH1. 
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Pathophysiology of Movement Disorders 

Human Brain 

The brain is comprised of three main parts, the cerebrum, the cerebellum, and the brain stem. 

The cerebrum is the largest part. Neurons and glial cells are the key cellular elements of 

nervous system. Neurons are the information-processing and signaling elements, while glial 

cells are involved in a variety of supporting roles. All neurons have a cell body that supports 

metabolic and synthetic machinery for the neuron. Most of the neurons have branching 

structures called dendrites which receive the information from other neurons and a thread 

like structure called axon which conveys the information to others neurons. Brain tissues are 

composed of gray and white matter. Gray matter refers to the area where the cell bodies and 

dendrites are abundant. White matter represents the area of the brain where axons are 

surplus (Nolte, 2009). 

The cerebrum is further composed of two massive cerebral hemispheres and diencephalon. 

The surface of cerebral hemisphere is folded and convoluted. Each ridge is called gyrus, and 

the groove between two gyri is called sulcus. The large groove or deep sulcus is called 

fissure which divides the brain into lobes. Each cerebral hemisphere includes the frontal 

lobe, the parietal lobe, the temporal lobe, the occipital lobe and the limbic lobe. The frontal 

lobe contains motor areas which are involved in the initiation of voluntary movements, the 

production of written and spoken languages and in executive functions. The parietal lobe 

contains somatosensory areas which are associated with sense. The temporal lobe contains 

auditory areas and is involved in comprehension of language, complex aspect of learning and 

memory and in high-order processing of visual information. The occipital lobe contains 

visual areas which are exclusively associated with visual information. The limbic lobe is 

interconnected with other structures in the temporal lobe such as the hippocampus and is 

important for emotional responses (Figure 1.1). The diencephalon includes thalamus and 

hypothalamus. The thalamus conveys sensory information to the cortex and the 

hypothalamus controls the autonomic nervous system (Nolte, 2009). 
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Figure 1.1: Human Brain. The different parts of the brain are labeled. (Source: 

http://www.nature-education.org/brain.html)  
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The cerebellum is comprised of vermis and two cerebellar hemispheres. In rostro caudal 

axis, the cerebellum can be divided into the anterior lobe, the flocculonodular lobe, and the 

posterior lobe. The anterior lobe receives major portion of the afferent information from the 

spinal cord and plays an important role in coordinating trunk and limbic movements. The 

flocculonodular lobe includes the vermis potion and receives the afferent response from 

vestibular system. It is involved in controlling the eye movements, balance and postures. The 

posterior lobe, the largest portion of the cerebellum, receives afferent inputs from the 

cerebral cortex and is involved in the coordination of the voluntary movements (Marsden & 

Harris, 2011). 

The brainstem is the part of the brain which connects the brain to the spinal cord. It is 

further subdivided into the midbrain which is continuous with the diencephalon, the pons 

and the medulla which are continuous with the spinal cord. The midbrain plays an important 

role in cranial nerve functions and in conveying the information to and from the cerebrum 

(Nolte, 2009). 

The basal ganglia is mainly the group of nuclei (clusters of cell bodies of neurons) 

embedded deep in each cerebral hemisphere and related nuclei of other structures. The major 

basal ganglia nuclei are the caudate and the lenticular nuclei which includes the putamen 

and the globus pallidus of the cerebral hemisphere. The other nuclei are subthalamic 

nucleus in the diencephalon and the substaintia nigra of the midbrain. The basal ganglia is 

primarily involved in motor control, mediated by their interactions with motor cortex and 

subcortical structures. The other functions of basal ganglia include motor learning, executive 

functions and behavior, and emotions (Lanciego et al., 2012). 

The brain contains four ventricles. Two lateral ventricles reside in each cerebral hemisphere 

and form a C-shaped structure. Third ventricle occupies most of the midline of the 

diencephalon and form a narrow slit shape. Fourth ventricle is inserted between the 

cerebellum posteriorly and the pons and the medulla anteriorly. All ventricles are 

interconnected cavities in which the cerebrospinal fluid is produced, fills them and flows 

from fourth ventricle to subarachnoid spaces (Nolte, 2009). 
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Pathophysiology of Ataxia 

Most of recessive forms of ataxia are caused by damage or dysfunction to the cerebellum 

and/or its input or output pathways. Ataxic syndromes are associated with limb movement 

abnormalities, balance and gait dysfunction, oculomotor control, dysarthria and non-motor 

symptoms. Lateral hemispheres are the major component of the cerebellum and have been 

seen to be heavily damaged in ataxic individuals (Marsden & Harris, 2011). The 

abnormalities in the anterior lobe which includes midline hemisphere and vermis cause those 

syndromes in which the lower limbs are more affected. The most prominent problem of a 

wide-based, staggering gait is associated with the deficit in the flocculonodular lobe (Nolte, 

2009). The neuropathology of ataxia with oculomotor apraxia is associated with cerebellar 

atrophy with severe loss of Purkinje cells (neurons of cerebellar cortex), degeneration of 

posterior column and spinocerebellar tract of spinal cord, and marked loss of peripheral nerve 

fibers (Taroni & DiDonato, 2004). Neuroimaging of ARSACS patients shows atrophy of 

cerebellum, particularly that of the superior cerebellar vermis (Engert, et al., 2000). In 

addition, there are congenital development defects of the cerebellum which can also be 

associated with ataxia. For example, cerebellar hypoplasia is the condition in which the 

cerebellum is not fully developed. This condition has been associated with Cayman ataxia 

(Akbar & Ashizawa, 2015). 

Pathophysiology of Dystonia 

The basal ganglia is believed to be the key structure involved in the pathophysiology of 

dystonia. Neuroimaging has revealed focal lesions in the basal ganglia especially in putamen 

in patients with isolated limb dystonia (Bhatia & Marsden, 1994). A large putamen was 

shown in the patients with cranial and focal hand dystonia (Phukan et al., 2011). Other part 

of the brain may contribute in the pathophysiology of dystonia including the cerebral cortex, 

the cerebellum, the thalamus and the brain stem (Neychev et al., 2011). 
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Approaches to Study Movement Disorders 

Over the past decades, genetics of movement disorders have been studied in several different 

ways such as by linkage analyses, sib-pairs analyses, whole genome scanning method, 

genome-wide association studies, and candidate gene approach to find out causative mutation 

and risk gene variants (Ezquerra et al., 2011). 

The candidate gene approach 

This is a traditional method to study genetic disorders based on the selection of candidate 

genes due to their potential role or impact in causing the disorder. The researchers test the 

candidate gene or genes in the affected family or families based on the background molecular 

biology associated with that gene. It involves selecting a suitable candidate gene and 

sequencing all coding exons of the candidate gene in the affected family to find out the 

causative mutation. This method is more successful if used in combination with linkage 

analysis. The c.1129G>A variant in PMPCA as a cause of SCAR2 in Lebanese family 

(Megarbane et al., 1999) was identified by homozygosity mapping and candidate gene 

sequencing (Jobling, et al., 2015). 

Genome wide Scan linkage analysis 

This is a hypothesis free approach which does not need information about candidate gene or 

molecular pathway involved in the disease. In this approach, segregation of multiallelic 

markers, called microsatellites, is analyzed in multigeneration families. Mostly a set of 400 

microsatellites uniformly spaced along the human genome are genotyped in several 

unaffected and affected family members. Microsatellites close to disease gene co-segregate 

with disease status within a family and yield a significant statistical LOD (Logarithm of 

Odds) score of 3 or above (Altshuler et al., 2008). By using this approach a genetic region of 

shared markers allele is identified in linkage with the disease. Subsequently, analysis of all 

genes in the linked region enables the identification of the causative gene. One of the 

examples of identification of gene by this approach is PRKRA mutations associated with 

autosomal recessive dystonia 16 (Camargos, et al., 2008). 
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Genome wide linkage analysis can be done by SNP (Single Nucleotide Polymorphism) 

genotyping. This is made possible by simultaneously assaying hundreds of thousands of 

SNPs by a single DNA chip array for each individual. This technique has been used for 

mapping disease loci in many families with movement disorders (Ezquerra, et al., 2011). 

Next generation sequencing 

Next generation sequencing (NGS) technology is a high-throughput sequencing method 

based on massively parallel sequencing. NGS techniques, such as whole genome sequencing 

(WGS) and whole-exome sequencing (WES), make it possible to obtain the sequence of the 

whole genome or all coding exons, respectively at reasonable speed and cost. 

Whole-exome sequencing 

Whole-exome sequencing (WES) is an application of next generation technology. Exome can 

be defined as all exons of the genes in the genome. The coding part of the genome constitutes 

about 1 to 2% and about 85% of pathogenic mutations are found in this part (Choi et al., 

2009). There are three main suppliers of exome capture platforms: i) Illumina, ii) Life 

technologies (Agilent), and iii) Roche NimbleGen (Wang, et al., 2016). There are two main 

categories of exome capture technology: solid-phase hybridization and solution-based 

hybridization. In Solid-phase hybridization the probes are bound to high density 

microarray. The DNA samples are fragmented and applied to these probes. The probes are 

bound to the desired region of genome and separated from undesired portion of genome by 

washing. These samples are enriched by polymerase chain reaction (PCR) and sequenced. In 

Solution-based hybridization, all steps are similar except probes are not attached to a solid 

surface. The biotinylated oligoneucleotide probes (baits) are used to hybridize the target 

regions of fragmented DNA sample. The biotinylated probes are bound to magnetic 

streptavidin beads and separated from the non-binding portion of genome by washing (Warr 

et al., 2015). 

By using whole-exome sequencing, high coverage in targeted region of genome can be 

obtained at low cost. However, one current drawback of whole-exome sequencing is that 
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most non-coding exons and extremely GC-rich exons are not covered adequately by the 

exome capture arrays which can result in failure to identify the causative mutation in some 

affected individuals. Moreover, most of the mutations in regulatory regions of genes are also 

not covered by whole exome sequencing (Schneeberger, 2014). 

Movement Disorders in Pakistan 

Genetics of recessively inherited movement disorders is understudied in Pakistan. An 

unusual movement disorder with crawling gait, dystonia, pyramidal signs and limited speech 

has been reported in a Pakistani family but the underlying genetic cause has not been 

identified (Arif et al., 2011). A mutation in OPA3 was identified in a Pakistani family 

exhibiting a complex neurological syndrome associated with chorea, cerebellar ataxia, 

dystonia and pyramidal tract signs (Arif et al., 2013).  Recently, an atypical case of ARSACS 

associated with intellectual disability, epilepsy and widespread supratentorial abnormalities 

was reported in two Pakistani consanguineous families (Ali et al., 2016). The rate of 

consanguineous marriages in Pakistan is 60% and over 80% of these are between first 

cousins (Hussain & Bittles, 1998). Therefore, there is a high chance to find families 

presenting recessively inherited movement disorders. Heterogeneity and clinical variability 

of movement disorders indicates the involvement of many genes. There is a need to continue 

the studies on movement disorders in order to understand the genetic basis of these rare but 

devastating phenotypes. 

The aim of this study was to use the next generation sequencing (NGS) technology in 

consanguineous families presenting different types of movement disorders to find out the 

underlying genetic cause. The identified genetic causes helped in reaching the differential 

diagnosis of specific movement disorder in the respective families. 
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Institutional Review Board Approval 

This study was carried out after approval by the Institutional Review Board of School of 

Biological Sciences, University of the Punjab, Lahore, Pakistan. Informed written consent 

was obtained from all participants, or parents in case of minor children. 

Recruitment of Families 

Patients were identified by visiting the Departments of Neurology of different hospitals as 

well as through personal resources. The families were recruited from different areas of the 

Punjab (Figure 2.1). Patients were enrolled on the basis of presenting abnormal gait and 

dystonic postures along with other neurological signs. 

Detailed interviews to obtain family and medical history were conducted for each family. 

The pedigrees were constructed and the pattern of inheritance was analyzed. Only families 

with a pattern suggestive of recessive inheritance were selected for the study. Blood samples 

from patients, their parents, normal siblings, and the extended family, if available, were 

collected. Families were visited multiple times in order to videotape the affected and normal 

individuals, verify the relationships, request clinical testing and for sample collection. 

Control Samples 

Samples from individuals with no family history of dystonia, ataxia or other movement 

disorder were collected randomly from different cities and villages of the Punjab. A total of 

200 samples were collected in order to check the frequency of a specific variation in the local 

population. 
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Figure 2.1: Map of Pakistan showing all provinces. The province of Punjab is shown in 

green color. All families participating in this study belonged to different regions of the 

Punjab. 
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Clinical Diagnosis 

All affected individuals and some normal family members were videotaped. Diagnosis of 

patients included neurological and physical examinations. Brain Magnetic Resonance 

Imaging (MRI) was performed for at least one of the patients from the participating families. 

a. Videotaping 

A high quality Sony Handy Cam (HDR-XR520; 12 megapixels) was used for videotaping the 

subjects. Videotaping of affected individuals as well as some normal family members was 

done according to a standard protocol (de Leon et al., 1991), (Appendix A-1). These video 

focused on the upper and lower limbs to record the abnormal movement patterns in the 

patients. Affected individuals were videotaped to observe their movements while sitting, 

standing and walking. Voice, gait, neck postures, eye-blinking, voluntary hand and feet 

movements were also recorded. Patients and their normal relatives were asked to draw the 

Archimedes spirals (Appendix A-2) which helps in differential diagnosis of cortical damage. 

These videos were then shown to movement disorder experts (Dr. Christine Klein, Dr. 

Norbert Brüggemann, Dr. Tobias Bäumer and Dr. Alexander Münchau, University of 

Lübeck, Lübeck, Germany) to assess the diagnosis of dystonia and other movement 

disorders. 

b. Finger to Nose Test 

Finger to nose test is a neurological examination test. The test was performed by asking the 

affected individual to touch his or her nose with his or her extended index finger. The test 

results were used to evaluate smooth and coordinated movements of upper extremities.  

c. Magnetic Resonance Imaging 

Magnetic Resonance Imaging (MRI) is the most sensitive imaging test which detects 

developmental and structural abnormalities in the brain. In T1-weighted MRI image, gray 

matter appears darker than white matter, while in T2-weighted MRI image white matter have 
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high signal and thus appears brighter than gray matter. These images are appropriate to 

observe lesions, neurinomas, atrophy, and edemas, in all brain parts including the basal 

ganglia. The results of MRI scans were shown to radiologists and as well as the four 

movement disorder experts in Germany for identification of any associated abnormalities in 

the brain. 

d. Serum Ceruloplasmin Level 

Copper and ceruloplasmin levels were determined at local medical laboratories in order to 

rule out different disorders with dystonia. 

Collection of Blood Samples 

Blood samples were collected in BD Vaccutainer® tubes containing EDTA (Becton, 

Dickinson and Company, NJ, USA). Between 5 to 10 ml blood was drawn from all 

participants by a trained phlebotomist. Consent forms were filled and signed by all 

participants and parents for their minor children. The blood samples were transported at room 

temperature and stored at 4°C till they were extracted. For samples which were to be 

processed for RNA, 1 ml of the blood-EDTA samples in 1.5 ml Eppendorf® tubes were 

transported in liquid nitrogen, or 1 ml of the blood-EDTA sample was stored in 3 ml of TRI 

Reagent® (Molecular Research Center, Inc., Cincinnati, OH, USA) and was transported at 

room temperature. These samples were kept at -20°C on arrival in the laboratory and were 

processed on the next working day. 

DNA Extraction from Whole Blood 

Genomic DNA was extracted following a modification of a standard method which involves 

cell lysis, proteinase K digestion, salting out, and isopropanol precipitation (Grimberg et al., 

1989; Miller et al., 1988). The steps involved were as follow: 

1. Blood was transferred to a 50 ml Falcon® tube and an equal volume of cold sucrose 

lysis buffer (Table 2.3) and two volumes of cold, sterile, autoclaved, distilled water 
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were added. The tube was inverted 5-6 times for mixing and incubated on ice for 10-

15 minutes. 

2. The samples were centrifuged (Eppendorf® 5804R, Eppendorf, Hamburg, Germany) 

at 3500 rpm for 10-15 minutes at 4°C. Supernatant was discarded in 10% bleach 

solution and the pellets were re-suspended in 2 ml lysis buffer (Table 2.3) and 6 ml of 

water. The samples were centrifuged again, the supernatant was discarded and the 

creamy white pellets were retained. In case of significantly red pellets, additional 

washing steps were performed. 

3. Protein digestion was carried out by adding 5 ml of TEN buffer (Table 2.4), 500 µl of 

10% SDS (Sodium dodecyl sulfate) and 25 µl of proteinase K (20 mg/ml) solution 

(Thermo Scientific®, Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA). 

The pellets were broken by vortexing vigorously for 30-60 seconds. The samples 

were incubated at 45°C overnight. 

4. The next day, the samples were removed and left to cool to room temperature. To 

precipitate the proteins, 4 ml of 5.3 M NaCl solution was added to each sample and 

gently vortexed. 

5. The samples were centrifuged at 4500 rpm for 15-20 minutes at 4°C. Supernatant was 

poured off into a 15 ml Falcon® tube. 

6. The samples were re-centrifuged to remove remaining proteins. The supernatants 

were transferred into a new 50 ml Falcon® tube. 

7. An equal volume of cold isopropanol was added to each sample. The DNA was 

precipitated by inverting tubes gently 5-6 times until a visible mass of white thread-

like strands of DNA was formed. 

8. The DNA was pelleted by centrifugation and washed with 1 ml of 70% ethanol. The 

ethanol was discarded and the pellet was dried at room temperature. 

9. The DNA pellet was rehydrated by adding 300 µl of TE with low EDTA 

concentration (Table 2.5) in each sample. The DNA was heated in a 70°C water bath 

for 1 hour to inactivate any remaining nucleases. DNA was stored at -20°C. 
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Agarose Gel Electrophoresis to Visualize Genomic DNA 

Agarose gel electrophoresis was performed to check the quality of DNA. A 0.8% agarose gel 

was prepared in 0.5X TAE buffer (Table 2.6) and ethidium bromide (Table 2.7) was added to 

a final concentration of 0.5 µg/ml gel before pouring into the casting tray. The genomic DNA 

samples were prepared by mixing 1 µl of DNA and 2 µl of 6X bromophenol blue loading dye 

(Table 2.8). Control genomic DNA sample of known concentration was also run to estimate 

the concentration of each DNA samples. The gel was visualized under the UV 

transilluminator. 

Measurement of DNA Concentration 

For accurate determination of the genomic DNA concentration, NanoDrop® 1000 

Spectrophotometer V3.7 equipment (Thermo Fisher Scientific Inc.) was used. 2 µl of DNA 

sample was placed on the cleaned sensor, electrode arm was lowered down, and the operating 

software was initiated and the sample type was set to DNA-50. The DNA concentrations in 

ng/µl were displayed. The 260/280 ratio was recorded to check the purity of DNA. A ratio of 

around 1.8 is generally considered as pure DNA. 

RNA Extraction from Blood 

RNA was extracted by using TRI Reagent® (Molecular Research Center, Inc., Cincinnati, 

OH, USA). The frozen blood samples were completely thawed. 1 ml of blood sample was 

mixed with 3 ml of TRI Reagent® in a 15 ml Falcon®. The tubes were inverted three to five 

times for mixing. The samples were mixed by vortexing. 600 µl of chloroform was added 

and mixed by inverting until the solution became milky. The tubes were kept at room 

temperature for 5 minutes. The samples were centrifuged (Eppendorf® 5804R) at 3500 rpm 

for 15 minutes at 4°C. Three layers were formed. The top clear layer was transferred into a 

new 15 ml tube. 5 ml isopropanol was added and the tubes were kept at room temperature for 

10 minutes. The samples were centrifuged (Eppendorf® 5804R) at 3500 rpm for 15 minutes 

at 4°C to precipitate the RNA. The pellet was washed with 75% ethanol and re-suspended in 
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RNase free water. The RNA sample was loaded on a native 1% agarose gel to check the 

integrity of RNA. Concentration of RNA was measured by using NanoDrop® 1000 

Spectrophotometer V3.7 equipment (Thermo Fisher Scientific Inc.) as above and sample type 

was set to RNA-40. 

cDNA Synthesis 

1 µg of RNA was used to synthesize cDNA library by using RevertAid
TM

 Premium First 

Strand cDNA Synthesis Kit (Thermo Fisher Scientific Inc.) as described. Briefly, 1 µg of 

RNA was treated with 1 µl of Reaction Buffer and 1 U of DNase I-RNase free (Thermo 

Scientific™)to remove traces of DNA in a final volume of 10 µl. The reaction was incubated 

at 37°C for 30 minutes. The treated RNA was transcribed with 200 U of RevertAid
TM

 M-

MuLV Reverse Transcriptase (RT) using 5 µM of either the random hexamer primer or an 

oligo(dT)18 primer, 100 µM dNTPs, 1X Reaction Buffer and 20 U of RiboLock
TM

 RNase 

Inhibitor. For hexamer primed synthesis, the reaction was incubated at 25°C for 5 minutes 

followed by at 42°C for 60 minutes. For oligo(dT)18 primed synthesis reaction was only  

incubated at 42°C for 60 minutes. The cDNA was stored at -20°C for downstream 

applications. 
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Molecular Analysis 

Whole-Exome Sequencing 

Whole-exome sequencing was performed for the two affected individuals (IV:5 & IV:6) of 

family RDHR-08 by using Agilent v5, 51Mbp (hEx-Av5) enrichment kit and was sequenced 

on an illumina HiSeq 2000 machine at 50X coverage (Otogenetics, USA). The data was 

uploaded on the DNA_nexus server (http://dnanexus.com) and reads were mapped to the 

Build GRCh37/hg19 of UCSC Genome Browser. The variants were called by conducting 

Nucleotide level Variation analysis at DNA_nexus and the results were exported in .cvs 

format. 

Whole-exome sequencing for two affected individuals of Family RDHM-02 (VI:11 

&VII:12) and RDHR-06 (V:3 & V:7) was performed in collaboration with School of Life 

Sciences, University of Science and Technology of China, Hefei, Anhui, China. For exome 

sequencing, 15 µg of extracted DNA was randomly sheared into 250-300 bp fragment 

libraries by sonication. The purified DNA fragment libraries were captured and enriched by 

NimbleGen 2.1 M capture array (Roche NimbleGen, Madison, USA) followed by 90 bp 

paired-end sequencing on a HiSeq 2000 platform (Illumina, San Diego, USA), according to 

manufacturer’sprotocol.The90bppair-end reads were aligned to the Build GRCh37/hg19 

of UCSC Genome Browser. 

For the remaining six families, whole-exome sequencing was performed for four to five 

individuals (parents and affected individuals) per family in collaboration with the Institute of 

Neurogenetics, University of Lübeck, Lübeck, Germany. Whole-exome capturing and 

enrichment was done by using NimblegenSeqCap EZ Human Exome Library v2.0 and the 

library was sequenced at 50X coverage on an illumina HiSeq 2000 machine. The reads were 

mapped to the Build GRCh37/hg19 of UCSC Genome Browser. 

Data was analyzed and filtered against all known variants in the dbSNP database 

(http://www.ncbi.nlm.nih.gov/ SNP/), 1000 Genomes (http://www.1000genomes.org/), 

Exome Sequencing Project (http://evs.gs.washington.edu/EVS/) and Exome Aggregation 



30 

 

Consortium (http://exac.broadinstitute.org/) and with minor allele frequency greater than 0.01 

were removed. Synonymous mutations were also filtered out. Missense mutations, frameshift 

variants, in-frame deletions, in-frame insertions, mutations introducing or abolishing stop 

codons and those affecting splice sites present in the exome data of patients were prioritized. 

Exome data of some samples were further analyzed using web based Annovar as described, 

wANNOVAR (http://wannovar.usc.edu/index.php) to annotate the variants. Autozygosity 

mapping was performed on exome data of some samples by using AgileVariantMapper 

(http://dna.leeds.ac.uk/agile/AgileVariantMapper/) as described (Carr et al., 2013). 

For family RDHR-08, a linkage region for the phenotype was mapped to Chromosome Xq28 

(Manzoor, 2014). This linkage region (ChrX: 144,602,800-153,828,848) was prioritized and 

analyzed in the exome data of both patients (IV:5 & IV:6) for candidate variants. Later, data 

from the autosomes was also analyzed as for all other families. 

Disease causing potential of variants was checked, using online prediction program including 

SIFT (http://sift.bii.a-star.edu.sg/), CADD (Combined Annotation Dependent Depletion) 

(http://cadd.gs.washington.edu/score) and REVEL (Rare Exome Variant Ensemble Learner) 

(https://sites.google.com/site/revelgenomics/). Clustal Omega was used to check the 

conservation of newly identified missense variants among diverse species 

(https://www.ebi.ac.uk/Tools/msa/clustalo/). 

Primer Designing 

Genomic sequences for all candidate variants were obtained from UCSC genome browser 

(http://www.genome.ucsc.edu). Primers were designed using an online program Primer3 (v. 

0.4.0) (http://frodo.wi.mit.edu/primer3/). It was verified that the primers were not in repeats 

andwerenotlocatedinpolymorphicsites,particularlyatthe3′endoftheprimers.Primers

were designed in such a way that the melting temperature of both primers did not differ by 

more than 1°C. Each primer set was checked by in silico PCR and the sequence of amplicon 

was also used for Blat analysis on UCSC browser to confirm the binding of primers on 

appropriate and unique positions. 
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Sanger Sequencing 

a. Amplification 

PCR was performed to amplify the targeted region of genome. PCR reaction was performed 

in a final volume of 20 µl. PCR reaction contained 50 ng DNA, 1X PCR Buffer (laboratory 

prepared; Table 2.9) (Jeffreys et al., 1990) and 2 mM MgCl2, 200 µM dNTPs, 0.5 U of Taq 

DNA polymerase (Thermo Scientific®, Thermo Fisher Scientific Inc.), 0.2 µM of each 

primer. Amplification was done by using a Standard PCR or touchdown PCR program on 

MyCycler
TM

 Thermal Cycler (Bio-Rad Laboratories, Inc., California, USA.), Eppendorf® 

Mastercycler (Eppendorf, Hamburg, Germany), and ABI® 2720 thermal cycler (Applied 

Biosystems, California, USA). In standard PCR program, the reaction mixtures containing 

DNA samples were incubated at 94°C for 2 minutes, followed by 36 cycles of denaturation at 

94°C, annealing at 55°C (according to the Tm of primers) and extension at 72°C and a final 

extension at 72°C for 10 minutes (Figure 2.2A). In touch down PCR protocol, the annealing 

temperature was set 10 degrees higher than the final annealing temperature. In every 

subsequent cycle the annealing temperature was decreased by 1°C from 63 or 65
o
C to 53 or 

55
o
C in following 11 cycles. The final annealing was done at 53-55°C (according to Tm of 

primers) for remaining 28 cycles (Figure 2.2B). 5 µl of PCR product was loaded on 1.5% 

agarose gel to check the required amplification. PCR reaction was repeated in case of 

unspecific amplification and primer dimers. 

b. Enzymatic Treatment 

15 µl of amplified products were treated with 0.5 µl of exonuclease I (Exo I) (Thermo 

Scientific™) and 1 µl Fast Alkaline phosphatase (FastAP) (Thermo Scientific™) to 

inactivate unused dNTPs and primers. The reactions were incubated at 37
o
C for 15 minutes 

followed by 15 minutes of incubation at 85
o
C. The samples were either used as such for 

sequencing PCR, or diluted one third times of sample volume (5 µl was added). 
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Figure 2.2: (A) Simple and (B) touchdown polymerase chain reaction programs which were 

used to amplify DNA fragments. ↓ represents 1 degree decrease in temperature in every 

consecutive cycle. 
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c. Sequencing PCR 

Sequencing reaction was performed with either the forward or the reverse primer, by using 

BigDye® Terminator v3.1 cycle Sequencing kit (ABI). Each reaction was performed in a 

final volume of 10 µl and contained the treated product 2 µl (undiluted) or 6 µl (diluted), 1.5 

µl of 5X sequencing buffer (ABI), 0.5 µM primers and 0.5 µl of BigDye® Terminator v3.1. 

Sequencing PCR was done on MyCycler
TM

 Thermal Cycler (Bio-Rad) or the ABI® 2720 

thermal cycler (Applied Biosystems) by using the following program; 96
o
C for 1 minute, 36 

cycles of 96
o
C for 30 seconds, 55

o
C for 30 seconds and 60

o
C for 4 minutes followed by 5 

minutes of incubation at 60
o
C. 

d. Precipitation 

The sequencing PCR products were precipitated by absolute ethanol and sodium acetate. 32 

µl of precipitation solution (Table 2.11) was added in each well of a 96 well PCR plate 

containing 10 µl of sequencing PCR product. The samples were incubated at room 

temperature for 15 minutes and centrifuged at 3700 rpm (Eppendorf® 5804R) for 45 minutes 

or at 13,000 rpm (Eppendorf® 5415R) for 15 minutes. The supernatant was discarded and 

the pellet was washed with 30 µl of 70% ethanol and air dried. 

e. Sequencing 

The precipitated pellet was dissolved in 12 µl of Hi-Di™ Formamide (ABI).  For sequencing, 

the samples were loaded on Applied Biosystems 3130xl Genetic Analyzer or Applied 

Biosystems 3500xl Genetic Analyzer (Applied Biosystems, California, USA). The results 

were analyzed by using Mutation Surveyor® V3.25 (SoftGenetics LLC, PA USA), SeqMan 

Software (DNASTAR Lasergene) and Blat tool of UCSC genome browser 

(http://genome.ucsc.edu). 
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Microsatellite Markers 

For Family RDHM-01 and RDHR-04, five microsatellite markers spanning the gene with the 

variant in the respective regions were selected (Table 2.1). Primers were designed for each 

microsatellite marker as above. 

For indirect fluorescent labeling, forward primer was tagged with a 19 bp universal M13 tail 

(5′-CACGACGTTGTAAAACGAC-3′) (Boutin-Ganache et al., 2001). PCR was performed 

to amplify the microsatellite sequences. For these reactions, 10 ng of DNA was used in 5 µl 

final volume. PCR reactions contained 1X Taq Buffer (Taq Buffer with (NH4)2SO4 and 

MgCl2 ThermoScientific™),200µMdNTPs,2.4pmolesofeachprimer,0.3UofTaq DNA 

polymerase (Thermo Scientific®, Thermo Fisher Scientific Inc.), 4% betaine and 1 µM of 

fluorescent label dye 6-FAM (M13 tail specific labeled primer (5′-6-FAM-

CACGACGTTGTAAAACGAC-3′) (Boutin-Ganache, et al., 2001). PCR amplification was 

done by using a standard PCR program (Figure 2.2A) on MyCycler
TM

 Thermal Cycler (Bio-

Rad) and ABI® 2720 thermal cycler (Applied Biosystems). 

A homozygous deletion of seven base pair was genotyped in 200 controls (400 chromosome) 

to check the frequency of this variant in population. The sequence surrounding the variant 

was taken and primers were designed and forward primer was tagged with a 19 bp universal 

M13 tail as described above. The samples of the individuals of known genotypes were also 

added in the panel as controls. 

Capillary Electrophoresis (Fragment Analysis) 

PCR products labeled with 6-FAM fluorescent dye were diluted in the ratio of 1:5 of PCR 

product and water. The highly deionized formamide (Hi-Di Formamide
TM

) was used as the 

sample preparation reagent which served as a denaturant. The formamide-size standared mix 

was prepared by adding 10.7 µl of Hi-Di formamide
TM

 (Applied Biosystems) and 0.3 µl of 

an internal size standard LIZ 600 per sample. 11 µl of of formamide-size standard mix and 1  
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Table 2.1: Primers used to amplify Microsatellite Markers 

Family Gene Markers Primer 1 Primer 2 Product 

size bp 

RDHM-01 SACS D13S1316  

CACGACGTTGTAA

AACGACCTACTGG

GGAGGCTGG 

CATGTCTCTGAAT

CGCTTTT 257-265 

  D13S175  

CACGACGTTGTAA

AACGACTATTGGA

TACTTGAATCTGC

TG 

TGCATCACCTCAC

ATAGGTTA 
101-113 

  D13S232  

CACGACGTTGTAA

AACGACTGCTCAC

TGCTCTTGTGATT 

GGCACAGAAATAA

ATGTTGATG 108-126 

  D13S787  

CACGACGTTGTAA

AACGACATCAGGA

TTCCAGGAGGAAA 

ACCTGGGAGTCGG

AGCTC 251-267 

  D13S1244  

CACGACGTTGTAA

AACGACTCAACAA

GTGGATTAAGAAA

CTGTG 

CTGTTTATGGCTG

AGAAGTATGC 
92-108 

RDHR-04 ATCAY D19S878  

CACGACGTTGTAA

AACGACGCCTGGG

CGACAGAGAAT 

GGTTGCCCGCAGA

GTG 208-230 

  D19S424  

CACGACGTTGTAA

AACGACAGCTGGT

TATCTTGAGGGAG 

TAGGCCACATGGA

GGAGT 141-161 

  D19S209  

CACGACGTTGTAA

AACGACTTCATTC

ACAAATCCATGGC 

CTGGAGAGCATAG

ACGAGA 260-272 

  D19S894  

CACGACGTTGTAA

AACGACTTACTTG

GCCCCAGGAAGC 

GTTAAGCCATAAA

CATGGAATGACC 144-168 

  D19S216  

CACGACGTTGTAA

AACGACTCTTGTC

ACTCTAACTCCGC 

GGCCCATGTCTTTT

TTAGGT 179-191 
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µl of PCR product was mixed in each well. The samples were mixed by spinning and heated 

at 95°C for 5 minutes and cooled immediately. These samples were electrophoresed on an 

Applied Biosystems 3130xl Genetic Analyzer (Applied Biosystems). The results were 

analyzed by using GeneMapper® software Version 4.0. The sizes, marker names, and the 

expected sizes for each microsatellite marker as well as for other sequence were added to the 

appropriate traits. Each allele appeared as an individual peak and was called manually 

(Figure 2.3). Alleles for each markerwerelabeledalphabetically,“A”beingthelargestallele.

Genotype plots were observed carefully for each individual and genotypes were documented 

for each marker. 

Linkage Analysis 

Statistical scores for results of linkage analysis were calculated by using the 

easyLINKAGE® Plus v5.02 (Lindner & Hoffmann, 2005). The genotyping data of five 

microsatellite markers for individuals of family RDHM-01 and RDHR-04 were stored in 

computerized macros sheets developed in a Microsoft Excel©. Basic information of pedigree 

was added regarding the gender, status (normal or affected), and relationship among the 

individuals. A .pro file was created which contained all the pedigree information. Then, the 

.abi files for microsatellite markers were created which contained the genotyped alleles of all 

individuals. These files were exported to easyLINKAGE® Plus v5.02. Two-Point Parametric 

linkage analysis was carried out using SuperLink v1.5 in the easyLINKAGE® Plus v5.02 

program. The parameters were set by providing the chromosome number, inheritance was set 

as recessive, allele frequency as 0.001 and the Marshfield map positions were also provided. 

LOD score was obtained for each marker and stored in notepad files. For autosomal recessive 

inheritance, a LOD score of >3 confirms the linkage of the disease marker to the particular 

locus. A negative LOD score exclude that marker from linkage. Haplotypes of individuals in 

family RDHM-01 and RDHR-04 were constructed for genotyped allele of microsatellite 

markers arranged according to the genetic map position on the chromosome. 
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Expression of Candidate genes in Blood 

For family RDHR-04 and RDHM-03, the expression of the candidate genes was checked in 

blood by PCR amplification. Primers were designed in such a way that both primers were in 

different exons, spanning multiple introns. This results in different sized products from 

cDNA and gDNA as templates. The cDNA prepared from blood as well as that from 

different cell lines sources was taken as a template for comparison. In case of successful 

amplification, the product was sequenced with the respective primer. 
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Figure 2.3: Snapshot of the genotyping results generated by GeneMapper®, showing 

genotypes of 3 members of a family. Peaks represent the alleles for the respective fluorescent 

marker. Alleles are separated according to size; smaller sized alleles have higher peaks due to 

preferential PCR amplification. Two peaks in the sample showed heterozygosity (AB) and 

single peak showed homozygosity (AA) of the sample. 
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Population Screening 

The variant segregating with disease phenotype was checked in 200 control samples of 

ethnically matched controls from the Punjab. Samples were screened by Sanger Sequencing, 

Capillary Electrophoresis (Fragment Analysis) and Tetra- primers ARMS PCR technique (Ye 

et al., 2001). 

Tetra-primers ARMS PCR  

Tetra-primers ARMS PCR technique is a simple, low cost and rapid method of SNP 

genotyping (Ye, et al., 2001). Both alleles at a locus were amplified by using two inner allele 

specific primers (one in forward and the other in reverse orientation, respectively) and two 

constant outer primers in a single PCR reaction. Primers were designed by using PRIMER1 

(http://primer1.soton.ac.uk/primer1.html). Primers were designed in such a way that all PCR 

products had difference of at least 80 bp, so that they could be resolved by standard agarose 

gel electrophoresis. 

The PCR reaction was performed in a final volume of 10 µl. PCR reaction contained 50 ng of 

DNA template, 1X PCR Buffer (laboratory prepared; Table 2.9) (Jeffreys, et al., 1990), 2 

mM MgCl2, 200 µM dNTPs, 0.5 U of Taq DNA polymerase (Thermo Scientific®, Thermo 

Fisher Scientific Inc.), 0.2 µM of each outer and inner primers. The alleles were amplified by 

using touch down PCR program on MyCycler
TM

 Thermal Cycler (Bio-Rad), Mastercycler 

(Eppendrof®), and ABI® 2720 thermal cycler (Applied Biosystems). Allele specific 

products were amplified by one inner and one outer primer, a constant band was obtained by 

outer primers. In each panel, one known wild-type sample, heterozygous and homozygous 

samples for variant were amplified as controls. All PCR reactions were resolved on 1.5% 

agarose gels. 
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Functional Assays of MCOLN1 Variant 

In Family RDHM-03, a homozygous missense mutation in MCOLN1 (c.551T>C; 

p.Ile184Thr) was found to be segregating with phenotype. To evaluate the effect of 

c.551T>C at protein level, a cell transfection assay was designed. 

Plasmid Constructs 

The complete coding sequence of MCOLN1 (NM_020533.2) was amplified by using cDNA 

template (from neuroblastoma cell line, University of Lübeck) and the c.551T>C mutation 

was introduced by site-directed mutagenesis using a set of two primers with the mutation 

(Table 2.2). To amplify the wild-type full length coding sequence of MCOLN1, primer 1 and 

2 were used. For introduction of mutation, primer 1 and 4 were used in PCR1 and primer 2 

and 3 in PCR2. The product of PCR1 and PCR2 was mixed and used as template in PCR3 

and amplified with primers 1 and 2 to obtain full length mutant MCOLN1 coding sequence. 

All PCR products were purified by loading and cutting from gel with column based 

extraction (QiaQuick® gel extraction kit, QIAGEN, Hilden, Germany) prior to restriction 

enzyme digestion. Both PCR products (wild-type and mutant) and plasmid (lentiviral 

expression NK-57 vector containing miniSOG-Figure 2.4) were digested with NheI. Ligase 

was used for plasmid and inserts ligation (wild-type and mutant in separate reactions). 

Transformation and Cloning 

Both wild type and mutant coding sequence of MCOLN1 were cloned into a lentiviral 

expression NK-57 vector containing miniSOG, which encodes green fluorescent protein, 

upstream of MCOLN1 (Figure 2.4). One Shot™ Stbl3™ chemically competent E. coli 

(Invitrogen
TM

 Thermo Fisher Scientific Inc., USA) were transformed with the wild-type and 

the mutant plasmid constructs, separately and grown on ampicillin agar plates. The 

transformed colonies were picked and grown in LB broth to obtain multiple copies of 

plasmids. Plasmids (wild-type and mutant) were isolated by QIAprep® Spin Maxiprep kit 

(QIAGEN). Both constructs were verified by Sanger sequencing for the required mutation  
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Table 2.2: Primers used to create restriction sites and primers containing mutation 

Sr. No Primer Name Sequence 

1 MCOLN1 Nhe1F atatatatatgctagcATGACAGCCCCGGCGGGTCC 

2 MCOLN1 Nhe1R atatatatatgctagcTCAATTCACCAGCAGCGAATG 

3 MCOLN1c F GGCCAACGACACATTTGACAcTGATCCG 

4 MCOLN1c R AGTAACCACCATCGGATCAgTGTCAAATG 

In primer 1 and 2 the lowercases at 5′ indicate the restriction site (gctagc) of Nhe1 and 

upstream5’overhangsequencestoavoidstericinhibition of restriction enzyme. In primers 3 

and 4, the mutation is indicted by lowercase in each primer.  
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Figure 2.4: Lentiviral expression vector NK-57 containing miniSOG upstream to MCOLN1. 

The fusion protein miniSOG-MCOLN1 was transcribed with CMV promotor. Ampicillin 

resistance gene was used as selection marker. 
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and absence of any other mutation. 

Viral Particles 

For lentiviral production, HEK293T cells were transfected with envelope vector; vsv-g (0.3 

µg), packaging vector; pCMV delta R8.2 (2.5 µg), and expression vectors with the MCOLN1 

constructs (wild-type and mutant miniSOG labelled MCOLN1, separately) (2.5 µg) using 

FuGENE HD transfection reagent (Promega). The virus was harvested from the supernatant 

by ultracentrifugation. 

Cell culture and Transfection 

FibroblastcellsfromahealthyindividualcontrolwereculturedinDulbecco’smodifiedeagle

medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The 

cells were incubated at 37°C and 5% CO2 in a humidified atmosphere. These fibroblasts were 

stably transfected with lentivirus expression vectors containing MCOLN1 wild type and 

mutated cDNA sequences (c.551T>C; p.Ile184Thr), separately. Cells were observed under 

Zeiss Axiovert 200M inverted microscope. Presence of green signal indicated successful 

transfection. 

Immunostaining  

Fibroblast cells expressing wild type MCOLN1 and mutant protein were grown on 13 mm 

coverslips in 24 well plates. Cells were washed briefly with 1X PBS (Sigma-Aldrich, USA) 

and fixed with 4% paraformaldehyde (Sigma) for 15 minutes. The cells were washed with 

1X PBS and permeabilized with 0.1% NP-40 for 10 minutes and then blocked with 10% 

NGS for 1 hour followed by aspiration. For detection of lysosomes, monoclonal antibodies 

raised against LAMP-2 as a lysosomal marker (1:400, mouse, Santa Cruz) was applied to 

cells for 1 hr. The cells were washed three times with 1X PBS with 3 minutes interval. For 

visualization, alexa fluor 488 secondary antibodies (1:1000, Goat anti-mouse, Life 

Technologies) was applied to cells for 1 hour followed by three times washing of cells with 

1X PBS with three minutes interval.  DAPI was used to stain the nuclei. The coverslips were 
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inverted on glass slide containing one drop of DAPI and pressed gently. The glass slides 

were dried overnight in dark. Imaging was performed by using confocal microscope at 

University of the Lübeck’scorefacility. 
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Chemicals 

Table 2.3: Stock Lysis Buffer for DNA Extraction 

Reagent Concentration 

Sucrose 0.32 M 

Tris-base 10 mM 

MgCl2 5 mM 

Triton X-100 1% 

pH was adjusted to 7.6 with HCl. 

Table 2.4: Stock TEN Buffer for DNA Extraction 

Reagent Concentration 

Tris-base 20 mM 

Na2EDTA  4 mM 

NaCl 100 mM 

pH was adjusted to 7.4 with HCl. 

Table 2.5: Stock Low TE Buffer 

Reagent Concentration 

Tris-HCl (pH 8) 10 mM 

Na2EDTA (pH 8) 0.2 mM 
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Table 2.6: 50X TAE Buffer 

Reagents Concentration 

Tris base 1 M 

Na2-EDTA(pH 8) 0.5 M 

Acetic acid 28.55 ml/500 ml (Final adjusted with water) 

Table 2.7: 10 mg ml
-1

Ethidium Bromide 

Reagent Amount 

Ethidium Bromide  10 mg 

Distilled water 1 ml 

Table 2.8: 6X Bromophenol Blue dye (loading dye) 

Reagent Concentration 

Bromophenol blue 0.25% 

Glycerine 30% 

Table 2.9: 10X PCR buffer (laboratory prepared) 

Reagent Concentration 

Tris-HCl(pH 9) 450 mM 

Na2EDTA (pH 8) 0.45 mM 

Ammonium Sulphate 1 M 

β- Mercaptoethanol 67 mM 

Bovine Serum Albumin 1.1 µg/ml 
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Table 2.10: 6X Xylene Cyanol FF dye 

Reagent Concentration 

Xylene Cyanole FF  0.25% 

Glycerine 30% 

Table 2.11: Precipitation Solution for Sequencing Reaction 

Reagent Concentration 

Absolute Ethanol 80% 

Sodium Acetate 3% 
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Ten consanguineous families originating from different cities of Punjab were recruited in this 

study. Whole-exome sequencing was performed for nine families and a genetic cause was 

identified for five of them. 

Families in which a genetic cause of disorder was identified 

Family RDHM-02 

This family belonged to Sheikhupura. There were seven affected individuals; six living and 

one deceased, born in three consanguineous marriages (Figure 3.1A). Five of the affected 

members together with their unaffected parents and siblings participated in the study. 

Clinical Data 

The ages of affected individuals VI:11, VI:12, VI:13, VII:1, and VII:6 were 40 years, 35 

years, 33 years, 28 years and 18 years respectively, at the time of examination. The disease 

onset in the patients was reported to be between the ages of two to six years. All five patients 

had cerebellar ataxia with severe gait impairment (Table 3.1). Individual VI:11 had cerebellar 

ataxia and polyneuropathy. Complete loss of ambulation was observed by the age of seven 

years after onset. Dysarthria, limb ataxia, and truncal ataxia with pronounced titurbation on 

limb movements were observed. Lower limb weakness was associated with distinct calf 

wasting (Figure 3.2A). The serum cholesterol level was 224 mg/dl (expected value – up to 

200) and serum albumin level was 3.7 g/dl (expected value – 3.5-5.5). 

The finger-to-nose-test was dysmetric with bilateral moderate intentional tremor for 

individuals VI:12, VI:13, VII:1 and VII:6. Individual VI:12 and Individual VI:13 had 

exotropic strabismus with alternating fixation, truncal ataxia with titurbation, and reduced leg 

agility due to lower limb ataxia. The patients were unable to walk and stand due to ataxia. 

They had a tendency to fall and could walk only with assistance. Individual VI:12 had mild 

upper limb dystonia and dystonic posturing of both hands were observed. Individual VI:13 

had ocular apraxia (Figure 3.2B) with head thrusts instead of ocular saccades which was also 

observed in individual VII:1 and VII:6 (Table 1.1). Moderate lower limb dystonia was 
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observed with dystonic postures of both feet associated with bilateral foot inversion. The 

patient could walk only with assistance and gait was ataxic with persistent bilateral foot 

inversion. 

The individual VII:1 had dysarthria and slight upper limb dystonia. Slight dystonic posturing 

of both hands were observed. Reduced leg agility was also observed. 

The individual VII:6 had dystonia of upper and lower limbs with distinct high-frequent 

dystonic hand tremors and distal chorea of upper limbs. The clinical features observed in 

individual VII:6 was exotropic strabismus, combination of dystonic posturing of both hands 

with distinct irregular dystonic hand tremor during action and distal chorea. The patient had 

striatal toe on the left (Figure 3.2C) with intermittent mild dystonic foot inversion and 

intermittent dystonic action-induced foot tremor. The patient could walk and the ataxic gait 

was observed in tandem gait test. The serum cholesterol level was 178 mg/dl (expected value 

– up to 200) and serum albumin level was 4.3 g/dl (expected value – 3.5-5.5). 

Molecular Data 

The exome data of the two affected individuals of family RDHM-02 VI:11 and VII:12 was 

analyzed. A novel homozygous nonsense mutation, c.388C>T, p.Gln130Ter in exon 3 of 

APTX (NM_175073.2) was identified (Table 3.5). The variant was validated and tested in all 

available samples of family for segregation with the phenotype. This was homozygous in the 

patients, heterozygous in the obligate carriers, and either wild-type or heterozygous in the 

unaffected family members (Figure 3.1A). The variant was absent in the DNA of 100 

controls (200 chromosomes) and all public databases. 
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Figure 3.1: Pedigree of family RDHM-02 and nonsense APTX variant segregating with the 

phenotype. (A) RDHM-02 pedigree. Symbols   = normal male female,   = affected 

male, female,  = deceased,  = consanguineous mating. *Individuals who 

participated in the study. Arrows denote individuals for whom whole-exome sequencing was 

performed. The genotypes for APTX (c.388C>T) are indicated below the individual symbols 

of all participants. (B) Electropherogram of APTX sequence analyses showing the reverse 

complement strand. The site of mutation is depicted by an arrow. 
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Figure 3.2: Photographs of family RDHM-02. (A) Lower limbs of individual VI:11 showing 

calf muscle wasting. (B) Eyes of individual VI:13 who had ocular apraxia. (C) Feet of 

individual VII:6 showing striatal toe of left foot.  
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Table 3.1: Clinical features of Family RDHM-02 

Patients ID VI:11 VI:12 VI:13 VII:1 VII:6 

Sex M F F F F 

Age at onset (years) 2 5-6 5-6 5-6 5-6 

Age at examination (years) 40 35 33 28 18 

Ataxia + + + + + 

Ocular Apraxia – – + + + 

Ambulation – Assisted Assisted Assisted Assisted 

Polyneuropathy + – – – – 

Dystonia – + + + + 

Chorea – – – – + 

Dysarthria + – – + – 

Pes cavus – – – – – 

Serum Cholesterol 

(Expected value – Up to 200) 

224 mg/dl NA NA NA 178 mg/dl 

Serum Albumin 

(Expected value – 3.5-5.5) 

3.7 g/dl NA NA NA 4.3 g/dl 

F = female, M = Male, + = Present, – = Absent, NA = Not Available 
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Family RDHM-01 

This family was from Sheikhupura. It had four affected individuals in one consanguineous 

marriage (Figure 3.3A). Affected individuals and unaffected parents and siblings were 

included in this study. 

Clinical Data 

The ages of affected individuals IV:1, IV:2, IV:5 and IV:8 were 45 years, 43 years, 38 years 

and 30 years respectively, at the time of examination. The onset of disease was reported to be 

at the age of 1.5 years in all affected individuals. The disease was progressive and 

ambulation in all patients was lost by the third decade. Dysarthria and muscle stiffness were 

observed in all patients. In some patients, supranuclear gaze palsy was suspected (Figure 

3.4A) but not formally tested. The disease was diagnosed as evidence of spasticity, spastic-

ataxia of gait, bradykinesia including hypomimia, mild dystonic postures of upper limbs 

(Figure 3.4B) and muscular atrophy.  

Brain MRI was performed for individual IV:8. It showed severe vermal and paravermal 

cerebellar atrophy, thinning of the corpus callosum, global subcortical atrophy, diffuse 

hypointense strips in the central pons (FLAIR), hyperintensity of the lateral pons (T2, 

FLAIR) and a large posterior fossa retro-cerebellar cyst communicating with the 4th ventricle 

with partial agenesis of the inferior part of vermis representing DandyWalker’s variant.

Sylvian fissures appeared relatively prominent bilaterally, which was more pronounced on 

the right side where an underlying arachnoid cyst could not be excluded (Figure 3.5). No 

intracranial hemorrhage or midline shift was seen. The temporal horns of both lateral 

ventricles as well as the 3
rd

 ventricle appeared slightly prominent in caliper suggesting mildly 

raised intracranial pressure. MRI of the dorsal-lumber spine of individual IV:8 showed no 

focal neural compromise at any level. 
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Molecular Data 

Filtering of the exome data of family RDHM-01 members III:4, IV:1, IV:5 and IV:8  

revealed a novel, homozygous 1-basepair duplication of A (c.9119dupA, p.Asn3040Lysfs*4) 

in SACS (Figure 3.3B) (Table 3.5). The variant was validated by Sanger Sequencing and 

segregated with the disease phenotype as the obligate carriers were heterozygous and the 

normal siblings were either heterozygous or wild type for the variant (Figure 3.3A). This 

variant was absent in 200 control samples (400 chromosomes) and from the public databases. 

A maximum two point LOD score of 2.3 at θ=0 was observed for markers D13S232 and 

D13S787 in family RDHM-01 (Table 3.2). 
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Figure 3.3: Pedigree of family RDHM-01 and SACS variant segregating with the phenotype. 

(A) RDHM-01 pedigree. *Individuals who participated in the study. Arrows denote 

individuals for whom whole-exome sequencing was performed. The genotype of SACS 

(c.9119dupA) is indicated below the individual symbols, +=wild-type allele. The disorder 

linked haplotype is boxed. (B) Electropherogram of SACS sequence analyses. The 

duplicationofAisunderlinedintheaffectedindividual’ssequencetrace. 
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Figure 3.4: Photographs of family RDHM-01. (A) Facial expression of individual IV:5 

showing hypomimia and limited movement of eyes indicate supranuclear gaze palsy. (B) The 

upper limbs of individual IV:5 showing dystonic postures. 
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Figure 3.5: Brain MRI scan of individual IV:8. T2, FLAIR and TI weighted images. Many 

abnormalities were observed. These are § Posterior retro-cerebellar fossa cyst (Dandy 

Walker), §§ Arachnoidal cyst (temporo-insular), * Hyperintensity of lateral pons, # Thinning 

of corpus callosum and subcortical atrophy, % Severe vermal and paravermal atrophy, → 

Diffuse hypointense strips in the central pon, T2        extreme loss of white matter globally, 

T1      polymicrogyria. 
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Table 3.2: Maximum Two Point LOD Score at θ=0 for Family RDHM-01 

Gene Markers 
Position 

cM* 

Position bp 

(Start)** 

Position bp 

(End)** 

LOD 

Score 
Status 

 D13S1316  0.00 20682089 20682442 0.42 -------- 

 D13S175  6.03 20848380 20848734 0.39 -------- 

 D13S232  6.99 23799762 23800042 2.27 Linked 

SACS 

 D13S787  8.87 24380722 24381007 2.27 Linked 

 D13S1244  15.19 28246857 28247188 1.26 -------- 

*=Position according to the Marshfield genetic linkage Map, **=Position according to the 

human genome build GRCh37/hg19 
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Family RDHR-04 

Family RDHR-04 was from Mailsi. There were six affected individuals; five living and one 

deceased, from four consanguineous marriages (Figure 3.6A). Affected individuals and 

unaffected parents and siblings were included in this study. 

Clinical Data 

The ages of affected individual V:5, V:6, V:7, VI:2 and VI:4 were 20 years, 15 years, 18 

years, 19 years and 16 years respectively, at the time of examination. The disease was 

reported to have onset in infancy in all patients. The all affected individuals had flat feet (pes 

planus) bilaterally. Severe ataxic gait was observed in all patients (Figure 3.7A). Some 

patients also presented with strabismus, possible ocular apraxia, mild bibrachial dystonia 

(Figure 3.7B), bradykinesia, and distal muscular atrophy predominantly in the feet.  

The serum ceruloplasmin level of V:6 was normal and amount was 0.20 g/l (reference range 

– 0.20-0.60 g/l). 

Brain MRI was performed for individuals V:6 and V:7. For individual V:6 marked atrophy of 

cerebellar vermis with expansion of magna, communicating with 4
th

 ventricle was observed. 

Atrophy of cerebellar hemispheres was also seen. For individual V:7 prominent cerebellar 

folia were observed suggestive of cerebellar hypoplasia (Figure 3.8). In both cases, no area of 

abnormal intensity was seen in the parenchyma. Ventricular chain was normal. No mass 

effect and midline shift was seen. Midbrain, pons, and the medulla appeared normal. 

Molecular Data 

The exome data of family RDHR-04 members IV:8, IV:9, V:6, V:7 and VI:4 was analyzed. 

A novel, homozygous 7-basepair deletion (c.599_605del; p.Pro200Profs*20) in ATCAY 

(Figure 3.6B) (Table 3.5) was identified. The variant was validated and tested for 

segregation. All five patients were homozygous for this variant. The obligate carriers were 

heterozygous and normal siblings were either heterozygous or had the homozygous wild-type 
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allele (Figure 3.6A). This variant was genotyped in two hundred control samples (400 

chromosomes) and found to be absent (Figure 3.9). The variant was not present in public 

databases. A significant two point LOD score of 3.2 at θ=0 was observed for marker 

D19S878 (Table 3.3).  
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Figure 3.6: Pedigree of Family RDHR-04 and ATCAY variant segregating with the 

phenotype. (A) RDHR-04 pedigree. *Individuals who participated in this study. Arrows 

denote individuals for whom whole-exome sequencing was performed. The genotypes for 

ATCAY (c.599_605del) variant is indicated below the individual symbols, + indicates the 

wild-type allele and – indicates the mutated allele. The haplotype linked to the disorder is 

boxed. (B) Electropherogram of ATCAY sequence analyses. The deleted sequence is 

underlined in the wild-type sequence trace. 
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Figure 3.7: Photographs of Family RDHR-04. (A) Picture of individual V:6 was taken while 

walking to show the wide-based ataxic gait. (B) The upper limbs of individual V:5 showing 

dystonic posture. 
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Figure 3.8: Brain MRI of family RDHR-04. (A) Cranial MRI scan of individual V:6 and (B) 

individual V:7. Both patients had severe cerebellar atrophy which is indicated by arrows in 

the scanned images. 
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Figure 3.9: Genotyping plots generated by GeneMapper®, showing alleles of three 

individuals of family RDHR-04, wild-type, heterozygous and homozygous for ATCAY 

(c.599_605del) variant. Peaks represent the alleles; the size difference was of seven base pair 

between the wild-type and the mutant allele, with the latter being smaller. 
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Table 3.3: Maximum Two Point LOD Score at θ=0 for Family RDHR-04 

Gene Markers 
Position 

cM* 

Position bp 

(Start)** 

Position bp 

(End)** 

LOD 

Score 
Status 

 D19S878  6.57 2359697 2359954 3.29 Linked 

 D19S424  10.97 3226373 3226704 2.89 Linked 

 D19S209  10.97 3314329 3314596 1.2 Linked  

ATCAY 

 D19S894  15.55 4392406 4392667 0.34 ---------- 

 D19S216  20.01 4949357 4949698 0.93 ---------- 

*=Position according to the Marshfield genetic linkage Map, **=Position according to the 

Human genome build GRCh37/hg19 
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Family RDHM-03 

This family was from Jhelum. There were two affected individuals in one consanguineous 

marriage (Figure 3.10A). Affected individuals, unaffected parents and siblings were included 

in this study. 

Clinical Data 

The ages of affected individuals IV:1 and IV:3 were 26 years and 22 years at the time of 

examination. Both affected individuals had onset of the disease in adolescence which was 

diagnosed as generalized dystonia (Figure 3.11) by both local doctors and doctors in 

Germany. They had mild ataxia and were mildly bradykinetic. Individual IV:1 had full body 

tremor which was predominant in the neck. 

The serum ceruloplasmin level of IV:1 was normal and the amount was 0.20 g/l (reference 

range – 0.20-0.60 g/l). The serum Gastrin level of IV:1 was within normal range (85.50 

pg/ml (reference range – 13-115 pg/ml)). 

Molecular Data 

Analysis of the exome data of four individuals of family RDHM-03 III:1, III:2, IV:1 and 

IV:3 revealed a novel, homozygous missense mutation (c.551T>C; p.Ile184Thr) in MCOLN1 

(Table 3.5). The variant was validated and tested for segregation. Both patients were 

homozygous for the variant while the obligate carrier and the normal sibling were 

heterozygous (Figure 3.10A). This variant was absent in DNA of 200 control samples (400 

chromosomes) as well as in public databases. The residue p.Ile184 is conserved among 

diverse species of vertebrates (Figure 3.12). 

To identify if the expression of MCOLN1 was affected due to the variant, MCOLN1 specific 

cDNA was amplified from random primed cDNA library prepared from blood samples of 

family RDHM-03 affected and wild-type members. No difference in MCOLN1 expression 

was observed between the affected individuals and that of the wild-type individuals (data not  
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Figure 3.10: Family RDHM-03 and missense MCOLN1 variant segregating with the 

phenotype. (A) RDHM-03 pedigree. *Individuals who participated in this study. Arrows 

denote individuals for whom whole-exome sequencing was performed. The genotypes for 

MCOLN1 (c.551T>C) variant are indicated below the individual symbols of all participants. 

(B) Electropherogram of MCOLN1 sequence analyses. The site of mutation is depicted by 

arrow.  
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Figure 3.11: Photographs of individual IV:1 who presented generalized dystonia in family 

RDHM-03. (A) The face (B) dystonic posture of hand and (C) full body showing trunk 

dystonia. 
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Figure 3.12: CLUSTAL Omega partial protein sequence alignment of mucolipin 1 showing 

conservation of MCOLN1 residue p.Ile184 from eight species of vertebrates. All protein 

sequences were retrieved from UniProt (http://www.uniprot.org/). The residue p.Ile184 is 

highlighted and marked with an asterisk. 
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shown). The specificity of amplification was confirmed by Sanger sequencing. 

Functional Studies of MCOLN1 variant (c.551T>C, p.Ile184Thr) 

MCOLN1 encodes a protein called mucolopin 1 also known as TRPML1 (Transient Receptor 

Potential MucoLipin 1), a member of the transient receptor potential (TRP) cation channel 

gene family. This transmembrane protein localizes to intracellular vesicular membranes 

including lysosomes.  

A transfection assay was designed to check the effect of missense mutation on the 

localization of this protein. Immunostaining followed by confocal microscopy images 

showed no difference in the localization of mutant protein with lysosomal markers as 

compared to that of the wild-type protein (Figure 3.13). 
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Figure 3.13: Missense mutation in the family RDHM-03 does not affect the colocalization of 

MCOLN1 with a lysosome marker. (A) Wild-type mini-SOG-MCOLN1 (B) mutant mini-

SOG-MCOLN1 (p.Ile184Thr). MCOLN1 protein was tagged with green fluorescent protein, 

Lysosomal marker (LAMP2) was stained with specific monoclonal antibodies (red) and 

nuclei were stained with DAPI (blue). Images were taken at green, red and blue channel, 

separately and then merged. Orange color in merged images is due to overlapping of red and 

green signals. Scale bar represent 10 µm. 
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Family RDHR-01 

Family RDHR-01 was from Burewala. It had four affected male individuals in two 

consanguineous marriages (Figure 3.14A). The three affected individuals and their normal 

parents participated in the study. 

Clinical Data 

The ages of affected individuals IV:1, IV:2 and IV:3 were 30 years, 28 years, and 26 years 

respectively, at the time of examination. The onset of symptoms was reported to be 

congenital. All affected individuals walked with an unusual gait. Ptosis was observed as 

eyelid was not lifted properly. Individual IV:1 exhibit unilateral ptosis which was more 

severe on the right side (Figure 3.15A). Bulbous nose and arched eyebrows were observed in 

individual IV:2 (Figure 3.15A). The posture deformity of the hands associated with curved 

fingers and adducted thumbs of both hands were observed in all affected individuals. The 

thumbs of the hands were curved inside medially (Figure 3.15B). The lower limbs 

abnormalities were associated with problems in knee joints; as the joints were not flexible, 

the right leg could not be bent and remained straight. The feet exhibited pes cavus in which 

the foot has a high arch. The posture deformity of feet in individual IV:2 resembles clubfoot 

deformity in which the foot rotated towards other foot (Figure 3.15C). Dysarthria was also 

observed as the voice was not clear. Hearing and eyesight were normal and no manifestation 

of tremors was found in any affected individuals. 

Molecular Data 

After analysis of exome data of individuals III:2, IV:1, IV:2, and IV:3 in family RDHR-01, 

missense variants in five different genes (Table 3.4) were considered further. These variants 

were tested for segregation and checked in DNA of 200 control samples. All the variants 

segregated with the phenotype and were absent from the DNA of the controls (400 

chromosomes). A novel missense variant in ECEL1 was the best candidate gene for the 

disorder in the family based on some overlap of symptoms already described for variants of 

this gene, conservation of the amino acid and the high pathogenicity score (Table 3.4). 
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Figure 3.14: Pedigree of family RDHR-01 and ECEL1 variant segregating with the 

phenotype. (A) RDHR-01 pedigree. *Individuals who participated in this study. Arrows 

denote individuals for whom whole-exome sequencing was performed. The genotypes for 

ECEL1 (c. 2051A>G) variant are indicated below the individual symbols of all participants. 

(B) Electropherogram of ECEL1 sequence analyses. The site of mutation is depicted by an 

arrow. 
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Figure 3.15: Photographs of affected individuals of family RDHR-01. (A) Ptosis was 

observed in all affected individuals IV:1, IV:2 and IV:3 and was more severe on the right 

side in individual IV:1. Bulbous nose and arched eyebrows are visible in Individual IV:2. (B) 

Curved fingers and adducted thumbs of hands of individual IV:1, IV:2 and IV:3. (C) The feet 

showed mild camptodactyly. Pes cavus morphology of feet, also called high arched feet in 

individual IV: 2 and individual IV:3. The feet of individual IV:2 showed clubfoot deformity.  
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Table 3.4: List of homozygous missense variants checked for Family RDHR-01 

Gene Position* Transcript Exon 
cDNA 

Change 

Protein 

Change 
CADD REVEL 

KLC4 chr6:43030695C>T NM_201523.1 3 c.353C>T p.Ser118Leu 28.7 0.16 

CUL9 chr6:43153265C>T NM_015089.2 3 c.667C>T p.Arg223Cys 24.9 0.142 

SYP chrX:49048094C>T NM_003179.2 6 c.742G>A p.Asp248Asn 22.9 0.472 

BCOR chrX:39923684C>T NM_001123385.1 7 c.3407G>A p.Arg1136His 27.1 0.178 

ECEL1 chr2:233345805T>C NM_004826.2 15 c.2051A>G p.Tyr684Cys 25.9 0.928 

*=Position according to the human genome build GRCh37/hg19, ExAC= Exome 

Aggregation Consortium, CADD=Combined Annotation Dependent Depletion, 

REVEL=Rare Exome Variant Ensemble Learner 

Note: All the variants segregated with the phenotype. The variant in KLC4, CUL9, and SYP 

were present in ExAC, but the frequency was below 0.05. All these variants were also absent 

from the DNA samples of the control population. The best possible candidate for causing the 

disorder is shown in bold. 
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Table 3.5: The novel variants identified in five families 

Family Gene Position* Zygosity Transcript Exon 
cDNA 

Mutation 
Protein Change Consequence 

CADD 

score 

ExAC 

frequency 

RDHM-02 APTX chr9:32987637G>A Homozygous NM_175073.2 3 c.388C>T p.Gln130Ter Stop Gain --- 0 

RDHM-01 SACS Chr13:23908895_96dupA Homozygous NM_014363.5 10 c.9119dupA p.Asn3040Lysfs*4 Frameshift 35 0 

RDHR-04 ATCAY Chr19:03908320_26delCAGACAG Homozygous NM_033064.4 6 
c.599_605del

CAGACAG 
p.Pro200Profs*20 Frameshift 35 0 

RDHM-03 MCOLN1 Chr19:7591792T>C Homozygous NM_020533.2 4 c.551T>C p.Ile184Thr Missense 26.2 0 

RDHR-01 ECEL1 chr2:233345805T>C Homozygous NM_004826.2 15 c.2051A>G p.Tyr684Cys Missense 25.9 0 

*=Position according to the human genome build GRCh37/hg19, CADD=Combined Annotation Dependent Depletion, ExAC= 

Exome Aggregation Consortium 
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Families in which no genetic causes of disorder were identified 

Family RDHR-08 

Phenotype 

For family RDHR-08 (Figure 3.16), the phenotype was characterized by abnormal 

morphology of hands and feet. The hands exhibited camptodactyly (Figure 3.17A&B); the 

condition in which fingers cannot be extended to 180°. The feet showed reduced height of 

arch, pes planus (Figure 3.17C). This condition was progressive with age. The 25 years old 

individual IV:3 showed a more severe phenotype than the others. He had twisted hands, flat 

feet and thin legs (Figure 3.17D). A linkage region for the phenotype was previously mapped 

to Chromosome Xq28 (Manzoor, 2014). 

Genetic Investigation 

Exome data of two affected individual of family RDHR-08 IV:5 and IV:6 was first analyzed 

for variants located within the linkage region (chrX: 144,602,800- 153,828,848) and a single 

deletion of two base pairs was found in GPR50 (Table 3.6). The variant was tested for 

segregation in all available samples of family RDHR-08. However, sequence analysis 

revealed that this variant was a 12 bp common deletion with a frequency of 0.4154, 

rs68058591. Variants in the coding and intronic regions of different genes were also 

identified in the autosomal regions (Table 3.6A&B). All these autosomal variants were 

checked for segregation within family RDHR-08 and none of them was found to be linked to 

the phenotype.  

The exome data was analyzed to identify shared regions of homozygosity located on 

autosomal chromosomes using AgileVariantMapper (Carr, et al., 2013). Five regions were 

identified on chromosome 1, 6, 9, and 10. (Table 3.7, Figure 3.18).  
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Figure 3.16: Pedigree of family RDHR-08 with haplotypes of the participants on 

Chromosome Xq28 (Manzoor, 2014). Arrows denote individuals for whom whole-exome 

sequencing was performed. Centimorgan (cM) positions of STRs are according to the 

Marshfield genetic linkage Map.  
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Figure 3.17: Photographs of family RDHR-08 showing the morphology of hands and feet. 

(A&B) Camptodactyly morphology of hand of individual IV:5, (C) the feet morphology 

associated with reduced height of arch (Pes Planus) and small toes of individual IV:6, and 

(D) the thin legs of individual IV:3 (Manzoor, 2014). 
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Table 3.6: List of variants checked for segregation in Family RDHR-08 

A. Homozygous Exonic Changes 

Gene Position* Transcript Exon cDNA Change 
Protein 

Change 
Consequence Note 

GPR50 ChrX:150349564-65delTG NM_004224.3 2 c.1509_10del p.Thr503fs Fs a 

LYZL2 Chr10:30915050G>T NM_183058.2 3 c.420C>A p.Cys140X Stop Gain b 

ASPM Chr1:197060077G>A NM_018136.4 23 c.9539A>C p.Gln3180Pro Ms c 

JRK Chr8:143746094-95delCA NM_001077527.2 2 c.1383_84del p.Val461fs Fs d 

NOP16 Chr5:175811102insGT NM_001256539.3 5 c.578_79insAC p.Leu193fs Fs d 

ALMS1 Chr2:73717248T>G NM_015120.4 10 c.8159G>A p.Arg2720Gln Ms d 

ZBTB5 Chr9:37442133C>T NM_014872.2 2 c.416G>A p.Arg139His Ms d 

PLLP Chr16:57295960G>A NM_015993.2 2 c.158C>T p.Arg53Val Ms d 

B.  Homozygous Intronic Changes 

Gene Position* Transcript Consequence Note 

EIF2C2 Chr8:141567178G>A NM_001164623.2 Alternate Splice E 

VIPR2 Chr7:158896412G>A NM_003382.4 Alternate Splice E 

CETP Chr16:57003518T>C NM_000078.2 Alternate Splice E 

*=Position according to the human genome build GRCh37/hg19, Ms=Missense, 

Fs=Frameshift 

 

Note a: The variant is in the linkage region. On Sanger sequencing, this variant was found to 

be a 12 bp common deletion of frequency of 0.4154, rs68058591 and not a 2 bp deletion. 

Note b: This variant did not segregate with the phenotype. This is a common variant and 

there are three homozygous individuals in the ExAc database as well. 

Note c: This variant did not segregate with the phenotype. This is a common variant and 

annotated to be of doubtful pathogenicity for microcephaly in Human Gene Mutation 

Database. There are 19 individuals homozygous for this variant in the ExAC database as 

well. 

Note d: These variants did not segregate with the phenotype.  

Note e: These intronic variants were close to the exons and created splice donor or acceptor 

sequences which may have been used as alternatives to the annotated splice sites. However, 

none of them segregated with the phenotype. 
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Table 3.7: Shared autosomal homozygous regions found for individual IV:5 and IV:6 of 

family RDHR-08 by AgileVariantMapper 

Homozygous Region found (>3 Mb) Start position (Mb) End position (Mb) Size (Mb) 

Chromosome 1 188 201 13 

Chromosome 6 38 41 3 

Chromosome 9 95 101 6 

Chromosome 9 120 125 5 

Chromosome 9 32 39 7 

Chromosome 10 31 38 7 

Autozygosity mapping was performed using default parameters (heterozygous cutoff ratio of 

40% and read depth value of 0). 
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Figure 3.18: Selected regions of homozygosity displayed after AgileVariantMapper analysis 

using exome data of individual IV:5 and IV:6 of family RDHR-08. Heterozygous and 

homozygous positions on each chromosome are indicated in yellow and black, respectively. 

Gray corresponds to missing data or end of chromosomes. Data of both individuals was 

compared and shared homozygous region were identified. These are indicated by arrows. 
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Family RDHR-06 

This family belonged to Mailsi. There were four affected individuals; two living and two 

deceased, from two marriages out of which one was consanguineous (Figure 3.19). Two 

affected individuals participated in this study. Unaffected parents and siblings were also 

included. 

Phenotype 

The ages of affected individuals V:3 and V:7 were 20 years and 13 years. The onset of the 

symptoms was reported to be at the age of 1.5 years. Both individuals could not walk and 

moved by dragging themselves using their hands and crisscrossed legs (Figure 3.20A). 

Dysarthria was observed. Mild microcephaly was also observed in one patient. Abnormal 

foot morphology (Figure 3.20B) and weakness of lower limbs was seen. Hearing and 

eyesight were normal. After finding the mutation in two unaffected individuals, the family 

was contacted again. Currently, the ages of the two unaffected individuals V:2 and V:4, were 

more than 25 years. Both of them did not exhibit any symptom of the disorder present in their 

siblings. 

Genetic Investigation 

The exome data of two affected individuals of family RDHR-06 V:3 and V:7 was analyzed. 

Novel variant in two different genes were selected for segregation analysis (Table 3.8). These 

variants were checked in all members of the family and none of them segregated with the 

phenotype.  
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Figure 3.19: Pedigree of family RDHR-06. *Individuals who participated in this study. 

Arrows denote individuals for whom whole-exome sequencing was performed. 
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Figure 3.20: Photographs of individual V:7 of family RDHR-06. (A) Picture was taken 

while patient was moving by dragging himself. (B) The lower limbs of patient showing the 

abnormal morphology of the feet. 
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Table 3.8: List of variants checked in RDHR-06 

Gene Position* Transcript Exon 
cDNA 

Change 
Protein Change Consequence ExAC Note 

SCYL3 Chr1:169825089-90delAT NM_181093.3 12 c.1321_22del p.Met441Valfs*19 Fs 0.00007 a 

GRID2IP Chr7:6548743G>C NM_001145118.1 12 c.1973C>G p.Pro658Arg Ms 0.0013 a 

*=Position according to the human genome build GRCh37/hg19, Ms=Missense, 

Fs=Frameshift, ExAC= Exome Aggregation Consortium 

Note a: These variants did not segregate with the phenotype. The SCYL3 variant affects an 

alternative exon of the gene. It was found to be homozygous in two normal individuals of 

RDHR-06 as well. Moreover this variant was checked in 270 control DNA samples (540 

chromosomes) and the frequency was found to be 0.0019 (1/540).  
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Family RDHR-02 

This family belonged to Burewala. It had six affected individuals; four living and two 

deceased, in three marriages (Figure 3.21). The affected individuals, their normal parents and 

siblings participated in the study. 

Phenotype 

The ages of affected individuals IV:4, IV:5, IV:6 and IV:7 were 11 years, 9 years, 6 years 

and 4 years respectively, at the time of examination. The onset of disease was reported to be 

by birth. All patients had abnormal morphology of hands and feet which were twisted inside 

(Figure 3.22A&B). The phenotypic spectrum of family RDHR-02 was broad and included 

spasticity, ataxia, bradykinesia, hypomimia, dystonic signs, strabismus, pendular nystagmus, 

and stereotypies. Individual IV:4 manifested divergent strabismus, hypomimia, bradykinesia, 

dysarthria, dystonic grimacing, upper limb dystonia with fixed dystonic posturing of the left 

hand and was unable to walk without assistance. Severe wide-based gait ataxia was observed. 

Individual IV:5 was bed-ridden and was unable to move on his own. He had anarthria, 

convergent strabismus, suspicion of pendular nystagmus and sunset sign, spastic tetraparesis 

with bilateral wrist flexion and bilateral knee flexion due to immobilization. Bilateral 

Babinski sign was observed. 

Individual IV:6 presented with truncal and limb ataxia, dysarthria, dystonic finger flexion, 

and suspicion of lower limb weakness. No obvious spasticity was observed and the patient 

was unable to walk unaided. Babinski sign was negative. Individual IV:7 was bed-ridden and 

unable to get up voluntarily. Stereotypies (tossing and rolling whole-body movement) and 

truncalhypotonia (‘floppy’)wasobserved. Both individuals (IV:6, IV:7) showed divergent 

strabismus, pendular nystagmus, and hypomimia. Tremors were also manifested by all of 

them except IV:5. 

Cranial MRI were available for two patients. In individual IV:4, a cleft was seen which 

extends from the right lateral ventricular wall from its body and communicates with sub 

arachnoid space. It was apparently lined by grey matter. There was also relative suboptimal 
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sulci formation observed for left cerebral hemisphere. Findings of schizencephaly with 

pachygyria in IV:4 were consistent with a neuronal migration disorder (Figure 3.23A). In 

individual IV:5, bilateral cerebral parenchyma were replaced by CSF signal area with mild 

amount of brain parenchyma observed within the parasagittal regions (Figure 3.23B). The 

patient had severe hydrocephalus which was treated with a ventricular shunt. The 

hydrocephalous was possibly due to bilateral open lip schizencephaly. 

Genetic Investigation 

For family RDHR-02, exome data was available for individuals III:6, III:7, IV:6, IV:7 and 

IV:5. One homozygous and one compound heterozygous variant in two genes (Table 3.9) 

were checked and none were found to segregate with the phenotype. 
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Figure 3.21: Pedigree of family RDHR-02. *Individuals who participated in this study. 

Arrows denote individuals for whom whole-exome sequencing was performed. 
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Figure 3.22: Photographs of family RDHR-02. (A) The hand of individual IV:5 and (B) the 

feet of individual IV:6 showing abnormal morphology. 
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Figure 3.23: Cranial MRI images of affected individuals of family RDHR-02. (A) Brain 

scans of individual IV:4. T1, T2 and FLAIR images showed cleft lined by gray matter 

(schizencephaly) (closed head arrow) with pachygyria (open head arrow). (B) Cranial scans 

of individual IV:5 showed thin brain parenchyma (black arrows) replaced by cerebrospinal 

fluid (severe hydrocephalus) (white arrows). 
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Table 3.9: Variants checked for RDHR-02 

Gene Position* Transcript Exon 
cDNA 

Change 

Protein 

Change 
Consequence Note 

SRD5A3 chr4:56236175G>C NM_024592.4 5 c.874G>C p.Ala292Pro Ms a 

POLE chr12:133249281C>T NM_006231.2 15 c.1618G>A p.Val540Ile Ms b 

POLE chr12:133237665T>C NM_006231.2 25 c.2950A>G p.Ile984Val Ms b 

*=Position according to the human genome build GRCh37/hg19, Ms=Missense 

Note a: The homozygous variant did not segregate with the phenotype. 

Note b: The compound heterozygous variants in POLE did not segregate with the phenotype. 
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Family RDHR-07 

This family was from Mailsi. It had seven affected individuals; five living and two deceased, 

in four marriages (Figure 3.24). All affected individuals and their unaffected parents and 

siblings were included in this study. 

Phenotype 

The ages of affected individuals IV:4, IV:9, IV:10, V:5 and V:7 were 30 years, 25 years, 22 

years, 28 years and 20 years respectively, at the time of examination. The onset of symptoms 

was reported to be between the ages of 3-6 years. The phenotype of individual IV:4 was 

described as suspicion of spastic monoparesis of the right arm with fixed wrist flexion and 

ulnar deviation (Figure 3.25A), leg-pronounced spasticity and proximal weakness, truncal 

ataxia while sitting. Heel-to-knee test was severely ataxic and dysmetric. Wide-based spastic-

ataxic gait was observed.  

The individual IV:9 was bed-ridden. Spontaneous Babinski sign on the right was observed 

and suspicion of evoked Babinskis sign on the left. Patient had dystonic hand posture. 

Positional sense was impaired.  

Individual IV:10 had lower face dystonia with dystonic grimacing with hypomimia. Patient 

was unable to walk, but could stand wide based. Patient presented severe lower limb 

weakness. Babinski sign was positive bilaterally. Positional sense was absent. 

Severe and leg-pronounced spasticity of all extremities during passive movements was 

observed in both individuals IV:9 and IV:10. Both patients showed spontaneous clonus 

associated with high-frequent tremor of left foot in IV:9 and while irregular tremor of both 

legs in IV:10. 

Individual V:5 presented with generalized dystonia including lower face dystonia with 

dystonic grimacing, cervical dystonia with laterocollis to the right and dystonic shoulder 

elevation, fixed hand dystonia on the left with dystonic thumb and finger flexion, truncal 
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dystonia, dystonic foot inversion (Figure 3.25B), and dystonic gait. No abnormalities were 

observed in the brain MRI. 

Individual V:7 presented with an undetermined phenotype associated with moderate lower 

limb weakness, foot inversion on the right, left leg muscle atrophy, and no clear spasticity. 

Video-based rating suggested clinical heterogeneity and a broad phenotypic spectrum 

including spasticity, undetermined weakness, ataxia, hypomimia, dystonic signs, generalized 

dystonia (V:5), and sensory deficits. 

Genetic Investigation 

For family RDHR-07, exome data was available for individuals III:10, III:11, IV:9, IV:10 

and 1V:4. No significant pathogenic variant was left, after applying the filtration criteria. In 

order to rule out genetic heterogeneity, the exome data was analyzed for individuals III:10, 

III:11, IV:9, IV:10 which excluded the data of the one affected cousin IV:4. However, no 

potentially pathogenic variants were identified. 
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Figure 3.24: Pedigree of family RDHR-07. *Individuals who participated in this study. 

Arrows denote individuals for whom whole-exome sequencing was performed. 
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Figure 3.25: Photographs of affected individuals of family RDHR-07. (A) The hands of 

individual IV:4 showed fixed dystonic wrist and finger flexion of the right side and (B) the 

feet of individual V:5 showed dystonic foot inversion bilaterally and dystonic toe flexion of 

the right foot. 
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Family for which no genetic analysis was performed 

Family RDHR-03 

Family RDHR-03 belonged to Burewala. This family had four affected individuals born in a 

consanguineous marriage (Figure 3.26). Two affected individuals together with their normal 

parents and sibling participated in the study. 

Phenotype 

The ages of affected individuals IV:1 and IV:4 were 15 years and 5 years respectively, at the 

time of examination. The disease onset was reported to be at the age of 1 year. Both affected 

individuals could walk but they stumbled during walking. They could place their feet on the 

ground but usually walked on toes. This is called tip-toe gait in which the heel to floor 

contact was absent and the forefoot is in floor contact during walking. Facial paresis was 

observed in individual IV:4. Other abnormalities did not exist e.g., no muscle weakness, no 

tremors etc. Hearing and eyesight were normal. 
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Figure 3.26: Pedigree of Family RDHR-03. *Individuals who participated in the study. 
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This study was designed to identify the underlying genetic causes in different recessively 

inherited movement disorders in Pakistan. Most of the families were presented with complex 

neurological manifestations including ataxia, dystonia and bradykinesia as the most 

prominent clinical signs. 

Families in which a genetic cause of disorder was identified 

Family RDHM-02 

A novel variant in APTX associated with Ataxia with Oculomotor Apraxia type 1 (AOA1) 

Identification of a variant in APTX by exome sequencing helped in the final diagnosis of the 

disorder in family RDHM-02 which had no previous diagnosis. 

Pathogenic variants in APTX were first identified in 2001 by two independent groups 

working on Portuguese and Japanese families with AOA1 (Date et al., 2001; Moreira, et al., 

2001). APTX (Figure 4.1A) encodes aprataxin which is composed of three main domains: an 

N-terminal Forkhead-associated domain (FHA), a histidine triad domain (HIT), and a C-

terminal Cys2His2 Zinc-Finger domain (Znf) (Figure 4.1B). The FHA domain interacts with 

the DNA repair proteins such as phosphorylated XRCC1, PARP and XRCC4 and mediates 

the recruitment of APTX to the DNA single- and double- strand breaks. The HIT domain is a 

catalytic domain which acts as a polynucleotide adenylate hydrolase. The Znf domain 

mediates DNA binding (Schellenberg et al., 2015). Most of the pathogenic variants of APTX 

have been reported to affect the catalytic HIT and the DNA binding Znf domains (Jiang et 

al., 2017). Relatively few variants resulting in the complete deletion of HIT and Znf domains 

have been reported (Castellotti et al., 2011) (Table 4.1). 

The variant c.388C>T (p.Gln130Ter) identified in RDHM-02 introduces a stop codon in the 

open reading frame of APTX, upstream of the exons coding the HIT and Znf domains (Figure 

4.1B). It is highly probable that the mutant transcript will be degraded by nonsense-mediated 

decay (NMD) (Chang et al., 2007), since the mRNA harbors a premature stop codon. 

However, if the mRNA is translated, the variant is predicted to prematurely truncate the 
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protein which will probably be degraded. Western-blot analysis of lymphoblastiod cell lines 

derived from AOA1 patients homozygous for different nonsense mutations (p.Arg247Ter, 

p.Trp279Ter, p.Gln298Ter, p.Arg306Ter) revealed undetectable level of aprataxin suggesting 

the loss of aprataxin protein (Castellotti, et al., 2011; Crimella et al., 2011; Mosesso et al., 

2005). 

Phenotypic variability has been associated with APTX mutations and there is some evidence 

that the site and the nature of the variant may influence the severity and the onset of the 

disease (Schellenberg, et al., 2015). For example, frameshift, splice site and nonsense 

mutations are believed to cause early onset and more severe phenotypes than those due to the 

missense mutations (Le Ber et al., 2003; Moreira, et al., 2001). All patients of family 

RDHM-02 had severe features of AOA1 with early onset of the disease which supports this 

observation. Oculomotor apraxia and chorea is usually observed in 85% and 80% of cases, 

respectively (Storey, 2014). The latter manifestations were present in some patients of family 

RDHM-02 (Table 1). Polyneuropathy and a complete loss of ambulation have been reported 

in AOA1 patients after about seven to ten years of disease onset (Le Ber, et al., 2003). 

However, these phenotypes were clinically observed in only patient VI:11 with the limitation 

that none of the affected individuals were evaluated by electrophysiological testing since it 

was not available. Hypercholesterolemia (75%) and hypoalbuminemia (83%) are variable 

features in AOA1 and result after 10 to 15 years of disease onset (Storey, 2014). The oldest 

patient (VI:11) had increased cholesterol level, however, the albumin level was normal 

(Table 3.1). The phenotypic variability among patients of family RDHM-02 carrying an 

identical mutation underlines the difficulty to establish genotype-phenotype correlations in 

autosomal recessive AOA1. 
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Figure 4.1: Structure of APTX (NM_175073.2) and aprataxin domains. (A) Diagrammatic 

representation of APTX,blackboxesrepresenttranslatedexonsandplainboxesdenote5ʹand

3ʹuntranslatedregions. Intronsaredepictedbyhorizontal lines.(B)Aprataxin.Theprotein

domains are shaded, FHA: forkhead-associated domain at N-terminal, HIT: Histidine triad 

domain, and Znf: Zinc finger domain at C-terminal. All reported nonsense mutations are 

shown and the p.Gln130Ter variant identified in family RDHM-02 is boxed. 
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Table 4.1: All nonsense mutations affecting aprataxin 

Exon Amino acid 

change* 

Consequence Zygosity Domain  Country Reference 

3 p.Gln130Ter Nonsense Homo Upstream 

HIT 

Pakistan This Study 

4 p.Gln181Ter Nonsense cHet Upstream 

HIT 

Italy (Castellotti, et 

al., 2011) 

5 p.Arg247Ter Nonsense Homo HIT Italy (Mosesso, et 

al., 2005) 

6 p.Trp279Ter Nonsense Homo, 

cHet 

HIT Portugal, 

Germany, 

Italy, France, 

Australia, 

Israel,  

UK, US 

(Habeck et al., 

2004; Le Ber, 

et al., 2003; 

Moreira, et al., 

2001; 

Tranchant et 

al., 2003) 

 6 p.Gln298Ter Nonsense Homo Upstream 

Znf 

Italy (Crimella, et 

al., 2011) 

6 p.Arg306Ter  Nonsense Homo, 

cHet 

Upstream 

ZnF 

Italy (Castellotti, et 

al., 2011) 

*Numbered according to NP_001182178.1, cHet = Compound Heterozygous, Homo = 

Homozygous, HIT = Histidine Triad domain, Znf = Zinc finger domain 
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Family RDHM-01 

A novel variant in SACS associated with ARSACS and new findings in Brain MRI 

SACS is located on chromosome 13q12.12 and is comprised of 10 exons (Figure 4.2A), the 

last exon being the largest exon identified in vertebrates (spanning more than 18.2 kb) (Liu et 

al., 2016). SACS encodes sacsin, a protein of 4579 amino acid, one of the largest proteins in 

humans. Sacsin is highly expressed in the central nervous system and acts as the regulator of 

Hsp70 chaperone machinery (Parfitt et al., 2009). Sacsin (Figure 4.2B) contains Ubl 

(Ubiquitin-like) domain at the N-terminal, a J-domain (also called DnaJ-domain), and HEPN 

(Higher Eukaryotes and Prokaryotes Nucleotide-binding) domain at the C-terminal. About 

80% of human sacsin is composed of three large repeating regions called Sacsin Internal 

RePeaTs (SIRPT 1, 2, and 3). Each SIRPT region further contains sub repeats (Sr1, 2 and 3). 

SIRPT1 and 3 have and additional sub repeat (srX) (Li & Gehring, 2015). The function of 

sacsin is not fully known. The Ubl domain mediates interaction with proteasomes and thus 

implicates sacsin in the proteasomal degradation pathway. SIRPTs exhibit ATPase activity. 

The J-domain, which is hallmark of Hsp40 chaperones, binds to Hsp70 and accelerates its 

ATPase activity (Romano et al., 2013). The HEPN domain binds (Liu, et al., 2016)to the 

nucleotides and other anionic compounds in neurons (Li, et al., 2015). 

Pathogenic variants in SACS cause autosomal recessive spastic ataxia of Charlevoix-

Saguenay (ARSACS) (OMIM#270550), initially identified and common in northeastern 

Quebec, Canada (Engert, et al., 2000). It is now increasingly recognized worldwide (Gomez, 

2004). ARSACS is typically characterized by progressive spinocerebellar ataxia, dysarthria, 

nystagmus, upper motor neuron dysfunction, distal sensorimotor peripheral neuropathy, and 

retinal striation but normal cognition (Engert, et al., 2000). In patients with ARSACS, 

characteristic MRI findings are reported including a combination of marked cerebellar 

atrophy, thinning of the corpus callosum and pontine hypointensities that often merge into 

the thickened middle cerebellar peduncles (Synofzik et al., 2013). However, atypical cases of 

ARSACS have been reported worldwide (Liu, et al., 2016). Recently, atypical cases of 

ARSACS were identified in Pakistan with intellectual disability, epilepsy and supratentorial 
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MRI abnormalities including perithalamic T2 hyperintensities, thin corpus callosum, 

enlargement of lateral and third ventricles, and enlargement of cerebral sulci (Ali, et al., 

2016). 

Over 200 different types of variants in SACS have been identified in patients from different 

ethnic groups (The Human Gene Mutation Database, accessed on 25
th

 April, 2017). Most of 

the pathogenic SACS variants are located in the gigantic exon 10 and only a few variants are 

located upstream of this exon (Dibilio et al., 2013). The variant c.9119dupA in exon 10 

identified in RDHM-01causes a frameshift in the open reading frame of SACS and introduces 

a premature stop codon including four wrongly incorporated amino acids at the C-terminus 

(p.Asn3040Lysfs*4) (Figure 4.2B). The mRNA will probably be stable since the mutations 

in the last exons do not activate nonsense-mediated decay (NMD) to degrade the mutant 

mRNA transcript (Nagy & Maquat, 1998). However, the translated protein would lack part of 

SIRPT3, the J-domain and the HEPN domain of sacsin protein. The J-domain and the HEPN 

domain are critically involved in protein translation, folding, translocation and degradation 

(Li, et al., 2015). Early onset, ataxia and spasticity presented by patients in family RDHM-01 

are consistent with ARSACS as well as the mild dystonic postures of upper limb that have 

previously been reported in three Dutch patients (Sascha Vermeer et al., 2008). Brain MRI 

showed findings in keeping with ARSACS including pronounced cerebellar atrophy, 

thinning  of the corpus callosum and characteristic signal changes in the pons and cerebellum 

(Engert, et al., 2000). The global white matter atrophy observed in RDHM-01 has not yet 

been observed in previously reported patients of ARSACS. 
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Figure 4.2: Structure of SACS (NM_014363.5), sacsin domains and some reported variants. 

(A) Diagrammatical representation of SACS, black boxes represent translated exons and plain 

boxes denote 5ʹ and 3ʹ untranslated regions. Introns are depicted by horizontal lines. (B)

Sacsin domains are represented by boxes. Ubl: Ubiquitin-like domain, SIRPT: Sacsin 

Internal RePeaTs, sr: subrepeats, J-domain (DnaJ-domain), and HPEN: Higher Eukaryotes 

and Prokaryotes Nucleotide-binding domain. Selected variants are shown by vertical lines (Li 

& Gehring, 2015). The p.Asp3040Lysfs*4 variant identified in family RDHM-01 is boxed. 
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Family RDHR-04  

A novel variant in ATCAY associated with Cayman cerebellar ataxia, first report outside 

Cayman Island 

ATCAY (Figure 4.3A) encodes caytaxin (Figure 4.3B), a neuron-restricted protein, which is 

particularly involved in the postnatal maturation of cerebellar cortex. Pathogenic variants in 

ATCAY cause Cayman cerebellar ataxia, identified in a highly inbred population on the Great 

Cayman Island (Nystuen, et al., 1996). It is characterized by marked psychomotor 

retardation, and prominent cerebellar dysfunction manifested by nystagmus, intention tremor, 

dysarthric speech, and an ataxic gait (Nystuen, et al., 1996). Imaging revealed cerebellar 

hypoplasia (Bomar, et al., 2003). The patients of family RDHR-04 had severe gait ataxia and 

suspicion of cognitive impairment and cerebellar atrophy. The mild bibrachial dystonia 

observed in RDHR-04 is a new feature, not reported previously in Cayman ataxia, though it 

is a characteristic feature of rodent models of caytaxin deficiency (Bomar, et al., 2003; Xiao 

& LeDoux, 2005). To date, only two founder pathogenic variants, a missense (p.Ser301Arg) 

and a splice-site variant (c.965+3G>T) have been identified in the Cayman population 

(Bomar, et al., 2003). The c.599_605del variant in exon six (Figure 4.3B) identified in 

RDHR-04 results in a frameshift in the open reading frame of ATCAY and leads to the 

introduction of a premature stop codon. It is most probable that the mutant mRNA will be 

degraded by nonsense-mediated decay. However, if the mutant mRNA is translated, the 

variant is predicted to prematurely truncate the protein with the addition of 20 wrongly 

incorporated amino acids at the C-terminus (p.Pro200Profs*20) (Figure 4.3B). ATCAY is 

only expressed in neuronal tissues (Bomar, et al., 2003; Hayakawa et al., 2007) which 

precludedfurtherstudiesonRNAfrompatients’bloodtodeterminetheeffectofthevariant.

This is the third variant identified in ATCAY and the first report of Cayman ataxia outside 

Cayman Island. 
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Figure 4.3: Structure of ATCAY (NM_033064.4), caytaxin domains and two reported 

variants (splice-site and missense). (A) Diagrammatical representation of ATCAY, black 

boxes represent translated exons and plain boxes denote 5ʹ and 3ʹ untranslated regions. 

Introns are depicted by horizontal lines. The c.599-605del variant identified in RDHR-04 is 

boxed. (B) Domains of caytaxin are shaded in gray. The p.Pro200Profs*20 variant is boxed. 

 

 

 

 

 



110 

 

Family RDHM-03 

First report of a novel variant in MCOLN1 associated with Generalized Dystonia 

Pathogenic variants in MCOLN1 cause mucolipidosis type IV (MLIV), a rare autosomal 

recessive lysosomal storage disorder. It is frequently observed in Ashkenazi Jewish 

population (Dobrovolny et al., 2007) and is characterized by microcephaly, severe cognitive 

impairment, eye abnormalities and delayed motor milestones among other symptoms. The 

onset of the disease is reported typically in infancy. Increased gastrin level in blood is a 

common feature of Mucolipidosis type IV. Unlike other lysosomal storage diseases, the 

lysosomal hydrolases levels are normal. Neuroimaging reveals a dysgenic corpus callosum, 

dysmyelination of white matter, and cerebral atrophy (Wakabayashi et al., 2011). The other 

major pathological feature of MLIV is the accumulation of granulomembranous storage 

bodies of lipids in all cells (Micsenyi et al., 2009). Clinical variability among the 

mucolipidosis type IV patients has been observed from severely affected to mildly affected 

individuals (Wakabayashi, et al., 2011). 

MCOLN1 is located on Chromosome 19p13.2 and consists of fourteen exons (Figure 4.4A). 

It encodes a 580 amino acid protein named as mucolipin 1 (also known as TRPML1). It is a 

membrane protein, a member of the transient receptor potential cation channel family, which 

is involved in lysosomal exocytosis (Vergarajauregui & Puertollano, 2006). Mucolipin 1 is 

an ion channel and is transiently modulated by changes in pH and calcium concentration. It is 

permeable to calcium, potassium, sodium, ferric, and manganese cations (Cheng et al., 2010) 

and is localized to the membrane of the intracellular organelles including lysosomes and 

plasma membranes. 

Mucolipin 1 contains six putative transmembrane domains (Figure 4.4B) with both N and C 

terminals facing the cytosol (Figure 4.4C) while the pore is located between the 

transmembrane segments five and six. It has two di-leucine motifs involved in trafficking of 

the protein to late endosome/lysosome (Vergarajauregui et al., 2011). To date, more than 23 

variants have been reported which are located in different domains of the protein (Figure 

4.3). Two founder mutations are found in ~90% of Ashkenazi Jewish patients. One is a splice 
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site acceptor variant in intron three (72%) called the major haplotype and the other is the 

deletion of 6 kb (23%) region of MCOLN1 spanning first six to seven exons which is known 

as the minor haplotype (Venkatachalam et al., 2015). 

In family RDHM-03, a homozygous missense variant in MCOLN1 (p.Ile184Thr) was 

identified in both patients who had isolated generalized dystonia with tremor predominately 

of the neck. Of note, generalized dystonia has not yet been described as a classic disease 

symptom in mucolipidosis type IV. Only mild dystonic postures were observed in one case 

from Ashkenazi Jewish population. This patient also exhibited other neurological signs 

including nystagmus, truncal titubation, spasticity, hyperreflexia and a hoarse cry (Crandall 

et al., 1982).  Late onset of the dystonia and tremors as manifested in affected members of 

family RDHM-03 has also not been reported previously with MCOLN1 variants. 

Unfortunately, cell lines were not available to test for the characteristic cytoplasmic 

inclusions (Wakabayashi, et al., 2011) due to MCOLN1 variants representing lipid 

aggregates. The patients’ brain MRI could also not be obtained due to the presence of

tremors of the neck at rest in IV:1 and claustrophobia in IV:2. 

The relevance of p.Ile184Thr variant in MCOLN1 is less obvious and also information from 

segregation in this family is limited. However, a pathogenic role of p.Ile184Thr is supported 

by its absence from public databases, the absolute conservation of Ile184 in orthologs (Figure 

3.12), a high CADD score (>25) and a high REVEL pathogenicity score (0.615). It is 

conceivable that the patients have mild manifestations of mucolipidosis type IV which would 

be in agreement with gastrin levels being in the normal range. However, the possibility of 

another undetected pathogenic variant in a different gene cannot be ruled out. 

Variants of two other genes, GNPTAB and GNPTG cause mucolipidosis II alpha/beta and 

mucolipidosis III alpha/beta/gamma. These are rare, severe lysosomal storage disorders. 

Over 50 different variants in GNPTAB and over 30 different variants in GNPTG are known 

which cause these severe disorders and most of these variants are frameshift, nonsense, and 

splice site mutations (Cathey et al., 2010). However, recently, particular variants in these 

genes were found to be a cause of non-syndromic stuttering (Kang et al., 2010; Raza et al., 
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2016) without any manifestations of the severe symptoms of mucolipidosis. This indicates 

that some variants of the lysosomal pathway genes which may also include MCOLN, could 

result in disorders other than mucolipidosis/lysosomal storage disorders. Additional families 

with MCOLN1 variants are needed to establish the link of mutations in this gene with 

generalized dystonia. 

The p.Ile184Thr variant did not affect the colocalization of mucolipin 1 with LAMP2 

compared to the wild-type allele in fibroblast cells. Lysomal marker LAMP2 (lysosomal 

associated membrane protein 2) is a major component of lysosomal membrane (Eskelinen, 

2006). The MCOLN1 p.Ile184Thr variant is located in the first extracellular loop outside the 

transmembrane domain (Figure 4.3C). This domain is probably not involved directly in 

channel activity. Previously reported variants associated with mucolipidosis type IV (Figure 

4.3C) including missense and nonsense mutations (p.Arg102Ter, p.Leu106Pro, p.Cys166Phe, 

p.Arg172Ter, and p.Thr232Pro) were located in this region. The p.Thr232Pro variant was 

found in compound heterozygous condition with minor Ashkenazi Jewish haplotype in a 

patient with severe phenotype. Immunofluorescence confocal microscopy of HeLa cells 

transfected with p.Thr232Pro variant showed diminished localization of mucolipin 1 in 

lysosome. Mutant mucolipin 1 was retained in the endoplasmic reticulum (Manzoni et al., 

2004). Phenotypical variability has been reported with different MCOLN1 variants. Missense 

variants p.Leu106Pro and p.Cys166Phe located outside the transmembrane domain were 

found to be present in mildly affected patients of mucolipidosis type IV. The missense 

variant p.Ser456Leu, p.Val446Leu, p.Leu447Pro, p.Cys463Tyr and p.Phe465Leu, affecting 

the pore forming domain of mucolipin 1 were associated with a more severe disease 

presentation of mucolipidosis type IV (Wakabayashi, et al., 2011). 
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Figure 4.4: Structure of MCOLN1 (NM_020533.2), transmembrane domains and topological 

representation of Mucolipin 1, and some reported variants (A) Diagrammatical representation 

of MCOLN1, black boxes represent translated exons and plain boxes denote 5ʹ and 3ʹ

untranslated regions. Introns are depicted by horizontal lines. (B) Six transmembrane 

domains of mucolipin 1 are shown in gray. (C) Topological representation of mucolipin 1 in 

the membrane. The p.Ile184Thr variant identified in RDHM-03 is boxed. 
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Family RDHR-01 

ECEL1 variant and contracture disorder, a best candidate genetic cause 

Affected individuals in family RDHR-01 presented a phenotype associated with an unusual 

gait, ptosis (more severe on the right side), limbs contracture, and adducted thumbs. Novel 

variants in five different genes (Table 3.8) segregated with the phenotype. KLC4 encodes 

kinesin light chain 4 and is not associated with any disorder. CUL9 encodes PARC (p53-

associated parkin-like cytoplasmic protein) and acts as a critical regulator in P53 subcellular 

localization and function (Nikolaev et al., 2003). However, no pathogenic variants have been 

identified in this gene. SYP encodes synaptophysin, variants of which are associated with X-

linked dominant mental retardation and epilepsy (Tarpey et al., 2009). BCOR encodes BCL-6 

interacting corepressor and variants of this gene cause microphthalmia, syndromic 2 

(MCOPS2) inherited as an X-linked dominant trait (Ng et al., 2004).Variants of ECEL1 have 

been reported to cause a disorder known as distal arthrogryposis, type 5D (DA5D) (OMIM# 

615065). This is an autosomal recessive disorder characterized by severe camptodactyly of 

the hands, adducted thumbs and wrists, mild camptodactyly of the toes, clubfoot and/or a 

calcaneovalgus deformity, extension contractures of the knee, unilateral ptosis or ptosis that 

is more severe on one side, a round-shaped face, arched eyebrows, a bulbous, upturned nose, 

and micrognathia (McMillin et al., 2013). 

ECEL1 is located on chromosome 2q37.1 and contain 18 exons (Figure 4.5A). ECEL1 

encodes endothelin converting enzyme like 1 (ECEL1) (Figure 4.5B), a member of neprilysin 

family of endopeptidases. The members of this family are zinc containing type II integral 

membrane proteins with a short cytosolic N-terminal tail and a long C-terminal 

extracytosolic domain containing the catalytic site (Figure 4.5C). ECEL1 is highly expressed 

in the central and the peripheral nervous system in humans. It plays an important role in the 

development of neuromuscular junctions of skeletal muscles of limbs and trunks (Dieterich et 

al., 2013). Many homozygous and compound heterozygous missense, nonsense, frameshift, 

and splice-site variants of ECEL1 have been reported in families from different ethnic groups 



115 

 

affected with distal arthrogryposis, type 5D (Dieterich, et al., 2013; McMillin, et al., 2013; 

Patil et al., 2014; Shaaban et al., 2014; Shaheen et al., 2014). 

The clinical phenotype of the affected members of family RDHR-01 is a congenital 

contracture disorder. Pronounced unilateral ptosis more severe on the right side, adducted 

thumbs, and the limbs contracture features of family RDHR-01 are consistent with distal 

arthrogryposis, type 5D. However, the characteristic round-shaped face was not observed in 

the affected individuals of family RDHR-01. The bulbous nose and arched eyebrows were 

observed in one of three affected individuals. The high degree of overlap with many 

phenotypes of distal arthrogryposis, type 5D, high REVEL pathogenicity score, a high 

CADD score, the absolute conservation of Tyr684 in orthologs (Figure 4.6), and the absence 

from public databases make ECEL1variant the best possible candidate gene for the disorder 

presented in family RDHR-01. 

Family RDHR-01 was initially enrolled on the basis of dystonia being a prominent sign 

including dystonic postures of fingers and feet. After finding genetic cause of the disorder, 

the clinical phenotype was re-evaluated. It was clear that the postures of limbs are more 

consistent with limbs contractures as presented in distal arthrogryposis, type 5D. Therefore, 

exome sequencing in this family provided the correct diagnosis which was not possible based 

solely on the phenotype. 
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Figure 4.5: Structure of ECEL1 (NM_004826.2), ECEL1 domain and motifs, and selected 

reported variants. (A) Diagrammatical representation of ECEL1, black boxes represent 

translatedexonsandplainboxesdenote5ʹand3ʹuntranslatedregions. Intronsaredepicted

by horizontal lines. (B) ECEL1 (Endothelin converting enzyme like 1) is a type II integral 

membrane protein with single anchor transmembrane domain. LNAYY motif is involved in 

orientation of substrate peptide bond. HExxH is a zinc biding motif. GExxxD is a Zinc 

coordinating motif. CxxW is the conserved carboxy terminal sequence of metalloprotease. 

The variant p.Tyr684Cys identified in family RDHR-01 is boxed. (C) Topological 

presentation of ECEL1 in membrane. 
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Figure 4.6: CLUSTAL Omega partial protein sequence alignment of endothelin converting 

enzyme like 1 showing conservation of ECEL1 residue p.Tyr684 from eight species of 

vertebrates. All protein sequences were retrieved from UniProt (http://www.uniprot.org/). 

The residue p.Tyr684 is highlighted and marked with an asterisk. 
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Families in which no genetic causes of disorder were identified 

No genetic cause was identified for four of the nine families for whom exome sequencing 

was performed. The possible reasons for not finding the variant causing disorder in 

respective family are i) some regions of exome were not sequenced due to being GC-rich and 

ii) the variant is within the non-coding regions of the genome. 

Family RDHR-08 

No variant was found in the region of chromosome Xq28 linked to the phenotype 

The phenotype in family RDHR-08 seems to represent a previously unreported syndrome. 

All affected individuals had upper and lower limb deformities with additional clinical 

features. Some features of affected members of family RDHR-08 are similar to the clinical 

characteristics of Ehlers-Danlos syndromes (EDS). EDS are a group of clinically and 

genetically heterogeneous disorders of connective tissues. They are associated with varying 

degrees of skin hyperextensibility, camptodactyly, joint hypermobility, vascular fragility, 

musculoskeletal, skin, and cardiovascular complications (Shirley et al., 2012). Variants of 

PLOD (Hautala et al., 1993), TNXB (Burch et al., 1997), ADAMTS2 (Colige et al., 1999), 

B4GALT7 (Almeida et al., 1999), COL1A2 (Schwarze et al., 2004), SLC39A13 (Giunta et al., 

2008), CHST14 (Dündar et al., 2009), FKBP14 (Baumann et al., 2012), DSE (Müller et al., 

2013), and B3GALT6 (Nakajima et al., 2013)  have been reported to cause different types of 

autosomal recessive EDS. 

Camptodactyly is the characteristic feature of many congenital syndromes which involve 

skeletal abnormalities. The proximal interphalangeal joints in the fingers of affected 

members of RDHR-08 are permanently bent towards the palm and cannot be extended to 180 

degrees, while the distal interphalengeal joints are bent away from the palm. This deformity 

of fingers is called swan neck deformity. The feet of the affected individuals showed pes 

planus morphology, in which the height of the arch of the feet is reduced and is in contact 

with the ground when the individual is standing, with broad big toes (hallux). This swan neck 

deformity of fingers and pes planus foot of RDHR-08 resemble that of patients of Ehlers–



119 

 

Danlos syndrome (EDS). However, the other symptoms of EDS are not found in the affected 

individuals of family RDHR-08. Only one patient showed some psychomotor defects such as 

problem in walking, speech and hearing. Moreover, no variants in the genes reported to cause 

EDS were found in the exome data of family RDHR-08. 

There are many examples in which exome sequencing fails to uncover a pathogenic variant 

and the molecular cause is identified through other means. For example, in a family with 

intellectual disability with the locus mapped to Xq28-qter (Gedeon et al., 1991) a variant was 

not found using exome sequencing. A noncoding, regulatory variant affecting HCFC1 

transcription was found in this family using targeted massively parallel resequencing of the 

linkage region (Huang et al., 2012). Similar studies for family RDHR-08 may uncover 

disease causing variants. 

Family RDHR-06 

SCYL3 variant and suspicion of influence of a genetic modifier 

Family RDHR-06 presented an undiagnosed disorder associated with the loss of bipedal 

locomotion. Both patients moved by using four limbs (Figure 3.18A) but this quadrupedal 

locomotion was different from the bear like gait reported in Uner Tan Syndrome (Tan, 2006) 

and crawling gait reported in an unusual neurological syndrome (Arif, et al., 2011). Most 

probably, this type of locomotion in family RDHR-06 is adaptive, as compensation of 

balance problems while standing. 

After examination and analysis of the exome sequencing data, no pathogenic variant was 

found to segregate with the phenotype. The SCYL3 frameshift variant (c.1321_22del, 

p.Met441Valfs*19) was found to be homozygous in both affected individuals as well as in 

two unaffected siblings of family RDHR-06. SCYL3 is a paralog of SCYL1, variations of 

which cause spinocerebellar ataxia autosomal recessive 21 (SCAR 21) (Schmidt, et al., 

2015). The onset of the disease was reported at the age of 1.5 years in the affected 

individuals of family RDHR-06. Currently, the ages of the unaffected individuals, 

homozygous for the SCYL3 frameshift variant are more than 25 years. Their ages are 
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significantly greater than that of the disease onset in their affected siblings. This suggests that 

either SCYL3 variant is not involved in pathogenesis, or the influence of a genetic modifier in 

either rescuing the phenotype in the unaffected individuals or causing the phenotype in 

affected individuals. 

Genetic modifiers play an important role in clinical manifestation of neurological disorders 

and influence age of onset, severity of the disease and penetrance. Modifier genes segregate 

independently from the primary variant. Linkage analysis, association studies, candidate gene 

approach strategies have been used to identify genetic modifiers (Genin et al., 2008). Spinal 

muscular atrophy (SMA) is an autosomal recessive motor neuron disorder caused by SMN1 

deletion which encodes SMN1, a RNA binding protein. Asymptomatic individuals harboring 

homozygous deletion of SMN1 have been reported (Cobben et al., 1995; Prior et al., 2004). 

Two potential modifier genes have been identified as protective SMA genetic modifier, PLS3 

(Oprea et al., 2008) and NCALD (Riessland et al., 2017). Overexpression of plastin 3 (PLS3) 

or reduced level of neuronal calcium sensor Neurocalcin delta (NCALD) alleviates the SMA 

pathological defects (Oprea, et al., 2008; Riessland, et al., 2017). Therefore, it remains a 

possibility that unaffected individuals in family RDHR-06 homozygous for SCYL3 variant 

could similarly escape the phenotypic manifestations. 

There are many disorders in which variants in two genes are necessary to manifest the 

disease phenotype. For example, Bardet-Biedl syndrome is an autosomal recessive, clinically 

heterogeneous disorder associated with ciliopathy and caused by variants in more than 20 

different genes (Suspitsin & Imyanitov, 2016). Triallelic inheritance is observed in some 

families with different disorders including Bardet-Biedl syndrome, in which affected 

individuals harboring homozygous mutation at one BBS locus also carry a heterozygous 

mutation at another BBS locus/gene (Beales et al., 2003; Katsanis et al., 2001; Katsanis et al., 

2002). The co-inherited variant is necessary for disease manifestation and can be rare or 

common in the population. It is therefore possible that the disorder in the two affected 

individuals in family RDHR-06 is due to the presence of SCYL3 variant together with a 

variant in some other gene. Identification of additional SCYL3 variants in affected and 

unaffected individuals will clarify this point in future. 
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Family RDHR-02 

No variant segregating with the phenotype 

Neuronal migration disorders are a heterogeneous group of congenital disorders which are 

associated with cortical malformation due to abnormal migration of neurons during brain 

development (Spalice et al., 2009). Schizenocephaly is a type of neuronal migration disorder 

and is characterized by unilateral or bilateral congenital clefts in cerebral hemisphere and a 

range of neurological deficits. Neuroimaging reveals two types of anatomical presentations 

of clefts, fused or closed-lip clefts and open-lip cleft. In closed-lip clefts the walls of cleft are 

in contact with each other and in open-lip cleft the walls of cleft are entirely divided and cleft 

is filled with cerebrospinal fluid (Granata et al., 2005). Schizencephaly is often associated 

with other congenital central nervous system anomalies such as hydrocephalus, 

polymicrogyria (a huge number of small, partly fused gyri), pachygyria (unusually thick 

convolutions of the cerebral cortex), arachnoid cysts, agenesis of the septum pellucidum and 

corpus callosum, septo optic dysplasia, and optic nerve hypoplasia (Ugboma & Agi, 2016). 

The affected individuals of family RDHR-02 presented ataxia, dystonia and other 

neurological signs. Neuroimaging of two affected individuals diagnosed schizencephaly. In 

individual IV:4 schizencephaly was associated with pachygyria while in individual IV:5 

bilateral open-lip schizencephaly was associated with hydrocephalus. The phenotype of 

individual IV:5 is more severe than that in the other affected members of the family and 

includes an inability to move voluntarily and spastic tetraparesis. Spastic tetraparesis is a 

characteristic feature of patients with bilateral schizencephaly (Granata, et al., 2005). 

Variants of WDR62 have been reported to cause autosomal recessive syndrome associated 

with or without cortical malformations including schizencephaly (Bilgüvar et al., 2010; Yu et 

al., 2010). However, no potential pathogenic variant was found to segregate with the 

phenotype of family RDHR-02 after whole exome sequencing. 
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Family RDHR-07 

Interfamilial clinical heterogeneity, no potential pathogenic variant in exome data 

The phenotypes exhibited by affected members of family RDHR-07 showed clinical 

heterogeneity. Three affected individuals (IV:4, IV:9, IV:10) had a phenotype that was 

indicative of complex hereditary spastic paraplegia (HSP). The phenotype in these three 

individuals is characterized by leg-pronounced limb spasticity, ataxia and sensory deficits. 

One affected individual (V:5) presented generalized dystonia with unremarkable brain MRI 

and one affected individual (V:7) had dystonic signs and undetermined muscle weakness. 

Exome data was available for three affected individuals with the similar phenotype. Analysis 

of the data failed to identify a segregating variant even in individuals with the same 

phenotype. 

Hereditary spastic paraplegia is a clinically and genetically heterogeneous group of 

degenerative disorders and is classified as pure HSP (predominately lower extremity 

spasticity) and complex HSP (in which lower limb spasticity associated with other 

neurological features). HSP is inherited as autosomal dominant, autosomal recessive, and X-

linked pattern. More than 70 loci have been mapped with genetic defect in 40 different genes 

(Kara et al., 2016). Complex recessively inherited HSP have been frequently associated with 

SPG7 (Casari et al., 1998), SPG11 (Stevanin et al., 2007), and SPG15 (Hanein et al., 2008). 

Variants of numerous rare genes have been reported with recessive HSP, but many others are 

still genetically unknown (Kara, et al., 2016). It is possible that the current family has an 

unidentified variant affecting one of these or a new gene for their complex HSP phenotype. 
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Conclusion 

Movement disorders are a large group of neurological syndromes. These disorders are often 

misdiagnosed due to phenotypic overlap. The present study has elucidated the genetic causes 

of recessively inherited movement disorders in consanguineous families which helped in the 

final diagnosis of their disorder. Exome sequencing strategy used in this study identified the 

genetic cause in 56% of the families. Five novel variants in different genes were identified as 

cause of the disorder in five of nine families. These genes were APTX, SACS, ATCAY, 

MCOLN1, and ECEL1. This study expands the phenotypic and genotypic, spectrum of 

variants in these genes. It reinforces the utility of exome sequencing as a powerful diagnostic 

tool in rare neurological disorder, especially in the absence of obvious clues to the genetic 

causes. Importantly, a variant for Cayman cerebellar ataxia was identified for the first time 

outside Cayman Islands. The presence of bibrachial dystonia in the participating patients in 

the current study expanded the phenotypic spectrum due to ATCAY variants, underlining the 

utility of continued phenotyping and genotyping of individuals with movement disorders. 

In future, the families for which a genetic cause remained undetermined can be studied using 

whole genome sequencing. This may identify novel pathogenic changes involved in specific 

movement disorders. This will help in understanding the role of the identified genes in 

disease as well as their normal functions. 

 

 

 

 

 

 


