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SUMMARY 

Purpose of initiating this project was to find out the genetic causes of rare 

neurological syndromes present in studied families with help of unambiguous clinical 

phenotype. A total of eight (08) autosomal recessive consanguineous Pakistani 

families (A-H) and one unrelated sporadic case of British-Bangladeshi origin having 

similar phenotype of family H were included in this study. Clinical phenotype of these 

families includes a- neuro-metabolic disorders, b- progressive neuro-degenerative 

disorders, c- neuro-developmental disorders, d- muscular dystrophy and e- retinitis 

pigmentosa. Different molecular techniques were used to find out genomic regions 

harbouring the mutated gene/s of respective disorders in all families. Techniques 

applied in this study include Homozygosity mapping through SNP-microarray and 

typing of microsatellites, Sanger sequencing, One Panel Sequencing and Whole 

exome sequencing. A schematic presentation of thesis is as follows: 

In the general introduction (Chapter 1), a brief summary of growth and development 

of brain, muscle and eye is described. The stages of neuron differentiation and 

development are explained. Disruptions at any phase affecting proliferation, migration 

or architecture of neurons result in malformations of cortical development. For muscle 

development and synthesis, molecular mechanism is explained and the relevant 

muscular defects are outlined. The development of eye, photo-transduction cascade 

and the retinoid cycle were also explained to make reader understand about molecular 

mechanism of eye diseases. The role and application of next generation sequencing in 

identification of genes for heterogeneous disorders is described. Brief description is 

given about the population of Pakistan and role of consanguinity in genetic disorders. 
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Chapter 2 explains the different strategies and methodologies applied for the 

identification of respective genes in these families. Basic principles and protocols are 

described in details for every required technique. 

Chapter 3- Neuro-metabolic Disorders: In this chapter, results of families with two 

different metabolic disorders are shown. In Family A, L-2-hydroxyglutaric aciduria 

(L2HGA) was associated with a novel homozygous mutation in L2HGDH gene 

(c.178G>A; p.Gly60Arg). Mutation lies in FAD/NAD (P)-binding domain of this 

mitochondrial enzyme, disturbing its function as predicted by in silico analysis. In 

Family B, the mutation (c.2710A>T; p.904Thr>Ser) was detected in MAN2B1 gene 

which caused alpha-mannosidosis. Protein homology analysis predicted the loss of 

protein function due to instability and disruption of hydrogen bonds at this position of 

amino acid. 

Chapter 4- Progressive Neurodegenerative Disorders: This chapter describes 

investigation of families showing progressive neurodegenerative disorders including 

amyotrophic lateral sclerosis (ALS) and congenital pain insensitivity with anhidrosis 

(CIPA). In ALS family (Family C), homozygosity mapping established linkage at 

sigma non-opioid intracellular receptor 1 (SIGMAR1) gene on chromosome 9p13.2 

and gene sequencing of SIGMAR1 revealed a novel 3'-UTR nucleotide variation 

c.672*31A>G (rs4879809) segregating with disease in this family. Bioinformatic 

analysis revealed disturbance in a novel miRNA (hsa-miR-1205) binding site due to 

this variation, confirmation of which needs in vitro experiments in future. ESEFinder 

analysis showed creation of new SRSF1 and SRSF1-IgM-BRCA1 binding sites due to 

this variation. In second family showing CIPA phenotype (Family D), Trusight one 

sequencing panel revealed a known homozygous mutation c.2084C>T; p.P695L of 
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neurotrophic tyrosine kinase receptor 1 (NTRK1) gene. Protein modeling analysis of 

this mutation (p.P695L) predicted loss of the rigidity in tyrosine kinase domain of 

NTRK1 that led to conformational changes as well as deleterious effect on protein 

function.  

Chapter 5- Neurodevelopmental Disorders:  This chapter describes the molecular 

investigations in two families of primry microcepahy (one family showed syndromic 

phenotype). Clinical and radiological investigations by neurologists revealed presence 

of a novel syndromic entity in one family while Primary microcephaly (MCPH) was 

the phenotype in second family. In family E with syndromic microcephaly, 

homomozygosity mapping with microsatellite markers established linkage at 

chromosome 20q13.12-20q13.2. In this region, a previously identified ZNF335 gene 

was sequenced and no pathogenic sequence variant was identified. Homozygosity 

mapping using SNP-microarray was carried out and three large candidate regions 

were identified including the one previously identified (4:12789828-24413937; 

chr11:112595516-120908811 and chr20:44029201-55569249). For future studies, 

Whole exome sequencing is suggested in this family to detect the causative gene. In 

second family with isolated features of microcephaly (Family F), homozygosity 

mapping by SNP-microarray identified three homozygous regions including 2.5 Mb 

on chromosome 2q24.3-q31.3 (rs11689318 and rs9287937), a 1.5 Mb on chromosome 

10q11.23-q21.1 (rs2983348 and rs9664844) while 0.7 Mb region identified on 

chromosome 20q12 (rs6102074) and rs4812565). Fine mapping by denaturing gels 

excluded all these regions. It is suggested that that there can be compound 

heterozygous mutation in known genes or intronic variations can be involved in the 

disease pathogenicity. For future prospective, whole exome sequencing/whole 
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genome sequencing can be effective for the identification of responsible varioation in 

this family.  

Chapter 6-Muscular Dystrophy: This chapter gives detail about a consanguineous 

family G with Miyoshi myopathy. A consanguineous Pakistani family with Miyoshi 

myopathy was investigated through clinical and genetic analysis. All four affected 

individuals showed typical features of Miyoshi myopathy (MM) like elevated creatine 

kinase (CK) levels, distal muscle weakness, myopathic changes in electromyography 

(EMG) and abnormal skeletal muscle histology. Sequencing with the Ilumina 

Trusight one sequencing panel for neuromuscular diseases which targets 4813 OMIM 

genes revealed a novel 22 nucleotide duplication 

(CTTCAACTTGTTTGACTCTCCT), in the DYSF gene [NM_001130987.1 

(DYSF_v001):c.897_918dup; p.Gly307Leufs5X], which causes a frameshift in 

protein and perfectly segregated with the disease in this family. Protein modeling 

studies suggested a disruption in spatial configuration of mutant protein.  

Chapter 7- Eye Disorders: This chapter describes the molecular genetic analysis of a 

family H with consanguineous retinitis pigmentosa. SNP microarray identified a large 

single homozygous genomic region between SNPs rs4907955 and rs12144044. Whole 

exome sequencing identified a novel CLCC1 gene variant (c.73C>A; p.25Asp>Glu) 

and it is segregated in the family. Same mutation was also identified in a sporadic 

case of British–Bangladeshi origin showing similar clinical presentations. Functional 

studies for this (c.73C>A; p.25Asp>Glu) mutation of CLCC1 are underway to 

determine the involvement of biological pathways. 

Finally in Chapter 8, results of the research presented in this thesis have been 

discussed from different perspectives. First of all, the need for correct and timely 
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clinical evaluation has been highlighted which can assist the choice of genetic testing. 

The heterogeneous genetic nature and phenotypic variability of different genetic 

disorders were also discussed. Genetic counseling and benefit of this research to 

patients, and future aspects like facilitating the patients in managing the disease, 

improvement of screening protocols in terms of cost-effectiveness and robustness, and 

financial status of the patients were also discussed. 
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CHAPTER 1 

GENERAL INTRODUCTION 

“The task of neural science is to explain behavior in terms of the activities of the 

brain. How does the brain marshal its millions of individual nerve cells to produce 

behavior, and how are these cells influenced by the environment...? The last frontier 

of the biological sciences – their ultimate challenge– is to understand the biological 

basis of consciousness and the mental processes by which we, perceive, move, think 

and remember” 

Eric Kandel (Recipient of the Nobel Prize for Medicine, 2000) 
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1.1 Brain Development and Genetic Disorders 

1.1.1 Normal and abnormal mechanism of brain development 

Neurons transform and establish the multifaceted processes of dendrites and axons 

during the early stages of development (Figure 1.1) on the basis of vital genetic 

programs and inter cellular connections. The synaptic network persists for months or 

even years due to progressive structural expansion during neuronal development. 

Genetic and epigenetic factors contribute in normal or atypical brain development 

from embryogenesis through early life (Pomeroy et al., 2000). These are the factors 

that control patterns of gene expression in response to various stimuli and are 

characteristic for the entire process of brain development (Purves, 1985). The 

development of the brain may be halted at any stage of neural growth due to single or 

monogenic anomalies, resulting in many heterogeneous neurological disorders 

(Volpe, 2008a; Volpe, 2008b). The important stages of normal brain growth and some 

of the examples of relevant genetic abnormalities that lead to the abnormal brain 

expansion are summarized in Table 1.1. 

1.1.2 Primary neurulation 

During embryonic growth, neural division occurs in a tube made of neuro-epithelium 

during early few weeks of gestation and this process is known as primary neurulation 

(Volpe, 2008a). At the embryonic level, the nervous system starts from the dorsal part 

in the form of a tissue plate, distinguishing from the ectoderm. The development of 

neural tube takes place from the core basis of chordal mesoderm and notochord (at 

18th day of gestation). The chorda-mesoderm induces dorsal protrusion of the lateral 

walls of the neural plate leading to synthesize neural tube and then central nervous 

system (CNS) is generated from neural tube. Molecular pathways for brain 
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development involving cell surface glycoproteins, cell to cell recognition and 

adhesive exchanges to the extra-cellular matrix assumed to play a vital function in the 

neural folds adhesion. In CNS development, various molecular factors including sonic 

hedgehog; SHH (regional patterning genes) and homeobox genes, surface receptors 

and transcription factors are also contributing (Stone et al., 1996). Animal studies 

have documented an important role of planar cell polarity pathway in facilitating an 

extension of convergent process during the formation of neural tube (Kibar et al., 

2007). During the closure of neural tube, cells of neural crest make different 

structures like dorsal root ganglia, ganglias of the cranial nerves and autonomic 

system, Schwann cells and cells of arachnoid. The mesoderm together with 

interaction of the neural tube makes the dura and axial skeleton (skull, vertebrae). 

Abnormality of primary neurulation is responsible for different brain malformations 

which may be due to gene defects (Table 1.1), chromosomal trisomies and 

duplications (Volpe, 2008a). 

Clinically, the causative disorders of abnormal neurulation are usually complex and 

multi-factorial. Some of the neural tube defects include anencephaly, myeloschisis 

and myelomeningocoele. Apart from genetic involvement, some environmental 

factors (like folate deficiency, teratogenic chemicals i.e. thalidomide and anti-

epileptic agents) may also cause pathogenic role. 
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Figure 1.1: Different stages of neuronal development within hippocampal 

neurons. Cultivated hippocampal neurons generate a lamellipodium after which they 

tie up to the substratum (First stage) and immediately after neurites begin to grow 

(Second stage). The neurites are shown as tubular projections that contain a growth 

cone at their distal tip which do not have structural and molecular traits of developed 

axonal or dendritic routes. These neurites extend and retract without ultimate 

elongation.  On next day, one of the neurites with a magnified growth cone at its tip 

(bold arrow) expands quickly to make the axon (Third stage; shown by open arrow). 

After few days, the residual neurites bring to mature and branch out to generate the 

dendrites (Fourth stage), and in final phase of development, more axon and dendrites 

generate and dendritic projections, orspines, turn into visible (Fifth stage) structures 

(Adapted from Govek et al., 2005). 
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Table 1.1: Genetic Defects associated with Brain Developmental Phases 

Developmental Phase Causative gene/s References 

Primary neurulation (Peak time 3-4 weeks gestation) 

Craniorachischisistotalis A variety of neural tube defects 

Anencephaly MTHFR, MTRR, MTHFD1, DACT1 Greene et al., 2009; Shi, 2012 

Myeloschisis VANGL1,VANGL2 Kibar et al., 2007 & 2009; Lei et al., 2010 

Encephalocoele COL18A1,  NID1, LAMC1, TMEM107 
Sertié et al., 2000;  Darbro et al., 2013; 

Shaheen et al., 2014 

Myelomeningocoele 
MKS1,  TMEM216 , RPGRIP1L, CELSR1, SCRIB, 

LRP6 

Kyttala et al., 2006; Delous et al., 2007; 

Lei et al.,  2013;  Lei et al.,  2014; 

Szymanska et al., 2014;  Lei et al., 2014 

Prosencephalic development (Peak time 2-3 months gestation) 

Atelencephaly SIX3 Wallis et al., 1999; Pasquier et al., 2005 

Holoprosencephaly 

SIX3, HPE2, SHH, TGIF, ZIC2 PTCH1,TGDF1, 
FAST1, GLI2, FBXW11, GLI3, DHCR7, TBX1, 

FOXH1, NODAL 

Schell et al., 1996; Wallis and Muenke, 

2000; Dubourg et al., 2004;  Bendavid et 

al., 2006; Solomon et al., 2009;  

Paulussen et al., 2010; Huang et al., 2012 

Agenesis of the corpus callosum 
ARX (XLAG), L1CAM (CRASH), EPG5,  CDK5RAP2, 

TUBA1A, TUBA8, WDR62, NED1 

Paul et al., 2007; Huang et al., 2012; Kato 

et al., 2015; El-Kersh et al., 2015, 

Septo-optic dysplasia HESX1, LHX2, HESX1, and SOX2 Thomas et al., 2001; Kelberman and 
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Dattani, 2008; Mellado et al., 2010; 

Garcia‐Filion et al., 2013; Larson et al., 

2015 

Development of the cerebellum (Peak time 2-3 months gestation) Many diseases, examples including:- 

Dandy Walker malformation ZIC1, ZIC4, FOXC1,  AP1S2,  NID1, LAMC1,  FGF17, 
Grinberg et al., 2004; Aldinger et al., 

2009;  Darbro et al., 2013; Haldipur et al., 

2014 

Joubert syndrome 

NPHP1, CEP290, AHI1,TMEM67, TMEM231, KIF7 

TMEM237, KIAA0586, MKS1, INPP5E, CEP104, 
CC2D2A, TALPID3,  CSSP1, PDE6D, RPGRIP1L, 

ARL13B, C5ORF42, CEP41 

Parisi et al., 2007;  Szymanska et 

al.,2014; Slaats et al., 2015; Srour et al., 
2015; Stephen et al., 2015 

Cerebellar hypoplasia CASK, DAB1, OPHN1, RELN,CHD7, 
Saitsu et al., 2012; Bierhals et al., 2013; 

Leto et al., 2015 

Cerebellar agenesis PTF1A Sellick et al., 2004;  Leto et al.,  2015 

Neuronal proliferation (Peak time 2-4 months gestation) 

Primary microcephaly 

MCPH1,WDR62,  CDK5RAP2,CASC5,  ASPM, 

CENPJ, STIL, CEP135, CEP152, ZNF335, PHC1, 
CDK6, CENPE 

Jackson et al., 1998; Roberts et al., 1999;  
Moynihan et al., 2000; Bond et al., 2002 

& 2005;  Woods et al.,  2005;  Thornton 

et al.,2009; Nicholas et al., 2010; Geninet 
al.,  2012; Hussain et al., 2012 & 2013; 

Kaindl, 2014, Faheemet al., 2015; Morris-

Rosendahl et al., 2015 

Macrocephaly 
PTEN, VG5Q, NSD1, FMR1,SPRY2, NDFIP2, RBM26, 

KRAS, BRAF, MEK1, MEK2, FGFR3, HRAS 
Williams et al., 2008; Schwerd et al., 

2015; Poreau et al., 2015 

Neurocutaneous syndromes NF1, NF2, SMARCB1, TSC1, TSC2, VHL, PTCH Williams et al., 2008:  Ullrich, 2015 

Neuronal migration (Peak time 3-5 months gestation) 

Schizencephaly EMX2, COL4A1, WDR62, SIX3, SHH 
Brunelli et al., 1996; Hehr et al., 2010; 

Memon et al., 2013; Yoneda et al., 2013 
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Lissencephaly 

Type I: PAFAH1B1, RELN, TUBA1A, VLDLR, DCX, 

ARX, LIS1, YHAWAE 

Morris-Rosendahl et al., 2008; Spalice et 

al., 2009;  Huang et al.,  2012; Fallet-

Bianco et al., 2014 

Type II:POMT1, POMT2, FKRP, LARGE, FKTN 
van Reeuwijk et al.,  2005a; Vajsar et al., 

2006; Huang et al.,  2012; Fallet-Bianco et 

al., 2014 

Pachygyria TUBA1A 
Poirier et al., 2007; Fallet-Bianco et al.,  

2014 

Band heterotopias 
PAFAH1B1, FLNA, ARFGEF2, LIS1,DCX , TUBA1A, 

TUBB, TUBG1, NDE1 
Spalice et al., 2009;  Bakircioglu et al., 

2013; Kato et al., 2013 

Polymicrogyria 

SRPX2, PAX6, TBR2, KIAA1279, RAB3GAP1, 

COL18A1, GPR56, GPSM2, MLL2,  KDM6A, AKT3, 

DYNC1H1, COL4A1, NDE1, FIG4, TUBB3, TUBB5, 
NHEJ1, KIF5C, PAX6, WDR62, SRPX2 

Jansen and Andermann, 2005; Spalice et 

al., 2009; McLaren et al., 2010; Barak et 

al., 2011; Riviere et al., 2012; Yoneda et 
al., 2013; Stutterd et al., 2014 

Focal cerebrocortical dysgenesis CXCR4, TSC1 Stumm et al., 2003; Spalice et al., 2009 

Neuronal Organisation (Peak time 5 months gestation-postnatal), spectrum of disorders include:- 

Mental retardation (with/ without 

seizures) 

Many, including ARX, ALG13, PNPO, ADSL, CASK, 
Bienvenu et al., 2002; Michaud et al.,  

2014; Kwong et al., 2015 

ARHGEF6, OPHN1, PAK3, PCDH19, SCN1A, SCN2A 
Chechlacz and Gleeson, 2003; Kwong et 

al., 2015 

Rett syndrome MECP2, STXBP1, CDKL5 
Amir et al., 1999;  Nemos et al., 2009;  

Das et al., 2013; Romaniello et al., 2015 

Angelmans syndrome UBE3A Kishino et al., 1997 

Inherited metabolic disorders 

STXBP1, ARX, SLC25A22, KCNQ2, CDKL5, 
SCN1A,TSPYL4, GABRG2, SURF1, BCS1L, ACAD9, 

TMEM70, ETHE1, HIBCH, ECHS1, ATP7A,  IDUA, 

SGSH, GALC, EXTL2, EXTL3, L2HGDH,D2HGDH, 
SLC25A1, AGL, 

Yogalingam and Hopwood, 2001; Shen et 

al., 2002; Topcu et al., 2004; Sun et al., 
2009; Park et al.,  2009;  Steensweg et al., 

2010; Sun et al., 2011;  Lee et al., 2012; 

Depienne et al., 2012; Hossain et al.,  
2014;  Mühlhausen et al., 2014; 

Lightowlers et al., 015; Gürsoy et al., 

2015; Canals et al., 2015; Guo et al.,  2015 

http://www.ncbi.nlm.nih.gov.ezproxye.bham.ac.uk/pubmed?term=%22Chechlacz%20M%22%5BAuthor%5D
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Myelination (Peak time Birth-several years postnatal)Disorders of dysmyelination include:- 

Perlizaeus-Merzbacher disease or  

Perlizaeus-Merzbacher like disease 
PLP1, GJC2,TUBB4A, GJA12 

Hodes et al., 1993;  Bugiani et al., 2006; 

Ruf and Uhlenberg, 2009; Shimojima et 

al., 2015; Gotoh et al., 2015 

Krabbe’s disease GALC Sakai et al., 1994;  Xu et al., 2006 

Metachromatic leukodystrophy ARSA, PSAP 
Polten et al., 1991; Grossi et al., 2008, 

Cesani et al., 2015 

Canavan disease ASPA 
Kaul et al., 1993; Caliebe et al., 2010; 

Zhang et al., 2010 

Alexander disease GFAP 
Rodriguez et al., 2001; Brenner et al., 

2001; Minkel et al., 2015 

Vanishing white matter disease EIF2B1, EIF2B2, EIF2B3, EIF2B, EIF3B5, NDUFS1 

Pronk et al., 2002; Van der Knaap et al., 

2002; Pagniez-Mammeri et al., 2010; 

Matsukawa et al., 2011; de Almeida et al., 

2013; Shimada et al., 2015; Sharma et al.,  

2015 

Megalencephalic leukoencephalopathy 

withsubcortical cysts 
MLC1 Ilja Boor et al., 2006 
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1.1.3 Prosencephalic development 

The growth and development of prosencephalic part of the brain begins at weeks 5th to 6th 

of gestation and happens in three phases which results in the formation of much of the 

forebrain and facial structures (Volpe, 2008a). The three stages which are involved in this 

pathway include; 

a. Prosencephalic formation (week 5-6th) develops from the anterior neuropore part

of the neural tube. 

b. The cleavage of prosencephalon (week 5-6) involves horizontal cleavage (pairing

of optic vesicles, olfactory tracts and bulbs), transverse cleavage (to take apart the 

diencephalon from telencephalon) and cleavage of sagittal suture (to make the 

pair of cerebral hemispheres, basal ganglia and lateral ventricles from the 

telencephalon). 

c. The development of midline prosencephalon (at month 2nd and 3rd) starts to form

the commissura, chiasma and plates of hypothalamus. Finally, other structures are 

generated including corpus callosum, septum pellucidum, optic chiasma and 

hypothalamus respectively. 

The development of forebrain is directed by dorso-ventral molecular patterning like 

pathway of hedgehog signalling and the nodal pathway. Anomalies of prosencephalic 

growth include holoncephaly, atelencephaly and agenesis of corpous calosum which may 

occur due to a number of genetic defects (Table 1.1). 

1.1.4 Development of the cerebellum 

The primordial cerebellar hemispher appears at week 5th due to dorsal thickenings of the 

rhombencephalon (Ten Donkelaar and Lammens, 2009). By continuous growth of 
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rhombencephalon, formation of the primitive vermis and cerebellar hemispheres occurs 

as visible structures. In sub-ependymal germinative zones, the Progenitor cells in the 

rhombic lip produce neuronal cells which are transferred radically (formation of dentate 

nucleus, other nuclei and the purkinje cells) and move laterally on the surface of the 

cerebellum to form the granular layer of external cells. Finally, cells from this layer then 

pass inward through the Purkinje cells and make the mature cerebellum. 

Congenital cerebellar abnormalities are vast and widespread and include syndromic 

disorders like Joubert syndrome (Table 1.1) as well as the cerebellar hemispheres defects 

(lissencephalies, cerebellar hypoplasia, congenital muscular dystrophies and metabolic 

defects). 

1.1.5 Neuronal proliferation/differentiation 

The neuronal proliferative processes happen mainly between 2 to 4th months of gestation 

(Volpe, 2008b). Neuronal glias develop from the ventricular and periventricular zones, 

which are situated in the subependymal portion of the developing nervous system. Atthe 

5th week of gestation, the growth of cerebral hemispheres is initaiated and neurons 

develop inside a germinal layer of pseudo-stratified epithelium which establishes the 

periventricular part of of the developing cerebrum. As the progenitor neurons multiply 

inside the layer of germinal epithelium, the interkinetic nuclear activities are displayed 

during every cell cycle. In mice, precise view of germinal zone propagation has 

documented the role of cell divisions throughout the early stages of symmetrical 

development of cerebrum so that each progenitor cell prompts two similar progenitor 

cells. Consequently, cell number rises geometrically (Takahashi et al., 1994). In phase 1 

(between 2-4 months), the formation of radial glia cells and proliferation of neuronal cells 
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take place. The phase 2 (5th month of gestation to about 11th month of birth) is mainly 

related to the synthesis of glias. The events of proliferation (radial glial cells are linked to 

neuronal progenitor cells) adapted by numerous vital pathways signaling transduction 

like Notch receptor, the ErbB receptor (through neuregulin) and the receptors of 

fibroblast growth factor (Ever and Gaiano, 2005). Another important determinant 

includes beta-catenin, which is a protein that is required to progenitor cells either to 

proliferate or differentiate (Chenn and Walsh, 2002). Radial glial cells give rise to 

various types of neurons (cortical neurons, astrocytes, oligodendrocytes and neural stem 

cells) and also induce neuronal migration. The genetic defects of neuronal proliferation 

are associated with the primary microcephaly syndromes, macrocephaly and neuro-

cutaneous syndromes (Table 1.1). 

1.1.6 Neuronal migration 

During neuronal migration, numerous nerve cells move from the location of their origin 

in the zones of ventricular and sub-ventricular in CNS to other loci (Valiente and Marín, 

2010). The peak migration time is from 3-5th months during gestation. In cerebrum, the 

projections of cortical neurons are formed due to the radial migration. This process of 

migration is cccomplished by radial glial cells. 

Several disorders associated with migration defects. The single gene defects are 

lissencephaly, schizencephaly, polymicrogyria, pachygyria, heterotopias and focal 

cerebrocortical dysgenesis (Table 1.1). Epileptic fits are unique symptoms associated 

with more severe type of migration disorders. 
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1.1.7 Neuronal organization 

Organizational events of neuronal development occur at 5th month of gestation and 

remains continue to several years into post-natal life. There is a process of recruiting and 

differentiation of the subplate neurons [SPN] (Kanold and Luhmann, 2010). These SPNs 

impart a role as the site of synaptic contact for “waiting ‘thalamo-cortical and cortico-

cortical’ afferents before the synthesis of cortical plate. SPNs provide a functional contact 

of waiting afferents and cortical targets, have a role in axonal control for ascending 

afferents and are also implicated in cortical organization and synaptic expansion. The 

next phases of organization involve lamination (cortical neurons arrange in proper 

configuration, orientation and layering), embellishment of dendritic and axonal 

ramifications and synaptogenesis. The molecular factors that excite the synthesis of 

synapse primarily contain activity-independent measures, and then activity-dependent 

events (Klintsova and Greenough, 1999). Modulation of ion channels (especially 

calcium-permeable channels) and cell surface receptors (various ligands) impart key 

function in this process. Selective apoptosis (programmed cell death) of neuronal process 

and synapses then takes place, arbitrated by the role of specific genes and their 

transcription regulating factors (Bergeron and Yuan, 1998). At the end of this phase, glial 

proliferation and differentiation result in the formation of microglial cells, astrocytes, and 

oligodendrocytes (Volpe, 2008b). 

Anomalies associated with abnormal neural organization are not well understood. 

Primary defects of neural organization result in a variety of disordes due to monogenic 

defects (Table 1.1) and other etiologies. Defects of organization can be diverse like 

intellectual disability with or without seizures, and various syndromic phenotypes like 



Chapter 1  General Introduction 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders             13 

Rett syndrome, Fragile X syndrome, Down syndrome, Angelmans syndrome and 

Duchene muscular dystrophy. Disrupted organization may also impart to the 

pathophysiology of brain abnormalities observed in prematurity and prenatal injury. 

1.1.8 Growth of myelin or Myelination 

Myelination is a process in which axons are surrounded by a myelin sheath, creating an 

insulating layer that facilitate the nerve conduction impulses (Thaxton and Bhat, 2009). 

The long myelination time period is commencing during 2nd trimester of gestation period 

and progressing into adult life. During myelination, the sudden changes occur during 

early 8 months of neonatal life. Myelination nearly completes at 2 years of age. After 

proliferation and differentiation of oligodendroglial cells, there is follow up expansion of 

the cell membrane to make the sheath. Myelination is distinct at molecular level by a 

multiple growth factors, hormones, cytokines, surface receptors and secreted ligands 

(Thaxton and Bhat, 2009). 

Abnormal myelination is associated with many neurological disorders like defects of 

demyelinating (in example, multiple sclerosis) and white matter diseases of 

dysmyelination. Other abnormalities include monogenic leukodystrophies, Perlizaeus-

Merzbacher disease, Canavan disease, Alexander disease, Metachromatic leukodystrophy 

and Krabbe’s disease (Table 1.1). 

1.1.9 Neurological disorders in Pakistani population 

In Pakistan, inbreeding due to social and religious norms and geographical distributions 

of tribes has resulted in families with various genetic disorders. Moreover, due to 

religious and social pressures large families are preferred. These factors provide an ideal 



Chapter 1  General Introduction 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders             14 

environment for the study of different genetic diseases including inherited neurological 

disorders present in the population. Many genes and loci for different autosomal 

recessive neurological disorders have been identified in families from Pakistan (Hassan et 

al., 2007; Hassan et al., 2008; Rafiq et al., 2010; Rafiq et al., 2011; Kousar et al., 2011; 

Habib et al., 2011; Hussain et al., 2013; Khan et al., 2014; Nawaz et al., 2014; Rehman 

et al., 2014; Siddiqi et al., 2014; Chaudhry et al., 2015; Rafiq et al., 2015; Ullah et al., 

2015). 

1.2 Muscular Development and Abnormalities 

Contraction of voluntary skeletal muscles generates the force needed for motility and 

strength. As such, skeletal muscle cells are submitted to significant contractile forces, 

which can cause disruptions of the muscle surface membrane (the sarcolemma). The 

dystrophin-glycoprotein complex (DGC) and associated peripheral components maintain 

muscle membrane integrity and structure, whereas the muscle membrane repair complex 

rapidly repairs sarcolemmal disruptions. Deficiencies in either of these protein complexes 

lead to muscular dystrophies, a heterogeneous group of debilitating muscle-wasting 

diseases for which treatment options are currently lacking. 

1.2.1 The Dystrophin-Glycoprotein Complex (DGC) 

The core of the DGC is formed by dystroglycan, dystrophin, sarcoglycans (variable; α, β, 

γ, ε subunits) and sarcospan. Delta-sarcoglycan unites to sarcospan. Gamma-sarcoglycan 

attaches to the dystroglycan protein, which encloses a membrane-spanning beta subunit 

and an extracellular alpha subunit. The extracellular faces of alpha-dystroglycan and of 

the sarcoglycans are heavily glycosylated (Holt et al., 1998). These modifying sugars 

allocate the proteins to interrelate with extracellular matrix proteins, such as integrins, 
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laminins, agrins and perlecans. Particularly, alpha-dystroglycan binds to laminin-alpha 2 

(also called merosin), possibly through interactions with its sugar chains. 

On the intracellular side of the membrane, beta-dystroglycan interacts with dystrophin’s 

carboxy-terminus, a cytoplasmic protein. The amino-terminus of dystrophin binds to F-

actin filaments of the intracellular cytoskeleton. The N-terminus of dystrophin also 

intercalates to the cytoplasmic syntrophin complex, composed of alpha, beta and gamma 

subunits. The syntrophin complex interacts with dystrobrevin, a cytoplasmic protein 

complex consisting of alpha and beta subunits (Glover and Brown, 2007; Azakir et al., 

2010). 

1.2.2 Muscular dystrophies 

Muscular dystrophy (MD) is described as group of muscular disorders that deteriorated 

the musculo-skeletal system. Muscular dystrophies are described by abrupt muscular 

weakness and defective function of protein leading to cellular death of muscles. There are 

diverse types of muscular dystrophies including; Becker muscular Dystrophy (Schwartz 

et al., 1992; Yoshida et al., 1993; Tuffery-Giraud et al.,  2003; Takeshima et al., 2010), 

Congenital muscular dystrophy (Petersen et al., 1991; Zhang et al., 1996; Villanova et 

al., 2000; Brockington et al., 2001; Ishikawa et al., 2002; Willer et al., 2002 Longman et 

al., 2003; Muntoni and Voit, 2004; Godfrey et al., 2007; Muntoni et al., 2008; Zhang et 

al., 2010), Duchenne muscular dystrophy Boland et al., 1996; Emery et al., 1969; Zatz et 

al., 1974; Hassan et al., 2008; Tuffery-Giraud et al., 2009), Distal muscular dystrophy/ 

Miyoshi muscular dystrophy (Miyoshi et al., 1967; Miyoshi et al., 1986; Liu et al., 1998; 

Linssen et al., 1998; Illa et al., 2001; and Jaiswal et al., 2007; Bolduc et al., 2010; 



Chapter 1  General Introduction 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders             16 

Penttila et al., 2012), Emery-Dreifuss muscular dystrophy (Emery and Dreifuss, 1966; 

Zhang et al., 2007), Facioscapulohumeral muscular dystrophy (Small, 1968; Lemmers et 

al., 2004; Scionti et al., 2012), Limb-girdle muscular dystrophy (van Reeuwijk et al., 

2005b; Daniele et al., 2007; Trabelsi et al., 2008; Bauer et al., 2009; Bogershausen et al., 

2013; Cetin et al., 2013), Myotonic mscular dystrophy (Yadava et al., 2008; Musova et 

al., 2009; Heatwole et al., 2011) and Oculopharyngeal muscular dystrophy (Victor et al., 

1962; Brais et al., 1995; Maeda et al., 2015). 

1.3 Eye Development 

1.3.1 The Eye 

The Eye is an important organ of the human which characterize the property of vision in 

human being. A key part of the brain is associated in deducing the visual signals received 

in the form of nerve impulses from the photosensitive cells of the eye (Heckenlively, 

1998). The eye has a diameter of about 24 mm, which is unevenly of spherical shape. 

About 85% of its posterior part is enclosed in the sclera. Cornea is the transparent 

structure which makes the anterior surface and surrounded by a 7-8μm tear film. Aqueous 

humor is secreted by the ciliary epithelium into the posterior chamber and immerses the 

posterior surface of the cornea. The flow of light in eye passes from the cornea and 

aqueous humor, and then reaches the lens (Figure 1.2). 

1.3.2 Eye development 

Development of the eye in humans originated during the gastrulation (day 16th of 

gestation). During the brain growth, the anterior neural plate is formed, and the optic 

vesicles are formed by its division. During this stage of development, lens is a part of the 

https://en.wikipedia.org/wiki/Facioscapulohumeral_muscular_dystrophy
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ectoderm surfacte, and then it interacts with each optic vesicle. The optic cup is generated 

from the layer of the neuroectoderm in a process of invagination. The layers of the optic 

cup finally make the neural retina and the retinal pigmented epithelium (Graw, 2003). 

1.3.3 The retina 

The eye is divided into two parts that include neural and an optical portion. For optical 

component, the cornea and lens help in image development and then focus on retina 

which is considered neural portion of eye. The retina it converts visual images into an 

electrical signal (Berson, 1996; Purves et al., 2001; Margalit and Sadda, 2003). The retina 

is composed of retinal pigment epithelium (RPE) which provides the support and 

specialized neuronal cells. The neural retina is separated from choroidal vessels with a 

single laye of RPE and additionally it gives nourishment to the cells in the neural retina 

(Strauss, 2005) which are interconnected by synapses (Figure 1.2). The photoreceptos 

which comprise of rods and cones transform the light into electrical nerve impulses. 

These photoreceptors comprise of an outer segment (OS), which is connected to inner 

segment (IS), by the cilium and also interconnect to the synaptic terminus and nuclear 

body. For proper photoreception, OS contains membranous discs that enclose the photo-

pigment (Farrar et al., 2002; Mustafi et al., 2009), while other metabolic activities and 

protein synthesis takes place in inner segment. 

The rods are cylindrical and elongated cells that mediate vision in low or dim light (Sung 

and Chuang, 2010). These are highly sensitive in capturing single photons but have a low 

spatial resolution (Mustafi et al., 2009). On the other hand, cone cells play a role in light 

vision and are responsible for color vision. In the human eye, three unique cone 

photoreceptor proteins include short, medium and long wavelength lights. There are 
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about 3 million cones and 100 million rods in the human eye. Even though the retina has 

a greater number of rods rather than cones, the brightness of vision depends upon the 

cone photoreceptors. In the eye, the fovea is a cone-rich region of the retina that 

facilitates stable visual acuity in humans. It is situated in the macula of eye which is the 

central part of the retina (Tsacopoulos et al., 1997; Shastry, 1997; Sung and Chuang, 

2010). 

Rhodopsin, a light sensitive rod photorceptor in OS, represents about 95% of disc 

proteins. Rhodopsin is composed of 11-cis-retinal chromophore and opsin protein 

(Baylor and Burns, 1998; Larhammar et al., 2009). Synthesis of opsin occurs in inner 

segment of rods and it is glycosylated in rough endoplasmic reticulum. Additional 

modifications occur in the Golgi complex and it is transported to the outer segment by 

post-Golgi vesicles through the cilium, and consequently inserted into the disc 

membranes. This cilium is basically a microtubular structure that creates a linke between 

the IS and OS, whereas kinesin II and dynein motor proteins collectively along with other 

proteins, mediate the transport of proteins to and from the OS, respectively (den 

Hollander et al., 2010). 

1.3.4 Genetic of eye disorders 

For the past few decades, enormous scientific work has been accomplished in eye 

genetics. Consequently, due to collaborative acitivities of worldwide scientists, scientific 

understanding has been enhanced and advances in high through-put technologies have 

made it possible for human geneticists to discover the genes, which are considered the 

putative cause of genetic eye disorders. To date, about 240 genes and 279 loci have been 

investigated in retinal eye diseases (https://sph.uth.tmc.edu/retnet/). In Pakistani 

https://sph.uth.tmc.edu/retnet/


Chapter 1  General Introduction 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders             19 

population, inbreeding and lack of awareness of inherited disorders, are leading to an 

ever growing number of affected individuals and familes. In Pakistani population, 

retinitis pigmentosa is the most common inherited eye disord (Zhang et al., 2004; Khaliq 

et al., 2005: Khan et al., 2011). Other less commonly found diseases include Leber 

Congenital Amaurosis [LCA] (Hameed et al., 2000; Damji et al., 2001; McKibbin et al., 

2010; Ahmad et al., 2011), fundus albipunctatus (Naz et al., 2011), Oguchi disease 

(Azam et al., 2009; Waheed et al., 2012) and achromatopsia (Aligianis et al., 2002; Saqib 

et al., 2011). Furthermore, apart from non-syndromic retinal diseases, some syndromic 

disorders also exist such as Usher syndrome (Ahmed et al., 2003; Bashir et al., 2010; 

Schultz et al., 2011), Bardet-Biedl syndrome; BBS (Beales et al., 2003; White et al., 

2007; Harville et al., 2010; Chen et al., 2011) and Senior-Loken syndrome (Otto et al., 

2008). 
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Figure 1.2: Human Eye and Retina with some structural elements. (A) Illustration of 

the eye; an enlarged image of the fovea is given in the box. The retina makes the inner 

lining of the posterior part of the eye. (B) The representation of cellular organization 

retina includes; A, amacrine cell; B, bipolar cell; C, cone photoreceptor cell; G, ganglion 

cell; H, horizontal cell; M, Müller cell; R, rod photoreceptor cell (Adapted from Sung and 

Chuang, 2010). 
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1.4 Techniques for Gene Identification in Inherited Diseases 

1.4.1 Homozygosity mapping 

Homozygosity mapping is a technique employed to identify the candidate region of the 

genome that carries a genetic mutation, contributing to the phenotype of a disease. It 

depends on polymorphic microsatellite/genetic markers with specific sequence. These 

markers are situated on known chromosomal position (loci) and are employed to 

determine chromosomal regions that may be implicated in causing a disease. Each 

genetic marker consists of usually multiple alleles (however SNP markers are only 

biallelic). Each individual takes one allele from each parent. The loci are measured to be 

associated to the disease phenotype if combinations of the microsatellite markers 

(haplotype) at precise genomic positions are conceded passed on from each parent to 

affected progeny more than by chance in a lineage. Genetic linkage entails the 

ascertainment of families with several affected individuals. Additionaly, unaffected 

members of the family are mandatory for to the establishment of the inheritance model 

and to determine the order (phase) of alleles in which they are inherited from parents to 

next generation (Strachan and Read, 2011; Dawn Teare and Barrett, 2005). 

1.4.2 Genotyping microsatellite markers 

Microsatellite markers are unique and simple sequence repeats. These are polymorphic 

DNA sequences composed of di, tri and tetra-nucleotide repeats present throughout the 

genome. Through microsatellite markers, diverse and heterogeneous human diseases can 

be mapped or linked because the genomic regions are shared between the affected 

individuals. In this technique, genetic mapping through microsatellite markers is used to 

establish the genotype of affected individuals to locate the recessive homozygous 
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segments of DNA on dissimilar chromosomes, arranged as haplotype blocks, which are 

shared by all the affected individuals of a family. These shared regions are further 

investigated to identify candidate genes, which may be responsible for causing disease. 

1.4.3 Autozygosity mapping 

Autozygosity mapping is based on the fact that the disease causing mutation is the same 

in affected family members and will be imbedded in a region of homozygosity. Each 

child will have multiple homozygous tracts in the genome, but only the tract(s) shared by 

all affected children would be the targeted location of disease causing mutation. 

Moreover, regions could be ruled out using regions of homozygosity (for the same 

alleles) in unaffected siblings. 

In autozygosity mapping, presence of a homozygous locus in affected individuals is due 

to the parents originate from a common ancestor, and hence are autozygous (Mueller and 

Bishop, 1993). By using this technique, first mapping was carried out for Alkaptonuria 

which is disease of amino acid metabolism (Pollak et al., 1993) and over the past two 

decades, huge number of disorders have been efficiently linked by this strategy (Aligianis 

et al., 2005; Morgan et al., 2006; Bockenhauer et al., 2009; Carr et al., 2009; Kuss et al., 

2011; Puffenberger et al., 2012; Harlalka et al., 2013; Martin et al., 2014; Howrigan et 

al., 2015; Alakbarzade et al., 2015; Nyegaard et al., 2015). 

1.4.3.1 Basic principle of autozygosity mapping 

The mapping is the family tree of a hypothetical family with blood relation marriages in 

which two children are affected with an autosomal recessive disorder (Figure 1.3). The 

disease allele has descended through successive generations from the common ancestor 
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(CA). The affected children have therefore inherited both copies of this disease allele 

from their parents, and are thus homozygous by descent (HBD) for this gene. 

Additionally, the segment of chromosome nearby to the gene is homozygous (red 

shades). During meisosis, recombination events result in a reduction in the size of the 

autozygous (red) chromosomal part in successive generations. Disease loci in 

consanguineous members are therfore generally (not in all cases) positioned in such 

homozygous regions of the genome. The identifiction of homozygous regions can be 

carried by using genome-wide SNP arrays and/or microsatellite markers. When the 

homozygous regions are located, the region of interest can be analysed for sequencing of 

the candidate genes. 
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Figure 1.3: The basic principle of autozygosity mapping. Mutation of a disease 

causing gene (represented as black arrow) may pass on from a common ancestor (CA) to 

offspring and the product of a consanguineous marriage; can lead to an affected offspring 

(Adapted from autozygosity.org; Alkuraya, 2010). 
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1.4.4 Sanger Sequencing 

Sanger sequencing is a gold standard technique in identifying aberrations of 

deoxyribonucleic acid (DNA) sequences due to its nucleotide level resolution (Sanger, 

1975). The working principle is based on the incorporation of di-deoxy bases and it 

makes the copies of single stranded DNA molecule, results in premature termination of 

chain elongation and the production of fragments of different sizes. The fragments are 

fluorescently labeled which are electrophoretically separated, fluorescence induced by a 

laser scanner and detected by a diode array. 

1.4.5 Next Generation Sequencing and Genetic Diseases 

1.4.5.1 Next Generation Sequencing 

In 2009, the use of high through-put next-generation sequencing (NGS) has evidently 

accelerated the process of identifying novel genes and has set signified the revolutionary 

impact on clinical genetics. This advance and through-put sequencing makes possible on 

tremendously parallel sequencing of deoxyribonucleic acid (DNA) bases (mega or 

gigabases) in a single approach (Hirschhorn, 2009; Ng et al., 2009). The significant 

advantage of NGS is to read the enormous number of sequence of genomes under intrest 

through targeted capture by using labeled RNA probes for sequencing (Choi et al., 2009; 

Gnirke et al., 2009; Ng et al., 2009). Various applictions of NGS are described on the 

basis of targets sequencing, like for clinical diagnostic and research requiremnents: 

targeted sequencing (TS), whole exome sequencing (WES), whole genome sequencing 

(WGS) and RNA sequencing. 
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Different NGS technical strategies based on similar processing stages (Figure 1.4). The 

first step is to prepare a “library” comprising DNA fragments ligated to platform specific 

oligonucleotide adapters. The DNA is fragmented and terminal overhangs are repaired, 

following which there is ligation to platform specific oligonucleotide adapters 

(Voelkerding et al., 2010). 

The main phase is preparation of the uniques libraries required for hugely parallel 

sequencing. For the NGS platform, adapter modified library fragments are automatically 

dispensed onto a glass slide flow cell that displays oligonucleotides complementary to 

adapter sequences. In an example from Illumina technology, further process called bridge 

amplification to generate clusters of clone is for about 1000 identical molecules per 

cluster. Single-stranded, adapter-ligated fragments are bound to the surface of the flow 

cell exposed to the reagents for polymerase-based extension. Priming occurs as the 

free/distal end of a ligated fragment “bridges” to a complementary oligo on the surface. 

Repeated denaturation and extension results in confined amplification of single molecules 

in “clusters”. The Illumina sequencing system operates sequencing by synthesizing the 

four nucleotides which are added at once to the flow cell channels, along with DNA 

polymerase, for incorporation into the oligo-primed cluster fragments. The nucleotides 

connect a unique base labeled with fluorescent and the 3’-OH group is chemically 

blocked, so that each incorporation is an exceptional event. An imaging step follows each 

base incorporation step, during which the flow cell is imaged. Consequently, the 3’-OH 

blocking group is chemically detached to make each strand for the next process of 

incorporation. The cycle is repeated, one base at a time, generating a series of images 

each representing a single base extension at a specific cluster. 
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Figure 1.4: Stages of Next Generation Sequencing for platforms (Roche 454, 

Illumina and life Technologies). The input DNA is converted to a sequencing library by 

fragmentation, end repair, and ligation to platform specific oligonucleotide adapters. 

Fragments of each library are clonally amplified by either (1) water in oil bead-based 

emulsion PCR (Roche 454 and Life Technologies) or (2) solid surface bridge 

amplification (Illumina). Flow cell sequencing of clonal templates generates luminescent 

or fluorescent images that are algorithmically processed into sequence reads (Adapted 

from Voelkerding et al., 2010). 
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1.4.5.2 Whole Exome Sequencing 

Whole exome sequencing (WES) is more commonly used NGS technique to indentify the 

causative genes of rare genetic disorders by scrutinizing all the known coding exons or 

boundaries of exon/intron of the genome. In human, about 1% of the DNA is the coding 

sequence which contains approximately 180,000 exons, with size of about 30 Mb. The 

disease causing mutations are possibly present around 85% in the coding protein regions 

of genome. Therfore, WES has been considered an efficient tool to detect novel genes 

associated with rare Mendelian defects (Choi et al., 2009; Singleton et al., 2010; Goh & 

Choi, 2012; Ku et al., 2012). 

Large pedigrees are not available in many cases of late onset genetic disorders, in which 

older generations are not living and younger generations have not developed the disease. 

Previously, such pedigrees would have been intractable to typical gene mapping 

strategies such as linkage analysis. WES offers a technique that may be able to identify 

the causal variant in such families. One example is the discovery that recessive mutations 

in WDR62 are a cause of a wide spectrum of cerebral cortical malformations. This study 

was carried out in small kindred and would not have been amenable to traditional gene 

identification techniques (Bilgüvar et al., 2010). 

WES is mainly beneficial to identify genes of Mendelian diseases and hence provides 

extensively to diagnoses of several genetic disorders including neurological diseases 

(Jiang et al., 2014) and retinal diseases (Estrada-Cuzcano et al., 2012; Kastner et al., 

2015). Some groups have used WES to identify genes in complex diseases like 

Parkinson’s disease VPS35 a causative gene of autosomal dominant (Zimprich et al., 
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2011; Vilariño-Güell et al., 2011), primary dystonia (Charlesworth et al., 2012; Fuchs et 

al., 2013) and paroxysmal kinesigenic dyskinesia (Chen et al., 2011). 

1.4.5.2.1 Limitations of Whole Exome Sequencing (WES) 

Through adapting whole exome sequencing, the identification of many novel genes 

responsible disease causing mutations is revolutionized (Ng et al., 2010) and seems 

assured to find many more in future. But on the other hand, WES has showed some 

surprising stories of human genomes: the presence of numerous genetic variants of 

coding genes is predicted to severely harmful in every human genome, even in healthy 

individuals. Due to these variants, some conflicting views are pointed about the history of 

human evolution and are setting main challenge for clinical geneticists to discover the 

precise disease causing mutations among this huge data of gene disrupting, although 

apparently benign variants. For the disease pathogenicity, genetic studies basically 

depend on assumption of the disrupting gene function supporting from evidence of in 

vitro or in vivo functional studies, or strong linkage indications. Conversely, such 

perception can also mislead; for example benign non-sense SNP in the ACTN3 gene 

which was originally reported as a potential causal candidate for muscle disease was later 

described as polymorphic pseudogene (North et al., 1996). Therefore, a pathogenic 

variant identified through WES must be taken with caution. 

1.4.5.3 Whole Genome Sequencing 

Whole genome sequencing is another modern application of NGS in which sequencing 

coding and non-coding introns is carried out which covers the whole genome of human. 

Presently, WGS strategies are used unusally because of the unaffordable costs of sample 
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analysis and the overwhelming the size of data. However, growing substantiation has 

proposed that non-coding variants/introns may be responsible for copy number variations 

which predispose the risk factors of different neuro-degenerative diseases. Since, the 

coverage of non-biased data by WGS provides a better opportunity to resolve the 

patient’s data than WES while the sequencing cost is continue to be declined, it would 

absolutely have more wide ranging applications in the near future (MacArthur et al., 

2014). 

1.4.5.4 Targeted sequencing (TS) 

Targeted sequencing (TS) covers or captures only unique and specific nucleotide regions 

of genome that is comprised of exons of genes with specific phenotype (Voelkerding et 

al., 2009). This modality can boost up the proficiency of analyses while restricting the 

time management and reduces the cost of analyses in comparison to WES. The targeted 

coordinates of targeted sequencing can be modified and variety of possibilities of 

sequencing platforms and target enrichment plans are accessible, containing microarray-

based capture, in-solution capture and PCR-based amplification (Albert et al., 2007; 

Hodges et al., 2007; Okou et al., 2007; Gnirke et al., 2009; Hodges et al., 2009). TS is 

relatively dependable to strongly aid in multiple applications in clinical and research 

fields. For example, TS can be engaged to sequence a single gene having huge number of 

exons for different biological samples, such as ANO3, CYP7B1, and SPG7 (Charlesworth 

et al., 2012; Schlipf et al., 2011). TS may also effectively sequence multiple genes that 

are known to share overlapping characteristics/or phenotypes, as exemplified by the 

successful genetic studies of HSP, childhood hearing loss, Pain insensitivities, muscular 
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dystrophies and sporadic inclusion body myositis (Kothiyal et al., 2010; Dufke et al., 

2012; Weihl et al., 2015). 

1.5 Pakistani Population, Consanguinity and Genetic Disease 

The human population is categorized by several parameters like anthropometric 

polymorphisms, mating types (assortative or consanguineous marriages), birth rate, 

morbidity, prevalence of rare genetic diseases, mortality, socio-economic status, 

migration, and geographical conditions usually interspersed with each other (Bassi and 

Freire-Maia, 1985). Consanguineous marriages are considered communal practices in 

different socities and a consanguineous marriage is supposed to support the family ties 

and circumvent health or financial doubts that can compromise a spouse external to the 

family or community. Even though the probable genetic risks are familiar within these 

communities, this risk if often compensated by the observed public advantages of greater 

family and marital stability. In consanguineous relations, economic motives are also 

measured as an important task (Bittles, 2001; Modell and Darr, 2002). In certain 

communities, individuals of consanguineous families may often marry earlier and may 

have increased family sizes, more growing the probable possession of a recessive 

disorder. 

The consanguineous marriage may impart effect at population level, due to the frequency 

and nature of all recessive diseases in the population and on the familial structure. 

Various defects are reported with increased infant mortality, inherited malformations, 

learning deficit, blindness, hearing impairment and metabolic disorders (Bittles and Neel, 

1994). It is still noteworthy that disorders, outcome to death in under developing 

countries, may otherwise be effectively managed in developed countries. 
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The consanguineous marriage pattern has significant association for higher chances of 

recessive genetic disorders (Al-Gazali, 2006). Increased consanguinity in respective 

population with other related factors such as religion, ethnicity, language and geography, 

generally make a way to genetically isolated groups in which classically confined, well 

known, extended and multi-generational pedigrees of rare diseases are anticipated 

(Peltonen et al., 2000). Change in consanguinity rates (11 to 58%) were perceived by 

diverse studies in Muslim countries like Pakistan where the highest rate of consanguinity 

(61.3%) was reported (Al-Nassar et al., 1989; Bittles et al., 1991; Banerjee and Roy, 

1996; Hussain and Bittles, 1998; Jurdi and Saxena, 2003; Nath et al., 2004; Kushki and 

Zeyghani, 2005). 

Moreover, several reports have stated the mean inbreeding coefficient (F) is more 

informative in population and genetic studies (Leutenegger et al., 2002). Hence, 

researchers have assessed its worth in diverse ethnic populations, such as <0.002 F in 

European, American, Turkish and Japanese groups (Hosoda et al., 1983; Bittles, 1998) 

and some whart >0.02 F was noted in Kuwait population (Al-Awadi et al., 1985). 

However in Pakistan, mean inbreeding coefficient (F) was estimated 0.0331 (Hussain and 

Bittles, 1998). 

Pakistan is sixth most populated country of the world. According to the government 

estimates, the total population is about 199 million. It is structured into five provinces 

along with Azad Jamu and Kashmir (AJK) and Federally Administered Tribal Areas 

(FATA). According to area, Balochistan is the largest province while Punjab is the 

leading province with the population (Figure 1.5). The huge population of Indian sub-

continent including Pakistan, India and Bangladesh also provides an opportunity for 
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studies of genetic disorders. The study of consanguineous families has led to the 

identification of many new genes and loci (Ahmed et al., 2002; Ansar et al., 2003; Santos 

et al., 2005; Hassan et al., 2006; Chishti et al., 2006; Basit et al., 2008; Hassan et al., 

2008; Nicholas et al., 2010; Bashir et al., 2013; Hussain et al., 2013; Ajmal et al., 2014; 

Mir et al., 2014; Kaul et al., 2015; Jameel et al., 2014; Alakbarzade et al., 2015; Agha et 

al., 2015). Nevertheless Pakistani population is the rich source for these gnetic studies 

due to its unique geography and history. In addition, it is a mixture of diverse ethnicities 

with unique familial and social life style (Mehdi et al., 1999). 
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Figure 1.5: Geographical structure of Pakistan. The illustration shows the different 

states of Pakistan. Color code is given according to the Provinces (sub units) and the 

population is mentioned. 
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1.6 Rationale of the Study 

The aim of the present study was the identification and collection of nuclear families with 

autosomal recessive genetic defects from the Pakistani population. From this population, 

molecular studies on large scale have been done and many candidate genes have been 

identified in variable phenotypes. In the present study, inherited neurological and related 

disorders (where innervations contributed in the disease pathway) are the focus for 

genetic studies. The clinical characteristics of these disorders are very complex and 

mostly syndromic in nature. In the Pakistani health setup, it always remains difficult to 

diagnose genetic diseases due to the lack of required diagnostic tools and genetic testing 

modules. In the present study, a goal was set with coordination of clinician/s to 

investigate the genetic families for clinical and molecular testing. The recruitment of 

various families with complex and diverse phenotypes was carried out. Various clinical 

techniques including, pathological, neurological, muscular and radiological (MRI, CT-

scan, X-rays and lab investigations) were applied for differential diagnosis. After sample 

collection of families, various strategies were used to identify the mutated gene in each 

family. The mutations were identified in the candidate gene/s responsible for disease and 

participants were counselled about the role of consanguinity in causation of disease in 

their family. 
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1.7 Objective of the Study 

The major objective of the present study was; 

 To identify pathogenic disease causing variants in selected families with rare

genetic syndromes. 

This objective was divided further for successful execution of the target. These include; 

1-To ascertain families with multiple affected individuals showing an inherited 

neurological, muscular and eye disorder. 

2- To identify the phenotype running in the family through clinical, radiological 

examinations whichever appropriate (showing symptoms that resemble with any 

known phenotype or a novel one). 

3- To collect the blood samples after consent and ethical declaration 

4- To localize the causative gene through Linkage Analysis via typing 

microsatellites markers through PCR and Electrophoresis (genotyping). 

5- To perform homozygosity mapping by SNP-microarray on families excluded 

by microsatellite genotyping 

6- To adapt different strategies including next generation techniques like whole 

exome sequencing 

7- To detect pathogenic variants in candidate genes via DNA sequencing, to 

perform co-segregation analysis with phenotype and to decipher the effect of 

these alterations on protein function using various bioinformatic tools. 



Chapter 2  Patients and Methods 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders          37 

CHAPTER 2 

PATIENTS AND METHODS 
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2.1 Ethical Approval 

Approval to carry out this study was taken from Institutional Review Boards (IRB) of 

Quaid-i-Azam University, Shifa International Hospital, Islamabad, Pakistan and 

University of Exeter, United Kingdom. Written informed consent was obtained from 

all participants or elders/guardians of participats under 18 years of age, who agreed to 

participate in the present study (sample proforma is in Appendix-1). 

2.2 Recruitment of Families and Clinical Evaluation 

In the present study, eight Pakistani families (referred here as A-H) exhibiting 

different neurological, muscular and eye phenotypes were recruited from different 

areas of Pakistan (Table2.1). Clinical investigations were carried out at Section of 

Neurology, Shifa International Hospital Islamabad, Pakistan and related departments 

of other reputed hospitals nearby to get enough clinical and physical examination. 

After thorough discussion with the elders of these families; pedigrees were drawn in 

accordance to standard methods (Bennett et al., 1995). In pedigrees, males were 

represented by squares and females by circles. These symbols were filled for affected 

individuals while left blank for unaffected individuals. Individuals within a generation 

were denoted by Arabic numerals. Double lines in the pedigrees represent the 

consanguineous marriages while diagonal line over a square or circle represent 

deceased individual. 

Clinical evaluation of these families revealed different phenotypes including L-2-

hydroxyglutaricaciduria, alpha-manosidosis, muscular dystrophy, amyotrophic lateral 

sclerosis, congenital pain insensitivity, isolated primary microcephaly, primary 

microcephaly with syndromic features, and congenital retinitis pigmentosa (Table 

2.1). Different clinical investigations were carried out in these families for general and 

differential diagnosis. They include X-ray, Magnetic resonance imaging (MRI), Nerve 
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conduction studies (NCS), EEG (electroencephalogram), EMG (Electromyography) 

and other biochemical investigations. For each patient, a detail physical and 

neurological examination was carried out according to a general proforma 

(Appendix-2). Specific examinations were carried out in addition to general 

examination by clinician of respective field (e.g. ophthalmologist). 

2.3 Collection of Blood Samples 

Blood samples were collected from available participants by 10 ml syringes (0.8 X 38 

mm 21G x 11/2) and from children below 2 years of age by butterflies in standard 

potassium EDTA vacutainer tubes (BD, USA). The blood samples were processed 

further for extraction of genomic DNA at Department of Biochemistry, Quaid-i-Azam 

University, Islamabad, Pakistan. 

2.4 Extraction of Human Genomic DNA from Whole Blood 

Genomic DNA from venous blood was extracted in accordance with standard Phenol-

chloroform method (Sambrooket al., 1989). However ReliaPrep™ Blood 

gDNAMiniprep System blood genomic DNA isolation kits were used for DNA 

isolation from samples with less blood volume (Protocol in Appendix-3). 
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Table 2.1: Families with Neurological, Muscular, and Eye Disorders Recruited in 

this Study 

Geneticdiso

rder 

Family 

ID 
Phenotype 

Inherit. 

Pattern 

Ethnic/Lang

uage group 

Affect-

ed in this 

study 

Genetic 

Technique 

Neuro-

metabolic 

disorders 

A 

L2-

hydroxyglutari

c aciduria 

Autosomal 

Recessive 

Khyber 

Pakhtunkhwa

/Hindu 

speaking 

06 

SNP-

microarray, 

Sanger 

Sequencing 

B 
Alpha 

Manosidosis 

Autosomal 

Recessive 

Punjab/Punja

bi speaking 
04 

SNP micro-

array, WES 

Sanger 

sequencing 

Progressive 

Neuro-

degenerativ

e disorders 

C ALS 
Autosomal 

Recessive 

Punjab/Potho

hari speaking 
02 

Microsatelli

te 

genotyping, 

Sanger 

sequencing 

D 

Congenital 

pain 

insensitivity 

with 

Anhidrosis 

Autosomal 

Recessive 

Azad Jammu 

Kashmir 

/Kashmiri 

speaking 

01 

One panel 

Target 

sequencing, 

Sanger 

sequencing 

Neuro-

developmen

tal 

disorders 

E 

Primary 

Microcephaly 

with syndrome 

Autosomal 

Recessive 

Punjab/Punja

bi speaking 
02 

Microsatelli

te 

genotyping, 

SNP-

microarray, 

Sanger 

sequencing 

F 
Primary 

Microcephaly 

Autosomal 

Recessive 

Chitral, 

KPK/Chitrali 

speaking 

02 

Microsatelli

te 

genotyping, 

SNP- 

microarray, 

Sanger 

sequencing 

Muscular 

disorder 
G 

Myioshi 

myopathy 

Autosomal 

Recessive 

Khyber 

Pakhtunkhwa

/Hindku 

speaking 

04 

One panel 

Target 

sequencing, 

Sanger 

sequencing 

Eye 

disorder 
H 

Congenital 

Retinitis 

pigmentosa 

Autosomal 

Recessive 

Punjab/Punja

bi speaking 
06 

SNP micro-

array, WES, 

Sanger 

sequencing 
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2.4.1 Phenol-chloroform Method for DNA Extraction 

For extraction of genomic DNA, 0.75 ml of venous blood was taken in a 1.5 ml 

micro-centrifuge tube (Axygen, USA) and equal volume of solution A [10 mM Tris of 

pH 7.5 (England), 0.32 M Sucrose (BDH, England), 5mM MgCl2 (Sigma-Aldrich 

MO, USA), 1% v/v Triton X-100 (Sigma-Aldrich MO, USA)] was mixed and was let 

it to be at room temperature for few (10-15) minutes. For thorough mixing, tubes were 

inverted manually several times and were centrifugation was done at 13,000 rpm for 1 

minute (Beckman CoulterTM, USA). The supernatant was discarded and the cellular 

pellet was re-suspended in solution A with volume of 400 µl and centrifugation was 

done. This time pellet of nuclear cells was re-suspended in a volume of 400 µl of 

solution B [2mM EDTA of pH 8.0 and 10mM Tris pH 7.5], 12 µl of 20% SDS 

solution and proteinase K (20 mg/ml) with volume of 5 µl and put in an incubator at 

370C overnight. Next day, 500 µl of freshly made mixture of equal volumes of 

solution C (Phenol, BDH, England) and solution D (1:24 volume of isoamyl alcohol 

and chloroform) was added in samples and mixed thoroughly. The samples were 

centrifuged for 10 minutes. As a result, upper layer in the form of aqueous phase was 

separated and was transferred to a fresh 1.5 ml microfuge tube. The process was 

repeated after adding equal volume of solution D. Finally, volume of 55 µl of sodium 

acetate (3M, pH 6.0) and an equal volume of isopropanol or double volume of 

absolute alcohol (100% pure ethanol) was poured to isolated aqueous layer. Genomic 

DNA was precipitated after inverting sample tubes several times and centrifugation at 

13000 rpm for 10 minutes. DNA pellet was washed with 70% ethanol and dried in 

vacuum concentrator 5301 (Eppendorff, Germany) for 5-10 minutes. After ethanol 

evaporation, DNA was dissolved in appropriate amount (150-200 µl) of TE [(Tris (pH 

8.0, 10mM), EDTA (0.1mM)] buffer and quantified by Nanodrop-1000 
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spectrophotometer (Thermo Scientific, Wilmington, USA) by taking optical density 

(OD) at 260 nm. DNA was stored at 4°C for subsequent analysis. 

2.5 Gene Mapping 

2.5.1 Exclusion Mapping of Family C, E and F 

Already known genes/loci involved in respective clinical phenotype were first 

screened through microsatellite analysis. Already reported microsatellite markers 

tightly linked to each locus/genes were typed in respective families [Family C 

(autosomal recessive Amyotrophic Lateral Sclerosis), Family E (Primary 

microcephaly with syndromic features) and Family F (autosomal recessive MCPH)], 

to confirm linkage of phenotype with the locus or otherwise. Details of Polymorphic 

microsatellite markers genotyped in the recruited families are given in Appendixes 

(ALS; Appendix-4, MCPH; Appendix-5). Genetic and physical locations of the 

microsatellite markers were in accordance with the Rutgers second-generation 

combined linkage Physical map of the human genome (Matiseet al., 2007). Variable 

number of microsatellite markers, were used for exclusion of each known locus, in 

these families, depending on distance to known gene, length of mapped locus and 

heterozygosity level. Usually 2-3 microsatellite markers are enough to evaluate 

linkage to a chromosomal region, but we preferred to use more markers to avoid 

issues with non-informative results and genotyping errors. As currently available 

microsatellite markers are not well characterized in Pakistani population, so selection 

of 1-2 markers is not a right choice for candidate gene analysis. 

The available DNA samples of both affected and unaffected members of each family 

were genotyped with STR markers to detect homozygosity by descent (HBD), which 

segregate with disease phenotype and is shared by all affected individuals of the 



Chapter 2  Patients and Methods 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders          43 

respective family. Once HBD was detected in a region containing known gene, 

respective gene was sequenced in the entire family to find causative sequence variant 

that segregate with phenotype. While unlinked families were processed for single 

nucleotide polymorphism (SNP) based genome scan. 

2.6 PCR Amplification of STS markers 

Two different protocols for STS markers amplification were used. First protocol was 

carried out to perform PCRs for exclusion mapping while other was carried for 

markers/gene amplification after the SNP-microarray analysis 

2.6.1 PCR Protocol 1 

Polymerase chain reaction was performed to amplify candidate alleles, in a 200 µl 

tube (Axygen, USA). The PCR reaction mixture was prepared by adding 1 μl sample 

DNA (40 ng), 0.5 μldNTPs (10 mM), 0.3 μl of each forward and reverse primer (0.1 

μM), one unit of TaqDNA polymerase (Fermentas, UK), 2.5 μl 10X buffer (100 

mMTris-HCl, pH 8.3, 500 mMKCl) and 1.8 μl MgCl2 (25 mM) (MBI Fermentas, Life 

Sciences, UK) in appropriate amount of PCR water to make final volume 25 μl. The 

resulting mixture was vortexed and centrifuged for few seconds for thorough mixing. 

The PCR tubes were kept in T3000 thermo cycler (Biometra® Germany) and standard 

conditions set for amplification were as follows; 

a) One cycle for denaturing template DNA at 96°C for 5 minute

b) One cycle consisting of denaturation of DNA into single strands at 96°C

for 60 seconds, 60 seconds at 57°C or with a slight variation of ± 2°C for 

primers annealing to their complementary sequences on either side of the 

target sequence, 60 seconds at 72°C for extension of complementary DNA 

strands from each primer, repeated 35-40 times. 
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c) Final extension for 10 minutes at 72°C 

2.6.2 PCR Protocol 2 

PCR is an in vitro method that permits exponential amplification of specific lengths of 

DNA from only minute amounts of starting material. PCR was used to amplify DNA 

with candidate gene primers for sequencing. Primers were purchased from Sigma-

Aldrich and prepared from dry oligonucleotides to make up a working concentration 

of 5pmol/µl. 

2.6.2.1 Preparation of master mix 

For each PCR, a master mix consisting of forward and reverse primers, Dream Taq 

Green buffer, Dream Taq DNA polymerase and distilled water, was first set up 

according to the number of PCR reactions required. 9.2 µl of master mix was then 

mixed into individual 0.2 ml microfuge tubes, after which 0.8 µl of DNA was added 

into sample and control tubes, and 0.8 µl of ddH2O into the negative control tube 

(Table 2.2). One positive control and one negative control reaction was set up for 

each PCR reaction, to confirm absence of contamination. Temperatures for 

amplification were altered to optimize conditions for the best yield when initial PCR 

failed. Microfuge tubes were then transferred to a thermal cycler for PCR. 
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Table 2.2: Standard Reaction Mixture for one Tube. 

Reagents Amount (µl) 

Forward primer (5 pmol/µl) 0.4 

Reverse primer (5 pmol/µl)  0.4 

dNTP (5mM) 0.4 

Dream Taq Green buffer  1.0 

Dream Taq polymerase 0.1 

Double distilled water (ddH2O)  6.9 

DNA (control or sample) or ddH2O 0.8 

Total   10 

2.6.2.2 Cycling conditions for PCR 

Each PCR reaction undergoes a series of cycles of three stages: denaturation, primer 

annealing, and DNA synthesis (extension). Programs were tailored for touchdown 

PCR, where annealing temperatures were lowered by 20C for each subsequent 

segment of reaction. Temperatures for denaturation and extension were set at 950C 

and 720C respectively for all PCR reactions. Touch-down temperature (TD)-the final 

annealing temperature, was set at 50C below the lower Tm of the primer pair. 

However, when non-specific PCR products were obtained in addition to the expected 

product, TD was optimized by increasing it stepwise by 10C or by performing 

gradient PCR. 

Each PCR reaction was divided into three programs. The first two programs consisted 

of two cycles of denaturation, annealing and extension each, and the third program 

with 45 cycles. Each stage of the cycle (i.e. segment) was held at 30 seconds (Table 
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2.3). After amplification of sequence, 2% agarose was run to check the amplification 

confirmation and product size. 

Table 2.3: Cycling Conditions for PCR. 

2.7 Agarose Gel Electrophoresis 

The amplified PCR products of microsatellite markers were resolved and detected on 

2% (2g of agarose in 100 ml 1X Tris-Borate-EDTA buffer) ethidium bromide stained 

agarose gel. For this purpose, 5 μl of amplified product was mixed with 3 μl of 

tracking dye (0.25% bromophenol blue and 40% sucrose) and loaded into the wells. 

Electrophoresis was performed at 100 volts for 20-25 minutes and gel was placed on a 

Step Segment 

Temperature 

(0C) 

No. of 

Cycles 

Time for each 

segment (s) 

Denaturation 95 

30 1 Annealing TD+4 2 

Extension 72 

Denaturation 95 30 

2 Annealing TD+2 2 

Extension 72 

Denaturation 95 

30 3 Annealing TD55-63 45 

Extension 72 
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UV Transilluminator (Biometra, Germany) and Nexgen image viewer for 

visualization. 

2.8 Polyacrylamide Gel Electrophoresis (PAGE) 

PAGE analysis was carried out by two different methods. In exclusion mapping, non-

denaturing 8% gels were resolved for genotyping of microsatellites. In another 

method, fine mapping of different regions after SNP-microarray were screened by 

denaturing 8% gels. 

2.8.1 PAGE with Ethidium Bromide staining 

PCR amplified product of each microsatellite marker was resolved on 8% non-

denaturing polyacrylamide gel for allele separation. Eight (08) % PAGE solution was 

prepared by mixing 5 ml 10X TBE (Tris 0.89 M, Borate 0.89 M, EDTA 0.02 M), 17.5 

l TEMED (N,N, N’, N’-Tetra methylethylenediamine) (Sigma-Aldrich MO, USA), 

350 μl 10% APS (Ammonium per sulphate) (Sigma-Aldrich MO, USA), 13.5 ml 30% 

acrylamide solution [29 g acrylamide (MERCK, Germany) and 1g N, N’ Methylene-

bisacrylamide (BDH, England)] in 31.13 ml distilled water to make final volume 50 

ml. Gel casting apparatus was made of two glass plates tightly packed by placing one 

horizontal and two vertical spacers of 1.5 mm thickness at margins. Gel solution was 

poured in between the plates carefully by avoiding air bubbles and was allowed to 

polymerize for half an hour at room temperature. Gel plates were inserted in vertical 

gel electrophoresis apparatus (Whatman, Biometra, Germany) containing 1X TBE 

buffer. PCR products mixed with tracking dye were loaded into the wells and 

electrophoresis was performed at 100 volts for approximately 2 hours depending on 

the size of each amplicon. At last, ethidium bromide (10 µg/ml) stained gels were 

kept on UV trans-illuminator for visualization and images were taken by Digital 
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camera DC 290 (Kodak, Digital Sciences, USA) and analyzed to score alleles for 

affected and normal individuals of all the studied families. Linkage to known loci was 

established based on the observation that all affected individuals of a family showed 

characteristic homozygous pattern for disease allele. 

2.8.2 PAGE with silver staining 

PCR was performed using the primers designed for each marker and DNA from 

affected individuals, parents and unaffected siblings (where available). To determine 

if the amplification was successful the PCR products were initially run on a 1.8% 

agarose gel as described later in agarose gel electrophoresis section. Successfully 

amplified products from each individual were then run on a denaturing 

polyacrylamide gel, using electrophoresis. The size of an individual’s microsatellite 

DNA could be assessed and compared to their parents. It was possible to determine if 

an individual was homozygous or heterozygous for a particular microsatellite. 

2.8.2.1 Preparation of PAGE 

Clamps were prepared for two gels. Gel mixture was prepared for two gels by mixing 

50 ml of 8% PAGE gel mixture with 70 μl TEMED. 70 μl APS (25%) was added to 

the previously prepared mixture of PAGE and TEMED. Twenty five ml of the gel 

mixture was poured and 20 teeth comb was inserted into each plate and was allowed 

to set for about 1 hour or so, the rest of gel left in the beaker was checked to see if it 

had polymerized. 

2.8.2.2 Protocol for PAGE 

About 1 litre of 1X TBE was heated for 6 minutes in microwave. Combs were 

removed carefully. The buffer was poured just to cover the strands on the bottom side 

of the electrophoresis tank. The bottom of the gel glass was put cautiously in the 
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buffer to make sure there were no bubbles on the bottom side of the gel glass. The 

inside chamber was filled until the buffer covered both of the lower side of the gel 

glass. The PAGE gel was run at 100 mA. As a thumb rule 100 bp for 1 hour were run. 

2 μl of PCR sample was mixed with 2 μl of loading dye (denaturing loading dye 

consisted of 10 ml formamide, 70 μlbromophenol blue, 70 μl xylene cyanol). A 1.1 μl 

of mixed product was loaded in each well. The gel was detached from the glass and a 

mark was made on the left hand side corner on the first gel and on the right hand side 

corner on the second gel to distinguish one gel from the other. All containers were 

rinsed before and after each step. 

2.8.2.3 Protocol for silver staining 

Solution 1 

Gels were placed in solution 1 for 5-10 minutes. The gels were rinsed with dH2O 

after withdrawing them from the solution 1. Solution 1 was previously prepared by 

mixing 268.5 ml dH2O, 30 ml Ethanol and 1.5 ml acetic acid. 

Solution 2 

In the next step, gels were left in solution 2 for 15 minutes. Solution 2 was previously 

prepared by mixing 300 ml dH2O and 0.3 g AgNO3. After withdrawing from solution 

2, the gels were rinsed thoroughly with dH2O. 

Solution 3 

In the next step, the gels were left in solution 3 for about 10 minutes or until the bands 

appeared. Solution 3 consisted of 300 ml dH2O mixed with 4.5 g NaOH and 450 μl 

Formaldehyde. The gels were rinsed with water. 
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Solution 4 

After that, gels were soaked in solution 4 for 5-15 minutes to stop development of the 

bands. Solution 4 was made up by mixing 300 ml dH2O and 2.25 g Na2CO3. 

The gels were wrapped in saran wrap, labeled and stored in fridge. The PAGE gels 

were dried by cutting a blotting paper of required size and the gels were placed on 

paper ensuring no bubbles, cling film was laid on the top of the gel and gels were 

dried on drying machine at 750C. Size of the gels determined the time required for 

them to dry. 

2.9 Single Nucleotide Polymorphism Genotyping by Microarray, Mapping and 

Assembly (Families A, B, E, F and H) 

2.9.1 SNP Genotyping 

SNP genotyping was carried out using Illumina CytoSNP-12v2.1 330K arrays 

following the Infinium HD Assay Ultra manual protocol in the lab of Professor 

Andrew H. Crosby, University of Exeter, UK. Each chip holds 12 DNA samples. 

DNA was extracted from venous blood samples using the methodology described 

above. It helps to identify structural variations including duplications, deletions, 

amplifications, copy neutral loss of heterozygosity and homozygous disease loci. It 

offers substantially better resolution to detect smaller regions than fluorescence in situ 

hybridization (FISH) or comparative genomic hybridization (CGH). Studies can 

achieve average SNP call rates and reproducibility of >99%, and low noise for copy 

number measurements. The BeadChip incorporates “best of the best” SNPs with the 

highest tagging power and dense coverage of genomic regions commonly screened in 

cytogenetics laboratories, including sub-telomeric regions, peri-centromeric regions, 

sex chromosomes, and disease-related genes. It also includes a set of additional CNV-
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targeted markers (~100.000) for analyzing common CNV regions underrepresented 

by tag SNPs (www.illumina.com). 

The assay requires 200 ng of DNA per sample at a concentration of 50ng/μl and is 

carried out over a three day period; the methodology consists of the three day 

experiments. Day 1, the DNA samples were denatured using a buffer containing 0.1N 

NaOH and neutralized in the pre-PCR room prior to an overnight isothermal whole 

genome amplification step. Day 2, the DNA was fragmented using Illumina 

fragmentation buffer (FBS), and then precipitated using isopropanol. The DNA was 

then collected by centrifugation at 4oC before re-suspension. The DNA was then 

denatured at 95oC for 20 mins. The samples were applied to a BeadChip and 

separated by an IntelliHyb seal. The BeadChips were then placed in a humidified Hyb 

Chamber and subsequently incubated for 16-24 hrs at 48oC in the Illumina 

Hybridization Oven. The amplified and fragmented DNA samples anneal to locus-

specific 50-mers. Day 3, unhybridized and non-specifically hybridized DNA was 

washed away using PB1 a buffer containing an aliphatic amide. The BeadChip was 

then prepared for single base extension of the oligonucleotides and incorporation of 

detectable labels using the captured DNA on the BeadChip as a template. The 

BeadChips were then stained using the IlluminaXStain HD BeadChip process before 

imaging on an IlluminaBeadArray reader. The BeadArray reader uses a laser to excite 

the fluorophores of the single-base extension products on the beads and the scanner 

records images of the light emitted allowing the genotype to be determined. 

The Illumina GenomeStudio Integrated Informatics Platform was used to extract, 

visualize and analyze the genotyping data. The data was then analyzed 66 and 

imported into Microsoft Excel for analysis using Excel macro or IBD finder software 

http://www.illumina.com/


Chapter 2                                                                                                                  Patients and Methods 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders          52 
 

(http://dna.leeds.ac.uk/ibdfinder/ ), looking for notable regions of homozygosity 

(typically >1Mb) and to compare genotyping data across samples and patient cohorts. 

2.9.2 Fine Mapping in Family F  

Firstly, the family F was excluded from known loci of MCPH by exclusion mapping, 

as mentioned above. Then, it was processed for SNP genotyping by using Illumina 

CytoSNP-12v2.1 330K arrays. There were many regions on different chromosomes 

which were shared by two affected individuals of family F. For fine mapping in each 

homozygous region, microsatellite markers were chosen again using the UCSC 

genome browser. The region of interest was entered into the program and “STS 

markers” and “simple repeats and microsatellites” were viewed (Appendix-6). STS 

markers that were known to be variable, with published primers were chosen where 

possible. PAGE analysis was performed with silver staining to resolves the 

genotypes. The gel image was interpreted through white light reflection by visual 

eyes and then gels were dried by drying machine at 750C. 

2.10 Whole Exome Sequencing (WES) & Stratifying Candidates in Families B 

and H 

Exome sequencing was carried out in families B and H at the Wellcome Trust Sanger 

Institute or OtoGenetics Corporation. Library preparation was performed from 500ng 

DNA using the Bravo Automated Liquid Handling Platform (Agilent Technologies) 

using the protocol specified for 200ng DNA input. Exome capture was carried out 

using the Agilent SureSelect Human All Exon V5 target enrichment kit followed by 

sequencing on Illumina HiSeq2500 with high throughput mode and V4 sequencing 

chemistry (eight barcoded samples sequenced per lane) following manufacturer’s 

instructions. Base calling was performed using CASAVA v1.8.2 and reads were 

mapped to the hg19 reference sequence using the BWA-backtrack algorithm from 

http://dna.leeds.ac.uk/ibdfinder/
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BWA v0.5.9. Duplicate reads were removed using MarkDuplicates from Picard 

v1.79. Local read realignment around indels, base quality score recalibration, and 

variant calling with UnifiedGenotyper were accomplished using GATK v1.1-28. SNP 

calls were subjected to variant quality score recalibration. Indel calls were discarded if 

they overlapped repeat masked regions, and hard-filtered by variant call annotations 

QualByDepth (QD < 10.0), ReadPosRankSumTest (ReadPosRankSum < -20.0), and 

Strand Bias (SB > -0.01). DeNovoGear v0.5.4 was used for prediction of de novo 

variants as recommended on its website https://github.com/denovogear/denovogear), 

with the exception that anomalous read pairs were counted when calling variants with 

Samtools mpileup v0.1.19 

Exome sequences and variants of distantly affected individuals were analyzed in 

comparison to identify potentially pathogenic rare alleles or novel alleles. Assuming 

that the mode of inheritance is autosomal recessive, alleles were stratified according 

to their homozygosity allele. The variants were also filtered against a set of 

polymorphisms that are available in public databases (dbSNP and 1000 Genomes 

Project) and those found in a set of Pakistani origin individuals (controls) from 

previous studies. The discrete filter was applied also to the quality of identified 

variants and the variants that pass quality threshold were further analyzed. The 

remaining variants were stratified to identify potentially deleterious variants (non-

synonymous, frameshift, splice site and stop gain mutations) which were further 

explored by the PolyPhen2, SIFT and PROVEAN software tools. Overall, priority 

was given to novel putatively functional variants. Additionally, candidate alleles with 

a likely neurological/eye function were prioritized for investigation. 

https://github.com/denovogear/denovogear
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2.11 Trusight One Sequencing Panel for Families D and G 

The panel analysis of two families; family D and family G was carried out at Institute 

of Human Genetics, University of Jenna, Germany with collaboration of Professor 

Christian A. Huebner. Next generation sequencing (NGS) was carried out in one 

affected individual of Miyoshi myopathy family by using trusight one sequencing 

panel technique for genes of neuromuscular disorders (about 40 genes panel including 

DYSF). We executed enzyme based library preparation of genomic DNA and target 

enrichment was done using the Illumina TruSight One Sequencing Panel followed by 

NGS using the HiSeq 2500 [Illumina, Inc. San Diego, CA]. This kit enriches for 

62,000 exons from 4,813 genes, producing a collective target region size of 12 Mb. 

The TruSight gene list was curated by a genetic counselor (MB) to detect 

approximately 2,462 genes associated with Mendelian disease phenotypes which were 

verified for clinical testing. Clinical testing was ordered as pre-defined gene panels. 

DNA was extracted from peripheral blood (Qiagen, Valencia, CA) and 50 ng was 

used for Nextera-based library preparation following manufacturer’s protocols 

(Illumina). Four clinical samples and 1 HapMap control were pooled and run across 

two lanes on a HiSeq 2500 for an average of 5 samples per lane. For targeted clinical 

panels (<50 genes), areas with <15X coverage was routinely Sanger sequenced to 

achieve adequate analytic sensitivity (Nelson et al., 2015). The product termination 

Sanger sequencing was performed by using DTCS Quick Start sequencing kit on 

CEQ8000 Genetic analyzer (Beckman Coulter, Fullerton, CA, USA) for exon 9 of 

DYSF gene according to the protocols described previously (Ullah et al., 2015). 

2.12 Primer design  

The gene sequences were obtained from the Ensemble Genome Browser (GRCh37 

assembly, Feb 2009) (http://www.ensembl.org/Homo_sapiens/Info/Index?db=core).  

http://www.ensembl.org/Homo_sapiens/Info/Index?db=core
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Primers used for PCR amplification were designed using Primer3 software version 

0.4.0 (http://frodo.wi.mit.edu/primer3/). Primers were designed following the criteria 

below: 

 Primer sizes were 20-24 bases in length (the specificity and annealing

temperature are dependent on the length of the primer). 

 Melting temperatures were kept as similar as possible for both the left and

right primers to maintain PCR efficiency (ideally between 59-620C).

 Where possible the guanine –-cytosine (GC) base content was kept between

40-60%. 

 Primers with inter or intra-primer efficiency extending for more than 3 bases

were avoided, to prevent the formation of secondary structures and primer 

dimers. 

 The primer sequences selected were specific and a 100% match to the region

to be amplified. 

 In silico PCR analysis and Blast searches were performed using the UCSC

Genome Bioinformatics website (http://genome.ucsc.edu/). 

2.13 Sanger Sequencing for Candidate Genes 

Sequencing was used to screen the candidate gene in the relevant affected individuals. 

Sequencing of L2HGDH, MAN2B1, SIGMAR1, NTRK1, ZNF335, SPC-25, DYSF and 

CLCC1 was performed to detect any variations in related phenotypes. Specific 

primers were used for respective genes to amplify the unique sequence (Appendix 7-

11). Conditions for sequencing PCR were at 950C for 30 seconds, 500C for 15 

seconds, and 600C for four minutes. This was programmed for 25 cycles (Table 2.7). 

Amplified PCR products were first purified using the Exonuclease-I and Shrimp 

http://frodo.wi.mit.edu/primer3/
http://genome.ucsc.edu/
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Alkaline Phosphatase (EXOSAP) protocol. Purified PCR products were then added to 

the reaction mixture for sequencing amplification. This was carried out in a 96 well 

plate. Separate PCR reactions were set up for forward and reverse primer 

amplification so that incorporation of the fluorescently labelled di-deoxynucleotides 

(ddNTPs) would occur on only one strand of the double-stranded DNA. Amplification 

is carried out by both forward and reverse primers for confirmation of any sequence 

change. 

2.13.1 EXOSAP PCR Product Purification Protocol 

Prior to sequencing it was necessary to remove unincorporated primers and dNTP. 

This was done using EXOSAP, a product that contains Exonuclease-I (EXO) and 

Shrimp Alkaline Phosphatase (SAP) (Table 2.4). Exonuclease-1 degraded single 

stranded DNA in a 3’-5’ direction, releasing deoxyribonucleoside 5-monophosphates 

in a stepwise manner. This released dNTPs from the unincorporated primers. Shrimp 

Alkaline Phosphatase (SAP) catalyzed the release of 5’- and 3’-phosphate groups 

from extra nucleotides. Two μl of EXOSAP was added to 5 μl of each PCR product. 

The samples were then incubated at 370C for 30 minutes. For enzyme activity, 370C 

was the optimal temperature. Subsequently, samples were exposed to 950C for 5 

minutes (Table 2.5) to deactivate the EXOSAP (enzyme). 
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Table 2.4: Composition of EXOSAP solution. 

Reagent Volume (μl) 

Exonuclease-I 2.5 

Shrimp Alkaline Phosphatase 25 

dH2O 972.5 

Table 2.5: Conditions for the EXOSAP program. 

2.13.2 Sequencing Reaction and Analysis for Candidate Genes 

Sequencing reactions were performed by using 3130xL Genetic Analyzer (Applied 

Biosystems®) and CEQ™ 8000 (Beckman Coulter, Fullerton, CA, USA) Genetic 

Analyzer according to the standard protocols. The ingredients of sequencing PCR are 

given in Table 2.6 while the conditions for sequencing PCR are showed in Table 2.7.  

Amplified products were cleaned up using the BIGDYE® X TerminatorTM 

Purification Kit (ABI, Applied Biosystems) or commercially available kit (Marligen 

Biosciences, Ijamsville, MD, USA) according to the manufacturer’s instructions 

(Protocol in Appendix-12). Samples were placed in the automated sequencer. Data 

EXOSAP Program 

Temperature Time (Minutes) 

950C 5 

370C 30 



Chapter 2  Patients and Methods 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders          58 

analysis was performed by the software programme, CLC sequence viewer 

(http://www.clcbio.com/products/clc-sequence-viewer/) and BioEdit version 6.0.7. 

Table 2.6: Components for Sequencing Amplification. 

Reagents Amount (µl) 

Forward or Reverse primer (5 pmol/µl) 1.0 

Purified PCR product 2.0 

Big dye 1.0 

Big dye buffer 2.0 

ddH2O 4.0 

Total 10 

Table 2.7: Conditions for Sequencing Reaction. 

Segment Temperature (0C) Time No. of cycles 

Denaturation 95 30 seconds 1 

Annealing 50 15 seconds 25 

Extension 60 4 minutes 1 

http://www.clcbio.com/products/clc-sequence-viewer/
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2.14 Co-segregation Analysis 

Co-segregation analysis involved screening the entire family for the candidate 

variants and investigating that the affected individuals were homozygous mutants, 

parents and unaffected siblings were carriers for the same variant in the families with 

recessively inherited disorders. Moreover, 100 ethnically matched chromosomes were 

analyzed for the variants which co-segregated completely in the family to confirm 

that they were not the common variants in the ethnic community/group. 

2.15 Computation and Protein Homology Analysis  

2.15.1 Analysis of L2HGDH 

The crystal structure for Human L2HGDH protein was not available on RCSB/PDB 

(http://www.rcsb.org/) [Berman et al., 2000]. So, homology modeling techniques were 

utilized to construct the three dimensional structure of human L2HGDH. The amino 

acid sequence of L2HGDH protein was retrieved from the NCBI database 

(http://www.ncbi.nlm.nih.gov/), imported to pBlast search against PDB. We first 

constructed the homology model of the wild type using the PDB structure 3DME as a 

template, and then built the mutant structure by mutating the selected residue. The 

model was built using the Molecular Operating Environment (MOE). A series of 10 

independent models for protein was built using the Boltzmann weighted randomized 

procedure (Levitt, 1992) combined with specialized logic for the handling of sequence 

insertions and deletions (Fechteler et al., 1995). Out of 20 models, the model with 

best MOE packing score was selected for further mutation analysis. The protein 

structure was visually inspected using PYMOL viewer (http://www.pymol.org).  

http://www.rcsb.org/
http://www.ncbi.nlm.nih.gov/
http://www.pymol.org/
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2.15.2 Analysis of SIGMAR1 

Different computional softwares were employed to find the promising consequence of 

sequence changes on splicing. The tool Genscan version 1.0 software 

(http://genes.mit.edu/GENSCAN.html) was utilised to check nucleotid variation effect 

of intronic splicing in wild type structure and in mutanat type of SIGMAR1 gene. It 

was anticipated for detection of the common or specific compositional properties of 

discrete functional elements in a eukaryotic gene. Another web software, NNSPLICE 

version 0.9 (http://www.fruitfly.org/seq_tools/splice.html) is online tool to catch 

likely 5' or 3' splice sites variation. The program was employed to conclude any 

modification in causative 3' UTR variation of SIGMAR1. Other tools for regulatory 

RNA motif and Element Finder program (http://regrna.mbc.nctu.edu.tw) was used to 

calculate occurrence of any change in regulatory motif or miRNA binding site of 

related variation (Chang et al., 2013). The alteration of the splicing factors binding 

sites pattern consequential of the nucleotide variations was estimated by applying 

ESEFinder version 3.0 online program. URL of this tool can be retrieved from link 

(http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home) and uses 

experimentally distinct scoring thresholds to isolate potential splice enhancers in 

coding part of human transcripts. This was employed to check the changes in 

sequence of putative exonic splicer enhancers (ESEs) accessible to the human serine 

rich (SR) proteins like SF2/ASF, SC35, SRp40, and SRp55. Threshold scores 

deviations were measured as significant for a change either demolished an enhancer 

motif which has lowered its score by at least 1.0, or instigated appearance of a new 

enhancer motif when increased its score by 1.0. The comparison was performed for 3' 

UTR sequence in SIGMAR1 in human and other mammal species. The sequences of 3' 

UTR region in SIGMAR1 of these mammals were retrieved from human genome 

http://genes.mit.edu/GENSCAN.html
http://www.fruitfly.org/seq_tools/splice.html
http://regrna.mbc.nctu.edu.tw/
http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home
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browser (www.genome.ucsc.edu) and ClustalW of Bio-Edit software was applied for 

the alignment of multiple sequences of different primates 

(http://www.mbio.ncsu.edu/bioedit/). The alteration in expression of SIGMAR1 gene 

was predicted to disturb the expression profiles of some other relevant genes 

associated with Amyotrophic Lateral Sclerosis using string analysis (http://string-

db.org/). 

2.15.3 Analysis of NTRK1 

2.15.3.1 Pathogenicity Prediction Analysis 

KinMut Random Forest (http://kinmut2.bioinfo.cnio.es/) is kinase-specific software to 

predict the pathogenicity of mutations. In this prediction tool, two important 

independent methods, namely SIFT (Sorting Intolerant from Tolerant) and KinMut 

estimate the pathogenicity of mutations (Izarzugaza et al. 2012). Various other tools 

for disease prediction are linked to the wKinMut server. Other predictors include 

PolyPhen, Mutation Assessor, Functional Analysis Through Hidden Markov Models 

(FATHMM), Variant Effect Scoring Tool (VEST3), and Combined Annotation-

Dependent Depletion (CADD). Each of this software is based on a different algorithm 

to classify the missense variants into the contributory or neutral ones. Protein 

Variation Effect Analyzer (PROVEAN) is a sequence homology-based web tool 

(Choi et al. 2012), which predicts whether an amino acid substitution or indel has an 

impact on the biological function of a protein (http://provean.jcvi.org/about.php). A 

threshold value for each predictor tool is applied to define that mutations are 

prospective to be damaging.The methods have been validated on a large set (60k) of 

disease associated (OMIM) and polymorphic variants. 

http://www.genome.ucsc.edu/
http://www.mbio.ncsu.edu/bioedit/
http://string-db.org/
http://string-db.org/
http://kinmut2.bioinfo.cnio.es/
http://provean.jcvi.org/about.php
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2.15.3.2 Evolutionary Conservation and Molecular Modelling Studies 

The conservation of the respective NTRK1 residue was analyzed by constructing a 

multiple sequence alignment (MSA) and the phylogenetic tree of NTRK1 proteins 

from different species using the MEGA5 software (Hall, 2013). Protein modeling was 

conducted with the help of the PyMOL Molecular Graphics System, Version 1.5.0.4 

Schrödinger, LLC (http://www.pymol.org) and 4PMS pdb file (resolution 2.80 Å) for 

the crystal structure of the cytoplasmic domain of NTRK1. The p.P695L mutation 

was introduced using the Discovery Studio Version 3.1. The amino acid change is 

visualized in the rotamer form with side chain orientations incorporated from 

Dunbrack backbone dependent rotamer library with maximum probabilities. 

2.15.4 Analysis of DYSF 

2.15.4.1 Comparative Modeling 

To construct the three dimensional structure for protein, structural analysis was 

performed by first verifying the existence of solved structures with homologous 

sequences to DYSF protein with BLASTp searches against PDB database. As there 

were no significant hits, an alternative modeling procedure was employed by using 

the threading software Iterative Threading Assembly Refinement [I-TASSER] (Zhang 

2008). I-TASSER is a hierarchical approach to protein structure and function 

prediction. Structural templates are first identified from the PDB by multiple 

threading approach; full-length atomic models are then constructed by iterative 

template fragment assembly simulations. Finally, functional inslights of the target are 

derived by threading the 3D models through protein function database BioLiP. 

Predicted three-dimensional structure of the protein was visualized by PyMOL 

(http://pymol.org/, The PyMOL Molecular Graphics System, version 1.3; 

Schrödinger, LLC). 

http://www.pymol.org/
http://pymol.org/


Chapter 2  Patients and Methods 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders          63 

2.15.5 Analysis of MAN2B1 

Homology modeling techniques were utilized to construct the three dimensional 

structure of human MAN2B1. The X-ray structure of bovine lysosomal a-

mannosidase (PDB ID: 1O7D) with 72% sequence identity was taken as template for 

homology modeling of MAN2B1 protein.We first constructed the homology model of 

the wild type using the PDB structure 3DME as a template, and then built the mutant 

structure by mutating the selected residue. The model was built using the Molecular 

Operating Environment (MOE). The protein structure was visually inspected using 

PYMOL viewer (http://www.pymol.org). 

http://www.pymol.org/
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CHAPTER 3 

Results I: Inherited Metabolic Disorders 



Chapter 3  Results 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders          65 

3.1 Family A: L-2-Hydroxyglutaric Aciduria 

L-2-hydroxyglutaric aciduria (L2HGA) is a rare autosomal recessive neuro-

degenerative metabolic disorder (OMIM #236792) which occurs due to the 

accumulation of L-2-hydroxyglutaric acid (LGA) in urine, plasma and cerebrospinal 

fluid (CSF) (Duran et al., 1980; Chen et al., 1996). The phenotypic features of this 

organic aciduria are diverse, including developmental delay, cerebellar ataxia, 

epilepsy, severe intellectual disability and macrocephaly (Barth et al., 1992; Hanefeld 

et al., 1994; Barth et al., 1998; Steenweg et al., 2009). The onset of disease has been 

reported to occur at an early age with severe epileptic fits or neurodegeneration but it 

can appear in adulthood with less severe presentations. There are also reports of 

increased incidence of the development of brain tumours due to progression in 

L2HGA (Moroni et al., 2004; Haliloglu et al., 2008; Aghili et al., 2009; Steenweg et 

al., 2010). 

The diagnosis of L2HGA comprises of biochemical, radiological and genetic testing. 

For baseline investigations, magnetic resonance imaging (MRI) is used. The MRI 

abnormalities seen in the subcortical cerebral white matter, putamen, caudate nucleus, 

globus pallidus, and dentate nucleus are unique to L2HGA (Topcu et al., 2004; Seijo-

Martinez et al., 2005; Topcu et al., 2005; Vilarinho et al., 2005; Goffette et al., 2006; 

Steenweg et al., 2009; Steenweg et al., 2010; Vilarinho et al., 2010). 

The disease causing gene is L-2-hydroxyglutarate dehydrogenase (L2HGDH-

NM_024884.2) which is located on chromosome 14q22.1 (MIM 609584) and 

comprises of 10 coding exons spanning 75 kb and is expressed various tissues with 

the highest expression found in the brain (Topcu et al., 2004; Jellouli et al., 2014). 

L2HGDH encodes a protein of 463 amino acids, specifying a mitochondrial targeting 
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sequence and a domain for family of FAD-dependent enzymes (Topcu et al., 2004; 

Balaji et al., 2014). L2HGDH is a mitochondrial enzyme which catalyzes oxidation of 

L-2-hydroxyglutarate (L2HG) to α-2-ketoglutarate (α2KG); a mitochondrial 

membrane bound metabolic product (Rzem et al., 2004; Topcu et al., 2004; Rzem et 

al., 2007; Struys et al., 2007; Van Schaftingen et al., 2009; Jellouli et al., 2014). 

Several studies based on the rat brain have shown that oxidative stress and an 

imbalance in homeostasis are the basis of L2HGA pathogenesis (da Silva et al., 2003; 

Latini et al., 2003). Recently, an in vivo study on rats has shown that L-2HG 

intensifies striatal and cerebellar damage probably through oxidative stress induction 

(da Rosa et al., 2015; Rzem et al., 2015). It was also suggested that the deficiency or 

halted function of this enzyme lead to the toxic levels of L-2-hydroxyglutaric acid in 

body which had pathogenic impact on central nervous system (Faiyaz-Ul-Haque et 

al., 2014). Treatment of L2HGA is under investigation; case reports have described 

positive effects of flavin adenine dinucleotide (FAD) in combination with 

levocarnitine chloride in one patient and riboflavin, a precursor of FAD, in another 

patient (Yilmaz et al., 2009). 

Genetics of L-2-hydroxyglutaric aciduria was firstly explored when linkage analysis 

established with the candidate region harbouring L2HGDH gene on chromosome 

14q22.1 (Topcu et al., 2004). Several mutations in L2HGDH have been documented 

in various ethnic groups worldwide which are submitted in the Leiden Open Variation 

Database (http://grenada.lumc.nl/LOVD2/vumc/home.php?select_db=L2HGDH). 

There are different patterns of L2HGDH mutations comprising missense, nonsense, 

frameshift and splice site and very few large deletion mutations (Jellouli et al., 2014). 

At present, the database holds 76 unique nucleotide variants in 256 individuals who 

are familial or sporadic cases (Topcu et al., 2004; Vilarinho et al., 2005; Goffette et 

http://grenada.lumc.nl/LOVD2/vumc/home.php?select_db=L2HGDH
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al., 2006; Larnaout et al., 2008; Sass et al., 2008; O'Connor et al., 2009; Steenweg et 

al., 2010; Vilarinho et al., 2010; Najmabadi et al., 2011). Recent studies have 

identified some new variations in this organic aciduria (Jellouli et al., 2014; Tai and 

Zhang 2015; Yamamoto et al., 2015). These mutations are described as homozygous 

or compound heterozygous for these alleles mostly with missense variations. Six 

pathogenic mutations in exon 2 of L2HGDH have been documented in different 

populations in patients within the L2HGA clinical spectrum.  

Present study describes the clinical presentation and mutation analysis of L2HGDH in 

a Pakistani consanguineous family with a metabolic neurological disorder. We have 

identified a novel missense (NM_024884.2: chr14:50302980C>T; c.G178A; 

p.Gly60Arg) mutation which is co-segregating with disease phenotype in this family. 

3.1.1 Results of Family A 

3.1.1.1 Clinical description 

A 16 years old girl (IV-4) was presented to hospital with history of fits/seizures since 

the 8 months of age. At age of 13 years, she had a recurrence of seizures with 

increased frequency. The seizures were generalized tonic clonic seizures and occurred 

mostly at night. She was on divalproex sodium but discontinued 06 months back 

against advice. She presented with developmental delay and was mentally dull. Her 

elder sister (IV-6) and brother (IV-1) had epilepsy and intellectual disability. Similar 

symptoms were present in her three first cousins as well (IV-8, IV-9, and IV-10), 

although no in depth clinical evaluations were performed. 

On physical and clinical examination, she was alert, mentally handicapped with an 

ataxic gait. Manual muscular testing did not note any weakness of limbs, but mild 

finger and nose ataxia were seen along with the retarded speech capability. Her deep 
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tender reflexes were +++ and symmetrically preserved, while the plantar responses 

were bilaterally flexor. Clinical investigations were suggestive of an inherited 

syndrome with epilepsy, intellectual disability and ataxia. Her brain MRI showed 

diffuse T2 hyperintense signals abnormality in the subcortical white matter, bilateral 

symmetrical T2 hyperintense signals in bilateral basal ganglia and mild cortical 

cerebellar atrophy. Electroencephalogram (EEG) showed moderate diffuse 

encephalopathy/moderate diffuse brain dysfunction and epileptiform activity arising 

from the right hemisphere was also observed (Figure 3.1). No metabolic testing was 

recommended due to unavailability of in house facility. 

3.1.1.2 Homozygosity mapping by SNP microarray 

In family A, homozygosity mapping using Illumina CytoSNP-12v2.1 330K arrays 

discovered a 24.5 Mb (hg38: chr14: 37575091-62092873) homozygous segment 

(Figure 3.2) flanked by SNPs rs11620941 and rs2244057, encompassing total 327 

gene including a candidate L2HGDH gene. 

3.1.1.3 DNA sequencing 

Dideoxy sequence analysis of L2HGDH revealed a novel missense variant 

(NM_024884.2: g.50302980C>T; c.178G>A; p.Gly60Arg) in exon 2 which was 

homozygous in all affected individuals, and was found to be heterozygous in the 

parents and unaffected siblings (Figure 3.3). The variation was not present in 150 

chromosomes of Pakistani ancestry. 

3.1.1.4 Computational analysis 

The residue Gly60 of L2HGDH resides in the helix region. This short non-polar 

glycine residue is replaced in the mutant by the larger, more positively charged and 

hydrophilic arginine residue. The Gly60Arg point mutation is predicted to produce a 
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minor local conformational change due to the difference in the observed contacts and 

surface area. The native amino acid residue is only involved in intermolecular 

interactions with threonine at position 90 while the replaced basic arginine introduces 

an electrically charged basic guanidium group which, unlike glycine, has more 

hydrogen bonding capabilities leading to the formation of an inter molecular 

hydrogen bond with Thr90 as well as with Arg196 and Thr195. This leads to a slight 

local perturbation of the helix conformation for mutated protein (Figure 3.4). 

3.1.1.5 Discussion 

This study describes clinical and genetic evaluation of a novel mutation in L2HGDH 

gene found in a large Pakistani consanguineous pedigree. Affected individuals of the 

family showed diffent neurological symptoms including epilepsy, intellectual 

disability and ataxia. Homozygosity mapping revealed that phenotype is mapped to 

chromosome 14q22.1 and a novel mutation in exon 2 of L2HGDH gene was identified 

as the likely cause. This is second report of L2HGDH mutation in a Pakistani family; 

previously a nonsense mutation (R335X) was reported in a family with showing a 

metabolic neuro-degenerative disorder from Pakistan in a consanguineous family with 

two affected individuals (Sass et al., 2008).  

In general, the diagnosis pattern by clinical and radiologic modalities in our family 

established that the phenotype is that of a slowly progressive neurodegenerative 

disease with cerebellar ataxia, fits/convulsions, delay in growth, and abnormal sub-

cortical white matter. Although additional phenotypic characteristics are also 

described in the literature, including macrocephaly, pyramidal and extra pyramidal 

features ( Topcu et al., 2004; Faiyaz-Ul-Haque et al., 2014), these were not found in 

our patients. MRI showed the persistent changes in sub-cortical white matter 
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abnormality in L2HGA leuko-encephalopathy while the brain stem involvement in 

other leuko-encephalopathy (Topcu et al., 2004; Topcu et al., 2005). 

L2HGDH encodes L-2 hydroxyglutaric dehydrogenase enzyme, deficiency in which 

is the key contributor for this neurodegenerative disease. A large number of families 

and cases are reported with this disease and more than 100 pathogenic mutations 

(mostly repeated in different ethnic populations) have been identified in this gene so 

far. Interestingly, the disease is mostly reported in families from Mediterranean 

origin. Numerous families with L2HGDH mutations are reported from Turkey, 

Tunisia, Italy and Lebanon (Topcu et al., 2004; Sass et al., 2008; Steenweg et al., 

2010; Jellouli et al., 2014). Mutations in L2HGDH gene, causing L2-hydroxyglutaric 

aciduria has also been summarized (Table 3.1). 

A total of 76 mutations are detected so far in different ethnic groups, with 36 

mutations found more frequently. These mutations include missense, truncated 

nonsense, frameshifts, small insertions/deletions, large insertions/deletions and 

various splice site errors and polymorphisms (Figure 3.5). There is no observable 

correlation found between a more severe phenotype and mutations leading to a 

truncated protein such as nonsense mutations or deletions (Topcu et al., 2004; Sass et 

al., 2008; Steenweg et al., 2010). There are mutations found in patients from 

different, geographically distant, origins (e.g. c.751C> T, p.Arg251X), indicating the 

independent origin of these mutations. In contrast, some mutations are found in many 

related patients from same origin indicating a probable founder affect (e.g. c.788C>T, 

p Ser263Leu), c.169G>A and c.241A>G mutations. 

Steenweg et al. (2010) in their large study for genotype-phenotype correlation in 

L2HGDH mutations concluded there was no evident clinical difference among 

patients and suggested that, when the levels of L2HG in the body are above than a 
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threshold level, clinical signs and symptoms arise. They also proposed that the small 

phenotypic variation is rather a consequence of other factors than the L2HGDH 

mutation type.  

Functional consequence of the mutation (c.178G>A; p.Gly60Arg) on protein function 

was investigated using in silico tools. This mutation was predicted to affect the 

hydrogen bonding and thus alter the stereochemistry of protein. Despite the small 

contribution made to protein stereochemistry by hydrogen bonds in Gly/Arg variants 

(as in our case), when an intramolecular hydrogen bond in a protein is disrupted, 

without the possibility of forming a compensating hydrogen bond to solvent, that 

protein will be destabilized (Ramachandran  et al., 2013). Apart from in silico tools 

some in vivo experiments can be conducted to analyze effects of this mutation. They 

may include cloning of mutated and normal gene into a suitable vector and check 

difference in their expression. Also, changes in kinetic properties of L2HGDH 

enzyme can be studied to find out the differences in these properties due to; 

p.Gly60Arg in L2HGDH gene. 

3.1.1.6 Conclusion 

A novel disease associated mutation (p.Gly60Arg) was identified in a consanguineous 

Pakistani family with six affected individuals. Molecular characterization revealed 

loss of stability of L2HGDH protein due to this mutation. Out of 76 mutaions 

identified in L2HGDH gene so far, 36 have been found in different populations. It 

may indicate presence of mutation hot spots within this gene.  
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Figure 3.1: Brain MRI and EEG representation of affected individual with 

L2DH. 

Clinical features of individuals homozygous for L2HGDH c.178G>A. Patient VI:4 at 

16 years of age, showed diffuse T2 hyperintense signals abnormality in the 

subcortical white matter (a),  bilateral symmetrical T2 hyperintense signals in bilateral 

basal ganglia (b) and cerebellar atrophy (c). EEG shows moderate diffuse 

encephalopathy and epileptiform activity ganglia (d, e) 
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Figure 3.2: Family pedigree showing L2HGDH c.178G>A genotype of affected 

individuals of L2DH. In pedigree, filled symbols represent affected individuals 

(IV:1, IV:4, IV:6, IV:8, IV:9, IV:10) while clear symbols are for normal family 

members. Simplified pedigree of the extended Pakistani family investigated, with 

pictorial representation of genotypes across ∼24 Mb of chromosome 14 

encompassing the disease locus. The stripy pattern is blue for homozygous of one 

allele (BB), while yellow pattern shows the homozygous for other allele (AA). The 

combination of blue and yellow gives the pattern of AB alleles (heterozygous). 
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Figure 3.3: Mutation Analysis in Family A with L2DH. All affected individuals 

were subsequently shown to be homozygous for the L2HGDHvariant 

NM_024884.2c.178G>A (indicated). Parental samples were heterozygous, and 

unaffected siblings were either WT or heterozygous carriers. Electropherograms 

showing the DNA sequence at the position of L2HGDH c.178G>A in (a) 

homozygous affected (IV:1), (b) a heterozygous father (III:2), and (c) unaffected 

individual (IV:5) with wild sequence control. 
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 Figure 3.4: Molecular characterization of mutation in L2HGDH 

protein.(a) Representation of Predicted structure for human L2HGDH by mean of 

Molecular Operating Environment (MOE v2013) software package, computationally 

predicted mutation is highlighted by circle (b) representation of wild type protein 

interactions (c) Mutant type protein interactions (d) Secondary structure pattern of 

predicted wild and (e) mutant type protein of human L2HGDH. 
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Figure 3.5: A schematic overview of the recognized pathogenic mutations in the 

L2HGDH gene. On the ride side the published variations are splice site errors or 

reported polymorphisms. The mutations are named according to the official 

nomenclature recommendations with Protein coding sequence. For detail, visit the 

LOVD database at http://www.LOVD.nl/L2HGDH . 

http://www.lovd.nl/L2HGDH
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Table 3.1: Updates of mutations and clinical cases of L-2 Hydroxyglutaric 

aciduria 

Families Cases 
Total 

mutations 

Known 

mutations 

Novel 

mutations 

Level of 

L2HGA 
References 

18 28 9 - 9 
Elevated in 

all cases 

(Topcu et al., 

2004) 

3 11 3 - 3 
Elevated in 

all cases 

(Rzem  et al., 

2004) 

18 21 9 1 8 

Elevated in 

17 cases, in 

remaining 

not 

determined 

(Vilarinho  et al., 

2005) 

1 2 2 - 
2 (ex9 

skipping) 

Elevated in 

both cases 

(Goffette  et al., 

2006) 

3 7 2 1 1 
Elevated in 

all cases 

(Larnaout  et al., 

2008) 

- 40 2 1 1  
(Haliloglu  et al., 

2008) 

- 1 2 1 1 
Elevated in 

both cases 

(Zafeiriou  et al., 

2008) 

17 24 13 3 10 
Elevated in 

all cases 
(Sass  et al.,2008) 

- 2 2 - 

2 Splice 

site 

variants 

Elevated in 

one case 

and not 

determined 

in other 

(Jequier Gygax et 

al., 2009) 

- 1 1 - 1 
Elevated in 

all cases 

(O'Connor  et al., 

2009) 

5 5 5 4 
1 Splice 

site 

Elevated in 

all cases 

(Vilarinho  et al., 

2010) 
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variants 

83 106 53 18 35 
Elevated in 

all cases 

(Steenweg  et al., 

2010) 

1 4 1 1 - 
Elevated in 

all cases 

(Najmabadi  et 

al., 2011) 

2 3 - - - 
Elevated in 

all cases 

(Kamate  et al., 

2014) 

4 16 3 3 - 
Elevated in 

all cases 

(Faiyaz-Ul-Haque 

et al., 2014) 

6 14 1 1 - 
Elevated in 

all cases 

(Jellouli  et al., 

2014) 

- 1 2 1 1 
Elevated in 

all cases 

(Yamamoto  et 

al., 2015) 

- 1 2 1 1 
Elevated in 

all cases 

(Tai and Zhang, 

2015) 

1 6 1 - 1 
Not 

determined 
Present study 

162 283 
112 (36 

repeated) 
36 76 Total 
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3.2 Family B: Alpha-mannosidosis 

Alpha-mannosidosis (MIM #248500) is a neuro-metabolic disease with lysosomal 

storage of proteins as a result of alpha-mannosidase deficiency (MAN2B1; 

EC3.2.1.24). MAN2B1 is an enzyme which is implicated in controlling the metabolic 

degradation of N-linked oligo-saccharides in lysosomes, there it gives unique α1-2-, 

α1-3 and α1-6 mannosidic subunit linkages present in high mannose and N-linked 

type of glycans (Aronson and Kuranda, 1989). Alpha-mannosidosis is an uncommon 

disease (1 in 300,000 to 1 in 500,000) but is revealed to be worldwide insidious. The 

major clinical distinctiveness of this disease includes intellectual debility, immune 

deficit, hearing loss, facial and skeletal abnormalities. On the other hand, clinical 

appearances fluctuate very much suggesting a range in severity of phenotypes (Beck 

et al., 2013; Malm et al., 2014).  

For alpha-mannosidosis, the important clinical subtypes have been pointed out: type 1 

is a mild presentation with juvenile onset and slow progression; type 2: an 

intermediate type of earlier onset before 10 years of age, due to skeletal anomalies 

and slowly disease developing; type 3: a severe form of the disease starts quickly after 

birth lead to death due to CNS impairment (Malm and Nilssen, 2008). Till now, 

treatment options for alpha-mannosidosis are lacking, nevertheless, choice of enzyme 

replacement therapy revealed the hopeful results (Borgwardt et al., 2013) and bone 

marrow transplantation described to improve the conditions of some patients while 

raised some severe complications in others (Mynarek et al., 2012). 

The human MAN2B1 gene is the causative for this lysosomal disease and situated on 

chromosome 19p13.2 (Gonzalez et al., 1999). It spans 21.5 kbp nucleotides with 24 

coding exons (Riise Stensland et al., 1997) and encodes 1011 amino acids polypeptide 
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(Riise Stensland et al., 2012). MAN2B1 is generated as a single chain precursor, 

which is separated into three glycopeptides. Moreover, the peptide is somewhat 

proteolyzed into three subunits of peptides (Nilssen et al., 1997). In cells, MAN2B1 

showed some expression, and then through western blot analysis, MAN2B1 is found a 

120 kDa product, which represents the processed or unprocessed derivative peptides 

like the abc-peptide, the ab-peptide, and the d-peptide. In cell culture, the secreted 

product of MAN2B1 was found a 120 kDa unprocessed precursor (Hansen et al., 

2004; Kuokkanen et al., 2011). 

Depending on the causative MAN2B1 mutation, mutant MAN2B1 proteins have ben 

identified in sub-cellular compartments such as endoplasmic reticulum (ER) and 

lysosomes. For instance, the protein can be folded incorrectly and arrested in the ER, 

or it can be folded correctly and transported to the lysosomes in an inactive form 

(Hansen et al., 2004; Kuokkanen et al., 2011). 

Till present, about 127 mutations of MAN2B1 gene have been associated with alpha-

mannosidosis disease (HGMD Professional 2015.1 

(https://apex.jupiter.no/apex/f?p=101:5:4143948242291161::NO). The spectrum of 

mutations has spread in more than 40 different populations expanding the horizon to 

five continents (Riise Stensland et al., 2015). The muttions in MAN2B1 are distributed 

on entire the gene and include different types like insertions, deletions, duplications, 

nonsense, the splice site and missense mutations. Although, the mutations are reported 

private; though, some mutations are detected with the higher rate in some specific 

population like the Caucasian population, carryin about 35% of the alpha-

mannosidosis alleles (Riise Stensland et al., 2012). Recently, a study described the 

establishment of an alpha-mannosidosis database; amamutdb.no, which comprises of 

https://apex.jupiter.no/apex/f?p=101:5:4143948242291161::NO
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all information relevant to the MAN2B1 variants (Riise Stensland et al., 2015). 

Database appears in two versions: A full, password secured version, that is made part 

of the EU projects HUE-MAN (http://www.uni-kiel.de/Biochemie/hue-man) and 

ALPHA-MAN (http://www.alpha-man.eu) and the other si public restricted version 

contains sensitive information and unpublished data is removed. These databases gave 

a outline of nucleotide variations associated with alpha-mannosidosis and also 

mention other details of genotype, geographical and clinical data. In this database, the 

missense mutations are precisely documented for therir biochemical, intracellular, and 

structural consequences (Hansen et al., 2004; Sbaragli et al., 2005; Pittis et al., 2007; 

Kuokkanen et al., 2011; Riise Stensland et al., 2012; Riise Stensland et al., 2015). 

Recently, genotype-phenotype correlation has been studied in alpha-mannosidosis by 

categorizing the group into three genotypic/sub-cellular localization sub-groups and 

studying the correlation between the sub-groups and the individual results of clinical 

and biochemical tests (Borgwardt et al., 2014).  

In this study, a consanguineous Pakistani family with diverse phenotypes was 

recruited. Homozygosity mapping by SNP-microarray identified three homozygous 

regions. Further testing by whole exome sequencing and DNA sequencing identified a 

novel missense mutation of MAN2B1 gene (NM_000528.3: g.T12758367A; 

c.A2710T; p.Thr904Ser) which is co-segregated precisely in this phenotype. 

http://www.uni-kiel.de/Biochemie/hue-man
http://www.alpha-man.eu/
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3.2.1 Result of Family B 

3.2.1.1 Clinical Presentation 

A 12 years old boy (IV:4) was presented to a neurologist with history of movement 

disorders and intellectual disability. The affected individual was normal at birth and 

during early growth. The facial dysmorphism was noted at the age of 08 years and 

was with skeletal abnormalities. His two sisters were also affected more or less with 

similar presentations. One brother and sister of his mother were also affected. The 

phenotype was presenting in an autosomal recessive pattern and his parents were 

blood relation cousins. 

On physical examination, he was alert and oriented. He was noted with movement 

hurdles, difficulties with thinking, learning, feeling, communication, and behavior. He 

was presented with multiple infections with mild to moderate dysostosis multiplex. 

The facial dysmorphism was observed with prominent forehead, rounded eyebrows, 

flattened nasal bridge. There was also no history of hearing loss and visual problem. 

On neurological examination, there was progressive loss of motor function with 

delayed speech. Other associated motor function anomalies include muscular 

weakness, joint abnormalities and ataxia. On the basis of these findings, a complex 

syndrome was suggestive with more prone to be cerebral palsy. 

3.2.1.2 Homozygosity Mapping by SNP Genotyping 

In family B, homozygosity mapping revealed a 9.6 Mb (hg38, chr19: 3906868-

13519929) homozygous segment (Figure 3.6) flanked by SNPs rs4807526 and 

rs8113506, encompassing the MAN2B1 gene. A high density Illumina CytoSNP-

12v2.1 330K array contains large number of SNPs and therefore can result in higher 

rate of non-informative genotypes, particularly in consanguineous families. Primarily 
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we analyzed data with default block length but it yields several false negative results. 

But after customizing block length at value 700 (higher the block value, larger will be 

homozygous block of SNPs), homozygous regions (shared by four affected 

individuals III:3, III:4, IV:4 and IV:5) were identified on chromosome 16 and 19 

(Figure 3.7). A high block value (700) was used to reduce number of false negative 

produced due to extensive stretches of uninformative SNPs. These include 9.6 Mb 

regions on chromosome 19p13.2 flanked by SNPs rs4807526 and rs8113506, 2.6 Mb 

region on 16p11.2 flanked by SNPs rs9926100 (29647342) and rs28483813 (chr16: 

32289939) while 21.0 Mb region identified on chromosome 16q11.2 was present 

between SNPs rs8060373 (chr16: 34339301) and rs13337095 (chr16: 55404755) 

(Table 3.2). 

3.2.1.3 Whole Exome Sequencing and Co-segregation Analysis 

The potential pathogenic candidate variants from the stratification of whole exome 

data were assessed by “Mutation Taster” and other bioinformatics tools. MAN2B1 

variant was focused as it was the most suitable candidate gene related to the 

phenotype. To confirm variant identified by whole exome sequencing, unique primers 

of exon 22 of MAN2B1 were designed and PCR amplified. Purified products were 

analyzed using dye-terminator chemistry and electrophoresed on an ABI 3130XLA 

capillary sequencer (Applied Biosystems). A novel missense mutation (c. A2710T; 

p.Thr904Ser) was found segregated in the family. An ethnically matched 100 

chromosomes were analyzed and found negative for this variant (Figure 3.8). 

Polyphen, SIFT and Provean tools predicted the damaging and deleterious effect of 

this mutation on protein function.  
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3.2.1.4 Homology of Protein MAN2B1 

In case of normal protein, the Thr 904 forms a hydrogen bond with the nearby Arg 

916 residue whereas in the case of mutant lost hydrogen bonding (Figure 3.9). 

3.2.1.5 Discussion: 

Alpha-mannosidosis (MIM #248500) is a rare disorder of lysosomal storage which 

occurs due to the deficiency of lysosomal alpha-mannosidase enzyme. Clinical 

presentations are variable and there is a wide range of heterogeneity. Most common 

features include intellectual disability, hearing impairment, motor function 

disturbances, facial coarsening, musculoskeletal abnormalities and immune 

deficiency. Additionally, more clinical features are described including cataract, 

neuromuscular weakness, hepatomegaly and macrocephaly etc. In this study, a multi-

generation pedigree was recruited with intellectual disability, skeletal abnormalities 

with some additional phenotype and performed SNP genotyping. There were three 

homozygous regions which were shared by all the affected individuals. In initial 

screening to search for candidate genes in all three regions, “Pubmed” searching did 

not reveal any candidate variant. Therefore, one affected individual was processed for 

whole exome sequencing and the data analysis detected some potential pathogenic 

variations. Co-segregation analysis by DNA sequencing confirmed MAN2B1 

missense (c.A2710T; p.Thr904Ser) mutation which is perfectly segregated in the 

family. Some bioinformatic tools predicted the pathogenic role of this mutation. The 

variant (p.Thr904Ser) is at low frequency in EXAC database, but there are no 

homozygous alleles for the variant in any database. In other words, these individuals 

who are heterozygous (13 are listed in ExAC) are carriers of a potentially pathogenic 

recessive disease allele. The presence of a variant in heterozygous state in a database 

does not mean that it is not disease-causing. 
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In MAN2B1, till present about 127 mutations are identified and out of these 43 (27%) 

missense mutations. The most common missense mutation found so far is c.C2248T 

(p.Arg750Trp) which is reported in 74 patients worldwide (Riise Stensland et al., 

2015). To analyze the common ancestor for this c.2248T alleles from different 

populations due to widespread distribution of this recurrent mutational event, the 

haplotype analysis was carried out in all patients having c.2248T alleles of the 

MAN2B1 gene by using three intragenic SNPs and two flanking multi-allelic markers 

mapping about 44 kb 5' and 164 kb 3' respectively (Borgwardt et al., 2015). The 

studying of only the intragenic SNPs, about 95% of the c.C2248T alleles were found 

in one major allele and three minor haplotypes were observed. In minor haplotypes, 

the alleles in Turkish, German and Polish background may be elucidated as a result of 

single recombination events; while third minor allele in German group did not infer 

this mechanism and most probably it was a consequence of an independent mutation 

event. The widening of haplotype analysis to the flanking microsatellite markers, 

about 72% alleles associated with phase-determined pattern were still of the similar 

haplotype. This type of association degeneration is possibly due to recombination 

events in combination of increased mutation rate of microsatellite markers. The 

c.C2248T has perhaps happened on a few, ancestral haplotype backgrounds where the 

major haplotype successively has spread by founder effects in all over Europe, and 

apparently present into the New World (United States, Australia, and Chile) by 

migration. It is estimated 100% for all Russian disease alleles, the c.2248T allele 

frequency in this study decreases through Poland (0.50), Germany (0.44), France 

(0.29), The Netherlands (0.20) and the Great Britain (0.10). This explains an East to 

West decreasing gradient in entire Europe and proposes that the c.2248T allele 
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ascended in Eastern Europe. Previously, five Pakistani cases had been also reported 

for MAN2B1 mutations (Riise Stensland et al., 2012). 

Some studies highlighted the correlation of phenotype-genotype in the patients with 

alpha-mannosidosis phenotype. Earlier, there is no exact association between 

genotype and severity of the disease. The phenotypic variability is huge, even though 

the affected individuals with similar genotypes differ in their clinical presentations 

(Mitchell et al., 1981; Michelakakis et al., 1992; Ara et al., 1999; Malm and Nilssen, 

2012; Govender et al., 2013). In a most recent report, the molecular basis of alpha-

mannosidase deficiency and the phenotype relationship has been studied 

systematically. In this study, the scientists categorize the genotype with subcellular 

localization groups. The results indicate a correlation between the MAN2B1 

genotypes and the cognitive function, upper limb coordination, balance, forced vital 

capacity (FVC%) and the storage of oligosaccharides in CSF. This correlation 

depends on the subcellular localization of the mutant MAN2B1 protein (Borgwardt et 

al., 2015). In present study, a novel mutation (c.A2710T; p.Thr904Ser) was 

segregated in Pakistani family. Homology analysis predicted that amino acid 

threonine at 904 makes hydrogen bonding with amino acid arginine at 916. Due to 

replacement of threonine at 904 with serine resulting loss of hydrogen interactions 

resulting in partial or incomplete function of protein. 

3.2.1.6 Conclusion:  

In present study, combination of SNP-microarray and exome sequencing identified a 

novel homozygous mutation (c.A2710T; p.Thr904Ser) in a multi-generation Pakistani 

family. Computation analysis predicted the loss of interaction of hydrogen bonds in 

the mutant protein. There are very few reports from highly inbred Pakistani 
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population about mutations of MAN2B1 gene, although there is huge consanguinity 

and large family sizes in Pakistani population.  It may be due to the fact that these 

complex disorders are not diagnosed properly. The biochemical testing for the 

intermediate products excreted in urine are also lacking both in public and private 

sectors hospitals/labs of the country. This shows the failure of proper diagnosis of 

these rare diseases due to lack of facilities and clinical expertise. 
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Figure 3.6: Ppedigree and pseudohaplotype showing MAN2B1 c.A2710T 

genotype of affected individuals (III:3, III:4, IV:4 and IV:5) in Family B. In 

pedigree, filled symbols represent affected individuals (III:2, III:3, IV:4, IV:6) while 

clear symbols are for normal family members. Simplified pedigree of multi-

generation Pakistani family investigated with alpha-mannosidosis, with pictorial 

representation of genotypes across 9.4 Mb of chromosome 19 encompassing the 

disease locus. The stripy pattern is blue for homozygous of one allele (BB), while 

yellow pattern shows the homozygous for other allele (AA). The combination of blue 

and yellow gives the pattern of AB alleles (heterozygous). 

rs4807526 -rs8113506

chr19:3906868-13519929 [hg 38]

Genes 361
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Figure 3.7: Image of SNP data analysed in family B by Homozygosity Mapper. It 

is showing three significant regions (red bars) of homozygosity-by-descent (HBD) on 

chromosome 19 and 16. 

Table 3.2:  Description of SNP data analysed by Homozygosity Mapper in 

Family B 

Chr. Cytogenetic band Start SNP End SNP 

Region 

size (Mb) 

Total Genes 

16 16p11.2 rs9926100 rs28483813 2.6 37 

16 16q11.2 rs8060373 rs13337095 21.0 457 

19 19p13.2 rs4807526 rs8113506 9.6 361 
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Figure 3.8: Mutation Analysis in Family B with Alpha-mannosidosis. 

Electropherograms of DNA sequencing shows that affected individuals (III:3) was 

subsequently shown to be homozygous for MAN2B1 variant c.A2710T; p.Thr904Ser 

(indicated) (a) parental sequence was heterozygous for MAN2B1 variant (b) while 

unaffected sibling was wild type or heterozygous carriers (c). 
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Figure 3.9: Molecular characterization of MAN2B1 protein for mutation 

p.Thr904Ser. In case of normal protein, the Thr 904 forms a hydrogen bond with the 

nearby Arg 916 residue (a) whereas in the case of mutant lost hydrogen bonding (b).  
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 CHAPTER 4 

Results II- Progressive Neurodegenerative Disorders 
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4.1 Amyotrophic Lateral Sclerosis 

Amyotrophic lateral sclerosis (ALS, OMIM #105400) is a diverse motor neuron 

disease originated due to progressive loss of motor neuron that lead to weakness, 

atrophy, paralysis and ultimately the death of muscles. In ALS patients, endoplasmic 

reticulum (ER) stress and abnormal function of mitochondria act as pathogenic 

contributor and enhances the severty of disease (Shi et al., 2010). Furthermore, ALS 

also invovles neurological presentations of fronto-temporal lobar dementia (FTLD) 

and about 15% expected FTLD cases appeared due to motor neuron disease (MND) 

(Burrell et al., 2011). The overlapping of phenotypes and different pathological 

characteristics are carried out in familiar pathways for mounting neuro-degeneration 

(Fecto and Siddique, 2011). ALS is classified into familial and sporadic types. From 

previous studies, it is described that about 5% of ALS cases are familial (Byrne et al., 

2011). The familial ALS (fALS) is a hereditary condition which can be X-linked 

manner, autosomal dominant and autosomal recessive or manner. 

There are various genes associated with familial ALS which consists of superoxide 

dismutase 1 (SOD1), vesicle-associated membrane protein-associated protein B and C 

(VAPB), TAR DNA-binding protein (TARDBP), FUS RNA-binding protein (FUS) 

and chromosome 9 open reading frame 72 (C9ORF72) and sigma receptor 1 

(SIGMAR1) (Millecamps et al., 2010; Renton et al., 2014; Ullah et al., 2015). From 

these genes in fALS, frequencies of the mutations investigated in these genes carried 

about 20% in SOD1 gene (van Es et al., 2010), about 5% genes like TARDBP and 

FUS (Kwiatkowski et al., 2009), more than 40% in C9ORF72 (Majounie et al., 2012) 

and other mutations are linked to Sigma receptor 1 (SIGMAR1) gene, senataxin 

(SETX), alsin, spatacsin, angiogenin (ANG), factor induced gene 4 (FIG 4), optineurin 

(OPTN), and perhaps some other unknown genes (Tagashira et al., 2014; Su et al., 
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2014). A list of autosomal dominant, recessive and X-linked genes associated with 

isolated ALS or with syndromic features is outlined in Table 4.1. 

The SIGMAR1 (σ1R) protein is ER chaperone which has a main role in 

neuroprotection by ion regulation and controls the deposition of abnormal or 

misfolded proteins (Luty et al., 2010; Hayashi and Su, 2007). It is obvious that σ1R 

restricts to ER membrane of mitochondria and play role in function of Ca2+ exchange 

htrough ER into mitochondria during inositol receptors and engrosses in regulation of 

K+ ions. It is also stated that the knockdown of σ1R expands ER stress based 

apoptosis (Hayashi and Su, 2007). Similarly, deficient of σ1R in neuro-blastoma 

Neuro2A cells shattered Ca2+ transport through membrane (Shioda et al., 2012). In 

vivo, knockout (KO) mice for σ1R function displayed motor neuron insufficiency 

(Mavlyutov et al., 2010). 

Previously, ALS16 causative of SIGMAR1 variations/mutation (c.304G>C; p.E102Q) 

has been reported in a Saudi Arabian family with ALS-FTLD and indicated the high 

expression to ER stress of SIGMAR1 resulting into premature cell lysis (Al-Saif et al., 

2011). In another study, genetic mapping localized the families of Dutch and 

Scandinavian origin to chromosome 9p13.2-21.3 with phenotype of fALS associated 

with FTD and mutation detection confirmed nucleotide variation in 3′-UTR of 

SIGMAR1 gene (Morita et al., 2006). Luty et al. reported 3′ UTR nucleotide variation 

of SIGMAR1, which is connected with a distorted and dysregulated SIGMAR1 

transcription (Luty et al., 2010). Also several variants of 3′ UTR in SIGMAR1 are 

identified in FLTD as these ALS and FLTD entities came across with common 

pathological spectrums (Millecamps et al., 2010). In a previous study, 3′ UTR variant 

of SIGMAR1 in ALS patient of Caucasian origin was investigated for hexa-repeat 

expansion of C9ORF72 gene (Belzil et al., 2013). Formerly, these repeat expansions 
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were reported in FLTD and fALS linking chromosome 9p (Renton et al., 2011; 

DeJesus-Hernandez et al., 2011). Remarkably, some of these variants co-exist with 

hexanucleotide repeat expansion in C9ORF72 but it stood unclear about the 

involvement of SIGMAR1 and C9ORF72 in ALS (Tagashira et al., 2014). In a 

previous report, a 3′ UTR nucleotide variation of SIGMAR1 was documented in 

Korean population presenting with sALS (Kim et al., 2014). 

In present study, a consanguineous Pakistani family showing autosomal recessive 

ALS without signs of FTLD was linked to chromosome 9p13.2. A novel nucleotide 

variation (NM_001282207.1: chr9:34635601T>C; c.A672*31G) in 3′-UTR region of 

SIGMAR1 gene was identified. Different bioinformatics tools predicted that the 

variant is a preserved sequence and may be concerned in microRNA target (Ullah et 

al., 2015). 
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Table 4.1: Genes involved in ALS 

Locus Chr. Gene Function Mode Onset Diagnosis References 

ALS1 21q22.11 SOD1 oxidative stress AD/A

R 

Adult ALS, PMA (Rosen et al.,1993) 

ALS2 2q33.2 ALSIN guanine nucleotide 

exchange factor 

AR Juvenile ALS, PLS, 

HSP 

(Hand et al., 2003) 

ALS3 18q21 Unknown Unknown AD Adult ALS (Hand et al., 2002) 

ALS4 9q34.13 SETX DNA/RNA 

helicase 

AD Juvenile ALS, AOA2 (Chen et al., 2004) 

ALS5 15q21.1 SPG11 transmembrane 

protein 

AR Juvenile ALS, HSP (Daoud et al., 2012) 

ALS6 16p11.2 FUS pre-mRNA 

splicing and 

export 

AD Adult ALS, FTLD (Chio et al., 2009) 

ALS7 20p13 Unknown Unknown AD Adult ALS (Sapp et al., 2003) 

ALS8 20q13.33 VAPB vesicular 

trafficking 

AD Adult ALS, SMA (Nishimura et al., 

2004) 

ALS9 14q11.1 ANG blood vessel 

formation 

AD adult ALS, FTLD, 

PD 

(Greenway et al., 2006) 

ALS10 1p36.22 TARDBP regulator of AD Adult ALS, FTLD, (Sreedharan et al., 
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transcription/splici

ng 

PD 2008) 

ALS11 6q21 FIG4 phosphoinositide 

phosphatase 

activity 

AD Adult ALS, PLS, 

CMT 

(Chow et al., 2009) 

ALS12 10p13 OPTN ocular tension, 

vesicular 

trafficking 

AD/A

R 

Adult ALS, POAG (Maruyama et al., 

2010) 

ALS13 12q24.12 ATXN2 Unknown AD Adult ALS, FTLD, 

SCA2 

(Elden et al., 2010) 

ALS14 9p13.3 VCP ATP-binding, 

vesicle 

transport/fusion 

AD Adult ALS, FTLD, 

CMT, HSP 

(Johnson et al., 2010) 

ALS15 Xp11.2.1 UBQLN2 ubiquitination, 

protein 

degradation 

X-

linked 

adult, 

juvenile 

ALS-FTLD (Deng et al., 2011) 

ALS16 9p13.3 SIGMAR1 endoplasmic 

reticulum 

chaperone 

AR Juvenile ALS-FTLD (Luty et al., 2010) 

ALS17 3p12.1 CHMP2B vesicular 

trafficking 

AD Adult ALS, PMA, 

FTLD 

(Parkinson et al., 2006) 

ALS18 17p13.3 PFN1 cytoskeletal AD adult ALS, FTLD (Wu et al., 2012) 
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dynamics 

ALS19 2q33-q34 ERBB4 epidermal growth 

factor receptor 

AD adult ALS (Takahashi et al., 2013) 

ALS20 12q13.1 HNRNPA

1 

RNA metabolism AD adult IBMPFD/AL

S 

(Kim et al 2013) 

ALS21 5q31.2 MATR3 RNA metabolism AD adult ALS, 

VCPDM 

(Johnson et al., 2014) 

ALS-

FTLD1 

9q21-q22 unknown Unknown AD adult ALS-FTLD (Hosler et al., 2000) 

ALS-

FTLD2 

9p21.2 C9ORF72 Unknown AD adult ALS-FTLD (DeJesus-Hernandez et 

al., 2011, Renton et al., 

2011) 

Charcot Marie Tooth (CMT), Progressive Muscular Atrophy (PMA) Primary Lateral Sclerosis (PLS), Ataxia oculomotor apraxia type 2 (AOA2), Spinal Muscular 

Atrophy (SMA), Primary open angle glaucoma (POAG), spinocerebellar ataxia 2 (SCA2), Parkinsonism disease (PD), vocal cord and pharyngeal weakness with 

distal myopathy (VCPDM), Hereditary spastic paraplegia (HSP) 
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4.1.1 Results of Family C (ALS) 

4.1.1.1 Clinical description 

An affected male of 30 years was presented the history of loss of upper limbs and then 

underwent spasm in his lower appendages. He showed history of holding difficulty. 

One of his sisters also presented with similar but milder symptoms and his parents 

were blood relation cousins. 

On examination, he was noted for fasciculation in his tongue, and moderate spastic 

gait. He showed severe loss of muscle of the hands including Intrinsic muscles, 

Thenar, FDI and Hypothenar,) and reduced power in the Deltoid bilaterally. The 

reflexes of deep tender were positive (+++) which were bilaterally brusque. There 

were noted bilateral planter responses which were extensor. At examination, his sister 

was 36 years of age, presented with mild wasting of distal muscles having sharp 

reflexes in deep tender and planter responses were extensor. 

Cervical spine MRI was advised which reamarkably normal appeared. Neurological 

examinations like NCS and EMG exhibited fibrillation potentials and positive sharp 

waves in the side of muscles. The left deltoid muscle was reported for fibrillation and 

fasciculation potentials. In left TA muscle, the fasciculation was noted muscle. There 

normal motor unit potentials to the high amplitude with normal to long duration and 

decreased pattern of interference. NCS of sensory nerves were normal while motor 

nerves showed condensed CMAP amplitudes of bilateral median, ulnar and radial 

nerves perhaps due to muscular atrophy. The clinical description was possibly 

associated with motor neuron disease/familial ALS. 
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4.1.1.2 Gene mapping 

Family C associated of familial ALS was linked to SIGMAR1 gene located on 

chromosome 9. From available informative and amplified microsatellite markers; 

D9S1118 (57.01 cM) and D9S1817 (59 cM) showed homozygosity in both affected 

individuals and heterozygous in the parents. Also, in the same region locus for 

C9ORF72 is sharing the chromosomal location and gene mapping was carried out and 

there was no linkage (Figure 4.1). Our family has showed a novel nucleotide variant 

c.672*31A>G in 3′-UTR region of SIGMAR1 gene. This variant was screened in

normal family member and 100 healthy controls from the same population and did not 

find the described variation. 

4.1.1.3 DNA sequencing 

DNA sequencing was carried out for coding and UTR region of SIGMAR1. Affected 

individuals showed a novel homozygous c.672*31A>G, 3′-UTR of SIGMAR1 gene 

(Figure 4.2) and with wild sequence. This was absent in about 100 control 

chromosomes of similar ethnic group. In six primates, the comparative genomic 

analysis of SIGMAR1 gene for two 3`UTR was performed and altered base pairs in 

human found linked with ALS (C-672*26 and A-672*31). A schematic diagram of 

SIGMAR1 gene is presenting spectrum of previous mutations and nucleotide 

variations in exons and UTR regions of the gene (Figure 4.2). 

4.1.1.4 Computational Analysis 

The nucleotid variation, c.672*31A>G in the 3′ untranslated region of SIGMAR1 gene 

was analysed for the probability that it can disturb the intronic splicing. Two 

important web tools, GENSCAN and NNSPLICE 0.9 did not reveal any splicing 

errors. Due to alteration in the sequence, regulatory RNA motif and Element Finder 
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program detected the disturp in the binding site of miRNA [has-miR-1205] (Figure 

4.3). The binding region for this miRNA is anticipated between sequence of 696 and 

715 bps in 3′-UTR (minimum free energy of hybridization=−18.00, score 146), and 

the c.672*31A>G variation is present at 703 base 

(http://regrna.mbc.nctu.edu.tw/php/showtable.php?ColorRegion=FileDir=tmp/201502

17/152146&SeqID=152146&MotifInfo=miRNA%20Target%20Sites&MotifType=mi

randa). In this region of DNA sequence, another variant of 3′-UTR of SIGMAR1 gene 

(c.672*26C>T) was present in the same vicinity and earlier described in neuro-

degeneration. ESEFinder analysis exhibited that this variation (c.672*31A>G) forms 

three new binding sites; SRSF1 binding site (CGGATGG) with analysis score of 2.64 

(threshold 1.95), other binding site SRSF1-IgM-BRCA1 (CGGATGG) with a score of 

3.07 (threshold: 1.867), and a normal SRSF5 binding site (Figure 4.4) which can 

affect the normal binding of different transcription factors. For the expression profile 

prediction, a string analysis determined that alteration in SIGMAR1 expression may 

have an impact on the expression profiles of some other genes intricating in 

pathogenesis of ALS like TARDBP and FUS (Figure 4.5). 

4.1.1.5 Discussion 

ALS is a diverse neuro-degenerative disorder which concerns to the imperfect storage 

of interrupted proteins in neuronal tissues/cells. A number of genetic families are 

well-known as the cause of ALS. In earlier reports, nucleotide changes in Sigma 

receptor 1 (σ1R) have been also found linked to ALS and FTLD. In present study, a 

consanguineous Pakistani family with autosomal recessive ALS was linked to 

SIGMAR1 gene on chromosome 9p13.2. In this study, two affected individuals of the 

family presented the symtoms of spastic gait and showed severe muscle loss. It was 

observed a nasal twang in speech and severe muscle deteriorating in through out the 

http://regrna.mbc.nctu.edu.tw/php/showtable.php?ColorRegion=FileDir=tmp/20150217/152146&SeqID=152146&MotifInfo=miRNA%20Target%20Sites&MotifType=miranda
http://regrna.mbc.nctu.edu.tw/php/showtable.php?ColorRegion=FileDir=tmp/20150217/152146&SeqID=152146&MotifInfo=miRNA%20Target%20Sites&MotifType=miranda
http://regrna.mbc.nctu.edu.tw/php/showtable.php?ColorRegion=FileDir=tmp/20150217/152146&SeqID=152146&MotifInfo=miRNA%20Target%20Sites&MotifType=miranda
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body mainly in hands. There was absent of FTLD features in these patients. 

Ssequencing of SIGMAR1 gene, detected a novel 3′ UTR nucleotide variant, 

c.672*31A>G (Ullah et al., 2015). It was screened and found absent in 100 ethnically

matched healthy control subjects. Some bioinformatics tools predicted that the 

variation in this study (c.672*31A>G) and also one formerly reported variant 

(c.672*26C>T) reside a position at miRNA (hsa-miR-1205) binding site and would 

possibly disrupt the actual binding of this miRNA and hence halted the regulation of 

the SIGMAR1 gene. The comparative analysis for these two variant of 3′-UTR region 

proposed that these two base pairs are preserved in a different mammalian primates 

but not in humans (Figure 4.2). Accordingly, this variant cautiously may recommend 

a human-specific regulatory contribution of hsa-miR-1205 in the regulation of 

SIGMAR1 gene; extensive in vivo experiments would be required to confirm such a 

role. The follow up on miRNA binding site disruption can be done through various in 

silico and in vivo experiments including ΔG analyses and target mRNA co-expression 

by Northern blotting, in situ Hybridization or quantitative PCR. Some bioinformatics 

tools like ESEfinder predicted for creation of new sequence sites due to this variation 

in SRSF1 and SRSF1-IgM-BRCA1 domains with scores of 2.645 and 3.07 (Figure 

4.4). String analysis explained that expression of SIGMAR1 gene upsets the 

expression of two important ALS genes that are TARDBP and FUS (Figure 4.5). 

Previously, few 3′-UTR variants (c.672*51G>T, c.672*26C>T, and c.672*47G>A) of 

SIGMAR1 have been reported in Australian and Polish FTLD associated cases with 

autosomal dominant inheritance (Luty et al., 2010). The expression levels for these 

variants documented an alteration levels in SIGMAR1 transcription. Another 3′-UTR 

variant of SIGMAR1 gene (c.672*43G>T) was detected in Caucasian ALS patients of 

cognitive deficits but it was also reported in one healthy control of the population 
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(Belzil et al., 2013). Moreover, a missense mutation of SIGMAR1 (c.304G>C), which 

resulted in the substitution of glutamine for glutamic acid (p.E102Q) in the highly 

conserved transmembrane domain of SIGMAR1 protein, was recognized in three 

families of fALS-FTLD showing autosomal dominant pattern. Over expression of 

σ1R for this missense mutation (p.E102Q) in NSC34 cells demonstrated the enhanced 

ER stress moving to increased cell apoptosis (Al-Saif et al., 2011). Earlier, another 3′-

UTR variant of SIGMAR1 (c.672*58T>C) was investigated in sALS of Korean 

population and was considered as a rare variant (Kim et al., 2014) and recently a 

variant (c.672*31A>G) in the present study (Ullah et al., 2015). 

Formerly, the repeat expansion of C9ORF72 located at chromosome 9p has been 

investigated in patients with combination of FLTD and fALS (Renton et al., 2011; 

DeJesus-Hernandez et al., 2011). In a Pakistani family, C9OFR72 repeat expansion 

region was initially not associated through analysis of genotyping microsatellites. The 

further confirmation was assessed by PCR-amplification of the C9ORF72 intron 1 

(not detected) using multiple primers in patients and controls. Therefore, it may 

undertake that there is no association of the hexanucleotide repeat of intron 1 of the 

C9ORF72 gene in Pakistani family. Earlier study by Dobson-Ston et al. (2013) also 

rdescribed ALS families without connection of C9ORF72 repeat expansion (Dobson-

Stone et al., 2013). 

4.1.1.5 Conclusion 

By genotyping microsatellites, a Pakistani consanguineous family with autosomal 

recessive ALS was linked to SIGMAR1 gene on chromosome 9 and a novel 3′-UTR 

variant c.672*31A>G was reported. In Pakistani autosomal recessive family, ALS 

phenotype was present without FTLD. In silico analyses predicted substantial effects 
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on regulation of SIGMAR1 gene due to alteration of miRNA binding site (hsa-miR-

1205) and creation of new sites for SRSF-1 and SRSF1-IgM-BRCA1 domains. 

Multiple sequence alignment of hsa-miR-1205 region in several mammals designate 

human specific role of this miRNA in regulation of SIGMAR1 gene. However, in vivo 

experiments are further necessary to confirm this hypothesis. 
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Figure 4.1: Pedigree of Family C showing Amyotrophic Lateral Sclerosis. Filled 

squares and circles show the affected individuals (IV:1, IV:2) while clear symbols are 

for unaffected family members. Haplotypes are presented beneath each genotyped 

individual. Microsatellite markers in box illustrate region of homozygosity in all 

affected individuals. ALS genes (C9ORF72, SIGMAR1) are positioned among 

markers in haplotype according to their physical distance. 
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Figure 4.2: Mutation Analysis of Family C showing ALS features. (a, b) DNA 

sequencing chromatogram in affected individuals (VI:1, IV:2) of familial ALS 

showing A>G homozygous variation. (c) Alignment of control sequence of SIGMAR1 

3′-UTR. (d) Multiple sequence alignment of selected sequences of 3′-UTR of 

SIGMAR1 gene in six primates. Two altered base pairs in human are shown to be 

associated with ALS; (c.672*26C>T is previously described and c.672*31A>G is 

implicated in recent study). (e) Mutations in SIGMAR1 exons and 3′-UTR are shown. 

The variant c.672*31A>G was identified in this family (Ullah et al., 2015). 



Chapter 4  Results 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorder   107 

Figure 4.3: miRNA has-miR-1205 region of binding to SIGMAR1 3′-UTR. This is 

showing miRNA along with scores for free energy. Variant identified in our fALS 

family (c.672*31A>G) and an already known variant previously implicated in ALS 

(c.672*26C>T) lie within 20 bp of the miRNA binding region (Ullah et al., 2015). 
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Figure 4.4: ESEFinder Analysis of 3′-UTR SIGMAR1.  It is showing the creation 

of new binding sites of SRSF1, SRSF1- IgM-BRCA1, and SRSF5 binding sites. 

Region of variation in mutant sequence is encircled. 
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Figure 4.5: String Analysis showing that the change in expression of SIGMAR1. 

It may influence the expression profiles of TARDBP and FUS due to the sharing of 

similar biochemical pathways. 
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4.2 Family D: Congenital Insensitivity to Pain with Anhidrosis 

Congenital Insensitivity to Pain with Anhidrosis (CIPA; OMIM # 256800), also 

designated as Hereditary Sensory and Autonomic Neuropathy IV (HSAN IV), is a 

rare autosomal recessive disorder which manifests during the first month of life 

(Pinsky and DiGeorge, 1996). Fundamental characteristics include loss of pain 

sensation, mainly in extremities and tongue, thermal sensation defects, self-mutilating 

behavior and intellectual disability (Schalka et al., 2006). The self-mutilating 

behavior is mainly pertaining to oro-facial tissues and manifests as premature loss of 

teeth, numerous other dental anomalies, various ulcers of oral tissues, tongue injuries, 

and scare formation (Gao et al., 2013). 

Insensitivity to pain results from the degeneration/absence of primary afferent fibers; 

while loss of sweating (anhidrosis) is due to loss of sympathetic postganglionic 

neurons (Nolano et al., 2000). Anhidrosis often presents as recurrent attacks of 

unexplained fever and can have serious impacts. Sweat glands in CIPA patients were 

morphologically intact in number and structure, but were devoid of innervating nerve 

fibers (Indo, 2009; Gao et al., 2013). 

CIPA is caused by mutations of the NTRK1 gene (OMIM # 191315), or called as 

TRKA (Indo et al.,  1996; Miura et al.,  2000; Suriu et al.,  2009; Gao et al., 2013; 

Tang et al., 2014; Wang et al., 2015), which maps to chromosome 1 (1q21-q22). It 

comprises of 17 coding exons (Ensembl gene identifier-ENSG00000198400) and 

responsible to encode the highly active enzyme tyrosine kinase receptor I for 

Neurotrophic Growth Factor (NGF) domain (Capsoni et al., 2011). NGF is essential 

for the precise differentiation and maintenance of sympathetic ganglia and nociceptive 

sensory neurons (Beigelman et al., 2009). Till date, more than 70 mutations are 
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known including 31 missense (HMGD prfossional 2015.2) in different ethnic groups 

worldwide being more predominant and frequent in Asian population. 

Present study describes the phenotype of the recurrent mutation (NM_002529.3: chr1: 

156849828C>T; c. C2084T; c.p.P695L) in a Pakistani family. It was earlier 

documented in an Israeli Bedouin family. In silico studies predicted the damaging 

effect of these mutations on protein structure and function. This is first report of 

clinical and genetic evaluation of CIPA families in Pakistani population. 

4.2.1 Results of Family D 

4.2.1.1 Phenotype characteristics 

Patient IV-3 is a 17 year old girl seen for recurrent threatening osteomyelitis of the 

limbs. She was diagnosed to suffer from Hereditary Sensory and Autonomic 

Neuropathy Type 4. Her parents are first cousins, and one brother and one sister is 

normal (Figure 4.6). Birth history was normal but gross motor functions and speech 

development was delayed. She was mentally handicapped and did not attend the 

school. Her parents reported self-mutilations, tongue biting and insensitivity to pain at 

age of 1 year. On examination, she had a low frontal hair line, a beak nose, and 

dystrophic nails and teeth (Pictures of the patient were not provided by family 

members). Occipital Frontal Circumference was 46 cm (-5 SD). Due to multiple 

infections and cyanosis of the tissue, her right leg was amputated. The joints of the 

left leg were also deformed. She had deep plantar skin ulcers and premature loss of 

teeth. X-ray of different organs showed multiple convolutions in the skull, distorted 

joints and shedding of teeth (Figure 4.7). Neurological examination showed brisk arm 

jerks bilaterally, diminished lower limb reflexes with intact vibration, proprioception 

and temperature sensation in all limbs. Nerve Conduction Study (NCS) was within 
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normal limits apart from a mild decrease in sural sensory and peroneal motor nerve 

amplitude. Taken together her symptoms were consistent with Congenital 

Insensitivity to Pain with Anhidrosis (CIPA) with microcephaly and severe 

intellectual disability. 

4.2.1.2 Mutation detection 

DNA sequence analysis of the NTRK1 gene in CIPA family revealed the carrier 

parent (III:3) showed heterozygous peak and the homozygous peak with mutation 

c.2084C>T (p.P695L) in patient IV:3 (Figure 4.6). The variant was absent in 100

control chromosomes of the Pakistani ancestral population. 

4.2.1.3 Damaging and conservation prediction of p.P695L mutation 

The online prediction analysis wKinMut was used to study the biological effect of the 

respective mutation of NTRK1 protein (NP_002520). In table 4.2, various pathogenic 

tools are outlined with cut off scores including, KinMut score was 0.558 (cutoff <0) 

and SIFT mutation score was 0.0 (cutoff score <0.05). Moreover, conservation of 

amino acid P695 was studied using the ClustalW tool. Proline 695 is conserved in 

most of the species analyzed (Figure 4.8). 

4.2.1.4 Protein modeling studies of NTRK1 mutations in CIPA family 

The P695 is located at the end of a regulatory segment (amino acids 671-696) in the 

upper edge of the tyrosine kinase domain of NTRK1 protein, where it defines the 

ransition of a loop into α-helix structure (Figure 4.9). Substitution of proline by 

leucine causes steric hindrance with loss of rigidity within this important tyrosine 

kinase domain, as predicted by a model generated through PyMOL software. 
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4.2.1.5 Discussion 

In the present study, a patient of consanguineous Pakistani family with CIPA is 

described for homozygous mutation p.P695L in NTRK1 gene. Clinically, the affected 

individual of this family is suffered from loss of pain perception and sweating, dental 

anomalies (progressive loss of teeth), nail dysplasia, beak shaped nose, low hair line, 

self-mutilating behavior (tongue biting). In this family, an additional phenotype of 

congenital microcephaly was first time documented. 

Till now, about 73 mutations are reported in NTRK1 in different populations. Out of 

these 73, 31 are missense and 12 mutations are non-sense while others are frame shift, 

small/large deletion, insertion or duplication mutations. Although mutations in 

NTRK1 are distributed in many populations but these are predominant in Asian 

population including Chinese and Japanese races (Mirua et al., 2000; Indo et al., 

2001; Li et al., 2012; Tang et al., 2014). Previously reported non-sense mutations are 

harboring in consanguineous as well as sporadic cases. In the current study, the 

mutation p.P695L is a recurrent variant which was already reported in a 

consanguineous family from Northern Israel suffering from CIPA (Shatzky et al., 

2000). 

NTRK1 protein contains a cytoplasmic (tyrosine) kinase domain which is highly 

relevant for signal transduction (Indo et al., 1997). Previous studies have shown that 

the tyrosine kinase domain of NTRK1 contains a regulatory segment (amino acids 

671-696) which is important in regulating the TRKA activity (Bertrand et al., 2012). 

The functional role of TRKA is to maintain nociceptive reception and thermo-

regulation through interaction with NGF. The p.P695L mutation identified in this 

study is also located in this particular regulatory segment. Two other mutations 

(D674Y and R686H) of this gene implicated in CIPA also lie within this domain (Gao 
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et al., 2013; Miranda et al., 2002). A mutation in this regulatory domain suggests that 

the tyrosine kinase activity is lost due to abnormalities in ATP accessibility and 

inefficient substrate binding as a result of conformational changes induced by the 

mutation. The in silico studies including the molecular modeling analysis for p.P695L 

mutation also confirmed the deleterious effects of the P695L substitution on NTRK1 

structure and function. 

In a previous study, the same mutation was described with almost similar clinical 

pattern except for microcephaly; which is reported in our study only. In Northern 

Israeli Bedouin family, the mutation found; c.2150.C>T, resulted in substitution of a 

Proline at position 689 into a Leucine (new nomenclature is c.2084C>T, p.P695L) 

which might be due to common ancestor. As shown by the molecular modeling 

analysis of NTRK1 tyrosine kinase domain, the presence of a pair of proline residues 

at positions 695 and 696 drives the transition from a loop to a helix conformation in 

the upper edge of the NTRK1 cytoplasmic domain. This domain is very important and 

more than thirty of total mutations (about 60%) are associated within the tyrosine 

kinase domain of the NTRK1 protein (Li et al., 2012). The replacement of proline at 

695 by leucine affects this sharp loop to helix transition, inducing flexibility in the 

mutated segment. Although the hydrogen bonds with S698 and I699 are not disturbed 

in the process, this induced flexibility brings conformational changes in the overall 

secondary structure of the protein kinase domain which is predicted to disturb the 

normal structure and function of NTRK1 receptor kinase. In addition, this proline lies 

close to catalytic core of the kinase domain, right next to an “activation loop” that 

regulates kinase activity through prevention of binding ATP and inhibition of basal 

kinase activity by acting as a pseudo-substrate, supporting a crucial role of P695 in 

NTRK1 kinase function (http://www.uniprot.org/uniprot/P04629). Some other 

http://www.uniprot.org/uniprot/P04629
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bioinformatics tools are used for pathogenicity prediction, including KinMut 

combined with SIFT. All these features demonstrated that c.2084C>T (p.P695L) 

change significantly affects protein structure and function. 

4.2.1.6 Conclusion 

In present study, the recurrent mutation p.P695L, in NTRK1 was identified in a patient 

suffering from CIPA with microcephaly. Different bioinformatic tools predict that this 

missense variant has a pathogenic and damaging influence on NTRK1 protein 

function. The proline at position 695 is conserved throughout mammalians. Protein 

modeling studies suggest that replacement of proline with leucine at position 695 

results in steric hindrance with a loss of the rigidity within this important tyrosine 

kinase domain of NTRK1. It may be proposed that a single mutation event is 

responsible for this mutation in Pakistani and Northern Israeli families. 
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Figure 4.6: Family pedigree and Mutation Analysis of Family D with Congenital 

Insensitivity to Pain with Anhidrosis. In pedigree, filled symbols represent affected 

individuals (IV:3) while clear symbols are for normal family members (A), Sequence 

analysis of exon 16 of the NTRK1 gene in the carrier parent (B) affected daughter 

(IV:3) with c.2084C>T variant in NTRK1 gene (C). 
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Figure 4.7: Radiological examination in Family D with CIPA. X-ray of leg showed 

joint deformity and amputated foot (a, b). Mandible shows the loss of premature teeth 

(c), and skull shows various convolutions (d). 
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Table 4.2: Pathogenicity prediction for the p.P695L mutation (NP_002520) 

analsed by the wKinMut online tool combined with various databases. 

Prediction Tools Cutoff Score 

Mutation 

Score 

Possible 

effect 

Reference/s 

KinMut Random 

Forest 

<0 0.558 Disease 

(Izarzugaza et al. 

2012) 

SIFT <0.05 0.0 

Disease 

(Damaging) 

(Sim et al. 2012) 

Provean protein 

batch 

-2.5 -8.45 

Disease 

(Deleterious) 

(Choi et al. 2012) 

Polyphen2_HDIV 

possible if 

>0.453, 

disease if 

>0.957 

1.0 Disease 

(Adzhubei et al. 

2010) 

Polyphen2_HVAR 

possible if 

>0.447, 

disease if 

>0.909 

0.995 Disease 

(Adzhubei et al. 

2010) 

Mutation Assessor 

possible if 

>1.9, disease 

if >3.5 

2.395 

Disease 

(Possibly 

damaging ) 

(Reva et al., 2011) 

FATHMM <-1.5 -2.56 Disease (Shihab et al., 2013) 

VEST3 >0.8 0.92 Disease (Carter et al. 2013) 

CADD >3.5 6.003613 Disease (Kircher et al. 2014) 



Chapter 4  Results 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorder   119 

Figure 4.8: Phylogenetic tree and alignment of NTRK1 orthologs showing 

conservation of P695. The P695 of human NTRK1 is evolutionarily conserved in the 

seven representative species as indicated by the red frame and the arrow. All 

conserved residues within this region are highlighted in yellow and the numbers 

indicate amino acid positions in the NTRK1 protein. 



Chapter 4  Results 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorder   120 

Figure 4.9: Molecular representation of the p.P695L missense mutation within 

the NTRK1 cytoplasmic (Protein kinase) domain. The black open circle localizes 

the p.P695L substitution, while inserts (a, b) show the changes induced by p.P695L 

mutation.  The P695 (a) results in a sharp change of loop structure into an alpha helix 

on the upper edge of the NTRK1 cytoplasmic domain. Its replacement by L695 (b) 

introduces changes in the domain structure of that region, evident as shortening of 

alpha helix involved and other conformational changes indicated by black arrows, 

thus bringing instability in the overall structure. Amino acids involved in hydrogen 

bonding are shown as sticks (distances also indicated) with C atoms for P695, S698 

and I699 in yellow, green and orange respectively, N atoms in blue, O atoms in red 

and S atoms in orange. On the right side (c) is the ribbon diagram showing the 

cytoplasmic domain of NTRK1 protein with the positions of transmembrane domain 

and N-terminal of NTRK1 indicated. 
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5.1 Families E & F: Primary Microcephaly Syndrome and Isolated Primary 

microcephaly 

5.1.1 Primary microcephaly 

Microcephaly, Greek for “small head”, is clinically defined as a head circumference less 

than two standard deviations below the mean for the person’s age and gender (Mochida 

and Walsh, 2004). Several developmental processes that are under control of genetic and 

environmental factors play a role in sculpting the brain size. Any condition that affects 

important processes of brain growth such as progenitor cell proliferation, cell 

differentiation, neuronal migration, and cell death can thus induce microcephaly 

(Barkovich et al., 2005). The condition is sub-classified into primary microcephaly, 

which presents at birth, and secondary microcephaly, which develops post-natally 

(Woods et al., 2005). This clinical distinction translates to a functional difference; 

primary microcephaly is typically a developmental defect, while secondary microcephaly 

is typically neurodegenerative or due to some other progressive process (Dobyns, 2002). 

In autosomal recessive primary microcephaly (MCPH), the brain is small but 

architecturally normal, which implies a decrease in neural progenitor cell number (Woods 

et al. 2005). MCPH has been found in various populations across the world including 

Arab, Caucasian, Indian, Pakistani, Turkish, African, Brazilian, Morrocian, Mexican, and 

Dutch etc. However, incidence of MCPH varies among these populations from 1.3 to 150 

per 100,000. In non-consanguineous white population, incidence is 1 per million as 

compared to one in 10,000 in consanguineous populations like Pakistan (Mahmood et al., 

2011). 
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5.1.2 Syndromic microcephaly 

Microcephaly syndromes are associated with a large number of conditions. At least some 

of them can be diagnosed based on their characteristic facial dysmorphism apart from 

others which can be searched for using databases of genetic disorders. Clinical 

manifestations among the syndromic forms of microcephaly are very distinctive; 

discriminate one syndrome from other. Genetic mapping techniques identified seven loci 

for Seckel syndrome (Goodship et al., 2000; Agha et al., 2014). SKL2 and Jawad 

syndrome (MIM-251255) at chromosome 18p11.31-q11.2 detected novel mutations in 

CtIP gene (Borglum et al., 2001; Hassan et al., 2008; Qvist et al., 2011). Other Seckel 

loci and genes are mapped on different chromosomes (Table 5.1). Some of the primary 

microcephaly genes also superimposed the syndromic features. Mutations in CENPJ and 

CEP152 are mapped both for primary as well as syndromic microcephaly (Cizmecioglu 

et al., 2010; Sir et al., 2011). Another microcephaly syndrome with epilepsy has been 

identified with WDR62 mutations, which is a gene for non syndromic primary 

microcephaly (McDonell et al., 2014). In some other studies, MCPH10 (which is a 

syndrome of primary microcephaly) and Periventricular Heterotopia with microcephaly 

(ARPHM, MIM- 608097) were mapped to similar region on chromosome 20. The 

mutation of these entities were detected to be caused by ZNF335 (Yang et al, 2012) and 

ARFGEF2 (Sheen et al, 2004) respectively.  Most recently, a new gene, MFSD2A has 

been linked to microcephaly with non-lethal effects in Pakistani family (Alakbarzade et 

al., 2015) while lethal microcpehaly was associated in a Moroccan family (Guemez-
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Gamboa et al., 2015). Lists of genes associated with primary microcephaly are presented 

in Table 5.2.  

5.1.3 Genetics of MCPH 

Autosomal recessive primary microcephaly exhibits genetic heterogeneity with 15 

reported loci (MCPH1-15) and all the causative genes have been identified (Table 5.2). 

Almost all MCPH genes that encode respective proteins are linked to the centrosome 

function due to interactive role in cell cycle regulation, either directly or indirectly, 

suggesting the existence of a large network of protein-protein interactions essential for 

prenatal neurogenesis (Barbelanne et al., 2014). CENPJ, STIL, and CEP135 are core 

centriolar components; Microcephalin, CDK5RAP2 and CEP152 form an integral part of 

the PCM; WDR62, ASPM and CDK6 are transiently associated with the centrosome; and 

two other microcephaly proteins, CASC5 and PHC1, interact with known centrosomal 

constituents. We believe that the loss of a single protein or protein-protein interaction 

could cripple the interaction network, thereby increasing susceptibility to disease. As 

additional disease genes are being rapidly discovered, it is intriguing to speculate on their 

identity and whether they encode proteins in the interaction network. With the 

advancement of next generation sequencing, identification of molecular factors 

contributing the heterogeneous primary microcephaly is expanding. Microcephaly is 

extending the clinical phenotypes and there are some studies in which genes are 

identified with syndromic features of primary microcephaly including (Sir et al., 2011; 

Waters et al. 2015; Martin et al., 2014; Puffenberger et al. 2012; Morris-Rosendahl 

2015).  
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Mutations in MCPH1 gene have been reported in Pakistani (Jackson et al., 2002), Iranian 

(Garshasbi et al., 2006; Hussain et al., 2013) and Caucasian families (Tommerup et al., 

1993; Trimborn et al., 2005; Garshasbi et al., 2006; Ghani-Kakhki et al., 2012). In 

WDR62, mutations are detected in Iranian, Turkish, Mexican, Arab and Pakistan families 

(Woods, 2005; Yu et al., 2010; Bilguvar et al., 2010; Darvish et al., 2010; Hussain et al., 

2013). In CDK5RAP2 gene, mutations are reported in Somalian and Pakistani population 

(Woods, 2005; Bond et al., 2005; Hassan et al., 2007; Issa et al., 2013; Tang et al., 

2014). In Morrocon families, the mutations of CASC5 gene are investigated in three 

families (Genin et al., 2012). ASPM gene is the most commonly mutated in Pakistani 

population and also described in various other populations including Iranian, Arab, 

Indian, European, African (Woods, 2005; Bond et al., 2002 & 2003; Gul et al., 2006a; 

Passemard et al., 2009; Darvish et al., 2010; Hussain et al., 2013). In CENPJ, mutations 

are investigated in Pakistani as well as in Iranian families (Bond et al., 2005; Gul et al., 

2006b; Al-Dosari et al., 2010). In STIL, mutations are only reported in Indian and Iranian 

families (Kumar et al., 2009; Darvish et al., 2010; Papari et al., 2013). 

In CEP135 gene, mutations are reported only in Pakistani family for this gene (Hussain et 

al., 2012). CEP152 is carrying mutations in Pakistani and Canadian population 

(Guernsey et al., 2010: Kalay et al., 2011; Hussain et al., 2013). In ZNF335 gene, 

mutation is reported in an Arab Israeli family (Yang et al., 2012). PHC1 gene found 

mutated in Saudi Arabian family (Awad et al., 2013). In CDK6 gene, mutation is reported 

from Pakistan (Hussain et al., 2013). CENPE mutations are detected in European 

ancestry (Mirzaa et al., 2014). In SASS6 gene, mutations are reported in Pakistani family 

(Khan et al., 2014). In MFSD2A gene, mutations in Pakistani and Moroccan families 
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have been described recently (Alakbarzade et al., 2015; Guemez-Gamboa et al., 2015). 

These mutation spectrum shows that microcephaly is heterogeneous and more prevalent 

in Pakistani population evident with mutation in more than 200 families. 

Nine out of fifteen loci (MCPH1, MCPH2, MCPH3, MCPH5, MCPH8, MCPH9, 

MCPH12, MCPH14, and MCPH15) were initially mapped in consanguineous families of 

Pakistani origin. In contrast, CEP152 was identified in a family from Canadian 

subpopulation, CENPJ in a Brazilian family, STIL in Indian families, CASC5 in a family 

from Morocco and yet an orphan locus in a Turkish family. Several studies reported large 

number of MCPH families that are found unlinked to any of the known MCPH gene/ loci, 

indicating the involvement of more causative MCPH genes (Kumar et al., 2009; Darvish 

et al., 2010). 
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Table 5.1: Genes involved in Seckel Syndrome and other microcephaly syndromes 

Gene 

Symbol 

Physical 

Location 

Locus Phenotypes 

Identification 

technique 

Cellular Function References 

ATR 3q23 SCKL1 

Microcephalic 

primordial 

dwarfism-

Seckel 

syndrome 

Targeted 

mutation 

analysis, 

Sequence 

analysis, 

Deletion/duplica

tion analysis 

Protein kinase 

apical DDR 

regulator cell cycle 

checkpoint, 

activation‐role in 

DNA replication 

O’Driscoll et al., 

2003; Ogi et al., 

2012; Mokrani-

Benhelli et al., 2013 

RBBP8 18q11.2 SCKL2 

Seckel type 2 

and Jawad 

Syndrome 

Sequence 

analysis 

DNA DSB 

resection, role in 

ATR recruitment to 

DSBs associates 

Borglum et al., 2001; 

Hassan et al., 2008; 

Qvist et al., 2011; 

Agha et al., 2014 
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with BRCA1 in 

regulation of cell 

cycle checkpoints 

Unknown 14q22.3 SCKL3 

CENPJ/ 

PCNT 

13q12.12-

q12.13/ 

21q22.3 

SCKL4 

MCPH and 

Seckel 

syndrome 

Sequence 

analysis, 

Deletion/duplica

tion analysis 

Centriole 

biogenesis cilia 

formation 

Bond et al., 2005; Gul 

et al., 2006a; Griffith 

et al., 2008; Al-

Dosari et al., 

2010;  Darvish et al., 

2010; Hussain et al., 

2013 

CEP152 15q21.1 SCKL5 

MCPH and 

Seckel 

syndrome 

Sequence 

analysis, 

Deletion/duplica

Centrosome‐

centriole biogenesis 

and genome 

Guernsey et al., 2010; 

Kalay et al., 2011 

http://www.ncbi.nlm.nih.gov/books/NBK9587/?report=printable
http://www.ncbi.nlm.nih.gov/books/NBK9587/?report=printable
http://www.ncbi.nlm.nih.gov/books/NBK9587/?report=printable
http://www.ncbi.nlm.nih.gov/books/NBK9587/?report=printable
http://www.ncbi.nlm.nih.gov/books/NBK9587/?report=printable
http://www.ncbi.nlm.nih.gov/books/NBK9587/?report=printable
http://www.ncbi.nlm.nih.gov/books/NBK9587/?report=printable
http://www.ncbi.nlm.nih.gov/books/NBK9587/?report=printable
http://www.ncbi.nlm.nih.gov/books/NBK9587/?report=printable
http://www.ncbi.nlm.nih.gov/books/NBK9587/?report=printable
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tion analysis stability 

CEP 63 3q22.2 SCKL6 

Microcephaly 

and short 

stature 

Sanger 

sequencing of 

candidate genes 

Centrosome-

centriole biogenesis 

Sir et al., 2011 

NIN 14q22.1 SCKL7 NA 

Centrosome 

function 

microtubule 

organization 

Dauber et al., 2012 

ATRIP 3p21.31 SCKL8 

Microcephalic 

primordial 

dwarfism-

Seckel 

syndrome 

NA 

Essential ATR 

partner binds to 

RPA coated 

ssDNA, DD Rrole 

in DNA replication 

Ogi et al., 2012 

CENPF 1q41 - Primary WGL and WES encodes Waters et al., 2015 
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microcephaly 

with ciliopathy 

centromere-

associated protein 

E (CENP-E), a core 

kinetochore 

component 

functioning to 

mediate 

chromosome 

congression 

PLK4 4q28.2 - 

Microcephalic 

primordial 

dwarfism and 

chrorio-

retinopathy(M

CCRP2) 

WGL linkage 

followed by 

WES in 1 

affected 

Regulator of 

centriole 

duplication 

Martin et al., 2014; 

Shaheen et al., 2014 
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TUBGCP6 22q13.33 - 

Microcephalic 

primordial 

dwarfism and 

chorio-

retinopathy(M

CCRP1) 

WES 

Microtubule 

component binds to 

GTP 

Puffenberger et al., 

2012; Martin et al., 

2014 

NDE1 16p13.11 - 

Lissencephaly 

type 4 with 

extreme 

microcephaly 

Autozygosity 

mapping with 

subsequent 

positional 

cloning, WES 

Centrosome-mitotic 

spindle 

Alkuraya et al., 2011; 

Bakircioglu et al., 

2011 

RTTN 18q22.2 - 

Microcephalic 

primordial 

dwarfism 

Autozygome 

mapping and 

exome 

sequencing 

Early 

developmental 

processes of left-

right (L-R) 

Shamseldin et al., 

2015 
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specification and 

axial rotation and 

may play a role in 

notochord 

development 
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Table 5.2: Loci and Genes involved in Autosomal Recessive Primary Microcephaly 

MCPH 

Locus 

Gene 

Symbol 

Physical 

Location 

Phenotype 

Gene 

Identification 

Cellular Function References 

MCPH1 MCPH1 8p23.1 

Primary 

microcephaly 

Linkage analysis, 

positional 

cloning(linkage) 

Centrosome‐role in DNA 

repair and G2‐M dynamics 

Jackson et al., 

2002 

MCPH2 WDR62 19q 

Primary 

microcephaly 

and MCD 

WES 

Mitotic spindle pole 

formation scaffold 

for JNK pathway 

Nicholas et al. 

2009; Yu et al., 

2010 

MCPH3 

CDK5R

AP2 

9q33.2 

Primary 

microcephaly 

Linkage and 

subsequent 

Centrosome, spindle and 

microtubule 

Bond et al., 2005 
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positional 

cloning 

organizing function 

MCPH4 CASC5 15q15.1 

Primary 

microcephaly, 

mild to 

moderate ID 

WGL, 

homozygosity 

mapping, gene 

expression 

arrays, Sanger 

sequencing 

Kinetochore (KNM) 

component spindle 

assembly checkpoint 

Genin et al., 2012 

MCPH5 ASPM 1q31.3 

Primary 

microcephaly, 

mild to 

moderate ID 

Positional 

cloning 

Microtubule associated 

protein‐spindle 

organization and 

orientation 

Bond et al., 2002 

MCPH6 CENPJ 13q12.12 
MCPH and 

Seckel 

Linkage with 

subsequent 

positional 

Centriole biogenesis cilia 

formation 

Bond et al., 2005; 

Al-Dosari 
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syndrome cloning; WES et al., 2013 

MCPH7 STIL 1p33 

Primary 

microcephaly 

with mild to 

severe ID; 

microcephalic 

lobar 

holoprosenceph

aly 

Homozygosity 

mapping and 

positional 

cloning 

Centrosome-centriole 

biogenegsis 

Kumar et al., 

2009; Borck et al. 

2015 

MCPH8 CEP135 4q12 

Primary 

microcephaly, 

severe ID, no 

speech 

GWL, Sanger 

sequencing, post-

hoc WES 

Centrosome-centriole 

biogenegis 

Hussain et al. 

2012 

MCPH9 CEP152 15q21.1 
Primary 

microcephaly 

SNP genotyping, 

Sanger 

Centrosome‐centriole 

biogenesis and genome 

Guernsey et al. 

2010; Kalay et al. 
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and Seckel 

syndrome 

sequencing stability 2010 

MCPH10 ZNF335 20q13.12 

Extreme 

microcephaly 

Linkage, 

positional 

cloning, RNA-

sequencing 

Kinetochore-Progenitor 

cell 

division/differentiation, 

Yang et al., 2012 

MCPH11 PHC1 12p13.31 

Primary 

microcephaly, 

mild ID 

WES 

Regulates cell cycle, 

PHC1 mutation highlights 

the role of chromatin 

remodelling in the 

pathogenesis of Primary 

Microcephaly. 

Awad et al. 2013 

MCPH12 CDK6 7q21.2 

Microcephaly 

with mild ID 

WGL, 

homozygosity 

mapping, post-

Controls cell 

cycle/organises 

Hussain et al. 

2013 



Chapter 5  Results 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders       137 

hoc WES microtubules. 

MCPH13 CENPE 4q24 

Microcephalic 

primordial 

dwarfism 

WES 

Microtubule capture and 

stabilization 

Mirzaa et al. 2014 

MCPH14 SASS6 1p21.2 

Primary 

microcephaly, 

Severe ID, 

impaired 

speech, 

aggressive 

behaviour, adult 

patients with 

seizures 

Genome-wide 

SNP genotyping, 

Sanger 

Sequencing 

Impact on centriole 

formation and proper cell 

division 

Khan et al., 2014 

MCPH15 MFSD2A 1p34 
Microcephaly 

(lethal and non-

genome-wide 

SNP genotyping, 

Regulator of blood brain 

barrier function that may 

Alakbarzade et 

al., 2015; 
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lethal), spastic 

quadriparesis 

and ID with 

absent speech 

WES act by suppressing 

transcytosis in CNS 

endothelial cells 

Guemez-Gamboa 

et al., 2015 

ID: Intellectual disability; MCD: malformation of cortical development; NA: not available; WES: whole exome sequencing; 

WGL: whole genome linkage 
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5.1.4 Molecular mechanism of microcephaly 

The causative genes of MCPH encode proteins that are primarily involved in the 

biology of centrioles, in cell division and cell cycle checkpoints, thus have important 

role in centrosome and cell cycle dynamics for the aetiology of microcephaly (Figure 

5.1). During mitosis, the bipolar assembly of microtubule spindle is crucial for precise 

segregation of chromosome and also in animal cells; spindle formation is controlled by 

centrosomes. The genome stability is maintained due the accurate duplication of 

centrioles with coordination of DNA replication during cell cycle (Nigg, 2007). The 

MCPH proteins which are key part of  centrioles including CENPJ, STIL and CEP135, 

while others are localized in nucleus or cytoplasm and only locate to the spindle poles 

during mitosis e.g. WDR62, ASPM and CDK6 (Zhong et al., 2005; Yu et al., 2010; 

Hussain et al., 2013) and yet others interact with known centrosomal proteins, e.g. 

CASC5 and PHC1. These proteins are the basis of mutations in genes encoding 

centrosomal and spindle-pole associated proteins lead to microcephaly and/or growth 

retardation. 
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Figure 5.1: Illustration of the involvement of MCPH proteins in cell cycle 

dynamics. The centrosome, ciliogenesis and neuronal migration (adapted from Morris-

Rosendahl and Kaindl, 2015). 
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5.2 Results of Family E 

5.2.1 Clinical description 

This is a five generation consanguineous Pakistani family, ascertained from Punjab 

province of Pakistan. The family has three affected individuals (V:1, V:2 and V:3) born 

to unaffected parents. One affected female (V:3) was died a few months after birth. The 

family pedigree showed segregation of the microcephaly in autosomal recessive pattern 

and affected individuals showed multiple anomalies. On examination, the patient (V:1) 

had a history of generalized tonic clonic seizures that were controlled on oral 

Carbamezepine and Levitracetam. At the time of investigation the patient (V:1) was of 

15 year of age. Clinical history depicted that there was growth retardation and delayed 

early milestones. His parents were cousins and his three year younger brother (V:2) had 

similar symptoms (Figure 5.2). On physical examination, he was unable to walk and 

speak till the age of 8 years. Later he started speaking a little and walked only with 

support of bilateral Knee-ankle-foot orhoses. He had dysmorphic facies with 

microcephaly (-3 SD below the mean), severe intellectual disability, generalized tonic 

clonic seizures, hypotelorism, low set ears and up-slanting eyes, brachydactyly of 

fingers and toes with bilateral foot drop (Figure 5.3). 

Clinical investigations were carried out for differential diagnosis. G-banding 

chromosome analysis was normal showing 46 XY. Several clinical investigations were 

performed for this patient and were reported to be normal including thyroid profile, 

amino acid analysis for metabolic disorders, urine porphobilinogen and coproporphyrin, 

and urine sugar chromatography. X-rays of the thoracolumbar spine showed moderate 

scoliosis with convexity to the left, pelvis showed subtle sclerosis of acetabular margins 

bilaterally and both feet showed evidence of fracture or dislocation with joint spaces 

(Figure 5.4). 
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MRI brain showed hypoplastic posterior fossa, cerebellum and brain stem atrophy. 

Electroencephalography (EEG) showed mild diffuse background slowing with sharp 

activity seen over the right frontal region (Figure 5.5). All in all, he appears to be 

suffering from a congenital autosomal recessive syndrome with microcephaly, brain 

stem and cerebellar atrophy, epilepsy and skeletal deformities. His family was 

counseled regarding prognosis. 

5.2.2 Homozygosity mapping by SNP microarray 

Initially in family E, homozygosity mapping was carried out by genotyping 

microsatellite markers through exclusion mapping strategy. Linkage was established at 

chromosome 20q13.12-20q13.2 between markers D20S169 (65.14 cM) and D20S883 

(82.75 cM). This region encompasses 17.61 cM and contains ZNF335, a candidate gene 

for primary microcephaly. DNA sequencing of this gene did not show any variation or 

mutation. After exclusion of this region, genome wide linkage was performed by using 

high density Illumina CytoSNP-12v2.1 330K array contains large number of SNPs on 

affected individuals. Due to huge or dense number of SNPs this can result in higher rate 

of non-informative genotypes, particularly in consanguineous families. Primarily we 

analyzed data with default block length but it yields several false negative results. But 

after customizing block length at value 700 (higher the block value, larger will be 

homozygous block of SNPs), homozygous regions (shared by two affected individuals 

IV:1 and IV:2) were identified on chromosome 4, 9, 10, 11 and 20 (Figure 5.6). A high 

block value (700) was used to reduce number of false negative produced due to 

extensive stretches of uninformative SNPs. Homozygous region on chromosome 9, and 

10 were also shared by parents, so these regions were further excluded while examining 

the macros of genotyping, an addition homozygous region on chromosome 11 was also 

shared by affected individuals. So there are three main regions including a 24.4 Mb 
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region on chromosome 4 flanked by SNPs rs11731395 (12789828) and rs7680809 

(24413937) which carries about 391 genes, an 11.5 Mb region on 20 flanked by SNPs 

rs2770375-rs6017247 (chr20:44029201-55569249) encompasses 250 genes while 8.5 

Mb region identified on chromosome 11 was present between SNPs rs7118512-

rs949055 (chr11:112595516-120908811) with 182 genes present in this region. 

5.2.3 Sequencing of ZNF335 gene 

DNA sequencing of all 28 coding exons and splice junctions of ZNF335 gene, a 

candidate already implicated in related phenotype, revealed no pathogenic variation.  

5.2.4 Discussion 

In this study, a consanguineous five generation pedigree with a novel syndromic entity 

of autosomal recessive primary microcephaly and severe disability, epilepsy, and 

several facial and skeletal deformities was recruited. The clinical features and 

investigations are compared with previous syndromes whose genes are locted in this 

region (Table 5.3). Genetic mapping with non denaturing gels scrutinized a region of 

linkage on chromosome 20q13.12-20q13.2 between markers D20S169 (65.14 cM) and 

D20S883 (82.75 cM). This region encompasses 17.61 cM according to Rutgers 

combined linkage-physical map of the human genome (Kong et al., 2004). This entire 

linkage region corresponds to 9.2 Mb according to the sequence-based physical map 

Build 37 of the human genome International Human Genome Sequence Consortium, 

2001. 

The results of linkage data evidently showed that in this syndromic family, the 

candidate region overlaps with MCPH10 locus (ZNF335, MIM-615095) mapped on 

chromosome 20q13.12 (Yang et al., 2012). DNA sequencing of ZNF335 in this family 

did not harbor with any pathogenic variant. Primary microcephaly syndrome with 
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ZNF335 mutations demonstrated the most severe cases of microcephaly (MCPH) with 

HC -9 SD below mean with maximum survival of 1 year for all affected individuals. 

Functional studies highlighted the possible functions of ZNF335 in the process of 

neurogenesis and brain development, showing arrested progenitor cell proliferation, cell 

fate, and neuronal differentiation in disrupted ZNF335 cell lines (Yang et al., 2012). 

Further processing of this family was done to identify the true region of homzygousity 

with responsible candidate gene/s. SNP genotyping was carried out on two affected 

individuals with high resolution SNP-microarray Illumina CytoSNP-12v2.1 330K 

model. After careful analysis of the genotyping data, there are three main regions 

including a larger 24.4 Mb region on chromosome 4:12789828-24413937 which carries 

about 391 genes, an 11.5 Mb region on chromsome 20:44029201-55569249 

encompasses 250 genes while 8.5 Mb region identified on chromosome 11:112595516-

120908811 with 182 genes. Apart from the other two regions on SNP-microarray data, 

region on chromosome 20 was also confirmed the mapping carried out earlier by 

exclusion mapping. 

From the mapping data obtained, there are some challenges to resolve this family for 

true linkage region. As in this family, there is no availability of other affected or 

unaffected family members to be screened out for homozygous regions obtained in the 

affected individuals. Alternatively there are numerous other genes and expressed 

sequence tags limited to candidate interval. Possibly, there can also be digenic 

mechanism/s due to the involvement of diverse clinical presentations. Furthermore, the 

whole exome sequencing may be performed to identify the gene responsible for this 

syndrome but still there can be issue in data analysis to rule out the potential pathogenic 

variant that is only shared by affected individuals simultaneously. 
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5.2.5 Conclusion 

In this study, a possible novel syndromic entity of autosomal recessive primary 

microcephaly with several other anomalies is acertained. Clinical manifestations in two 

affected brothers include primary microcephaly, intellectual disability, epilepsy, and 

several facial and skeletal deformities. Homozygosity mapping revealed three different 

regions on chromosome 4, 11 and 20. DNA sequencing of candidate gene on 

chromosome 20 did not reveal any mutation in ZNF335 gene. Whole exome sequencing 

may be conducted in future to identify the mutation in causative gene. 
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Figure 5.2: Pedigree of Family E showing autosomal recessive MCPH with 

syndromic features. Clear and filled symbols represent normal and affected 

individuals (V:1, V:2) respectively. Crossed lines over the symbol mark the deceased 

individuals. Double line between individuals represents consanguineous marriages. 
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Figure 5.3: Images of affected individuals of Family E with syndromic 

microcephaly. The patient 1 (V:1) and patient 2 (V:2) show microcephaly, up slanting 

eyes and facial dysmorphism (a, b), brachydactyly of fingers and toes with bilateral 

foot drop (c, d). 
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Figure 5.4: Radiological examination of affected individual of Family E with 

syndromic microcephaly. X-rays showed evidence of fracture or dislocation with joint 

spaces in both feet (a, b), acetabular subtle sclerosis margins bilaterally in pelvis (c), 

moderate scoliosis with convexity to the left in thoracolumbar spine (d).  
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Figure 5.5: Brian MRI and Electroencephalogram of individual with syndromic 

microcephaly (Family E). MRI brain showed hypoplastic posterior fossa, cerebellum 

and brain stem atrophy. EEG showed mild diffuse background slowing with sharp 

activity seen over the right frontal region. 
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Figure 5.6: Image of SNP data analysed in Family E by Homozygosity Mapper. It 

is showing three significant regions (red bars) of homozygosity-by-descent (HBD) on 

chromosome 4 and 20 (chromosome 11 not shown here). Some other regions like one 

chromosome 8 and 11 were excluded in combination analysis of affected and parents. 
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Features Current syndromic microcephaly Microcephaly with ZNF335 

ARPHM* 

Age (years) 

15 year (V-1) 

11 (V-2) 

Average age less than 1 year in each 

affected individuals 

Family 1: 2.5 year-old 

boy and 1.5 year girl 

Family 2: 41 year-old 

man and his 60-year-old 

sister 

OFC/HC (SD) -3 SD -9 SD -3 SD 

Consanguinity Present Present Present 

Origin of family Pakistani pedigree 

Arab Israeli pedigree 

2 Turkish pedigrees 

Table 5.3: Comparison of clinical features in Family E with reported families linked to same locus 
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Neurological 

features 

Primary microcephaly, some extent of 

sloping forehead, growth retardation  and 

delayed early milestones, severe mental 

retardation, 

Most severe of microcephaly with 

a severely simplified gyral pattern, 

cerebral cortex was notably 

smaller than the skull, low sloping 

forehead, micrognathia, prominent 

helices, severe loss of neurons and 

abnormal dendritic maturation 

Severe developmental 

delay, periventricular 

heterotopia with 

microcephaly 

Seizures/epilepsy 

Generalized tonic clonic seizures, taking 

Levetiracetam 700 mg (tablet) and syrup 

Carbamazepine 

Not present 

Early-onset  refractoy 

epilepsy 

Facial 

dysmorphsim 

Hypotelorism, low set ears and up slanting 

eyes, 

Not reported Not reported 

Skeletal/other 

abnormalities 

Brachydactyly of fingers and toes with 

equinovalgus deformity and bilateral foot 

Arthrogryposis, joint contractures, 

and increased tone and spasticity, 

No extraneurological 

anomalies 
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drop prominent nasal bridge, choanal 

atresia, and cataracts 

EEG 

Diffuse encephalopathy with a high risk for 

partial epilepsy 

Not reported Not reported 

Brain MRI 

Hypoplastic posterior fossa, cerebellum and 

brain stem 

Extreme microcephaly with a 

severely simplified gyral pattern, 

absence of the corpus callosum, 

delayed myelination 

Periventricular nodules 

of cerebral gray matter 

intensity, abnormal MRI 

signals in subcortical 

white matter 

Karyogram 46, XY Not determined Not determined 

Pelvis X-ray Mild sclerosis of acetabular margins Not determined Not determined 

Thoraco-lumbar 

X-ray 

Moderate scoliosis with convexity to the 

left 

Not determined Not determined 
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Foot X-ray 

Evidence of fracture or dislocation with 

joint spaces 

Not determined Not determined 

Mutation No mutation in ZNF335 ZNF335 ARFGEF2 
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5.3 Results of Family F 

5.3.1 Clinical description 

This five generation consanguineous Pakistani family was ascertained from KPK 

province of Pakistan. The family has two affected individuals (V:2, V:3) born to 

unaffected parents. The family pedigree showed segregation of the microcephaly in 

autosomal recessive pattern. Family and clinical history shared by elders of the family 

revealed that microcephaly was congenital in all affected individuals. Pre- and post-

natal history collected for each affected individual of this family ruled out for 

involvement of environmental causative factor. Two affected individuals, including 

an affected male (V:2) with age of 12 years and female (V:3) with 15 years were 

available for molecular analysis. Mild to moderate, non-progressive intellectual 

disability with speech problem was observed in two affected individuals (V:2, V:3). 

On examination, head circumferences of affected individuals varied from 39 cm (-9 

SD) to 46 cm (-12 SD) which was significantly below the age- and gender-related 

means. None of the affected individuals exhibited epilepsy, autism or any associated 

syndromic features since childhood. 

5.3.2 Homozygosity mapping in Family F 

Initially, linkage analysis based on microsatellite markers was performed to test the 

involvement of currently known MCPH genes for available members (IV:1, IV:2, 

V:1, V:2, V:3) of family F were genotyped with MPCH specific loci markers (MCPH 

1-11). Finally haplotypes were constructed for each locus. Analysis of haplotypes did 

not reveal any region of homozygosity by descent (HBD) shared by all affected 

individuals which could segregate with the disease phenotype. 
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After excluding linkage to known MCPH genes/ loci, two affected individuals (V:2, 

V:3) of this family were analyzed for homozygosity mapping by density Illumina 

CytoSNP-12v2.1 330K array. Microarray data obtained from each of the two 

individuals was subjected to Homozygosity mapper (Lin et al., 2004) that identified 

homozygous intervals in the whole genome by considering both affected individuals 

(V:2, V:3) as case. A high density SNP array contains large number of SNPs and 

consequently can result in higher rate of non-informative genotypes, especially in 

consanguineous families. Initially we analyzed data with default block length but it 

yields several false negative results (homozygosity regions at chromosome 1, 10 and 

16). A high block value (700) was used to reduce number of false negative produced 

due to extensive stretches of uninformative SNPs. Final identification with help of 

manual screening of SNP data revealed three potent loci including 2.5 Mb regions on 

chromosome 2 flanked by SNPs rs11689318 and rs9287937 with 31 genes (Figure 

5.7), 1.5 Mb region on chromosome 10 flanked by SNPs rs2983348 and rs9664844 

(Figure 5.9) while 0.7 Mb region identified on chromosome on chromosome 20 

(Figure 5.11) was present between SNPs rs6102074 (39268185) and rs4812565 

(40609987). 

In order to validate these findings, microsatellite markers were selected from UCSC 

genome browser within the region of homozygosity sharing to genotype all available 

family members (IV:1, IV:2, V:1, V:2, V:3) for three identified chromosomal regions. 

Genotyping of microsatellite markers within identified interval on chromosome 2 

(chr2:170220818, chr2:169246562 and chr2:171179290). The silver stained of 8% 

denaturing polyacrylamide gel on chromosome 2 of family F showed allele pattern 

obtained with marker Chr2:170220818, (Chr2:170281965 and Chr2:170548655 and 

both affected individuals (V:2, V:3) and all unaffected individuals (IV:1, IV:2, V:1) 
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were heterozygous and found unlinked for these markers, although one affected 

individual (V:2) showed homozygous alleles for Chr2:170220818 and 

Chr2:170548655 (Figure 5.8). Silver stained 8% denaturing polyacrylamide gel on 

chromosome 10 of family F showed allele pattern obtained with marker 

Chr10:53093601 and Chr10:53129956. Both affected individuals (V:2, V:3) and all 

unaffected individuals (IV:1, IV:2, V:1) were heterozygous and found unlinked for 

these markers (Figure 5.10). The silver stained of 8% denaturing polyacrylamide gel 

on chromosome 20 of family F represented the allele pattern obtained with marker 

Chr20:39648318 and Chr20:39954626  and both affected individuals (V:2, V:3) and 

all unaffected individuals (IV:1, IV:2, V:1) were heterozygous and found unlinked for 

these markers (Figure 5.12). Haplotype was constructed based on the genotyping data 

of available family members and is presented in table 5.4-5.6. 

5.3.3 Sequencing of SPC-25 gene 

DNA sequencing of all six coding exons and splice junctions of SPC25 gene, a 

possible candidate gene with kinetochore function was sequenced but no pathogenic 

variation identified. 

5.3.4 Discussion 

The present investigation described a consanguineous Pakistani family, originated 

from a remote region in KPK province of Pakistan. Clinical features of the affected 

members of this family are compatible with autosomal recessive primary 

microcephaly. There was difficult task to conduct the clinical investigations including, 

scan or x-rays due to lack of the facility at local area where the family is residing. 

Physical examination was carried out and head circumference was noted. Careful 

visual observation was done for all affected individuals who are collected for 
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molecular analysis. There was mild to moderate intellectual disability and no other 

phenotype or syndromic features were observable. In this family, there were total five 

affected members but only two affected individuals were available for molecular 

analysis along with the parents and one unaffected individual. 

Initially, the homozygosity mapping was carried out by exclusion mapping technique 

by genotyping microsatellite markers for eleven known loci of MCPH (MCPH1-11). 

After haplotype construction and its analysis, all the known regions of primary 

microcephaly were excluded. In the next step, SNP genotyping by using high density 

Illumina CytoSNP-12v2.1 330K array was carried out in affected individuals of the 

family. By manual screening of the homozygous block shared by both affected, there 

were three homozygous regions on chromosome 2, chromosome 10 and chromosome 

20. On chromosome 2 region, there were total 31 genes located in this region of 2.1

Mb. SPC25 gene was considered a most favorable candidate gene, as it has been 

involved in kinetochore functioning. DNA sequencing of this gene did not reveal any 

mutation or nucleotide variation. On the other hand, there were 15 genes on 

chromosome 10 (region of 1.5 Mb) and 12 genes were located on chromosome 20 

within region of 0.7 Mb. By NCBI searching, there was no suitable gene on the 

homozygous regions on chromosome 10 and 20. To further validate the 

homozygosity, microsatellites were designed within the region of homozygosity by 

using UCSC genome browser by selecting the specific repeats of that chromosomal 

region. By genotyping these microsatellite repeats, all three homozygous regions by 

using 8% denaturing PAGE stained with silver nitrate did not document any candidate 

region. From all these strategies adapted for scrutinizing the causative gene for 

MCPH phenotype, it possibly confers that there might be some compound 

heterozygous mutation in any known gene or some native molecular factors. On the 
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other hand, there can also be an alternative view that the variant of intervening 

sequence can be involved in pathogenic mechanism. If this would be the possible 

mechanism, the next strategy can be whole genome sequencing although the data 

analysis will remain another time taking task. Another better option might be that 

some more affected individuals of this nuclear can be recruited and screened for SNP 

microarray which possibly can give a true candidate region.  

5.3.5 Conclusion 

The consanguineous family with primary microcephaly was recruited and SNP 

genotyping revealed multiple homozygous regions. Candidate gene search with in 

these regions did not identify any pathogenic variant. Samples from some additional 

affected members of this family may be recruited in future for successful 

identification of gene. Otherwise, whole genome sequencing may be carried out in 

future to identify the disease causing variant.  
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Figure 5.7: Pedigree and pseudo-haplotype of Family F showing genotype of 

affected individuals with primary microcephaly (chromosome 2). Family pedigree 

of consanguineous Pakistani family investigated with primary microcephaly, with 

pictorial representation of genotypes across 2.5 Mb on chromosome 2. The stripy 

pattern is blue for homozygous of one allele (BB), while yellow pattern shows the 

homozygous for other allele (AA). The combination of blue and yellow gives the 

pattern of AB alleles (heterozygous). 
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Chr2:170548655 (down) on chromosome 2 in famiy F. Both affected individuals 

(V:2, V:3) and all unaffected individuals (IV:1, IV:2, V:1) were heterozygous and 

found unlinked for these markers, although one affected individual (V:2) showed 

homozygous alleles for Chr2:170220818 and Chr2:170548655 . The Roman numerals 

indicated the generation number of the individuals within a pedigree while Arabic 

numerals indicated their positions within generation. 

Table 5.4: Microsatellite marker analysis results on chromosome 2 in Family F 

Marker/s Chromosome 
Physical 

location 

IV:1 

Father 

IV:2 

Mother 

V:2 

Affected 

V:3 

Affected 

V:1 

Normal 

Chr2:170220818 2 170220818 1:2 2:3 2:2 1:3 1:2 

Chr2:170281965 2 170281965 1:3 1:2 1:3 1:2 1:2 

Chr2:170548655 2 170548655 1:3 2:3 3:3 1:2 1:2 

Figure 5.8: Electropherogram of the silver stained 8% denaturing 

polyacrylamide gel on chromosome 2 in Family F. It is showing allele pattern 

obtained with marker Chr2:170220818 (top), Chr2:170281965 (centre) and 

IV:1 

Father 

IV:2 

Mother 

V:2 

Affected 

V:3 

Affected 

V:1 

Normal 

Control 

1 

  Control 

2 

 Control 

3 
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Figure 5.9: Pseudo-haplotype of Family F showing genotype of affected 

individuals with primary microcephaly on chromosome 10. Family pedigree of 

consanguineous Pakistani family investigated with primary microcephaly, with 

pictorial representation of genotypes across 1.5 Mb of chromosome 10. The stripy 

pattern is blue for homozygous of one allele (BB), while yellow pattern shows the 

homozygous for other allele (AA). The combination of blue and yellow gives the 

pattern of AB alleles (heterozygous). 
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Figure 5.10: Electropherogram of the silver stained 8% denaturing 

polyacrylamide gel on chromosome 10 in family F. It is showing allele pattern 

obtained with marker Chr10:53093601 (top), and Chr10:53129956 (down) on 

chromosome 2 in famiy F. Both affected individuals (V:2, V:3) and all unaffected 

individuals (IV:1, IV:2, V:1) were heterozygous and found unlinked for these 

markers. The Roman numerals indicated the generation number of the individuals 

within a pedigree while Arabic numerals indicated their positions within generation. 

Table 5.5:  Microsatellite marker analysis results on chromosome 10 in Family F 

Marker/s Chromosome 
Physical 

location 

IV:1 

Father 

IV:2 

Mother 

V:2 

Affected 

V:3 

Affected 

V:1 

Normal 

Chr10:53093601 10 53093601 2:3 2:3 1:3 2:3 3:3 

Chr10:53129956 10 53129956 2:2 1:2 1:2 2:2 1:2 

IV:1 

Father 

IV:2 

Mother 

V:2 

Affected 

V:3 

Affected 

V:1 

Normal 

Control 

 1 

Control 

2 

Control 

3 
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Figure 5.11: Pseudo-haplotype of Family F pedigree showing genotype of 

affected individuals with primary microcephaly on chromosome 20. Family 

pedigree of consanguineous Pakistani family investigated with primary microcephaly, 

with pictorial representation of genotypes across 0.7 Mb of chromosome 20. The 

stripy pattern is blue for homozygous of one allele (BB), while yellow pattern shows 

the homozygous for other allele (AA). The combination of blue and yellow gives the 

pattern of AB alleles (heterozygous). 
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Figure 5.12: Electropherogram of the silver stained 8% denaturing 

polyacrylamide gel on chromosome 10 of family F. It is showing allele pattern 

obtained with marker Chr20:39648318 (top), and Chr20:39954626 (down) on 

chromosome 2 in famiy F. Both affected individuals (V:2, V:3) and all unaffected 

individuals (IV:1, IV:2, V:1) were heterozygous and found unlinked for these 

markers. The Roman numerals indicated the generation number of the individuals 

within a pedigree while Arabic numerals indicated their positions within generation.  

Table 5.6:  Microsatellite marker analysis results on chromosome 20 for family F 

Marker/s Chromosome 
Physical 

location 

IV:1 

Father 

IV:2 

Mother 

V:2 

Affected 

V:3 

Affected 

V:1 

Normal 

Chr20:39648318 20 39648318 2:2 1:3 2:3 2:3 2:3 

Chr20:39954626 20 39954626 1:1 2:2 2:3 1:3 1:3 

IV:1 

Father 

IV:2 

Mother 

V:2 

Affected 

V:3 

Affected 

V:1 

Normal 

Control 

1 

Control 

2 

Control 

3 
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CHAPTER 6 

Result IV: Muscular Disorder 
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6.1 Family G: Miyoshi Muscular Myopathy 

Miyoshi myopathy (MM-MIM# 254130) is a rare recessively inherited distal 

muscular dystrophy which occurs at early adulthood. It is a clinically unique anomaly 

because it involves the distal musculature, especially the muscles of lower legs 

(Miyoshi et al., 1986). Mutations in the DYSF gene are a major cause of this disease, 

which is part of a large group named dysferlinopathies (Liu et al., 1996); a group of 

heterogeneous disorders which include autosomal recessive muscular dystrophies 

(Bonnemann et al., 1996; Hoffman 1996). Generally, these conditions are designated 

by muscular weakness and muscular atrophy, while in a few cases symptoms were 

restricted to distal muscles. Miyoshi myopathy differs from limb-girdle muscular 

dystrophy type 2B (LGMD2B), in which the proximal counter part of muscles are 

affected although other characteristics like age of onset, higher creatine kinase levels, 

progressive disease pattern, and dysmorphology of muscles have been found as well 

(Brummer  et al., 2005). 

The DYSF gene encodes a 237-kDa dysferlin sarcolemmal transmembrane protein 

with membrane repair function through regulation of vesicle fusion with the 

sarcolemma and to a smaller extent with secretory vesicles of the Golgi network 

(Piccolo et al., 2000). It is also involved in membrane fusion, angiogenesis, 

myogenesis and microtubule function (Nilsson et al., 2013). 

The DYSF gene (NM_001130987) comprises of 6.3 kb nucleotide sequence with 56 

coding exons, encoding 2119 amino acids protein. DYSF mutations are dispersed 

throughout the gene, and more than 500 pathogenic nucleotide variants are reported in 

the Leiden Muscular Dystrophy Database (http://www.dmd.nl/), showing different 

effects on protein function (Krahn et al., 2009). Among the 122 reported mutations in 

the DYSF gene, 10 duplications have been reported in several families and sporadic 

http://www.dmd.nl/
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cases so far causing Miyoshi myopathy phenotype (Nguyen et al., 2005; Krahn et al., 

2009; Park et al., 2012; Nilsson et al., 2013; Xi et al., 2014; Xiong et al., 2015). 

Present study describes a consanguineous family of Pakistani origin with a phenotype 

consistent with Miyoshi Myopathy. We identified a novel frameshift mutation of 

DYSF [NM_001130982.1: chr2: 

71743318_71743339dupCTTCAACTTGTTTGACTCTCCT; c.897_918dup;

p.Gly307Leufs5X] in affected individuals of the family. This study is first of its type

from Pakistan. 

6.1.1 Results 

6.1.1.1 Clinical description 

6.1.1.1.1 Patient 1 (V:3): A 24 years old man asked for medical advice because of 

difficulty in rising from the floor. First symptoms started at the age of 17-18 years. 

His parents are related and other three brothers showed almost comparable fetures 

(Figure 6.1). He had a waddling gait and the Gower sign was positive. He showed 

progressive wasting and weakness of deltoid, biceps, and triceps, and tapering of the 

half of forearm quadriceps (Figure 6.2). Levels of serum creatine kinase and lactate 

dehydrogenase were significantly increased (13100 U/L and 1364 U/L respectively). 

Muscular strength was: deltoid 4+/5, biceps 4/5, grip 4+/5, hip flexors were 3-/5, knee 

extensors 4-/5. He was noted with deep tendon reflexes 1+, symmetrical in upper 

limbs and absent in lower limbs while planter reflexes were bilateral flexor. 

Electromyography (EMG) showed myopathic changes (Table 6.1). Histology for calf 

muscle biopsy showed myopathic dystrophy which was consistent with Miyoshi 

myopathy. Only report of histology is available with patients as this was performed 

outside our hospital. Figure 6.2 summarizes muscle wasting in this affected 

individual. 
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6.1.1.1..2 Patient 2 (V:4): The second affected individual of the family (Figure 6.1) 

was a 26 years old young man presenting with a history of progressive gait difficulty 

since 18 years of age, difficulty in climbing stairs, and difficulty in arising from the 

floor. At 20 years of age, he also developed weakness of his grip. On physical 

examination he was alert, oriented with normal speech. He showed a steppage gait 

pattern with waddling and early Gower sign. Neurological examination showed 

normal cranial nerve function. Muscular testing noted mild weakness of his grip 

bilaterally. He had wasting/tapering of the distal half of the forearms and the legs 

below knees bilaterally. His deep tendon reflexes were absent and plantar responses 

were bilateral flexor. Serum CK levels were highly increased 16, 200 U/L (30-200 

U/L). Nerve conduction study was within normal limits. EMG showed myopathic 

motor unit potential as well as active de-nervation (Positive short waves (PSWs) and 

Fibs) in bilateral lumbar, thoracic as well as cervical potential muscles. 

6.1.1.1.3 Patient 3 (V:5): Another affected individual with age 31 years was 

presented with progressive muscle wasting of distal forearms with since the age of 17-

18 years. He then developed difficulty in climbing stairs and was unable to walk since 

2004. He has been unable to raise his arm above his head since 2007. On examination 

he was alert and oriented with normal speech and was wheel chair bound. He had 

marked wasting and weakness of deltoid, biceps, triceps, tapering forearm quadriceps, 

hamstring, calf, and thenar muscles. Muscular examination revealed the power in 

upper limb 2/5 proximally and 4/5 distally. His flexors were 2/5, quadriceps muscle 

were 2/5 and dorsi-flexor of the feet 3+/5. His deep tender reflexes were all absent 

and the planter responses were bilateral flexor. 
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6.1.1.1.4 Patient 4 (V:7): Fourth affected male (35 years of age) was wheel chair 

boundand presented with progressive weakness of his legs since 17-18 years of age. 

He had wasting of legs below the knees and stiff walking at 20 years of age. He was 

unable to raise his arm above head at the age of 22 years. On physical examination, he 

was alert and oriented with normal speech. Evaluation of the muscle strength in upper 

limbs of 1/5 bilaterally and grip of 0.5 bilaterally. He had contractures in his wrists 

and knees, and had a marked wasting of the deltoid, biceps, and triceps muscles, and 

showed tapering of the distal half of the forearms. His lower limb power was 1/5 

proximally and 1/5 distally. His deep tendor reflexes were all absent and plantar 

responses were bilateral flexor. 

6.1.2 Mutation detection and comparative modeling 

The potential pathogenic candidate variants from the Trusight one sequencing panel 

data were assessed by Mutation Taster. We focused on DYSF variant as it was the 

most suitable candidate gene. To confirm duplication identified by panel sequencing, 

unique primers of exon 9 of DYSF were designed and PCR amplified. Purified 

products were Sanger sequenced using dye-terminator chemistry and electrophoresed 

on an ABI 3130XLA capillary sequencer (Applied Biosystems). Nomenclature of the 

mutation was checked by Mutalyzer tool https://mutalyzer.nl/. A novel frame shift 

variant [(NM_001130987.1: chr2: 71743318_71743339dup 

c.897_918dupCTTCAACTTGTTTGACTCTCCT; p.(Gly307Leufs5X)] was 

confirmed and co-segregated with the phenotype in this family (Figure 6.3). Protein 

homology modeling was performed and analyzed for this truncated protein in 

comparison with wild type); there was a significant change in spatial configuration of 

mutant type resulting in probable deleterious functioning (Figure 6.4). 

https://mutalyzer.nl/
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6.1.3 Discussion 

In the present study, a novel frameshift duplication of 22 bases in DYSF gene was 

indentified in four affected individuals of Miyoshi myopathy family. The affected 

individuals presented with wasting and weakness of distal half of the muscles from 

forearms and legs. They also showed weakness of grip, difficulty in walking, 

climbing stairs and raising their arms. Two of the affected individuals (V:3 and V:4) 

were evaluated for neurological examinations and showed abnormal EMG. Nerve 

conduction study was normal in both of them. In one affected individual, calf muscle 

biopsy (V:3) was performed previously at another hospital and report showed 

abnormal microscopic morphology in the biopsy presenting distorted cell size and 

shape. Trusight one panel sequencing was performed in one affected individual. 

DYSF gene sequencing revealed a novel 22 base pair duplication mutation 

(c.897_918dup; p.Gly307LeufsX5) in the family. Protein modeling of this mutation 

predicted the significant alteration in the spatial configuration of mutant type of 

dysferlin protein.  

Miyoshi myopathy is clinically heterogeneous and various characteristics resemble 

with other dysferlinopathies (Bonnemann et al., 1996; Bashir et al., 1998). In miyoshi 

myopathy, the weakness progresses to involve the posterior compartment of the thighs 

(e.g., the ham-strings), and later the hip girdle. The extensor muscles of the forearms 

may also become weak and atrophy, but the brachio-radialis and hand intrinsics are 

typically spared. The rate of progression can be quite variable with some individuals 

progressing rapidly over a few years to being non-ambulatory, whereas others have 

weakness and atrophy restricted to the posterior calf muscles for prolonged period of 

time; however, one-third of patients found wheelchair bound within 10 years of onset 

(Linssen et al., 1998). Katz and colleagues (2003) described patients with a Miyoshi 
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phenotype that did not have a primary dysferlinopathy. These patients differed from 

those with dysferlinopathy by their later age of onset (usually over the age of 30 

years) and only moderately raised serum creatine kinase (CK) levels (Katz et al., 

2003). In the present study, the clinical phenotype of Miyoshi myopathy is consistent 

with already reported phenotypes (Liu et al., 1998; Nguyen et al., 2005). 

Mutations in the gene encoding dysferlin (DYSF; MIM# 603009) are a known cause 

of both LGMD2B and Miyoshi myopathy (Liu et al., 1998). Due to overlapping 

phenotypes with other forms of muscular dystrophies, muscle biopsy and genetic 

analysis of DYSF are considered to be the gold standard for diagnosis of Mioshi 

myopathy (Nilsson et al., 2013). By performing Panel Diagnostics through TruSight 

one sequencing panel, laboratories can analyze all of the genes on the panel or choose 

to focus on a specific subset. Work through this panel enables expansion of existing 

menus, streamlining of workflows, or creation of an entire portfolio of sequencing 

options, and its use increases productivity, reduced handling errors, decreased 

laboratory costs, and consistent reporting 

(www.illumina.com/clinical/translational_genomics/panels.html). 

Generally, the pathogenic mechanism of diseases stated that increased dysferlin 

expression is present at sites of membrane injury. It is hypothesized that dysferlin-

harboring cytoplasmic vesicles aggregate and form a “patch” by fusing with the 

injured membrane (Glover and Brown, 2007). Well-designed studies involving micro 

injury to isolated myofibers from nor-mal and dysferlin-null mice have demonstrated 

that the time course and extent of membrane repair are significantly impaired in 

dysferlin deficient muscle tissue (Bansal et al., 2003; Lennon et al., 2003). A model 

has been proposed in which calpain-3 and dysferlin, together with caveolin-3, annexin 

A1 and A2, affixins, and AHNAK, form a membrane complex important for muscle 

http://www.illumina.com/clinical/translational_genomics/panels.html
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membrane repair (Glover and Brown, 2007; Huang et al., 2007). Increased expression 

of annexin A1 and A2 protein is evident in muscle biopsies from patients with 

dysferlinopathy [LGMD2B and Miyoshi myopathy] (Cagliani et al., 2005). 

In dysferlinopathies associated with DYSF, more than 500 different sequence variants, 

including deleterious mutations and non-pathogenic polymorphisms, have been 

described in database (Leiden Muscular Dystrophy pages © www.dmd.nl). Out of 

these mutations, total 122 mutations are associated with Miyoshi myopathy (HGMD 

Professional 2015.2). Among these mutations, 10 mutations are frameshift mutations 

due to small insertion or duplication of nucleotide sequences (Table 6.2). In present 

study, we have identified a 22 base pair duplication mutation 

(CTTCAACTTGTTTGACTCTCCT) which results in the shifting of reading frame up 

to five amino acids and truncating protein due to premature stop codon creation 

(p.Gly307Leufs5X). According to published data, this is the first report of clinical and 

molecular investigations in a large multi-generation family from Pakistan. Although, 

highly consanguineous Pakistani population has shown hundreds of autosomal 

recessive pedigrees of different disorders (Pubmed), however, due to lack of clinical 

facilities for proper diagnosis less attention is given to complex neuro-muscular 

disorders like miyoshi myopathy.  

6.1.4 Conclusion 

Clinical and molecular investigations in a multi-generation Pakistani pedigree 

showing the symptoms of Miyoshi myopathy revealed a novel duplication of 22 bases 

(c.897_918dup; p.Gly307Leufs5X) in DYSF gene. Protein homology studies proposed 

disruptive impact of this mutation on protein function. Being the first family reported 

from Pakistan, more attention is required towards the genetic studies of 

neurological/neuro-muscular disorders in this highly inbred population.  

http://www.dmd.nl/
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Figure 6.1: Pedigree of Family G showing Autosomal Recessive Miyoshi 

Myopathy. In the pedigree, filled symbols represent patients (V:3, V:4, V:5, V:7) 

while clear symbols are for unaffected family members Squares are represented for 

male and circles for female. Single horizontal line represents the matting and double 

horizontal lines are for consanguineous marriages. 
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Figure 6.2: Images of affected individual (V-3) of Miyoshi myopathy family. He is 

presented with progressive wasting and weakness of deltoid, biceps, and triceps (a), 

tapering of the half of forearm quadriceps (b) and progressive muscle wastage in 

hands (c, d). 
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Table 6.1: Clinical details of affected individuals of Miyoshi myopathy family 

Features/ 

Examinations 
Patient V:3 Patient V:4 Patient V:5 Patient V:7 

Age of onset 17-18 years 18 years 17-18 years 17 years 

Age at 

examination 
24 years 26 years 31 years 35 year 

Physical 

features 

Difficulty in arising 

from the floor, 

waddling gait and 

early Gower sign 

Steppage gait, 

early Gower 

sign, mild 

weakness of 

grip 

Difficulties in 

doing stair and 

unable to walk, 

Bound to wheel 

chair 

Unable to raise 

his arms above 

head, 

Weakness of 

legs with 

wasting below 

the knees and 

stiff walking 

Clinical and 

muscular 

features 

Absence of deep 

tender reflexes, 

bilateral flexor 

planter, 

Wasting/taperi

ng of distal 

half of the 

forearms and 

legs below 

knees, absence 

of deep tender 

reflexes, 

bilateral flexor 

planter 

Markedly 

wasting and 

weakness of 

Deltoid, Biceps, 

Triceps, tapering 

forearms 

Quadriceps 

Hamstring, Calf 

and Thenar 

muscles 

Contractures in 

his wrists and 

knees, Absence 

of deep tender 

reflexes and 

bilateral 

Planter 

reflexes 

Creatine 

Kinase (CK) 

IU/L 

13,100 16, 200 Not determined 
Not 

determined 

Lactate 

Dehydrogenas

e (LDH)IU/L 

1,364 
Not 

determined 
Not determined 

Not 

determined 

EMG Myopathy changes 
Myopathic 

motor unit 
Not determined 

Not 

determined 
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potential, 

active 

denervation 

NCS Normal Normal Not determined 
Not 

determined 

Calf Muscle 

Biopsy 

dystrophic 

histology 

Not 

determined 
Not determined 

Not 

determined 
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Table 6.2: Details of insertion/duplication mutations in DYSF gene 

associatedwith Miyoshi myopathy 

Nucleotide/ 

Protein variation 

Origin of 

family/case 

Consang

uinity 
Phenotype References 

c.164dupA Spanish No 
Miyoshi 

myopathy 

(Liu et al., 

1996) 

c.5782_5785dupGATC Japanese No 
Miyoshi 

myopathy 
Takahashi 

c.1795_1798dupTACT Algerian No 
Miyoshi 

myopathy 

Nguyenet al., 

2005 

c.313dupC

p.Leu105Profs43X
German No 

Miyoshi 

myopathy 

Brummeret al., 

2005 

c.4200dupC;

p.Ile1401HisfsX8

Korean, 

American 
No 

Miyoshi 

myopathy, 

inflammatory 

myopathy 

Cho et al., 

2006; Mendell 

et al., 2012 

c.879_883dupGACAG;

p.Asp295Glyfs45X
French No 

Miyoshi 

myopathy 

Krahnet al., 

2009 

c.5610dupG

p.Arg1870Glufs11X
Korean No 

Miyoshi 

myopathy 
Parket al., 2012 

c.4714dupG

p.Ala1572Glyfs29X
Dutch No 

Miyoshi 

myopathy 

Linssenet al., 

2013 

c.5066dupC English No 
Miyoshi 

myopathy 

Nilssonet al., 

2013 

c.1642dupG

p.Glu548Glyfs22X
Dutch No 

Miyoshi 

myopathy 

Linssenet al., 

2013 

c.897_918dup

CTTCAACTTGTTTGAC

TCTCCT 

p.Gly307Leufs5X

Pakistani Yes 
Miyoshi 

myopathy 
Present study 
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Figure 6.3: Mutation Analysis in Family G with Miyoshi Myopathy. Anovel 

duplication (c.897_918dup CTTCAACTTGTTTGACTCTCCT) with the disease is 

showing sequence electropherograms for homozygous mutant individual (V:3) with 

22 nucleotide duplication, heterozygous parent (IV:2) and wild-type unaffected family 

member (V:2) in DYSF gene. 
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Figure 6.4: Molecular characterization of mutation associated with Miyoshi 

Myopathy in DYSF protein. Comparative homology modeling proposed distinct 

alterations in dysferlin protein while comparing the wild type (left) with mutant type 

(right). 
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7.1 Congenital Retinitis Pigmentosa 

Retinitis pigmentosa (RP; OMIM #268000) is a rare inherited anomaly in which 

defect of the photoreceptors (cones and rods) involving the retina lead to abrupt loss 

of visual ability. It is the most common inherited retinal dystrophy (IRD) with a 

worldwide prevalence of one in 4000 and approximately two million affected 

individuals (Chizzolini et al., 2011). These dystrophies can be augmented either in 

non-syndromic conditions, only constrained to the eye, or can present a diverse and 

heterogenous syndrome disorders disturbing the various body organs like ear, heart 

and kidney. The most prevalent syndromic condition associated with retinal 

dystrophies is Usher syndrome (USH) accompanied by hearing loss, while Bardet-

Biedl syndrome (BBS) is described with various clinical presentations like retinal 

dystrophy, obesity, polydactyly and intellectual disability, 

RP is a devastating disease of retina in which the deterioration of photoreceptor cells 

of rod interconnects that of cone cells. The rod cells are sensitive and receptive to 

very low light and thus affected individuals presents night vision disturbance during 

the early stages of retnitis. There is also reported the progressive loss of pripheral 

vision due to hampering of cones by rod photoreceptor cells, outcomes in tunnel 

vision. Later on, the affected individuals/patients absolutely lose their visual acuity as 

the adjacent cone photoreceptors also collapse, leading to affected individuals 

handicapped entire the life because presently there is no treatment availablity for the 

majority of cases (Heckenlively, 1988). RP may show a high degree of clinical 

heterogeneity with different ages of onset, varying clinical signs and diagnostic 

characteristics, even within a given family (Chizzolini et al., 2011; Ferrari et al., 

2011). 
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Clinically, the fundus of affected individuals with RP characteristically exposes bony 

spicule with pigmentation notably in the periphery, reduction of retinal arterioles, and 

palor optic disk. Conversely, the disease is a clinically heterogeneous because largely 

these symptoms overlie with related phenotypes like Leber congenital amaurosis 

(LCA) or cone rod dystrophy (Berson, 1993; Berger et al., 2010). For diffential 

diagnosis, electroretinography (ERG) is considered as a gold standard which 

determines and records the electrical signals of retina, and can distinguish between the 

unique responses of rod and cone on the basis of retinal elucidation by changeable 

intensity of light (Marmor et al., 2011).  

RP is classified as non-syndromic, syndromic (involving neurosensory structure like 

hearing); or abnormalities of various organs. Retinitis pigmentosa as non-syndromic 

entity can be inherited in an autosomal (dominant, recessive) or X-linked manner. It 

can also appear in rare digenic pattern. This type of RP pattern happens in 

heterozygous individuals for both two genetic variants of ROM1 and PRPH2 

(Kajiwara et al 1994). A summary of genes associated with autosomal recessive 

mutations in RP are listed in table 7.1. There is a huge genetic diversity clearly 

elucidating the clinically heterogeneous nature of RP as currently >60 genes are 

known to cause non-syndromic RP (https://sph.uth.edu/retnet/sum-dis.htm#A-genes) 

and twelve genes are known for Usher syndrome (Daiger et al., 2013; Kastner et al., 

2015). 

In present study, the combination of SNP-microarray and whole exome sequencing 

identified a novel missense mutation (NM_001048210.2: chr1: 109492987G>T; 

c.C73A; p.Asp25Glu) of putative gene chloride channel CLIC-like 1 (CLCC1) in a 

large Pakistani family of RP and a sporadic case of British-Bangladeshi origin. 

https://sph.uth.edu/retnet/sum-dis.htm#A-genes
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Table 7.1: Autosomal recessive genes associated with retinitis pigmentosa 

Gene 

Estimated 

frequency 

of 

mutation 

in Gene 

Protein References 

USH2A 10%-15% Usherin 

Lewis et al.,1990; 

Kimberling et 

al.,1995; Eudyet 

al.,1998; Saouda et 

al.,1998; Dreyer et 

al., 2001; Ebermann 

et al., 2007 

ABCA4 2%-5% 
Retinal-specific ATP-binding cassette 

transporter 

Weng et al., 1999; 

Zhang et al., 1999 

PDE6A 2%-5% 
Rod cGMP-specific 3',5'-cyclic 

phosphodiesterase subunit alpha 

Dryja et al., 1999; 

Huang et al., 1995; 

PDE6B 2%-5% 
Rod cGMP-specific 3',5'-cyclic 

phosphodiesterase subunit beta 

Altherr et al., 1992; 

Bateman et al., 

1992; Bayés et 

al.,1995 

RPE65 2%-5% Retinoid isomerohydrolas 

Aguirre et al., 1998; 

Acland et al., 2001; 

Bowne et al., 2011 

CNGA1 1%-2% cGMP-gated cation channel alpha-1 

Dhallan et al., 1992; 

Griffin et al., 1993; 

Dryja et al.,1995; 

BEST1 ≤1% Bestrophin-1 

Burgess et al., 2008; 

Davidson et al., 

2009 

C2ORF71 ≤1% Uncharacterized protein C2orf71 Collin et al., 2010; 

https://sph.uth.edu/retnet/ref-dis.htm#Lewis90
https://sph.uth.edu/retnet/ref-dis.htm#Kimberling95
https://sph.uth.edu/retnet/ref-dis.htm#Kimberling95
https://sph.uth.edu/retnet/ref-dis.htm#Eudy98
https://sph.uth.edu/retnet/ref-dis.htm#Eudy98
https://sph.uth.edu/retnet/ref-dis.htm#Saouda98
https://sph.uth.edu/retnet/ref-dis.htm#Saouda98
https://sph.uth.edu/retnet/ref-dis.htm#Dreyer01
https://sph.uth.edu/retnet/ref-dis.htm#Dreyer01
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Sergouniotis et al., 

2010; Downs et al., 

2012 

C8ORF37 ≤1% Uncharacterized protein C8orf37 

Estrada-Cuzcanoet 

al., 2012; van Huet 

et al., 2013 

CLRN1 ≤1% Clarin-1 

Joensuu et al., 2001; 

Adato et al., 2002; 

Khan et al., 2011 

CNGB1 ≤1% 
Cyclic nucleotide-gated cation channel 

beta-1 

Ardell et al., 2000; 

Bareil et al., 2001 

DHDDS ≤1% Dehydrodolichyldiphosphatesynthetase 

Haeuptle et al., 

2009; Zelinger et al., 

2011 

FAM161A ≤1% Protein FAM161A 

Gu et al., 1999; 

Bandah-Rozenfeld 

et al., 2010 

IDH3B ≤1% 
Isocitrate dehydrogenase [NAD] 

subunit beta, mitochondrial 
Hartong et al., 2008 

IMPG2 ≤1% 
Interphotoreceptor matrix proteoglycan 

2 

Bandah-Rozenfeld 

et al., 2010 

LRAT ≤1% Lecithin retinol acyltransferase 

Ruiz et al.,1999; 

Ruiz et al., 2001; 

Thompson et al., 

2001 

MAK ≤1% Serine/threonine-protein kinase MAK 

Omori et al., 2010; 

Özgület al., 2011; 

Stoneet al., 2011 

MERTK ≤1% Tyrosine-protein kinase Mer 

D'Cruz et al., 2000; 

Gal et al., 2000; 

Mackay et al., 2010 
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NRL ≤1% 
Neural retina-specific leucine zipper 

protein 

Farjoet al., 1997; 

Bessantet al.,1999; 

Mearset al., 2001 

PDE6G ≤1% 

Retinal rod rhodopsin-sensitive cGMP 

3',5'-cyclic phosphodiesterase subunit 

gamm 

Dvir et al., 2010 

PRCD ≤1% 
Progressive rod-cone degneration 

protein 

Goldstein et al., 

2006; Nevet et al., 

2010; 

PROM1 ≤1% Prominin-1 

Kniazeva et al., 

1999; Maw et al., 

2000; 

RBP3 ≤1% Retinol-binding protein 3 

den Hollander et al., 

2009; Liou et al., 

1998; 

RGR ≤1% 
RPE-retinal G protein-coupled 

receptor 

Chen et al., 1996; 

Morimura et al., 

1999 

RHO ≤1% Rhodopsin 

Cideciyan et al., 

1998; Khani et al., 

1998 

RLBP1 ≤1% Retinaldehyde-binding protein 1 
Burstedt et al.,1999; 

Eichers et al., 2002 

RP1 ≤1% Oxygen-regulated protein 1 Ajmal et al., 2014 

SPATA7 ≤1% Spermatogenesis-associated protein 7 
Stockton et al.,1998; 

Wang et al., 2009 

TTC8 ≤1% Tetratricopeptide repeat domain 8 

Riazuddin et al., 

2010; Goyal et al., 

2015; 

TULP1 ≤1% Tubby-related protein 1 Banerjee et al.,1998; 
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Gu et al.,1998 

ZNF513 ≤1% Zinc finger protein 513 
Li et al., 2010; Naz 

et al., 2010 

ARL6 ≤1% ADP-ribosylation factor-like protein 6 

Sheffield et al., 

1994; Woods et al., 

1999; 

NR2E3 

Rare; 

found in 

Sephardic 

Jews in 

Portugal 

nuclear receptor subfamily 2 group E3 

Chang et al., 2002; 

Sharon et al., 2003; 

Coppieters et al., 

2007 

EYS 

10%-30% 

in Spain; 

common in 

China 

Protein eyes shut homolog 

Ruiz et al., 1998; 

Khaliq et al., 1999; 

Collin et al., 2008 

CRB1 
6%-7% in 

Spain 
Crumbs homolog 1 

den Hollander et al., 

2001; Hanein et al., 

2004 

CERKL 
3%-4% in 

Spain 
Ceramide kinase-like protein 

Auslender et al., 

2007; Aleman et al., 

2009 

SAG 
2%-3% in 

Japan 
S-arrestin 

Maw et al., 1995; 

Wada et al., 1996; 

Nakazawa et 

al.,1998 

AGBL5 
Turkish 

family 
 Kastner et al., 2015 
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7.1.1 Results of Family H 

7.1.1.1 Clinical description 

This family consists of six affected individuals within two different nuclear loops. 

Parents and some unaffected individuals were also recruited. Physical and clinical 

examination of an index case of the family was made from ophlamalogist. 

An affected individual (III:3) with an age of 17 years belongs to a Pakistani family 

showed the history of retinitis. The disease onset was noted at the early age and had 

been sensitive to light. There was strong family history of this phenotype and his 

parents are first cousin. His two younger brothers and three paternal cousins carry the 

similar symptoms. 

His eyes were positive for keratoconu and pale disk. His visual acuity was 6/9 in each 

eye and showed attenuated vessels, bone spicules and reduced fields. There was a 

normal anterior segment but fundus examination showed coarse pigment clumping 

with white dots at the level of the retinal pigment epithelium. There was also observed 

maculopathy. 

The differential diagnosis was suggested as a severe retinitis pigmentosa and it is 

inherited as autosomal recessive. The diagnosis has been explained to the patient and 

his parents. They also agreed to take part in this research study. 

7.1.1.2 British-Bangladeshi sporadic case 

During the course of study, a sporadic case with similar clinical feature was recruited 

and diagnosed with retinitis pigmentosa. 

7.1.2 Homozygosity mapping by SNP microarray in Family H 

In family H, homozygosity mapping revealed a single 10.9 Mb (hg38, chr1: 

102271774-113248791) homozygous segment (Figure 7.1) flanked by SNPs 
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rs4907955 and rs12144044, encompassing the candidate gene CLCC1. A high density 

Illumina CytoSNP-12v2.1 330K array contains large number of SNPs and therefore 

can result in higher rate of non-informative genotypes, particularly in consanguineous 

families.  

Primarily, we analyzed data with default block length but it yields several false 

negative results. But after customizing block length at value 700 (higher the block 

value, larger will be homozygous block of SNPs), homozygous regions (shared by 

five affected individuals III:3, III:4, IV:4 and IV:5) was identified on chromosome 

1p13.3 by Homozygosity Mapper (Figure 7.2). Within this identified homozygous 

region, total 199 genes are present, among them 30 genes are labeled or characterized 

for some phenotypes or protein functions 

(http://www.ncbi.nlm.nih.gov/mapview/maps.cgi?taxid=9606&CHR=1&BEG=10227

1774&END=113248791). 

7.1.3 Whole exome sequencing and mutation detection 

Analysis of exome data in one affected individual of family H identified 2 pure 

homozygous variants (CLCC1, CHIA). Details of variants detected in WES data in the 

candidate region of rs4907955-rs12144044 chr1:101,806,218-112,706,169 [hg38] is 

given in table 7.2. Scrutiny of the genes having the variants was performed using 

OMIM. In addition, available genetic, functional and expression data of the genes was 

analyzed for each variant containing gene. After WES analysis, 279 variants were in 

locus (read depth =>5), 256 variants were homozygous, 38 variants were missense or 

in splice region, and finally 2 variants predicted to be deleterious on both PolyPhen & 

SIFT tools (rs750180668- CLCC1:p.D25E; rs2275254-CHIA: p.F193S). Single base 

pair change (c.73C>A) in the CLCC1 gene considered as the most potential candidate 

http://www.ncbi.nlm.nih.gov/mapview/maps.cgi?taxid=9606&CHR=1&BEG=102271774&END=113248791
http://www.ncbi.nlm.nih.gov/mapview/maps.cgi?taxid=9606&CHR=1&BEG=102271774&END=113248791
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variant consistent with the phenotype of this family (Figure 7.3). Sanger sequencing 

in all available DNA samples of family H revealed homozygous missense mutation 

(c.C73A; p.Asp25Glu) in affected (III;3, III:4, III:5, IV-1, IV-2, IV-5) and 

heterozygous in the parents (IIII:6, III:7) and wild type in unaffected siblings (IV-3, 

IV-7). This similar variant was also found in Britiah-Bangladeshi sporadic case. This 

variant was absent as homozygous state in available databases of genetic variations 

(dbSNP, EVS, EXAC genome browser) and in 80 ethnically matched control 

individuals of Pakistani and British-Bangladeshi origin. The online available mutation 

effect prediction tools SIFT and Mutation Taster 

(http://www.mutationtaster.org/index.html) scored the missense variant as pathogenic 

for protein function. 

7.1.4 Discussion 

In this study, homozygosity mapping and exome sequencing revealed a homozygous 

missense variant (c.C73A; p.Asp25Glu) in CLCC1 gene which was segregating with 

disease phenotype in a Pakistani family and a British-Bangladeshi sporadic case of 

retinitis pigmentosa (RP). The p.Asp25Glu mutation of CLCC1 and is low frequency 

in Exac database but there are no homozygous alleles for the variant in any database. 

In other words, these individuals who are heterozygous (5 are listed in ExAC) are 

carriers of a potentially pathogenic recessive disease allele. The presence of a variant 

in heterozygous state in a database is still disease-causing. Moreover, mouse model 

for this mutation has been generated and this variant is proved to be damaging (data 

for animal model is not part of this thesis). This variant was absent in 80 ethnically 

matched control chromosomes. 

http://www.mutationtaster.org/index.html
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Chloride channel CLIC-like 1 (CLCC1) gene consists of 4.8 kb nucleotides and 

mediates a protein of 551 amino acids (NM_001048210). This gene encodes a protein 

that consists of three transmembrane domains. It consists of single peptide of 18 

amino acids and chain of 533 amino acids (http://www.uniprot.org/uniprot/Q96S66). 

The CLCC1 protein is confined to an endoplasmic reticulum which is permeable to 

chloride anions (Nagasawa et al., 2001). Mainly, down-regulation of CLCC1 gene 

stimulated the cultivated cells to chemically prone ER stress. Moreover, the 

hammering of Clcc1 activity in vivo consequences in up-regulated expression of 

unfolded protein response (UPR) of target genes. The deposition of ubiquitin-positive 

neuronal inclusions prior to their disintegration, signifying that interruption of 

chloride/anion levels in the ER escorting to the failure of homeostasis in endoplasmic 

reticulum and ultimate neuron death. 

Previously, in mouse model, mutation with loss of functional activity were identified 

in channel CLIC-like 1 (Clcc1) gene and the phenotype of this model included late-

onset ataxia and peripheral neuropathy (Jia et al., 2015). While, the expression of 

precise and earlier misfolded proteins have been revealed to result in neuron 

degeneration due to ER stress. Some ER inhabitant molecules have been recognized 

that the faulty strees of ER leads to the death of neurons. In another study, a novel 

mouse mutant was investigated with neuronal damage characteristics inclduing late-

onset cerebellar granule cell degeneration and peripheral axon degeneration. Through 

positional cloning technique, the molecular fault was determined in this mutant strain 

as an intra-cisternal A-particle (IAP) incorporation in the Clcc1 gene that upshots the 

arresting of down-regulation of this gene. Interestingly, this mutation firstly occured 

on the inbred C3H/HeSnJ strain, but the neuro-degeneration connected with Clcc1 

http://www.uniprot.org/uniprot/Q96S66
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mutation is possibly enhanced by C57BL6/J alleles (Jia et al., 2015). These 

discoveries suggested the role of Clcc1 which can impose the maintenance of ER 

homeostasis even though in the cerebellum of young adult and that levels of ER stress 

may progressively increase with neuron death occurring when a critical threshold is 

reached. In contrary to these findings, the mutation in CLCC1 gene is associated with 

phenotype of retinitis pigmentosa which is quite different as the functions depicted for 

mouse model. The possible explanation could be the presence of a modifier gene. 

Some earlier reports propose that in ER, the chloride channels are present; conversely, 

the characteristics and the function of such channels are unidentified. Previously, it 

has been suggested that CLCC1 is compulsory for survival of neuron and the 

maintenance of ER homeostasis. The ER is known for major store of intracellular 

calcium, and disturbance of Ca2+ concentrations in the ER can modify the functional 

activity of chaperone, eventually leading to misfolding of protein and ER stress 

(Merksameret al., 2008). The processes for uptake of ER Ca2+ and release are 

electrogenic entailing the related movement of counter ions to preserve the electro-

neutrality of the ER membrane (al-Awqati, 1995; Edwards and Kahl, 2010). 

In Clcc1-deficient mice, the localization of ER and neurological phenotypes imply 

that the CLCC1 protein may be a module of protein complexes that control ER shape. 

Otherwise, the functional studies of CLCC1 in human cell lines must be carried out to 

understand the role of this gene in human body. 

7.1.5 Conclusion 

A large Pakistani family with congenital retinitis pigemntosa was mapped to a novel 

candidate region by SNP-microarry and whole exom sequencing identified a 

pathogenic variant in novel CLCC1 gene (c.C73A; p.Asp25Glu). Same mutation was 
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found in a sporadic case of British-Bangladeshi origin with similar symptoms. Future 

functional studies will help us understand the function of CLCC1 protein in human 

body as it seems no link between the phenotypes in the family and the functions of 

CLCC1 described in mouse model.  
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Figure 7.1: Family pedigree and pseudo-haplotype of Family H showing CLCC1 

variant c.73C>A genotype of affected individuals with Retnitis Pigmentosa. 

Simplified pedigree of multi-generation Pakistani family investigated with autosomal 

recessive congenital retinitis pigmentosa, with pictorial representation of genotypes 

across 10.9 Mb of chromosome 1 encompassing the disease locus. The stripy pattern 

is blue for homozygous of one allele (BB), while yellow pattern shows the 

homozygous for other allele (AA). The combination of blue and yellow gives the 

pattern of AB alleles (heterozygous). 
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Figure 7.2: Image of SNP data analyzed in family H by Homozygosity Mapper. It 

is showing one significant region (red bar) of homozygosity-by-descent (HBD) on 

chromosome 1. 

Table 7.2: Whole Exome Sequencing variants scrutinized in candidate locus 

(rs4907955-rs12144044: chr1:101,806,218-112,706,169) [hg38] 
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Figure 7.3: Mutation Analysis of CLCC1 gene causes congenital retinitis pigmentosa. The extended Pakistani family investigated, 

showing co-segregation of the c.73C>A variant with disease and sequence electropherograms for wild-type, heterozygous and 

homozygous mutant individuals. (b) Amino acid alignment showing high conservation of the D25 residue in vertebrate.

CLCC1 mutation in sporadic case of British-Bangladeshi origin below. 
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8.1 General Discussion 

The aims and objectives of this study were to identify the causative variants in 

selected autosomal recessive families with rare genetic defects from Pakistan. 

Identification of genetic cause for such diseases may be beneficial for a number of 

reasons: firstly, it increases our knowledge regarding the etiology of these monogenic 

disorders. Secondly, by studying the proteins involved leads to identification of new 

molecular and cellular pathways. Thirdly, it provides opportunity to the families with 

these disorders to get counseled for their better future reproductive decisions.  

8.2 Clinical heterogeneity, diagnostic criteria and differential diagnosis 

Differential diagnosis of rare genetic disorders is one of the major challenges 

associated with clinical practice, due to the fact that clinical symptoms often overlap. 

For example, affected individuals with L2-hydroxyglutaric aciduria and Alpha-

mannosidosis present with diverse clinical phenotypes related to various metabolic 

defects either mitochondrial or lysosomal. Similarly, other neurological and muscular 

defects usually overlap with each other due to similar characteristics. A single 

definitive diagnosis for ALS still does not exist; therefore various collective 

modalities, including nerve conduction, electrophysiological, brain imaging, 

neuropsychiatric, neurophysiologic studies as well as genetic testing can help reach a 

differential diagnosis (McDermott and Shaw, 2008). Similarly, clinical phenotypes of 

the dysferlinopathies and muscular dystrophies are heterogeneous; with early 

involvement of the posterior calf muscles (Miyoshi myopathy) or distal weakness, 

similar to other limb-girdle muscular dystrophies (LGMD2B), and less commonly 

with anterior tibial weakness (Mahjnehet al., 2001; Suzuki et al., 2004). Retinal 

dystrophies (RD) are also clinically heterogeneous and this makes these dystrophic 

subtypes clinically interchangeable and the diagnosis is usually based on past history 



Chapter 8                                                                                                                     General Discussion 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders      199 

 

provided by the patient. For diagnosis, it is important to differentiate between 

stationary and progressive types of retinal dystrophy, because at preliminary stages 

they are clinically undifferentiated. Therefore, the disease progression is measured 

and the nature is determined after regular check-ups by an ophthalmologist. 

Furthermore, new advanced and state of the art ophthalmic techniques such as 

electroretinography (ERG) and spectral domain optical coherence tomography (SD-

OCT) are required, which are not performed as part of routine investigations in most 

clinics to give insight into the nature of the disease (Chen et al., 2012). 

In the Pakistani context, proper clinical facilities need to be developed where a 

differential diagnosis can be established, which also requires proper awareness and 

training of the clinicians about the molecular aspects of diseases.  

8.3 Genetic Testing in Pakistan  

Numerous affected individuals with autosomal recessive gentic diseases live in distant 

regions of densely inhabited developing countries like Pakistan, Afghanistan, 

Bangladesh and India (Hussain et al., 1998; Nirmalan et al., 2006; Bittles and Black, 

2010). Inbreeding occurs mainly due to consanguineous marriages, which are more 

frequent in these populations as people survive in small communities and are 

distributed in tribes (Hussain et al., 1998). In general, consanguinity is one of the 

important contributors for the high occurrence of autosomal recessive genetic 

disorders in these populations (Hussain et al., 1998; Nirmalan et al., 2006). 

Additionally, insufficient resources and substandard healthcare services (for 

differential diagnosis and clinical management options) contribute to an increase in 

the prevalence of various neurological, muscular, and other disorders, which although 

not treatable, can be managed. A further tradition in such a high burden populations is 
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the marriages between two individuals of similar disease entity (e.g. with visual 

impairment). In recessive pattern of genetic defects, these results in progeny that are 

all affected, raising the disease burden. Furthermore, lack of education in the 

individuals of such families further worsens the economic situation of the affectes. 

The facts stated above to elucidate why there are such a huge number of patients in 

developing countries like Pakistan. We are required to apply a national genetic testing 

policy if we wish to decrease the burden of these diseases in our country, as seen in 

developed countries of the world. 

Some research groups are working on different aspects of heterogeneous genetic 

defects present in Pakistan, and majority of these are centred on discovering the 

genetic variants causing these diseases. From the published research data, it seems 

that none of the groups are involved in formal providence of genetic testing/prenatal 

diagnosis to patients compared to other developed countries. In order to benefit our 

patients, it is recommended that the groups studying these genetic defects may pool 

their resources and connect with other to provide genetic counseling and disease 

management options to the patients, along with genetic diagnosis. 

8.4 Genetic counseling 

In human molecular genetic research, individuals and families with inherited 

disorders are recruited to determine the genetic basis of diseases; to find the 

contributing mutations in their genomes. After identification of the responsible 

mutations the consequences can be discussed with the concerned families, who can be 

counseled to take appropriate measures to prevent more diseased offsprings in the 

family. Furthermore, when there is a possibility of therapeutic involvement, patients 

should be referred to a consultant for suitable medication and treatment. 
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This whole process of propagating the information and implications to the particular 

families is described as genetic counseling. Genetic counseling is fundamentally a 

communication process or psychotherapeutic intervention in individuals based on the 

results of genetic testing or screening outcomes (Bowles Biesecker and Marteau, 

1999). Genetic counseling is imperative in managing the disease in affected 

individuals and for averting the further increase of the disease in the family.  

The achievement of genetic counseling depends on the accurate diagnosis and suitable 

genetic testing. Counseling can be very specific for genes that have known genotype-

phenotype correlations but it becomes challenging when there is a high genetic and 

phenotypic heterogeneity. Thus, the clinicians and geneticists involved with such 

families must be properly trained to become skilled genetic counselor. It must be kept 

in mind that genetic counseling of families with de novo mutations is a challenging 

task for genetic counselors because of the absence of a family history and healthy 

parents not carrying the disease causing mutations. 

In Pakistan, genetic counseling services are rare and because of the cultural trend of 

consanguineous marriages, the incidence of genetic diseases is not appropriately 

handled. Consequently, the number of affected individuals is increasing every day. In 

addition, there is no established prenatal diagnosis service for families with severely 

affected individuals. The immediate establishment of genetic counseling services is 

necessary in Pakistan, in order to convince and educate the affected families about the 

utility of the services. 

8.4 Final Words 

The results of this study prove that homozygosity mapping is a flexible and effective 

tool to identify genetic defects in large inbred families. However, there is a need to 
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use combination of techniques including whole exome and whole genome sequencing 

due to pitfalls in homozygosity mapping. This thesis also highlights the need to 

continue research on genetically heterogeneous diseases like neurological anomalies, 

muscular and retinal dystrophies in Pakistan. It also emphasizes the role of training 

physicians and establishment of diagnostic and counseling centres for the proper 

diagnosis and management of these disorders. 

 

 



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           203 

 

 

 

 

 

CHAPTER 9 

 

 

 

References  

  



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           204 

 

Acland GM, Aguirre GD, Bennett J, Aleman TS, Cideciyan AV, Bennicelli J et al. (2005).  

Long-term restoration of rod and cone vision by single dose rAAV-mediated gene 

transfer to the retina in a canine model of childhood blindness. Mol Ther. 12: 1072-82. 

Acland GM, Aguirre GD, Ray J, Zhang Q, Aleman TS, Cideciyan AV et al. (2001). Gene  

therapy restores vision in a canine model of childhood blindness. Nat Genet. 28: 92-

95. 

Adato A, Vreugde S, Joensuu T, Avidan N, Hamalainen R, Belenkiy O et al. (2002).  

USH3A transcripts encode clarin-1, a four-transmembrane-domain protein with a 

possible role in sensory synapses. Eur J Hum Genet. 10: 339-50. 

Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P et al. (2010). A  

method and server for predicting damaging missense mutations. Nat Methods. 7(4): 

248-49.  

Agha Z, Iqbal Z, Kleefstra T, Zweier C, Pfundt R, Qamar R et al. (2015). A de novo  

microdeletion in NRXN1 in a Dutch patient with mild intellectual disability, 

microcephaly and gonadal dysgenesis. Genet Res (Camb).  97:e19.  

Aghili M, Zahedi F, Rafiee E (2009). Hydroxyglutaric aciduria and malignant brain tumor: a   

case report and literature review. J Neurooncol. 91(2): 233-36. 

Aguirre GD, Baldwin V, Pearce-Kelling S, Narfström K, Ray K, Acland GM (1998).  

Congenital stationary night blindness in the dog: common mutation in the RPE65 gene 

indicates founder effect. Mol Vis. 4: 23. 

Ahmad A, Daud S, Kakar N, Nürnberg G, Nürnberg P, Babar ME et al. (2011). Identification  

of a novel LCA5 mutation in a Pakistani family with Leber congenital amaurosis and 

cataracts. Mol Vis. 17: 1940-45.  

Ahmed S and Saleem M (2002). Screening extended families for genetic hemoglobin  

disorders in Pakistan. New Engl J Med. 347: 1162-68. 

Ahmed ZM, Riazuddin S, Ahmad J, Bernstein SL, Guo Y, Sabar MF et al. (2003). PCDH15  

is expressed in the neurosensory epithelium of the eye and ear and mutant alleles are 

responsible for both USH1F and DFNB23. Hum Mol Genet. 2003; 12:3215-23. 

Ajmal M, Khan MI, Neveling K, Khan YM, Azam M, Waheed NK et al. (2014). A missense  

mutation in the splicing factor gene DHX38 is associated with early-onset retinitis 

pigmentosa with macular coloboma. J Med Genet. 51: 444-48. 

Ajmal M, Khan MI, Micheal S, Ahmed W, Shah A, Venselaar H  et al. (2012). Identification  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Ajmal%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22665969
http://www.ncbi.nlm.nih.gov/pubmed/?term=Khan%20MI%5BAuthor%5D&cauthor=true&cauthor_uid=22665969
http://www.ncbi.nlm.nih.gov/pubmed/?term=Micheal%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22665969
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ahmed%20W%5BAuthor%5D&cauthor=true&cauthor_uid=22665969
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shah%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22665969
http://www.ncbi.nlm.nih.gov/pubmed/?term=Venselaar%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22665969


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           205 

 

of recurrent and novel mutations in TULP1 in Pakistani families with early- 

onsetretinitis pigmentosa. Mol Vis. 18: 1226-37. 

Alakbarzade V, Hameed A, Quek DQ, Chioza BA, Baple EL, Cazenave-Gassiot A et al. 

(2015). A partially inactivating mutation in the sodium-dependent 

lysophosphatidylcholine transporter MFSD2A causes a non-lethal microcephaly 

syndrome. Nat Genet.  47(7): 814-17. 

Al-Awadi SA, Moussa MA, Naguib KK, Farag TI, Teebi AS, El-Khalifa M  et al. (1985).  

Consanguinity among the Kuwaiti population. Clin Genet. 27: 483-86. 

al-Awqati Q (1995). Chloride channels of intracellular organelles. Curr OpinCell Biol. 7:504- 

508. 

Albert TJ, Molla MN, Muzny DM, Nazareth L, Wheeler D, Song X et al. (2007). Direct  

selection of human genomic loci by microarray hybridization. Nat Methods. 4(11): 

903-905. 

Aldinger KA, Lehmann OJ, Hudgins L, Chizhikov VV, Bassuk AG, Ades LC et al. (2009).  

FOXC1 is required for normal cerebellar development and is a major contributor to 

chromosome 6p25.3 Dandy-Walker malformation. Nat Genet.  41(9): 1037-42. 

Al-Dosari MS, Shaheen R, Colak D, Alkuraya FS (2010). Novel CENPJ mutation causes  

Seckel syndrome. J Med Genet. 47(6): 411-14. 

Aleman TS, Soumittra N, Cideciyan AV, Sumaroka AM, Ramprasad VL, Herrera W et 

al. (2009). CERKL mutations cause an autosomal recessive cone-rod dystrophy with 

inner retinopathy. Invest. Ophthalmol. Vis. Sci. 50:5944-54.  

Aligianis IA, Johnson CA, Gissen P, Chen D, Hampshire D, Hoffmann Ket al. (2005).  

Mutations of the catalytic subunit of RAB3GAP cause Warburg Micro syndrome. Nat 

Genet. 37 (3): 221-23. 

Aligianis IA, Forshew T, Johnson S, Michaelides M, Johnson CA, Trembath RC  et al.  

(2002). Mapping of a novel locus for achromatopsia (ACHM4) to 1p and identification 

of a germline mutation in the alpha subunit of cone transducin (GNAT2). J Med 

Genet. 39(9): 656-60. 

Alkuraya FS (2010). Autozygome decoded. Genet Med. 12: 765-71. 

Alkuraya FS, Cai X, Emery C, Mochida GH, Al-Dosari MS, Felie JM et al. (2011). Human  

mutations in NDE1 cause extreme microcephaly with lissencephaly. Am J Hum Genet. 

88(5): 536-47. 

Al-Maawali A, Machado J, Fang P, Dupuis L, Faghfoury H, Mendoza-Londono R. (2013).  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Waheed+2012+retinitis
http://www.ncbi.nlm.nih.gov/pubmed/12205108
http://www.ncbi.nlm.nih.gov/pubmed/12205108


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           206 

 

Angelman syndrome due to a termination codon mutation of the UBE3A gene. J Child 

Neurol. 28(3): 392-95. 

Al-Nassar KE, El-Kazimi AA, Kelly CL (1989). Patterns of consanguinity in the population  

of Kuwait. Am J Hum Genet. 45: 910-15. 

Al-Saif A, Al-Mohanna F, Bohlega S (2011). A mutation in sigma-1 receptor causes juvenile  

amyotrophic lateral sclerosis. Ann Neurol. 70:913-19. 

Altherr MR, Wasmuth JJ, Seldin MF, Nadeau JH, Baehr W, Pittler SJ (1992). Chromosome  

mapping of the rod photoreceptor cGMP phosphodiesterase beta-subunit gene in 

mouse and human: tight linkage to the Huntington Disease region (4p16.3). Genomics. 

12: 750-54.  

Amir RE, Van den Veyver IB, Wan M, Tran CQ, Francke U, Zoghbi HY (1999). Rett  

syndrome is caused by mutations in X-linked MECP2, encoding methyl-CpG-binding 

protein 2. Nat Genet. 23(2): 185-8. 

Ansar M, Ramzan M, Pham TL, Yan K, Jamal SM, Haque S  et al. (2003). Localization of a  

novel autosomal recessive non-syndromic hearing impairment locus (DFNB38) to 

6q26-q27  in a consanguineous kindred from Pakistan. Hum Hered.  55(1): 71-74. 

Ara JR, Mayayo E, Marzo ME, Guelbenzu S, Chabas A, Pina MA et al. (1999). Neurological  

impairment in alpha-mannosidosis: a longitudinal clinical and MRI study of a brother 

and sister. Childs Nerv Syst. 158: 369-71.  

Ardell MD, Bedsole DL, Schoborg RV, Pittler SJ (2000). Genomic organization of the  

human rod photoreceptor cGMP-gated cation channel beta-subunit gene. Gene. 245: 

311-18. 

Auslender N, Sharon D, Abbasi AH, Garzozi HJ, Banin E, Ben-Yosef T (2007). A common  

founder mutation of CERKL underlies autosomal recessive retinal degeneration with 

early macular involvement among Yemenite Jews. Invest Ophthalmol Vis Sci. 48: 

5431-38. 

Awad S, Al-Dosari MS, Al-Yacoub N, Colak D, Salih MA, Alkuraya FS et al. (2013).  

Mutation in PHC1 implicates chromatin remodeling in primary microcephaly 

pathogenesis.Hum Mol Genet. 22(11): 2200-13.  

Azakir BA, Di Fulvio S, Therrien C, Sinnreich M (2010). Dysferlin interacts with tubulin and  

microtubules in mouse skelet muscle PLoS One. 5(4): e10122. 

Azam M, Collin RWJ, Khan MI, Shah ST, Qureshi N, Ajmal M et al. (2009). A novel  

http://www.ncbi.nlm.nih.gov/pubmed/23418308
http://www.ncbi.nlm.nih.gov/pubmed/23418308


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           207 

 

mutation in GRK1 causes Oguchi disease in a consanguineous Pakistani family. Mol 

Vis. 15: 1788-93. 

Bainbridge JWB, Smith AJ, Barker SS, Robbie S, Henderson R, Balaggan K et al. (2008).  

Effect of gene therapy on visual function in Leber's congenital amaurosis. N Engl J 

Med. 358: 2231-39. 

Bandah-Rozenfeld D, Collin RW, Banin E, van den Born LI, Coene KL, Siemiatkowska AM  

et al. (2010). Mutations in IMPG2, encoding interphotoreceptor matrix proteoglycan 2, 

cause autosomal-recessive retinitis pigmentosa. Am J Hum Genet. 87: 199-208. 

Banerjee P, Kleyn PW, Knowles JA, Lewis CA, Ross BM, Parano E et al.  

(1998). TULIP1 mutation in two recessive extended Dominican kindreds with 

autosomal recessive retinitis pigmentosa. Nat Genet. 18: 177-79. 

Banerjee SK and Roy TK (1996). Incidence of consanguineous marriage in India and its  

impact on child mortality. Paper presented at the XIX Annual Conference of IASP, 

M.S. University, Vadodara. 

Bansal D, Miyake K, Vogel SS, Groh S, Chen CC, Williamson R et al. (2003). Defective  

membrane repair in dysferlin-deficient muscular dystrophy. Nature. 423(6936): 168-

172. 

Barbelanne M, Tsang WY (2014). Molecular and cellular basis of autosomal recessive  

primary microcephaly. BioMed Res Int. 547986. 

Bareil C, Hamel CP, Delague V, Arnaud B, Demaille J, Claustres M (2001). Segregation of a  

mutation in CNGB1 encoding the beta-subunit of the rod cGMP-gated channel in a 

family with autosomal recessive retinitis pigmentosa. Hum Genet. 108: 328-34. 

Barkovich AJ, Kuzniecky RI, Jackson GD, Guerrini R, Dobyns WB (2005). A developmental  

and genetic classification for malformations of cortical development. Neurology. 

65(12):1873-87. 

Barth PG, Hoffmann GF, Jaeken J, Lehnert W, Hanefeld F, van Gennip AH  et al. (1992). L- 

2-hydroxyglutaric acidemia: a novel inherited neurometabolic disease. Ann Neurol. 

32(1): 66-71. 

Barth PG, Wanders RJ, Scholte HR, Abeling N, Jakobs C, Schutgens RB et al. (1998). L-2- 

hydroxyglutaric aciduria and lactic acidosis. J Inherit Metab Dis. 21(3): 251-54. 

Bartus RT, Baumann TL, Siffert J, Herzog CD, Alterman R, Boulis N et al. (2013).  

Safety/feasibility of targeting the substantia nigra with AAV2-neurturin in Parkinson 

patients. Neurology. 80: 1698-1701. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Bansal%20D%5BAuthor%5D&cauthor=true&cauthor_uid=12736685
http://www.ncbi.nlm.nih.gov/pubmed/?term=Miyake%20K%5BAuthor%5D&cauthor=true&cauthor_uid=12736685
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vogel%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=12736685
http://www.ncbi.nlm.nih.gov/pubmed/?term=Groh%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12736685
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20CC%5BAuthor%5D&cauthor=true&cauthor_uid=12736685
http://www.ncbi.nlm.nih.gov/pubmed/?term=Williamson%20R%5BAuthor%5D&cauthor=true&cauthor_uid=12736685


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           208 

 

Bashir R, Fatima A, Naz S (2010). A frameshift mutation in SANS results in atypical Usher  

syndrome. Clin Genet. 78: 601-603. 

Bashir R, Britton S, Strachan T, Keers S, Vafiadaki E, Lako Met al. (1998). A gene related  

to Caenorhabditis elegans spermatogenesis factor fer-1 is mutated in limb-girdle 

muscular dystrophy type 2B. Nat Genet.  20(1): 37-42. 

Bashir ZE, Latief N, Belyantseva IA, Iqbal F, Riazuddin SA, Khan SN et al. (2013 ).  

Phenotypic variability of CLDN14 mutations causing DFNB29 hearing loss in 

the Pakistanipopulation. J Hum Genet. 58(2): 102-8. 

Basit S, Naqvi SK, Wasif N, Ali G, Ansar M, Ahmad W (2008).  A novel insertion mutation  

in the cartilage-derived morphogenetic protein-1 (CDMP1) gene underlies Grebe-type 

chondrodysplasia in a consanguineous Pakistani family. BMC Med Genet.  9:102. 

Bassi RA, Freire-Maia N (1985). Marriage age and inbreeding in Curitiba, Southern Brazil.  

Rev Bras Genet. 8: 199-203. 

Bateman JB, Klisak I, Kojis T, Mohandas T, Sparkes RS, Li TS et al. (1992). Assignment of  

the beta-subunit of rod photoreceptor cGMP phosphodiesterase gene PDEB (homolog 

of the mouse rd gene) to human chromosome 4p16. Genomics. 12: 601-60.3  

Bauer R, Hudson J, Müller HD, Sommer C, Dekomien G, Bourke J et al. (2009). Eur J Hum  

Genet. (9): 1148-53. 

Baylor DA and Burns ME (1998). Control of rhodopsin activity in vision. Eye (Lond). 12:  

521-25. 

Bayés M, Giordano M, Balcells S, Grinberg D, Vilageliu L, Martínez I et al. (1995).  

Homozygous tandem duplication within the gene encoding the beta-subunit of rod 

phosphodiesterase as a cause for autosomal dominant recessive retinitis pigmentosa. 

Hum Mutat. 5: 228-34.  

Beales PL, Badano JL, Ross AJ, Ansley SJ, Hoskins BE, Kirsten B et al. (2003). Genetic  

interaction of BBS1 mutations with alleles at other BBS loci can result in non-

Mendelian Bardet-Biedl syndrome. Am J Hum Genet. 72(5): 1187-99. 

Beck M, Olsen KJ, Wraith JE, Zeman J, Michalski JC, Saftig P et al. (2013). Natural history  

of alpha mannosidosis a longitudinal study. Orphanet J Rare Dis. 8: 88. 

Beigelman A, Levy J, Hadad N, Pinsk V, Haim A, Fruchtman Y et al. (2009). Abnormal  

neutrophil chemotactic activity in children with congenital insensitivity to pain with 

anhidrosis (CIPA): the role of nerve growth factor. Clin Immunol. 130: 365-72. 

Belzil VV, Daoud H, Camu W, Strong MJ, Dion PA, Rouleau GA (2013) Genetic analysis of  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Bashir%20R%5BAuthor%5D&cauthor=true&cauthor_uid=9731527
http://www.ncbi.nlm.nih.gov/pubmed/?term=Britton%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9731527
http://www.ncbi.nlm.nih.gov/pubmed/?term=Strachan%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9731527
http://www.ncbi.nlm.nih.gov/pubmed/?term=Keers%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9731527
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vafiadaki%20E%5BAuthor%5D&cauthor=true&cauthor_uid=9731527
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lako%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9731527
http://www.ncbi.nlm.nih.gov/pubmed/23235333
http://www.ncbi.nlm.nih.gov/pubmed/23235333


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           209 

 

SIGMAR1 as a cause of familial ALS with dementia. Eur J Hum Genet. 21: 237-39. 

Bendavid C, Dubourg C, Gicquel I, Pasquier L, Saugier-Veber P, Durou MR et al. (2006).  

Molecular evaluation of foetuses with holoprosencephaly shows high incidence of 

microdeletions in the HPE genes. Hum Genet.119(1-2): 1-8. 

Bennett J, Maguire AM (2000). Gene therapy for ocular disease. Mol Ther. 1: 501-505. 

Bennett J, Tanabe T, Sun D, Zeng Y, Kjeldbye H, Gouras P  et al. (1996). Photoreceptor cell  

rescue in retinal degeneration (rd) mice by in vivo gene therapy. Nat Med. 2: 649-54. 

Bennicelli J, Wright JF, Komaromy A, Jacobs JB, Hauck B, Zelenaia O  et al. (2008).  

Reversal of blindness in animal models of leber congenital amaurosis using optimized 

AAV2-mediated gene transfer. Mol Ther. 16: 458-65. 

Berger W, Kloeckener-Gruissem B, Neidhardt J (2010). The molecular basis of human retinal  

and vitreoretinal diseases. Prog Retin Eye Res. 29: 335-75. 

Bergeron L, Yuan J (1998). Sealing one's fate: control of cell death in neurons. Curr Opin  

Neurobiol. 8 (1): 55-63. 

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. (2000). The  

Protein Data Bank. Nucleic Acids Res. 28(1): 235-42. 

Berson EL (1996). Retinitis pigmentosa: unfolding its mystery. Proc Natl Acad Sci USA. 93:  

4526-28. 

Berson EL (1993). Retinitis pigmentosa. The Friedenwald Lecture. Invest Ophthalmol Vis  

Sci. 34: 1659-76. 

Bertrand T, Kothe M, Liu J, Dupuy A, Rak A, Berne PF et al. (2012). The crystal structures  

of TrkA and TrkB suggest key regions for achieving selective inhibition. J Mol Biol. 

423(3): 439-53. 

Bessant DA, Ali RR, Bhattacharya SS (2001). Molecular genetics and prospects for therapy  

of the inherited retinal dystrophies. Curr Opin Genet Dev. 11:307-16. 

Bessant DA, Payne AM, Mitton KP, Wang QL, Swain PK, Plant C et al. (1999). A mutation  

in NRL is associated with autosomal dominant retinitis pigmentosa. Nat Genet. 21: 

355-56. 

Bienvenu T, Poirier K, Friocourt G, Bahi N, Beaumont D, Fauchereau F et al. (2002). ARX,  

a novel Prd-class-homeobox gene highly expressed in the telencephalon, is mutated in  

X-linked mental retardation. Hum Mol Genet.  11(8): 981-91. 

Bienvenu T, Villard L, De Roux N, Bourdon V, Fontes M, Beldjord C et al. (2002).  

Spectrum of MECP2 mutations in Rett syndrome. Genet Test.  6(1): 1-6. 

http://www.ncbi.nlm.nih.gov/pubmed/16323008
http://www.ncbi.nlm.nih.gov/pubmed/16323008


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           210 

 

Bierhals T, Korenke GC, Uyanik G, Kutsche K. (2013). Pontocerebellar hypoplasia type 2  

and TSEN2: review of the literature and two novel mutations. Eur J Med Genet. 

56(6):325-30. 

Bilgüvar K, Oztürk AK, Louvi A, Kwan KY, Choi M, Tatli B  et al. (2010). Whole-exome  

sequencing identifies recessive WDR62 mutations in severe brain malformations. 

Nature. 467(7312): 207-10.  

Birk RZ, Ermakov S, Livshits G (2013). Common FSNP variants of fourteen Bardet-Biedl  

syndrome genes and adult body mass. Obesity (Silver Spring).  21(8): 1684-49. 

Bittles AH (1991). Societal stratification, consanguinity and fertility. Behav Brain Sci. 14:  

312-13. 

Bittles AH (1998). Empirical Estimates of the Prevalence of Con-sanguineous Marriage in  

Contemporary Societies. Working Report No. 74, Morrison Institute for Population 

and Resource Studies, Stanford, Stanford University. 

Bittles AH (2001). Consanguinity and its relevance to clinical genetics. Clin Genet. 60: 89- 

98. 

Bittles AH, Neel JV (1994). The costs of human inbreeding and their implications for  

variation at the DNA level. Nat Genet. 8: 117-21. 

Bockenhauer D, Feather S, Stanescu HC, Bandulik S, Zdebik AA, Reichold M. et al. (2009).  

Epilepsy, ataxia, sensorineural deafness, tubulopathy, and KCNJ10 mutations. N Engl 

J Med. 360 (19): 1960-70. 

Bockenhauer D, Feather S, Stanescu HC, Bandulik S, Zdebik AA, Reichold M,  et al. (2009).  

Epilepsy, ataxia, sensorineural deafness, tubulopathy and KCNJ10 mutations. N Engl J 

Med.  360(19): 1960-70.  

Bögershausen N, Shahrzad N, Chong JX, von Kleist-Retzow JC, Stanga D, Li Y et al.  

(2013). Recessive TRAPPC11 mutations cause a disease spectrum of limb girdle 

muscular dystrophyand myopathy with movement disorder and intellectual disability. 

Am J Hum Genet. 93(1): 181-90. 

Boland BJ, Silbert PL, Groover RV, Wollan PC, Silverstein MD (1996). Skeletal, cardiac,  

and smooth muscle failure in Duchenne muscular dystrophy. Pediat Neurol. 14: 7-12. 

Bolduc V, Marlow G, Boycott KM, Saleki K, Inoue H, Kroon J, et al. (2010). Recessive  

mutations in the putative calcium-activated chloride channel Anoctamin 5 cause 

proximal LGMD2L and distal MMD3 muscular dystrophies.  Hum Genet. 86(2): 213-

21. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Birk%20RZ%5BAuthor%5D&cauthor=true&cauthor_uid=23404957
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ermakov%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23404957
http://www.ncbi.nlm.nih.gov/pubmed/?term=Livshits%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23404957
http://www.ncbi.nlm.nih.gov/pubmed/?term=White+2003+Bardet-Biedl+Syndrome.
http://www.ncbi.nlm.nih.gov/pubmed/19420365
http://www.ncbi.nlm.nih.gov/pubmed/?term=B%C3%B6gershausen%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23830518
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shahrzad%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23830518
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chong%20JX%5BAuthor%5D&cauthor=true&cauthor_uid=23830518
http://www.ncbi.nlm.nih.gov/pubmed/?term=von%20Kleist-Retzow%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=23830518
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stanga%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23830518
http://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23830518
http://www.ncbi.nlm.nih.gov/pubmed/?term=limb+girdle+muscular+dystrophy+Bogershausen
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bolduc%20V%5BAuthor%5D&cauthor=true&cauthor_uid=20096397
http://www.ncbi.nlm.nih.gov/pubmed/?term=Marlow%20G%5BAuthor%5D&cauthor=true&cauthor_uid=20096397
http://www.ncbi.nlm.nih.gov/pubmed/?term=Boycott%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=20096397
http://www.ncbi.nlm.nih.gov/pubmed/?term=Saleki%20K%5BAuthor%5D&cauthor=true&cauthor_uid=20096397
http://www.ncbi.nlm.nih.gov/pubmed/?term=Inoue%20H%5BAuthor%5D&cauthor=true&cauthor_uid=20096397
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kroon%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20096397
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bolduc+distal+dystrophy


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           211 

 

Bond J, Roberts E, Mochida GH, Hampshire DJ, Scott S, Askham JM et al. (2002). ASPM is  

a major determinant of cerebral cortical size. Nat Genet. 32 (2): 316-20. 

Bond J, Roberts E, Springell K, Lizarraga SB, Scott S, Higgins J et al. (2005). A centrosomal  

mechanism involving CDK5RAP2 and CENPJ controls brain size. Nat Genet.37(4): 

353-55. 

Bonnemann CG, McNally EM, Kunkel LM (1996). Beyond dystrophin: current progress in  

the muscular dystrophies. Curr Opin Pediatr. 8: 569-82. 

Borck G, Hög F, Dentici ML, Tan PL, Sowada N, Medeira A  et al. (2015). BRF1 mutations  

alter RNA polymerase III-dependent transcription and cause neurodevelopmental 

anomalies. Genome Res. 25(2): 155-66. 

Børglum AD, Balslev T, Haagerup A, Birkebaek N, Binderup H, Kruse TA et al. (2001). A  

new locus for Seckel syndrome on chromosome 18p11.31-q11.2. Eur J Hum Genet. 9: 

753-57. 

Borgwardt L, Dali CI, Fogh J, Mansson JE, Olsen KJ et al. (2013). Enzyme replacement  

therapy for alpha-mannosidosis: 12 months follow-up of a single centre, randomised, 

multiple dose study. J Inherit Metab Dis. 36(6): 1015-24. 

Borgwardt L, Thuesen A, Olsen K, Fogh J, Dali C, Lund A (2015). Cognitive profile and  

activities of daily living: 35 patients with alpha-mannosidosis. J Inherit Metab Dis. 

38(6):1119-27. 

Bowles Biesecker B, Marteau TM (1999).The future of genetic counselling: an international  

perspective. Nat Genet. 22: 133-37. 

Brais B, Xie YG, Sanson M, Morgan K, Weissenbach J, Korczyn AD et al. (1995).  

The oculopharyngeal muscular dystrophy locus maps to the region of the cardiac alpha 

and beta myosin heavy chain genes on chromosome 14q11.2-q13. Hum Mol Genet. 

4(3): 429-34. 

Bowne SJ, Humphries MM, Sullivan LS, Kenna PF, Tam LC, Kiang AS et al. (2011). A  

dominant mutation in RPE65 identified by whole-exome sequencing causes retinitis

  pigmentosa with choroidal involvement. Eur J Hum Genet.  19(10): 1074-81. 

Brenner M, Johnson AB, Boespflug-Tanguy O, Rodriguez D, Goldman JE, Messing A.  

(2001). Mutations in GFAP, encoding glial fibrillary acidic protein, are associated with 

Alexander disease. Nat Genet. 27(1): 117-120. 

Brockington M, Yuva Y, Prandini P, Brown SC, Torelli S, Benson MA et al.( 2001).  

http://www.ncbi.nlm.nih.gov/pubmed/7795598
http://www.ncbi.nlm.nih.gov/pubmed/7795598


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           212 

 

Mutations in the fukutin-related protein gene (FKRP) identify limb girdle muscular 

dystrophy 2I as a milder allelic variant of congenital muscular dystrophy MDC1C. 

Hum Mol Genet. 10(25): 2851-59. 

Brummer D, Walter MC, Palmbach M, Knirsch U, Karitzky J, Tomczak R et al. (2005).  

Long-term MRI and clinical follow-up of symptomatic and presymptomatic carriers of 

dysferlin gene mutations. Acta Myol. 24: 6-16. 

Brunelli S, Faiella A, Capra V, Nigro V, Simeone A, Cama A, Boncinelli E (1996).  

Germline mutations in the homeobox gene EMX2 in patients with severe 

schizencephaly. Nat Genet.  12(1): 94-6. 

Bugiani M, Al Shahwan S, Lamantea E, Bizzi A, Bakhsh E, Moroni I et al. (2006). GJA12  

mutations in children with recessive hypomyelinating leukoencephalopathy. 

Neurology. 67 (2): 273-79. 

Burgess R, Millar ID, Leroy BP, Urquhart JE, Fearon IM, De Baere E et al. (2008). Biallelic  

mutation of BEST1causes a distinct retinopathy in humans. Am J Hum Genet. 82: 19-

31.  

Burstedt MS, Sandgren O, Holmgren G, Forsman-Semb K (1999). Bothnia dystrophy caused  

by mutations in the cellular retinaldehyde-binding protein gene (RLBP1) on 

chromosome 15q26. Invest Ophthalmol Vis Sci. 40: 995-1000. 

Burrell JR, Kiernan MC, Vucic S, Hodges JR (2011). Motor neuron dysfunction in  

frontotemporal dementia. Brain. 134: 2582-94. 

Byrne S, Walsh C, Lynch C, Bede P, Elamin M, Kenna K et al. (2011). Rate of familial  

amyotrophic lateral sclerosis: a systematic review and meta-analysis. J Neurol 

Neurosurg Psychiatry. 82: 623-27.  

Cagliani R, Magri F, Toscano A, Merlini L, Fortunato F, Lamperti C et al. (2005). Mutation  

finding in patients with dysferlin deficiency and role of the dysferlin interacting 

proteins annexin A1 and A2 in muscular dystrophies. Hum Mutat. 26(3): 283. 

Caliebe A, Vater I, Plendl H, Gesk S, Siebert R, Cremer FW et al. (2010). A 439 kb-sized  

homozygous deletion in 17p13.3 leading to biallelic loss of the ASPA as cause of 

Canavan disease detected by SNP-array analysis. Mol Genet Metab.  99(2):184-85. 

Canals I, Benetó N, Cozar M, Vilageliu L, Grinberg D (2015). EXTL2 and EXTL3 inhibition  

with siRNAs as a promising substrate reduction therapy for Sanfilippo C syndrome. 

Sci Rep. 5: 13654. 

Capsoni S, Covaceuszach S, Marinelli S, Ceci M, Bernardo A, Minghetti L, Ugolini G et al.  



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           213 

 

(2011). Taking pain out of NGF: a "painless" NGF mutant, linked to hereditary 

sensory autonomic neuropathy type V, with full neurotrophic activity. PLoS One. 6: 

e17321. 

Carr IM, Szymanska K, Sheridan E, Markham AF, Bonthron DT, Johnson CA (2009). 

Shadow autozygosity mapping by linkage exclusion (SAMPLE): a simple strategy to 

identify the genetic basis of lethal autosomal recessive disorders. Hum Mutat. 30(12): 

1642-49. 

Carter H, Douville C, Stenson PD, Cooper DN, Karchin R (2013). Identifying Mendelian  

disease genes with the variant effect scoring tool. BMC Genomics. 14(3): S3. 

Cesani M, Lorioli L, Grossi S, Amico G, Fumagalli F, Spiga I et al. (2016). Mutation Update  

of ARSA and PSAP Genes Causing Metachromatic Leukodystrophy. Hum Mutat. 

37(1): 16-27. 

Cetin N, Balci-Hayta B, Gundesli H, Korkusuz P, Purali N, Talim B et al. (2013). A novel  

desmin mutation leading to autosomal recessive limb-girdle muscular dystrophy: 

distinct histopathological outcomes compared with desminopathies. J Med 

Genet. 50(7): 437-43. 

Chang TH, Huang HY, Hsu JB, Weng SL, Horng JT, Huang HD (2013). An enhanced  

computational platform for investigating the roles of regulatory RNA and for 

identifying functional RNA motifs. BMC bioinformatics. 14(2): S4. 

Chang B, Hawes NL, Hurd RE, Davisson MT, Nusinowitz S, Heckenlively JR (2002).  

Retinal degeneration mutants in the mouse. Vis Res. 42:517-25. 

Charlesworth G, Plagnol V, Holmström KM, Bras J, Sheerin UM, Preza E et al. (2012).  

Mutations in ANO3 cause dominant craniocervical dystonia: ion channel implicated in 

pathogenesis. Am J Hum Genet. 91: 1041-50. 

Chaudhry A, Sabatini P, Han L, Ray PN, Forrest C, Bowdin S (2015). Heterozygous  

mutations in ERF cause syndromic craniosynostosis with multiple suture involvement. 

Am J Med Genet . 167(11): 2544-47. 

Chechlacz M, Gleeson JG (2003). Is mental retardation a defect of synapse structure and  

function? Pediatr Neurol.  29(1): 11-17. 

Chen CJ, Scholl HP, Birch DG, Iwata T, Miller NR, Goldberg MF (2012). Characterizing the  

phenotype and genotype of a family with occult macular dystrophy. Arch Ophthalmol. 

30(12):1554-59.  

Chen E, Nyhan WL, Jakobs C, Greco CM, Barkovich AJ, Cox VA et al. (1996). L-2- 

http://www.ncbi.nlm.nih.gov/pubmed/19842213
http://www.ncbi.nlm.nih.gov/pubmed/19842213
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mutation+Update+of+ARSA+and+PSAP+Genes+Causing+Metachromatic+Leukodystrophy
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cetin%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23687351
http://www.ncbi.nlm.nih.gov/pubmed/?term=Balci-Hayta%20B%5BAuthor%5D&cauthor=true&cauthor_uid=23687351
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gundesli%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23687351
http://www.ncbi.nlm.nih.gov/pubmed/?term=Korkusuz%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23687351
http://www.ncbi.nlm.nih.gov/pubmed/?term=Purali%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23687351
http://www.ncbi.nlm.nih.gov/pubmed/?term=Talim%20B%5BAuthor%5D&cauthor=true&cauthor_uid=23687351
http://www.ncbi.nlm.nih.gov/pubmed/?term=limb+girdle+muscular+dystrophy+Cetin
http://www.ncbi.nlm.nih.gov/pubmed/?term=limb+girdle+muscular+dystrophy+Cetin


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           214 

 

Hydroxyglutaric aciduria: neuropathological correlations and first report of severe 

neurodegenerative disease and neonatal death. Journal of inherited metabolic disease. 

19(3): 335-43. 

Chen J, Smaoui N, Hammer MB, Jiao X, Riazuddin SA et al. (2011). Molecular analysis of  

Bardet-Biedl syndrome families: report of 21 novel mutations in 10 genes. Invest 

Ophthalmol Vis Sci. 52: 5317-24. 

Chen WJ, Lin Y, Xiong ZQ, Wei W, Ni W, Tan GHet al. (2011). Exome sequencing  

identifies truncating mutations in PRRT2 that cause paroxysmal kinesigenic 

dyskinesia. Nat Genet. 43(12): 1252-55. 

Chen XN, Korenberg JR, Jiang M, Shen D, Fong HK (1996). Localization of the  

human RGR opsin gene to chromosome 10q23. Hum Genet. 97: 720-22.  

Chen YZ, Bennett CL, Huynh HM, Blair IP, Puls I, Irobi J et al. (2004). DNA/RNA Helicase  

Gene Mutations in a Form of Juvenile Amyotrophic Lateral Sclerosis (ALS4). Am J 

Hum Genet. 74: 1128-35. 

Chenn A, Walsh CA (2002). Regulation of cerebral cortical size by control of cell cycle exit  

in neural precursors. Science.297 (5580): 365-69.  

Chiò A, Restagno G, Brunetti M, Ossola I, Calvo A, Mora G et al. (2009). Two Italian  

Kindreds with Familial Amyotrophic Lateral Sclerosis Due to FUS Mutation. 

Neurobiol Aging 30: 1272-75. 

Chishti MS, Muhammad D, Haider M, Ahmad W (2006). A novel missense mutation in  

MSX1 underlies autosomal recessive oligodontia with associated dental anomalies in 

Pakistani families. J Hum Genet. 51(10): 872-78. 

Chizzolini M, Galan A, Milan E, Sebastiani A, Costagliola C, Parmeggiani F (2011). Good  

epidemiologic practice in retinitis pigmentosa: from phenotyping to biobanking. Curr 

Genomics.  12(4): 260-66. 

Choi Y, Sims GE, Murphy S, Miller JR, Chan AP (2012). Predicting the functional effect of  

amino acid substitutions and indels. PLoS One.  7(10): e46688.  

Cho HJ, Sung DH, Kim EJ, Yoon CH, Ki CS, Kim JW (2006). Clinical and genetic analysis  

of Korean patients with Miyoshi myopathy: identification of three novel mutations in 

the DYSF gene. J. Korean Med Sci. 21: 724-27. 

Choi M, Scholl UI, Ji W, Liu T, Tikhonova IR, Zumbo P et al. (2009). Genetic diagnosis by  

whole exome capture and massively parallel DNA sequencing. Proc Natl Acad Sci U S 

A. 106: 19096-20101. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20WJ%5BAuthor%5D&cauthor=true&cauthor_uid=22101681
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lin%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22101681
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xiong%20ZQ%5BAuthor%5D&cauthor=true&cauthor_uid=22101681
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wei%20W%5BAuthor%5D&cauthor=true&cauthor_uid=22101681
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ni%20W%5BAuthor%5D&cauthor=true&cauthor_uid=22101681
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tan%20GH%5BAuthor%5D&cauthor=true&cauthor_uid=22101681
http://www.ncbi.nlm.nih.gov.ezproxye.bham.ac.uk/pubmed?term=%22Chenn%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov.ezproxye.bham.ac.uk/pubmed?term=%22Chenn%20A%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Science.');
http://www.ncbi.nlm.nih.gov/pubmed/?term=Choi+2012+PROVEAN


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           215 

 

Choi Y, Sims GE, Murphy S, Miller JR, Chan AP. (2012). Predicting the functional effect of  

amino acid substitutions and indels. PLoS One. 7(10): e46688. 

Cideciyan AV, Zhao X, Nielsen L, Khani SC, Jacobson SG, Palczewski K (1998). Null  

mutation in the rhodopsin kinase gene slows recovery kinetics of rod and cone 

phototransduction in man. Proc Natl Acad Sci USA. 95: 328-33. 

Cizmecioglu O, Arnold M, Bahtz R, Settele F, Ehret L, Haselmann-Weiss U et al. (2010).  

Cep152 acts as a scaffold for recruitment of Plk4 and CPAP to the centrosome. J Cell 

Biol. 191(4): 731-9. 

Collin RW, Littink KW, Klevering BJ, van den Born LI, Koenekoop RK et al. (2008).  

Identification of a 2 Mb human ortholog of Drosophila eyes shut/spacemaker that is 

mutated in patients with retinitis pigmentosa. Am J Hum Genet. 83: 594-603. 

Collin RW, Safieh C, Littink KW, Shalev SA, Garzozi HJ, Rizel L, Abbasi AH et al. (2010).  

Mutations in C2ORF71 cause autosomal-recessive retinitis pigmentosa. Am J Hum 

Genet. 86: 783-88.  

Coppieters F, Leroy BP, Beysen D, Hellemans J, De Bosscher K, Haegeman G et al. (2007).  

Recurrent mutation in the first zinc finger of the orphan nuclear receptor NR2E3 

causes autosomal dominant retinitis pigmentosa. Am Am J Hum Genet. 81: 147-57. 

Crow JF (2000). The origins, patterns and implications of human spontaneous mutation.Nat  

Rev Genet. 1(1): 40-47. 

da Rosa MS, Joao Ribeiro CA, Seminotti B, Teixeira Ribeiro R, Amaral AU, Coelho Dde M  

et al. (2015). In vivo intracerebral administration of L-2-hydroxyglutaric acid 

provokes oxidative stress and histopathological alterations in striatum and cerebellum 

of adolescent rats. Free Radic Biol Med. 83: 201-13. 

Daiger SP, Sullivan LS, Bowne SJ (2013). Genes and mutations causing retinitis pigmentosa. 

Clin Genet. 84(2): 132-41.  

Dames S, Durtschi J, Geiersbach K, Stephens J, Voelkerding KV (2010). Comparison of the  

Illumina Genome Analyzer and Roche 454 GS FLX for resequencing of hypertrophic 

cardiomyopathy-associated genes. J Biomol Tech. 21(2): 73-80. 

Damji KF, Sohocki MM, Khan R, Gupta SK, Rahim M, Loyer M, et al. (2001). Leber's  

congenital amaurosis with anterior keratoconus in Pakistani families is caused by the 

Trp278X mutation in the AIPL1 gene on 17p. Can J Ophthalmol. 36(5):252-59. 

Ladak SS, Jamal A, Bulman D, Koenekoop RK. Danièle N, Richard I et al. (2007). Ins 

http://www.ncbi.nlm.nih.gov/pubmed/23701314


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           216 

 

and outs of therapy in limb girdle muscular dystrophies. Int J Biochem Cell Biol. 

39(9): 1608-24.  

Daoud H, Zhou S, Noreau A, Sabbagh M, Belzil V, Dionne-Laporte A et al. (2012). Exome  

Sequencing Reveals SPG11 Mutations Causing Juvenile ALS. Neurobiol Aging. 33: 

839 e5-9. 

Darbro BW, Mahajan VB, Gakhar L, Skeie JM, Campbell E, Wu S et al. (2013). Mutations  

in extracellular matrix genes NID1 and LAMC1 cause autosomal dominant Dandy-

Walker malformation and occipital cephaloceles. Hum Mutat. 34(8): 1075-79. 

Darvish H, Esmaeeli-Nieh S, Monajemi GB, Mohseni M, Ghasemi-Firouzabadi S, Abedini  

SS et al (2010). A clinical and molecular genetic study of 112 Iranian families with 

primary microcephaly. J Med Genet. 47(12): 823-28. 

Das DK, Mehta B, Menon SR, Raha S, Udani V. (2013). Novel mutations in cyclin- 

dependent kinase-like 5 (CDKL5) gene in Indian cases ofRett syndrome. 

Neuromolecular Med. 15(1): 218-25.  

Dauber A, Lafranchi SH, Maliga Z, Lui JC, Moon JE, McDeed C et al. (2012). Novel  

microcephalic primordial dwarfism disorder associated with variants in the 

centrosomal protein ninein. J Clin Endocrinol Metab.  97: E2140-51. 

Davidson AE, Millar ID, Urquhart JE, Burgess-Mullan R, Shweikh Y, Parry N et al. (2009).  

Missense mutations in a retinal pigment epithelium protein, bestrophin-1, cause 

retinitis pigmentosa. Am J Hum Genet. 85: 581-92. 

Dawn Teare M and Barrett JH (2005). Genetic linkage studies. Lancet. 366: 1036-44. 

D'Cruz PM, Yasumura D, Weir J, Matthes MT, Abderrahim H, LaVail MM et al. (2000).  

Mutation of the receptor tyrosine kinase gene Mertk in the retinal dystrophic RCS rat. 

Hum Mol Genet. 9: 645-51. 

DeJesus-Hernandez M1, Mackenzie IR, Boeve BF, Boxer AL, Baker M, Rutherford NJ et al.  

(2011). Expanded GGGGCC hexanucleotide repeat in noncoding region of C9ORF72 

causes chromosome 9p-linked FTD and ALS. Neuron. 72: 245-56.  

de Almeida RA, Fogli A, Gaillard M, Scheper GC, Boesflug-Tanguy O, Pavitt GD (2013). A  

yeast purification system for human translation initiation factors eIF2 and eIF2Bε and 

their use in the diagnosis of CACH/VWM disease. PLoS One. 8(1): e53958. 

Delous M, Baala L, Salomon R, Laclef C, Vierkotten J, Tory K. et al. (2007). The gene  

PGRIP1L is mutated in cerebello-oculo-renal syndrome (Joubert syndrome type B) 

and Meckel syndrome. Nat Genet. 39 (7): 875-81.  



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           217 

 

Deng, H.X., et al. 2011. Mutations in UBQLN2 Cause Dominant X-Linked Juvenile and  

Adult-Onset ALS and ALS/Dementia. Nature. 477: 211-5 

den Hollander AI, Black A, Bennett J, Cremers FPM (2010). Lighting a candle in the dark:  

advances in genetics and gene therapy of recessive retinal dystrophies. J Clin Invest.  

120: 3042-53. 

den Hollander AI, Heckenlively JR, van den Born LI, de Kok YJ, van der Velde-Visser SD et  

al. (2001). Leber congenital amaurosis and retinitis pigmentosa with Coats-like 

exudative vasculopathy are associated with mutations in the crumbs homologue 1 

(CRB1) gene. Am J Hum Genet. 69: 198-203. 

den Hollander AI, McGee TL, Ziviello C, Banfi S, Dryja TP, Gonzalez-Fernandez F et al.  

(2009). A homozygous missense mutation in the IRBP gene (RBP3) associated with 

autosomal recessive retinitis pigmentosa. Invest. Ophthalmol. Vis Sci. 50: 1864-72. 

Dhallan RS, Macke JP, Eddy RL, Shows TB, Reed RR, Yau KW et al. (1992). Human rod  

photoreceptor cGMP-gated channel: amino acid sequence, gene structure, and 

functional expression. J Neurosci. 12: 3248-56.  

Dreifuss FE, Hogan GR (1961). Survival in X-chromosomal muscular dystrophy. Neurology  

11: 734-37. 

Dobson-Stone C1, Luty AA, Thompson EM, Blumbergs P, Brooks WS, Short CL et al 

(2013). Frontotemporal dementia-amyotrophic lateral sclerosis syndrome locus on 

chromosome 16p12.1-q12.2: genetic, clinical and neuropathological analysis. Acta 

Neuropathol. 125(4): 523-33. 

Dobyns WB (2002). Primary microcephaly: new approaches for an old disorder. Am J Med  

Genet. 112: 315-317. 

Downs LM, Bell JS, Freeman J, Hartley C, Hayward LJ, Mellersh CS (2012). Late-onset  

progressive retinal atrophy in the Gordon and Irish Setter breeds is associated with a f

 rameshift mutation in C2orf71. Anim Genet. 44: 169-77.  

Dreyer B, Tranebjaerg L, Brox V, Rosenberg T, Möller C, Beneyto M et al. (2001). A  

common ancestral origin of the frequent and widespread 2299delG USH2A mutation. 

Am J Hum Genet. 69: 228-34. 

Dryja TP, Finn JT, Peng YW, McGee TL, Berson EL, Yau KW (1995). Mutations in the gene  

encoding the alpha subunit of the rod cGMP-gated channel in autosomal recessive 

retinitis pigmentosa. Proc Natl Acad Sci USA. 92:10177-81.  

Dryja TP, Rucinski DE, Chen SH, Berson EL (1999). Frequency of mutations in the gene  



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           218 

 

encoding the alpha subunit of rod cGMP-phosphodiesterase in autosomal recessive 

retinitis pigmentosa. Invest Ophthalmol Vis Sci. 40: 1859-65. 

Dubourg C, Lazaro L, Pasquier L, Bendavid C, Blayau M, Le Duff F et al. (2004).  

Molecular screening of SHH, ZIC2, SIX3, and TGIF genes in patients with features of 

holoprosencephaly spectrum: Mutation review and genotype-phenotype correlations. 

Hum Mutat.  24(1): 43-51. 

Dufke C, Schlipf N, Schüle R, Bonin M, Auer-Grumbach M, Stevanin G et al . (2012). A  

high-throughput resequencing microarray for autosomal dominant spastic paraplegia 

genes. Neurogenetics. 13: 215-27. 

Duran M, Kamerling JP, Bakker HD, van Gennip AH, Wadman SK. (1980). L-2- 

Hydroxyglutaric aciduria: an inborn error of metabolism? Journal of inherited 

metabolic disease. 3(4): 109-12. 

Dvir L, Srour G, Abu-Ras R, Miller B, Shalev SA, Ben-Yosef T  (2010). Autosomal- 

recessive early-onset retinitis pigmentosa caused by a mutation in PDE6G, the gene 

encoding the gamma subunit of rod cGMP phosphodiesterase. Am J Hum Genet. 87: 

258-64.  

Ebermann I, Wilke R, Lauhoff T, Lübben D, Zrenner E, Bolz HJ (2007). Two truncating  

USH3A mutations, including one novel, in a German family with Usher syndrome. 

Mol Vis. 13: 1539-47. 

Edwards JC, Kahl CR (2010). Chloride channels of intracellular membranes. FEBS Lett  

584:2102-11. 

Eichers ER, Green JS, Stockton DW, Jackman CS, Whelan J, McNamara JA et al. (2002).  

New foundland rod-cone dystrophy, an early-onset retinal dystrophy, is caused by 

splice-junction mutations in RLBP1. Am J Hum Genet. 70: 955-64.  

Elden AC, Kim HJ, Hart MP, Chen-Plotkin AS, Johnson BS, Fang X et al. (2010). Ataxin-2  

intermediate-length polyglutamine expansions are associated with increased risk for 

ALS. Nature. 466: 1069-75. 

El-Kersh K, Jungbluth H, Gringras P, Senthilvel E (2015). Severe Central Sleep Apnea in  

Vici Syndrome. Pediatrics. 136(5): e1390-94. 

Emery AE, Smith CA, Sanger R (1969). The linkage relations of the loci for benign (Becker  

type) X-borne muscular dystrophy, colour blindness and the Xg blood groups. Hum 

Genet. 32: 261-69. 

Emery AEH (1989). Emery-Dreifuss syndrome. J Med Genet. 26: 637-41. 

http://www.ncbi.nlm.nih.gov/pubmed/15221788
http://www.ncbi.nlm.nih.gov/pubmed/15221788


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           219 

 

Estrada-Cuzcano A, Koenekoop RK, Senechal A, De Baere EB, de Ravel T, Banfi S  et al.  

(2012). BBS1 mutations in a wide spectrum of phenotypes ranging from 

nonsyndromic retinitis pigmentosa to Bardet-Biedl syndrome. Arch 

Ophthalmol.  130(11): 1425-32. 

Eudy JD, Weston MD, Yao S, Hoover DM, Rehm HL, Ma-Edmonds M et al. (1998).  

Mutation of a gene encoding a protein with extracellular matrix motifs in Usher 

syndrome type IIa. Science. 280: 1753-1757. 

Ever L, Gaiano N (2005). Radial 'glial' progenitors: neurogenesis and signaling. Curr Opin  

Neurobiol. 15 (1): 29-33. 

Eyre-Walker A, Keightley PD (2007). The distribution of fitness effects of new mutations.  

Nat Rev Genet. 8(8): 610-18. 

Faheem M, Naseer MI, Rasool M, Chaudhary AG, Kumosani TA, Ilyas AM  et al. (2015). 

Molecular genetics of human primary microcephaly: an overview.BMC Med 

Genomics. Suppl 1: S4.  

Faiyaz-Ul-Haque M, Al-Sayed MD, Faqeih E, Jamil M, Saeed A, Amoudi MS et al. (2014).  

Clinical, neuroimaging, and genetic features of L-2-hydroxyglutaric aciduria in Arab 

kindreds. Annals of Saudi medicine. 34(2): 107-14. 

Fallet-Bianco C, Laquerrière A, Poirier K, Razavi F, Guimiot F, Dias P et al. (2014).  

Mutations in tubulin genes are frequent causes of various foetal malformations of 

cortical development including microlissencephaly. Acta Neuropathol Commun.  2: 69.  

Fan BJ, Tam PO, Choy KW, Wang DY, Lam DS, Pang CP (2006). Molecular diagnostics of  

genetic eye diseases. Clin Biochem. 39: 231-39.  

Farjo Q, Jackson A, Pieke-Dahl S, Scott K, Kimberling WJ, Sieving PA et al. (1997). Human  

bZIP transcription factor gene NRL: structure, genomic sequence, and fine linkage 

mapping at 14q11.2 and negative mutation analysis in patients with retinal 

degeneration. Genomics. 45: 395-401.  

Farrar GJ, Kenna PF, Humphries P (2002). On the genetics of retinitis pigmentosa and on 

Mutation-independent approaches to therapeutic intervention. EMBO J. 21: 857-64. 

Fechteler T, Dengler U, Schomburg D (1995). Prediction of protein three-dimensional  

structures in insertion and deletion regions: a procedure for searching data bases of 

representative protein fragments using geometric scoring criteria. J Mol Biol. 253(1): 

114-31. 

Fecto F, Siddique T (2011). SIGMAR1 mutations, genetic heterogeneity at the chromosome  

http://www.ncbi.nlm.nih.gov/pubmed/23143442
http://www.ncbi.nlm.nih.gov/pubmed/23143442
http://www.ncbi.nlm.nih.gov/pubmed/25951892


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           220 

 

9p locus, and the expanding etiological diversity of amyotrophic lateral sclerosis. Ann 

Neurol. 70:867-70. 

Ferrari S, Di Iorio E, Barbaro V, Ponzin D, Sorrentino FS, Parmeggiani F (2011). Retinitis  

pigmentosa: genes and disease mechanisms. Curr Genomics. 12(4): 238-49. 

Foust KD, Nurre E, Montgomery CL, Hernandez A, Chan CM, Kaspar BK (2009).  

Intravascular AAV9 preferentially targets neonatal neurons and adult astrocytes. Nat 

Biotechnol. 27: 59-65. 

Fuchs T, Saunders-Pullman R, Masuho I, Luciano MS, Raymond D, Factor S et al. (2013).  

Mutations in GNAL cause primary torsion dystonia. Nat Genet. 45(1): 88-92.  

Gal A, Li Y, Thompson DA, Weir J, Orth U, Jacobson SG et al. (2000). Mutations  

in MERTK, the human orthologue of the RCS rat retinal dystrophy gene, cause 

retinitis pigmentosa. Nat Genet. 26: 270-71. 

Gao L, Guo H, Ye N, Bai Y, Liu X, Yu P et al. (2013). Oral and craniofacial manifestations  

and two novel missense mutations of the NTRK1 gene identified in the patient with 

congenital insensitivity to pain with anhidrosis. PLoS One. 8(6): e66863. 

Garcia-Filion P, Borchert M. (2013). Optic nerve hypoplasia syndrome: a review of the  

epidemiology and clinical associations. Curr Treat Options Neurol. 15(1): 78-89. 

Garshasbi M, Motazacker MM, Kahrizi K, Behjati F, Abedini SS, Nieh SE et al (2006). SNP  

arraybased homozygosity mapping reveals MCPH1 deletion in family with autosomal 

recessive mental retardation and mild microcephaly. Hum Genet. 118(6): 708-15. 

Genin A, Desir J, Lambert N, Biervliet M, Van Der Aa N, Pierquin G et al. (2012).  

Kinetochore KMN network gene CASC5 mutated in primary microcephaly, Hum Mol 

Genet.  21: 5306-17. 

Ghani-Kakhki M, Robinson PN, Morlot S, Mitter D, Trimborn M, Albrecht B et al. 2012).  

Two Missense Mutations in the Primary Autosomal Recessive Microcephaly Gene 

MCPH1 Disrupt the Function of the Highly Conserved N-Terminal BRCT Domain of 

Microcephalin. Mol Syndromol. 3(1): 6-13.  

Chow CY, Landers JE, Bergren SK, Sapp PC, Grant AE, Jones JM et al. (2009). Deleterious  

variants of FIG4, a phosphoinositide phosphatase, in patients with ALS. Am J Hum 

Genet. 84: 85-88 

Girard SL, Gauthier J, Noreau A, Xiong L, Zhou S, Jouan L et al. (2011). Increased exonic  

de novo mutation rate in individuals with schizophrenia. Nat Genet. 43(9): 860-63. 

Glover L, Brown RH Jr (2007). Dysferlin in membrane trafficking and patch repair.  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Ferrari%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22131869
http://www.ncbi.nlm.nih.gov/pubmed/?term=Di%20Iorio%20E%5BAuthor%5D&cauthor=true&cauthor_uid=22131869
http://www.ncbi.nlm.nih.gov/pubmed/?term=Barbaro%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22131869
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ponzin%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22131869
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sorrentino%20FS%5BAuthor%5D&cauthor=true&cauthor_uid=22131869
http://www.ncbi.nlm.nih.gov/pubmed/?term=Parmeggiani%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22131869
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ferrari+2011+RP
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fuchs%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23222958
http://www.ncbi.nlm.nih.gov/pubmed/?term=Saunders-Pullman%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23222958
http://www.ncbi.nlm.nih.gov/pubmed/?term=Masuho%20I%5BAuthor%5D&cauthor=true&cauthor_uid=23222958
http://www.ncbi.nlm.nih.gov/pubmed/?term=Luciano%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=23222958
http://www.ncbi.nlm.nih.gov/pubmed/?term=Raymond%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23222958
http://www.ncbi.nlm.nih.gov/pubmed/?term=Factor%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23222958


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           221 

 

Traffic. 8(7): 785-94. 

Gnirke A, Melnikov A, Maguire J, Rogov P, LeProust EM, Brockman W et al. (2009).  

Solution hybrid selection with ultra-long oligonucleotides for massively parallel 

targeted sequencing. Nat Biotechnol. 27(2): 182-89.  

Godfrey C, Clement E, Mein R, Brockington M, Smith J, Talim B et al. (2007). Refining  

genotype phenotype correlations in muscular dystrophies with defective glycosylation 

of dystroglycan. Brain. 130(Pt 10): 2725-35. 

Goffette SM, Duprez TP, Nassogne MC, Vincent MF, Jakobs C, Sindic CJ (2006). L-2- 

Hydroxyglutaric aciduria: clinical, genetic, and brain MRI characteristics in two adult 

sisters. Eur J Neurol. 13(5): 499-504. 

Goh G and Choi M (2012). Application of whole exome sequencing to identify disease- 

causing variants in inherited human diseases. Genomics Inform. 10(4): 214-19. 

Goldstein O, Zangerl B, Pearce-Kelling S, Sidjanin DJ, Kijas JW, Felix J et al. (2006).  

Linkage disequilibrium mapping in domestic dog breeds narrows the progressive rod-

cone degeneration interval and identifies ancestral disease-transmitting chromosome. 

Genomics 88: 541-50. 

Goodship J, Gill H, Carter J, Jackson A, Splitt M, Wright M (2000). Autozygosity mapping  

of a seckel syndrome locus to chromosome 3q22. 1–q24. Am J Hum Genet. 67: 498-

503. 

Gotoh L, Inoue K, Helman G, Mora S, Maski K, Soul JS et al. (2014). GJC2 promoter  

mutations causing Pelizaeus-Merzbacher-like disease. Mol Genet Metab. 111(3): 393-

98. 

Govek EE, Newey SE, Van Aelst L (2005). The role of the Rho GTPases in neuronal  

development. Genes Dev. 19: 1-49. 

Govender R, Mubaiwa L (2013). Alpha-mannosidosis: a report of 2 siblings and review of the  

literature. J Child Neurol. 29(1): 131-34. 

Goyal S, Jäger M, Robinson PN, Vanita V (2015). Confirmation of TTC8 as a disease gene  

for nonsyndromic autosomal recessive retinitis pigmentosa (RP51). Clin Genet. doi: 

10.1111/cge.12644. 

Graw J, Löster J (2003). Developmental genetics in ophthalmology. Ophthalmic  

Genet.  24(1): 1-33. 

Greene  ND, Stanier P and Copp AJ (2009). Genetics of human neural tube defects. Hum  

Mol Genet. 18 (R2): R113-R29.  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Goh%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23346032
http://www.ncbi.nlm.nih.gov/pubmed/?term=Choi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23346032
http://www.ncbi.nlm.nih.gov/pubmed/?term=Goh+%2C+G.+%26+Choi+%2C+M+.+(2012)+.+Application+of+whole+exome+sequencing+to+identify+disease-causing+variants+in+inherited+human+diseases+.+Genomics+Inform+%2C+10+%2C+214+%E2%80%93+219+.
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gotoh%20L%5BAuthor%5D&cauthor=true&cauthor_uid=24374284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Inoue%20K%5BAuthor%5D&cauthor=true&cauthor_uid=24374284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Helman%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24374284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mora%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24374284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Maski%20K%5BAuthor%5D&cauthor=true&cauthor_uid=24374284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Soul%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=24374284
http://www.ncbi.nlm.nih.gov/pubmed/12660863


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           222 

 

Greenway MJ et al. 2006. ANG Mutations Segregate with Familial and 'Sporadic'  

Amyotrophic Lateral Sclerosis. Nat Genet. 38: 411-3 

Griffith E, Walker S, Martin CA, Vagnarelli P, Stiff T, Vernay B et al. (2008). Mutations in  

pericentrin cause Seckel syndrome with defective ATR-dependent DNA damage 

signaling. Nat Genet. 40(2): 232-36 

Griffin CA, Ding CL, Jabs EW, Hawkins AL, Li X, Levine MA (1993). Human rod cGMP- 

gated cation channel gene maps to 4p12-centromere by chromosomal in 

situ hybridization. Genomics. 16: 302-303.  

Grinberg I, Northrup H, Ardinger H, Prasad C, Dobyns WB, Millen KJ et al. (2004).  

Heterozygous deletion of the linked genes ZIC1 and ZIC4 is involved in Dandy 

Walker malformation. Nat Genet. 36 (10): 1053-55. 

Grossi S, Regis S, Rosano C, Corsolini F, Uziel G, Sessa M et al. (2008). Molecular analysis  

of ARSA and PSAP genes in twenty-one Italian patients withmetachromatic 

leukodystrophy: identification and functional characterization of 11 novel ARSA 

alleles. Hum Mutat. 29(11): E220-30. 

Gu S, Kumaramanickavel G, Srikumari CR, Denton MJ, Gal A (1999). Autosomal recessive  

retinitis pigmentosa locus maps between D2S1337 and D2S286 on chromosome 2p11-

p16 in an Indian family. J Med Genet. 36:705-707. 

Gu S, Lennon A, Li Y, Lorenz B, Fossarello M, North M et al. (1998). Tubby-like protein-1  

mutations in autosomal recessive retinitis pigmentosa. Lancet. 351: 1103-4. 

Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie Eet al. (2013).  

TREM2 variants in Alzheimer's disease. N Engl J Med. 368(2): 117-27. 

Guerreiro RJ, Lohmann E, Brás JM, Gibbs JR, Rohrer JD, Gurunlian N et al. (2013). Using  

exome sequencing to reveal mutations in TREM2 presenting as a frontotemporal 

dementia-like syndrome without bone involvement. JAMA Neurol. 70(1): 78-84. 

Guemez-Gamboa A, Nguyen LN, Yang H, Zaki MS, Kara M, Ben-Omran T et al. (2015).  

Inactivating mutations in MFSD2A, required for omega-3 fatty acid transport in brain, 

cause a lethal microcephaly syndrome.Nat Genet. 47(7): 809-13. 

Guernsey DL, Jiang H, Hussin J, Arnold M, Bouyakdan K, Perry S et al: Mutations in  

centrosomal protein CEP152 in primary microcephaly families linked to MCPH4. Am 

J Hum Genet. 87(1): 40-51. 

Gul A, Hassan MJ, Mahmood S, Chen W, Rahmani S, Naseer MI, Dellefave L et al. (2006).  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Lohmann%20E%5BAuthor%5D&cauthor=true&cauthor_uid=23318515
http://www.ncbi.nlm.nih.gov/pubmed/?term=Br%C3%A1s%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=23318515
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gibbs%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=23318515
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rohrer%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=23318515
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gurunlian%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23318515
http://www.ncbi.nlm.nih.gov/pubmed/26005868
http://www.ncbi.nlm.nih.gov/pubmed/26005868


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           223 

 

Genetic studies of autosomal recessive primary microcephaly in 33Pakistani families: 

Novel sequence variants in ASPM gene. Neurogenetics. 7(2): 105-110. 

Gul A, Tariq M, Khan MN, Hassan MJ, Ali G, Ahmad W (2007). Novel protein-truncating  

mutations in the ASPM gene in families with autosomal recessive primary 

microcephaly. J Neurogenet. 21(3): 153-63. 

Guo L, Lin W, Zhang Z, Zhao X, Zhang S, Cai X et al. (2015). Analysis of clinical features  

and AGL gene mutations in a family with glycogen storage disease type IIIa. 

Zhonghua Yi Xue Yi Chuan Xue Za Zhi. 32(4): 502-505. 

Habib R, Basit S, Khan S, Khan MN, Ahmad W (2011). A novel splice site mutation in gene  

C2orf37 underlying Woodhouse-Sakati syndrome (WSS) in a consanguineous family 

of Pakistani origin. Gene. 490(1-2): 26-31. 

Haeuptle MA, Hennet T (2009). Congenital disorders of glycosylation: an update on defects  

affecting the biosynthesis of dolichol-linked oligosaccharides. Hum Mutat. 30: 1628-

41. 

Hall BG (2013). Building phylogenetic trees from molecular data with MEGA. Mol Biol  

Evol.  30(5): 1229-35. 

Haldipur P, Gillies GS, Janson OK, Chizhikov VV, Mithal DS, Miller RJ et al. (2014). Foxc1  

dependent mesenchymal signalling drives embryonic cerebellar growth. Elife.  16: 3. 

Haliloglu G, Jobard F, Oguz KK, Anlar B, Akalan N, Coskun T et al. (2008). L-2- 

hydroxyglutaric aciduria and brain tumors in children with mutations in the L2HGDH 

gene: neuroimaging findings. Neuropediatrics. 39(2): 119-22. 

Hamdan FF, Srour M, Capo-Chichi JM, Daoud H, Nassif C, Patry L et al. (2014). De novo  

mutations in moderate or severe intellectual disability. PLoS Genet.  10(10): 

e1004772. 

Hameed A, Khaliq S, Ismail M, Anwar K, Ebenezer ND, Jordan T et al. (2000). A novel  

locus for Leber congenital amaurosis (LCA4) with anterior keratoconus mapping to 

chromosome 17p13.Invest Ophthalmol Vis Sci. 41(3):629-33.  

Hand CK, Devon RS, Gros-Louis F, Rochefort D, Khoris J, Meininger V, Bouchard JP et al.  

2003. Mutation Screening of the ALS2 Gene in Sporadic and Familial myotrophic 

Lateral Sclerosis. Arch Neurol. 60: 1768-71. 

Hand CK, Khoris J, Salachas F, Gros-Louis F, Lopes AA, Mayeux-Portas V et al. 2002. A  

Novel Locus for Familial Amyotrophic Lateral Sclerosis, On Chromosome 18q. Am J 

Hum Genet. 70: 251-56. 

http://www.ncbi.nlm.nih.gov/pubmed/16673149
http://www.ncbi.nlm.nih.gov/pubmed/16673149
http://www.ncbi.nlm.nih.gov/pubmed/16673149


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           224 

 

Hanefeld F, Kruse B, Bruhn H, Frahm J (1994). In vivo proton magnetic resonance  

spectroscopy of the brain in a patient with L-2-hydroxyglutaric acidemia. Pediatr Res. 

35(5): 614-16. 

Hanein S, Perrault I, Gerber S, Tanguy G, Barbet F, Ducroq D et al. (2004). Leber congenital  

amaurosis: comprehensive survey of the genetic heterogeneity, refinement of the 

clinical definition, and genotype-phenotype correlations as a strategy for molecular 

diagnosis. Hum Mutat. 23: 306-17. 

Hansen G, Berg T, Riise Stensland HM, Heikinheimo P, Klenow H, Evjen G et al. (2004).  

Intracellular transport of human lysosomal alpha-mannosidase and alpha-

mannosidosis-related mutants. Biochem J. 381: 537-46. 

Harlalka GV, Baple EL, Cross H, Kühnle S, Cubillos-Rojas M, Matentzoglu K  et al. (2013).  

Mutation of HERC2 causes developmental delay with Angelman-like features. J Med 

Genet. 50(2): 65-73. 

Hartong DT, Dange M, McGee TL, Berson EL, Dryja TP, Colman RF (2008). Insights from  

retinitis pigmentosa into the roles of isocitrate dehydrogenases in the Krebs cycle. Nat 

Genet. 40: 1230-34. 

Harville HM, Held S, Diaz-Font A, Davis EE, Diplas BH, Lewis RA et al. (2010).  

Identification of 11 novel mutations in eight BBS genes by high resolution 

homozygosity mapping. J Med Genet. 47: 262-27. 

Hassan MJ, Chishti MS, Jamal SM, Tariq M, Ahmad W (2008). A syndromic form of  

autosomal recessive congenital microcephaly (Jawad syndrome) maps to chromosome 

18p11.22-q11.2. Hum Genet. 123(1): 77-82. 

Hassan MJ, Khurshid M, Azeem Z, John P, Ali G, Chishti MS et al. (2007). Previously  

described sequence variant in CDK5RAP2 gene in a Pakistani family with autosomal 

recessive primary microcephaly.BMC Med Genet. 8: 58. 

Hassan MJ, Santos RL, Rafiq MA, Chahrour MH, Pham TL, Wajid M et al. (2006). A novel  

autosomal recessive non-syndromic hearing impairment locus (DFNB47) maps to 

chromosome 2p25.1-p24.3. Hum Genet.  118(5): 605-10. 

Hassan MJ, Mahmood S, Ali G, Bibi N, Waheed I, Rafiq MA, Ansar M et al. (2008).  

Intragenic deletions in the dystrophin gene in 211 Pakistani Duchenne muscular 

dystrophy patients. Pediatr Int. 50(2): 162-6. 

Hayashi T, Su TP (2007). Sigma-1 receptor chaperones at the ERmitochondrion interface  

regulate Ca (2+) signaling and cell survival. Cell. 131: 596–610.  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Harlalka%20GV%5BAuthor%5D&cauthor=true&cauthor_uid=23243086
http://www.ncbi.nlm.nih.gov/pubmed/?term=Baple%20EL%5BAuthor%5D&cauthor=true&cauthor_uid=23243086
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cross%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23243086
http://www.ncbi.nlm.nih.gov/pubmed/?term=K%C3%BChnle%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23243086
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cubillos-Rojas%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23243086
http://www.ncbi.nlm.nih.gov/pubmed/?term=Matentzoglu%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23243086
http://www.ncbi.nlm.nih.gov/pubmed/?term=Harlalka+gene+mapping
http://www.ncbi.nlm.nih.gov/pubmed/?term=Harlalka+gene+mapping


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           225 

 

Heatwole CR, Eichinger KJ, Friedman DI, Hilbert JE, Jackson CE, Logigian EL et al. (2011).  

Open-label trial of recombinant human insulin-like growth factor 1/recombinant 

human insulin-like growth factor binding protein 3 in myotonic dystrophy type 1. Arch 

Neurol. 68(1):37-44. 

Heckenlively JR (1988). Retinitis pigmentosa, xiv, (Lippincott, Philadelphia).  p269. 

Hehr U, Pineda-Alvarez DE, Uyanik G, Hu P, Zhou N, Hehr A et al. (2010). Heterozygous  

mutations in SIX3 and SHH are associated with schizencephaly and further expand the 

clinical spectrum of holoprosencephaly. Hum Genet.  127(5): 555-61. 

Hirschhorn  JN (2009). Genome wide association studies -lluminating biologic pathways. N  

Engl J Med. 360: 1699-1701. 

Hodes ME, Pratt VM, Dlouhy SR (1993). Genetics of Pelizaeus-Merzbacher disease. Dev.  

Neurosci. 15 (6): 383-94. 

Hodges E, Xuan Z, Balija V, Kramer M, Molla MN, Smith SW et al . (2007). Genome-wide  

in situ exon capture for selective resequencing. Nat Genet.  39: 1522-27. 

Hodges E, Rooks M, Xuan Z, Bhattacharjee A, Benjamin Gordon D  et al. (2009). Hybrid  

selection of discrete genomic intervals on custom-designed microarrays for massively 

parallel sequencing. Nat Protoc. 4(6): 960-74. 

Hoffman EP (1996). Clinical and histopathological features of abnormalities of the  

dystrophin-based membrane cytoskeleton. Brain Pathol. 6: 49-61. 

Hoischen A, van Bon BW, Gilissen C, Arts P, van Lier B, Steehouwer M et al. (2010).  

Denovo mutations of SETBP1 cause Schinzel-Giedion syndrome. Nat Genet. 42(6): 

483-85. 

Hoischen A, van Bon BW, Rodríguez-Santiago B, Gilissen C, Vissers LE, de Vries P et al.  

(2011). De novo nonsense mutations in ASXL1 cause Bohring-Opitz syndrome. Nat 

Genet. 43(8): 729-31. 

Holt KH, Campbell KP (1998). Assembly of the sarcoglycan complex. Insights for muscular  

dystrophy. J Biol Chem. 273(52): 34667-70.  

Hosler, B.A., et al. 2000. Linkage of Familial Amyotrophic Lateral Sclerosis with  

Frontotemporal Dementia to Chromosome 9q21-q22. JAMA. 284(13):1664-69. 

Hosoda Y, Fujiki K, Nakajima A (1983). A research of consanguinity in Japanese young  

couples. Jpn J Hum Genet 28: 205-207. 

Hossain MA, Otomo T, Saito S, Ohno K, Sakuraba H, Hamada Y, et al. (2014). Late-onset  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Pineda-Alvarez%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=20157829
http://www.ncbi.nlm.nih.gov/pubmed/?term=Uyanik%20G%5BAuthor%5D&cauthor=true&cauthor_uid=20157829
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hu%20P%5BAuthor%5D&cauthor=true&cauthor_uid=20157829
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20157829
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hehr%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20157829
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hehr+2010+Schizencephaly
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hodges%20E%5BAuthor%5D&cauthor=true&cauthor_uid=19478811
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rooks%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19478811
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xuan%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=19478811
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bhattacharjee%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19478811
http://www.ncbi.nlm.nih.gov/pubmed/?term=Benjamin%20Gordon%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19478811
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hodges+%2C+E.+%2C+Rooks+%2C+M.+%2C+Xuan+%2C+Z.+%2C+Bhattacharjee+%2C+A.+%2C+Benjamin+Gordon+%2C+D.+%2C+Brizuela%2C+L.%2C+et+al+.+(2009).+Hybrid+selection+of+discrete+genomic+intervals+on+custom-designed+microarrays+for+massively+parallel+sequencing+.+Nat+Protoc+%2C+4+%2C+960+%E2%80%93+974+.


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           226 

 

Krabbe disease is predominant in Japan and its mutant precursor protein undergoes 

more effective processing than the infantile-onset form.Gene.  534(2):144-54. 

Howrigan DP, Simonson MA, Keller MC (2011). Detecting autozygosity through runs of  

homozygosity: a comparison of three autozygosity detection algorithms.BMC 

Genomics. 12: 460. 

Huang J, Wah IY, Pooh RK, Choy KW (2012). Molecular genetics in fetal neurology.  

SeminFetal Neonatal Med. 17(6): 341-46. 

Huang SH, Pittler SJ, Huang X, Oliveira L, Berson EL, Dryja TP (1995).  Autosomal  

recessive retinitis pigmentosa caused by mutations in the alpha subunit of rod cGMP 

phosphodiesterase. Nat Genet. 11: 468-71. 

Huang Y, Laval SH, van Remoortere A, Baudier J, Benaud C, Anderson LV et al. (2007).  

AHNAK, a novel component of the dysferlin protein complex, redistributes to the 

cytoplasm with dysferlin during skeletal muscle regeneration. FASEB J. 21(3): 732-

42. 

Hussain R, Bittles AH (1998). The prevalence and demographic characteristics of  

consanguineous marriages in Pakistan. J Biosoc Sci. 30: 261-75. 

Hussain MS, Baig SM, Neumann S, Peche VS, Szczepanski S, Nürnberg G et al.  

(2013). CDK6 associates with the centrosome during mitosis and is mutated in a large 

Pakistani family with primary microcephaly. Hum Mol Genet. 22(25): 5199-214. 

Hussain MS, Baig SM, Neumann S, Nurnberg G, Farooq M, Ahmad I et al. (2012). A  

truncating mutation of CEP135 causes primary microcephaly and disturbed 

centrosomal function. Am J Hum Genet. 90(5): 871-78. 

Ilja Boor PK, de Groot K, Mejaski-Bosnjak V, Brenner C, van der Knaap MS, Scheper GC,  

et al. (2006). Megalencephalic leukoencephalopathy with subcortical cysts: an update 

and extended mutation analysis of MLC1. Hum Mutat. 27(6): 505-12. 

Illa I, De Luna N, Domínguez-Perles R, Rojas-García R, Paradas C et al. (2007).  

Symptomatic dysferlin gene mutation carriers: characterization of two cases. 

Neurology. 68: 1284-89. 

Indo Y (2009). Nerve growth factor, interoception, and sympathetic neuron: lesson from  

congenital insensitivity to pain with anhidrosis. Auton Neurosci. 147: 3-8. 

Indo Y, Mardy S, Tsuruta M, Karim MA, Matsuda I (1997). Structure and organization of the  

human TRKA gene encoding a high affinity receptor for nerve growth factor. Jpn J 

Hum Genet. 42: 343-51. 



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           227 

 

Indo Y, Tsuruta M, Hayashida Y, Karim MA, Ohta K, Kawano T et al. (1996). Mutations in  

the TRKA/NGF receptor gene in atients with congenital insensitivity to pain with 

anhidrosis. Nat Genet. 13: 485-88. 

Issa L, Mueller K, Seufert K, Kraemer N, Rosenkotter H, Ninnemann O et al. (2013). Clinical  

and cellular features in patients with primary autosomal recessive microcephaly and a 

novel CDK5RAP2 mutation. Orphanet J Rare Dis. 8: 59. 

Izarzugaza JM, Krallinger M, Valencia A (2012). Interpretation of the consequences of  

mutations in protein kinases: combined use of bioinformatics and text mining. Front 

Physiol. 3:  323 

Jackson AP, Eastwood H, Bell SM, Adu J, Toomes C, Carr I et al. (2002). Identification of  

microcephalin, a protein implicated in determining the size of the human brain. Am J 

Hum Genet. 71(1): 136-42. 

Jaiswal JK, Marlow G, Summerill G, Mahjneh I, Mueller S, Hill M et al. (2007). Patients  

with a non-dysferlin Miyoshi myopathy have a novel membrane repair defect. Traffic. 

8(1): 77-88. 

Jameel M, Klar J, Tariq M, Moawia A, Altaf Malik N, Seema Waseem S et al. (2014). A  

novel AP4M1 mutation in autosomal recessive cerebral palsy syndrome and clinical 

expansion of AP-4 deficiency. BMC Med Genet. 15:133. 

Jansen A, Andermann E (2005). Genetics of the polymicrogyria syndromes. J Med Genet.  

42(5): 369-78. 

Jellouli NK, Hadj Salem I, Ellouz E, Kamoun Z, Kamoun F, Tlili A et al. (2014). Founder  

effect confirmation of c.241A>G mutation in the L2HGDH gene and characterization 

of oxidative stress parameters in six Tunisian families with L-2-hydroxyglutaric 

aciduria. J Hum Genet. 59(4): 216-22. 

Jequier Gygax M, Roulet-Perez E, Meagher-Villemure K, Jakobs C, Salomons GS, Boulat O,  

et al. (2009). Sudden unexpected death in an infant with L-2-hydroxyglutaric aciduria. 

Eur J Pediatr. 168(8): 957-62. 

Jia Y, Jucius TJ, Cook SA, Ackerman SL (2015). Loss of Clcc1 results in ER stress,  

misfolded protein accumulation, and neurodegeneration. J Neurosci. 35(7): 3001-3009. 

Joensuu T, Hämäläinen R, Yuan B, Johnson C, Tegelberg S, Gasparini P et al. (2001).  

Mutations in a novel gene with transmembrane domains underlie Usher syndrome type 

3. Am J Hum Genet. 69: 673-84.  

Johnson JO, Pioro EP, Boehringer A, Chia R, Feit H, Renton AE et al. (2014). Mutations in  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Jameel%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25496299
http://www.ncbi.nlm.nih.gov/pubmed/?term=Klar%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25496299
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tariq%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25496299
http://www.ncbi.nlm.nih.gov/pubmed/?term=Moawia%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25496299
http://www.ncbi.nlm.nih.gov/pubmed/?term=Altaf%20Malik%20N%5BAuthor%5D&cauthor=true&cauthor_uid=25496299
http://www.ncbi.nlm.nih.gov/pubmed/?term=Seema%20Waseem%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25496299
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jameel+et+al.%2C+2014+mutation


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           228 

 

the Matrin 3 Gene Cause Familial Amyotrophic Lateral Sclerosis. Nat Neurosci. 17: 

664-66. 

Johnson JO, Mandrioli J, Benatar M, Abramzon Y, Van Deerlin VM, Trojanowski JQ et al.  

(2010). Exome Sequencing Reveals VCP Mutations as a Cause of Familial ALS. 

Neuron. 68: 857-64 

Jonsson T and Stefansson K (2013).  TREM2 and neurodegenerative disease. N Engl J Med.  

369(16): 1568-69. 

Jurdi R, Saxena PC (2003). The prevalence and correlates of consanguineous marriages in  

Yemen: similarties and contrasts with other Arab countries. J Biol Sci 35: 1-13. 

Kajiwara K, Berson EL, Dryja TP (1994). Digenic retinitis pigmentosa due to mutations at  

the unlinked peripherin/ RDS and ROM1 loci. Science. 264: 1604-1608. 

Kalay E, Yigit G, Aslan Y, Brown KE, Pohl E, Bicknell LS et al. (2011). CEP152 is a  

genome maintenance protein disrupted in Seckel syndrome. Nat Genet. 43(1):23-26. 

Kamate M, Prashanth GP, Hattiholi V. (2014). L-2-hydroxyglutaric aciduria: report of two  

Indian families. Indian journal of pediatrics. 81(3): 296-98. 

Kanold PO, Luhmann HJ (2010). The subplate and early cortical circuits. Annu Rev  

Neurosci. 33: 23-48. 

Kastner S, Thiemann IJ, Dekomien G, Petrasch-Parwez E, Schreiber S, Akkad DA, et al.  

(2015). Exome Sequencing Reveals AGBL5 as Novel Candidate Gene and Additional 

Variants for Retinitis Pigmentosa in Five Turkish Families. Invest Ophthalmol Vis 

Sci.  56(13): 8045-53.  

Katz JS, Rando TA, Barohn RJ, Saperstein DS, Jackson CE, Wicklund M et al. (2003). Late- 

onset distal muscular dystrophy affecting the posterior calves. Muscle Nerve. 28(4): 

443-48. 

Kaul R, Gao GP, Balamurugan K, Matalon R (1993). Cloning of the human aspartoacylase  

cDNA and a common missense mutation in Canavan disease. Nature Genet. 5 (2): 

118-23. 

Kaul H, Suman M, Khan Z, Ullah MI, Ashfaq UA, Idrees S (2015). Missense mutation in  

SLC4A11 in two Pakistani families affected with congenital hereditary endothelial 

dystrophy (CHED2). Clin Exp Optom. doi: 10.1111/cxo.12276.  

Kelberman D and Dattani MT (2008). Septo-optic dysplasia-novel insights into the aetiology.  

Horm Res. 69(5): 257-65. 

Kerem B, Rommens JM, Buchanan JA, Markiewicz D, Cox TK, Chakravarti A ,et al. (1989).  

http://www.ncbi.nlm.nih.gov/pubmed/26720455
http://www.ncbi.nlm.nih.gov/pubmed/26720455
http://www.ncbi.nlm.nih.gov/pubmed/?term=Katz%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=14506716
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rando%20TA%5BAuthor%5D&cauthor=true&cauthor_uid=14506716
http://www.ncbi.nlm.nih.gov/pubmed/?term=Barohn%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=14506716
http://www.ncbi.nlm.nih.gov/pubmed/?term=Saperstein%20DS%5BAuthor%5D&cauthor=true&cauthor_uid=14506716
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jackson%20CE%5BAuthor%5D&cauthor=true&cauthor_uid=14506716
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wicklund%20M%5BAuthor%5D&cauthor=true&cauthor_uid=14506716
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kaul%20R%5BAuthor%5D&cauthor=true&cauthor_uid=8252036
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gao%20GP%5BAuthor%5D&cauthor=true&cauthor_uid=8252036
http://www.ncbi.nlm.nih.gov/pubmed/?term=Balamurugan%20K%5BAuthor%5D&cauthor=true&cauthor_uid=8252036
http://www.ncbi.nlm.nih.gov/pubmed/?term=Matalon%20R%5BAuthor%5D&cauthor=true&cauthor_uid=8252036


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           229 

 

Identification of the cystic fibrosis gene: genetic analysis. Science. 245(4922): 1073-

80. 

Khaliq S, Abid A, Ismail M, Hameed A, Mohyuddin A, Lall P,  et al. (2005). Novel  

association of RP1 gene mutations with autosomal recessive retinitis pigmentosa. J 

Med Genet. 42: 436-68. 

Khaliq S, Hameed A, Ismail M, Mehdi SQ, Bessant DA, Payne AM et al. (1999). Refinement  

of the locus for autosomal recessive retinitis pigmentosa (RP25) linked to chromosome 

6q in a family of Pakistani origin. Am J Hum Genet. 65: 571-74. 

Khan MA, Rupp VM, Orpinell M, Hussain MS, Altmüller J, Steinmetz MO et al. (2014). A  

missense mutation in the PISA domain of HsSAS-6 causes autosomal recessive 

primary microcephaly in a large consanguineous Pakistani family. Hum Mol Genet. 

23(22): 5940-49. 

Khan MI, Kersten FF, Azam M, Collin RWJ, Hussain A, Shah STA et al. (2011). CLRN1  

mutations cause non-syndromic retinitis pigmentosa. Ophthalmology. 118: 1444-48. 

Khan MA, Rupp VM, Orpinell M, Hussain MS, Altmüller J, Steinmetz MO,  et al.( 2014). A  

missense mutation in the PISA domain of HsSAS-6 causes autosomal recessive 

primary microcephaly in a large consanguineous Pakistani family. Hum Mol 

Genet. 23(22): 5940-49. 

Khani SC, Nielsen L, Vogt TM (1998). Biochemical evidence for pathogenicity of rhodopsin  

kinase mutations correlated with the Oguchi form of congenital stationary night 

blindness. Proc Natl Acad Sci USA. 95: 2824-27. 

Kibar Z, Torban E, McDearmid JR, Reynolds A, Berghout J, Mathieu M et al. (2007).   

Mutations in VANGL1 associated with neural-tube defects. New Eng J Med. 356 (14): 

1432-37. 

Kim C, Lee HC, Sung JJ (2014). Amyotrophic lateral sclerosis-cell based therapy and novel  

therapeutic development. Exp Neurobiol. 23: 207-14.  

Kim, H.J., et al. 2013. Mutations in Prion-Like Domains in HNRNPA2B1 and HNRNPA1  

Cause Multisystem Proteinopathy and ALS. Nature 495: 467-73. 

Kimberling WJ1, Möller CG, Davenport S, Priluck IA, Beighton PH, Greenberg J et al.  

(1992). Linkage of Usher syndrome type I gene (USH1B) to the long arm of 

chromosome 11. Genomics. 14: 988-994. 

Kircher M, Witten DM, Jain P, O'Roak BJ, Cooper GM, Shendure J (2014). A general  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Khan%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=24951542
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rupp%20VM%5BAuthor%5D&cauthor=true&cauthor_uid=24951542
http://www.ncbi.nlm.nih.gov/pubmed/?term=Orpinell%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24951542
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hussain%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=24951542
http://www.ncbi.nlm.nih.gov/pubmed/?term=Altm%C3%BCller%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24951542
http://www.ncbi.nlm.nih.gov/pubmed/?term=Steinmetz%20MO%5BAuthor%5D&cauthor=true&cauthor_uid=24951542
http://www.ncbi.nlm.nih.gov/pubmed/?term=Khan+et+al.%2C+2014+MCPH
http://www.ncbi.nlm.nih.gov/pubmed/?term=Khan+et+al.%2C+2014+MCPH


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           230 

 

framework for estimating the relative pathogenicity of human genetic variants. Nat 

Genet. 46(3): 310-15. 

Kishino T, Wagstaff J (1998). Genomic organization of the UBE3A/E6-AP gene and related  

pseudogenes. Genomics.  47(1): 101-107.  

Klintsova AY, Greenough WT (1999). Synaptic plasticity in cortical systems. Curr Opin  

Neurobiol. 9 (2): 203-208.  

Kniazeva M, Chiang MF, Morgan B, Anduze AL, Zack DJ, Han M et al. (1999). A new locus  

for autosomal dominant Stargardt-like disease maps to chromosome 4. Am J Hum 

Genet. 64: 1394-99. 

Kong X, Murphy K, Raj T, He C, White PS, Matise TC (2004). A combined linkage-physical  

map of the human genome. Am J Hum Genet. 75(6): 1143–48. 

Kothiyal P, Cox S, Ebert J, Husami A, Kenna MA, Greinwald JH et al . (2010). High- 

throughput detection of mutations responsible for childhood hearing loss using 

resequencing microarrays. BMC Biotechnol. 10:10. 

Kousar R, Hassan MJ, Khan B, Basit S, Mahmood S, Mir A et al. (2011). Mutations in  

WDR62 gene in Pakistani families with autosomal recessive primary microcephaly. 

BMC Neurol. 11: 119. 

Krahn M, Béroud C, Labelle V, Nguyen K, Bernard R, Bassez G et al. (2009). Analysis of  

the DYSF mutational spectrum in a large cohort of patients. Hum Mutat. 30: E345-75. 

Ku CS, Cooper DN, Polychronakos C, Naidoo N, Wu M, Soong R (2012). Exome  

sequencing: dual role as a discovery and diagnostic tool. Ann Neurol.  71(1): 5-14. 

Kumar A, Girimaji SC, Duvvari MR, Blanton SH (2009). Mutations in STIL, encoding a  

pericentriolar and centrosomal protein, cause primary microcephaly. Am J Hum Genet. 

84(2): 286-90. 

Kuokkanen E, Riise Stensland HM, Smith W, Kjeldsen BE, Van NL, Nilssen O et al. (2011).  

Molecular and cellular characterization of novel {alpha}-mannosidosis mutations. 

Hum Mol Genet. 20: 2651-61. 

Kushki AM, Zeyghami B (2005). The effect of Consanguineous Marriages on Congenital  

Malformation. JRMS. 10: 298-301. 

Kuss AW, Garshasbi M, Kahrizi K, Tzschach A, Behjati F, Darvish H, et al. ().Autosomal  

recessive mental retardation: homozygosity mapping identifies 27 single linkage 

intervals, at least 14 novel loci and several mutation hotspots. Hum Genet129 (2):141-

48. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Kishino%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9465301
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wagstaff%20J%5BAuthor%5D&cauthor=true&cauthor_uid=9465301
http://www.ncbi.nlm.nih.gov/pubmed/?term=Angelmans+syndrome+genes+Kishino


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           231 

 

Kwiatkowski TJ Jr, Bosco DA, Leclerc AL, Tamrazian E, Vanderburg CR, Russ C et al.  

(2009). Mutations in the FUS/TLS gene on chromosome 16 cause familial 

amyotrophic lateral sclerosis. Science. 323: 1205-1208.  

Kwong AK, Ho AC, Fung CW, Wong VC (2015). Analysis of mutations in 7 genes  

associated with neuronal excitability and synaptictransmission in a cohort of children 

with non-syndromic infantile epileptic encephalopathy. PLoS One.  10(5): e0126446. 

Kyttälä M, Tallila J, Salonen R, Kopra O, Kohlschmidt N, Paavola-Sakki P. et al. (2006).  

MKS1, encoding a component of the flagellar apparatus basal body proteome, is 

mutated in Meckel syndrome. Nat Genet. 38 (2): 155-57. 

Lander ES, Botstein D (1987). Homozygosity mapping: a way to map human recessive traits  

with the DNA of inbred children. Science. 236(4808): 1567-70. 

Larhammar D, Nordstrom K, Larsson TA (2009). Evolution of vertebrate rod and cone  

phototransduction genes. Philos Trans R Soc Lond B Biol Sci. 364: 2867-80. 

Larnaout A, Amouri R, Kefi M, Hentati F. (2008). L-2-hydroxyglutaric aciduria: clinical and  

molecular study in three Tunisian families. Identification of a new mutation and inter-

familial phenotype variability. J Inherit Metab Dis. Suppl 2: S375-79. 

Larson A, Nokoff NJ, Meeks NJ (2015). Genetic causes of pituitary hormone deficiencies.  

Discov Med. 19(104): 175-83.  

Lee JC, Simonyi A, Sun AY, Sun GY. (2011). Phospholipases A2 and neural membrane  

dynamics: implications for Alzheimer's disease. J Neurochem.  116(5): 813-19. 

Lei Y, Fathe K, McCartney D, Zhu H, Yang W, Ross ME,et al. (2015). Rare LRP6 variants  

identified in spina bifida patients.Hum Mutat. 36(3): 342-49.  

Lei Y, Zhu H, Duhon C, Yang W, Ross ME, Shaw GM,et al. (2013). Mutations in planar cell  

polarity gene SCRIB are associated with spina bifida. PLoS One. 8(7): e69262.  

Lei Y, Zhu H, Yang W, Ross ME, Shaw GM, Finnell RH (2014). Identification of novel  

CELSR1 mutations in spina bifida. PLoS One. 9(3): e92207.  

Lei YP, Zhang T, Li H, Wu BL, Jin L, Wang HY (2010). VANGL2 mutations in human  

cranial neural-tube defects. New Eng J Med. 362 (23): 2232-35. 

Lemmers RJ, Van Overveld PG, Sandkuijl LA, Vrieling H, Padberg GW, Frants RR et al.  

(2004). Mechanism and timing of mitotic rearrangements in the subtelomeric D4Z4 

repeat involved in facioscapulohumeral muscular dystrophy. Am J Hum Genet. 75(1): 

44-53. 

Lennon NJ, Kho A, Bacskai BJ, Perlmutter SL, Hyman BT, Brown RH Jr (2003). Dysferlin  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Lemmers%2C+%2C+van+Overveld%2C+P.+G.+M.%2C+Sandkuijl%2C+Vrieling%2C++van+der+Maarel%2Cet+al.(+2004).Mechanism+and+timing+of+mitotic+rearrangements+in+the+subtelomeric+D4Z4rein+facioscapulohumeralmuscular+dystrophy.+Hum.+Genet.+75%3A+44-53.
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lennon%20NJ%5BAuthor%5D&cauthor=true&cauthor_uid=14506282
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kho%20A%5BAuthor%5D&cauthor=true&cauthor_uid=14506282
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bacskai%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=14506282
http://www.ncbi.nlm.nih.gov/pubmed/?term=Perlmutter%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=14506282
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hyman%20BT%5BAuthor%5D&cauthor=true&cauthor_uid=14506282
http://www.ncbi.nlm.nih.gov/pubmed/?term=Brown%20RH%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=14506282


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           232 

 

interacts with annexins A1 and A2 and mediates sarcolemmal wound-healing. J Biol 

Chem. 278(50): 50466-73.  

Leone P, Shera D, McPhee SW, Francis JS, Kolodny EH, Bilaniuk LT et al. (2012). Long- 

term follow-up after gene therapy for canavan disease. Sci Transl Med. 4: 165ra163. 

Leto K, Arancillo M, Becker EB, Buffo A, Chiang C, Ding B et al. (2015). Consensus Paper:  

Cerebellar. 2015 Oct 6. [Epub ahead of print] 

Leutenegger AL, Genin E, Thompson EA, Clerget-Darpoux F (2002). Impact of parental  

relationships in maximum lod score affected sib-pair method. Genet Epidemiol. 23: 

413-25. 

Levitt M (1992). Accurate modeling of protein conformation by automatic segment  

matching. J Mol Biol. 226(2):507-33. 

Lewis RA, Otterud B, Stauffer D, Lalouel JM, Leppert M (1990). Mapping recessive  

ophthalmic diseases: linkage of the locus for Usher syndrome type II to a DNA marker 

on chromosome 1q. Genomics 7:250-256. 

Li L, Nakaya N, Chavali VR, Ma Z, Jiao X, Sieving PA et al. (2010). A mutation in ZNF513,  

a putative regulator of photoreceptor development, causes autosomal-recessive retinitis 

pigmentosa. Am J Hum. Genet. 87: 400-409.  

Li M, Liang JY, Sun ZH, Zhang H, Yao ZR (2012). Novel nonsense and frameshift NTRK1  

gene mutations in Chinese patients with congenital insensitivity to pain with anhidrosis. 

Genet Mol Res. 11(3): 2156-62. 

Lightowlers RN, Taylor RW, Turnbull DM (2015).  Mutations causing mitochondrial disease:  

What is new and what challenges remain? Science. 349(6255): 1494-99.   

Lindhurst MJ, Sapp JC, Teer JK, Johnston JJ, Finn EM, Peters K et al. (2011). A mosaic  

activating mutation in AKT1 associated with the Proteus syndrome. New Engl J Med. 

365(7): 611-19.  

Linssen WH, de Voogt WG, Krahn M, Bernard R, Levy N, Wokke JH et al. (2013).Long- 

term follow-up study on patients with Miyoshi phenotype of distal muscular dystrophy. 

Eur J Neurol. 20: 968-74. 

Linssen WH, Notermans NC, Van der Graaf Y, Wokke JH, Van Doorn PA, Höweler CJ  et al.  

(1998). Miyoshi-type distal muscular dystrophy. Clinical spectrum in 24 Dutch 

patients. Genet. 20: 37-42. 

Liou GI, Fei Y, Peachey NS, Matragoon S, Wei S, Blaner WS et al. (1998). Early onset  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Lindhurst%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=21793738
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sapp%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=21793738
http://www.ncbi.nlm.nih.gov/pubmed/?term=Teer%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=21793738
http://www.ncbi.nlm.nih.gov/pubmed/?term=Johnston%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=21793738
http://www.ncbi.nlm.nih.gov/pubmed/?term=Finn%20EM%5BAuthor%5D&cauthor=true&cauthor_uid=21793738
http://www.ncbi.nlm.nih.gov/pubmed/?term=Peters%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21793738
http://www.ncbi.nlm.nih.gov/pubmed/?term=Linssen%20WH%5BAuthor%5D&cauthor=true&cauthor_uid=23530687
http://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Voogt%20WG%5BAuthor%5D&cauthor=true&cauthor_uid=23530687
http://www.ncbi.nlm.nih.gov/pubmed/?term=Krahn%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23530687
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bernard%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23530687
http://www.ncbi.nlm.nih.gov/pubmed/?term=Levy%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23530687
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wokke%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=23530687
http://www.ncbi.nlm.nih.gov/pubmed/?term=Linssen%20WH%5BAuthor%5D&cauthor=true&cauthor_uid=9397016
http://www.ncbi.nlm.nih.gov/pubmed/?term=Notermans%20NC%5BAuthor%5D&cauthor=true&cauthor_uid=9397016
http://www.ncbi.nlm.nih.gov/pubmed/?term=Van%20der%20Graaf%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=9397016
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wokke%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=9397016
http://www.ncbi.nlm.nih.gov/pubmed/?term=Van%20Doorn%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=9397016
http://www.ncbi.nlm.nih.gov/pubmed/?term=H%C3%B6weler%20CJ%5BAuthor%5D&cauthor=true&cauthor_uid=9397016


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           233 

 

photoreceptor abnormalities induced by targeted disruption of the interphotoreceptor 

retinoid-binding protein gene. J Neurosci. 18: 4511-20.  

Liu J, Aoki M, Illa I, Wu C, Fardeau M, Angelini C et al. (1998). Dysferlin, a novel skeletal  

muscle gene, is mutated in Miyoshi myopathy and limb girdle muscular dystrophy. 

Nat Genet. 20: 31-6. 

Liu MM, Tuo J, Chan CC (2011). Gene therapy for ocular diseases. Br J Ophthalmol. 95:  

  604-12.  

Longman C, Brockington M, Torelli S, Jimenez-Mallebrera C, Kennedy C, Khalil N et al.  

(2003). Mutations in the human LARGE gene cause MDC1D, a novel form of 

congenital muscular dystrophy with severe mental retardation and abnormal 

glycosylation of alpha-dystroglycan. Hum Mol Genet. 12(21):2853-61. 

Luo R, Yang HM, Jin Z, Halley DJ, Chang BS, MacPherson L et al. (2011). Pediatr Neurol A  

novel GPR56 mutation causes bilateral frontoparietal polymicrogyria. Pediatr Neurol. 

45(1): 49-53. 

Luty AA, Kwok JB, Dobson-Stone C, Loy CT, Coupland KG, Karlström H et al (2010).  

Sigma nonopioid intracellular receptor 1 mutations cause frontotemporal lobar 

degeneration-motor neuron disease. Ann Neurol. 68: 639-49. 

MacArthur DG, Manolio TA, Dimmock DP, Rehm HL, Shendure J, Abecasis GR et al.  

(2014). Guidelines for investigating causality of sequence variants in human disease. 

Nature. 508(7497): 469-76.  

Mackay DS, Henderson RH, Sergouniotis PI, Li Z, Moradi P, Holder GE, Waseem N et al.  

(2010). Novel mutations in MERTK associated with childhood onset rod-cone 

dystrophy. Mol Vis. 16: 369-77. 

Mahmood S, Ahmad W, Hassan M (2011). Autosomal recessive primary microcephaly 

[MCPH]: clinical manifestations, genetic heterogeneity and mutation continuum. 

Orphanet J Rare Dis. 6: 39. 

Majounie E, Renton AE, Mok K, Dopper EG, Waite A, Rollinson S et al (2012). Frequency  

of the C9orf72 hexanucleotide repeat expansion in patients with amyotrophic lateral 

sclerosis and frontotemporal dementia: a cross-sectional study. Lancet Neurol. 11: 

323-30.  

Malm D, Riise Stensland HM, Edvardsen O, Nilssen O (2014). The natural course and  

complications of alpha-mannosidosis--a retrospective and descriptive study. J Inherit 

Metab Dis.; 371:79-82. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=MacArthur%20DG%5BAuthor%5D&cauthor=true&cauthor_uid=24759409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Manolio%20TA%5BAuthor%5D&cauthor=true&cauthor_uid=24759409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dimmock%20DP%5BAuthor%5D&cauthor=true&cauthor_uid=24759409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rehm%20HL%5BAuthor%5D&cauthor=true&cauthor_uid=24759409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shendure%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24759409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Abecasis%20GR%5BAuthor%5D&cauthor=true&cauthor_uid=24759409
http://www.ncbi.nlm.nih.gov/pubmed/?term=MacArthur+%2C+D.+G.+%2C+Manolio+%2C+T.+A.+%2C+Dimmock+%2C+D.+P.+%2C+Rehm+%2C+H.+L.+%2C+Shendure+%2C+J.+%2C+Abecasis+%2C+G.+R.+%2C+et+al+.+(2014)+.+Guidelines+for+investigating+causality+of+sequence+variants+in+human+disease+.+Nature+%2C+508+%2C+469+%E2%80%93+476+.


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           234 

 

Malm D, Nilssen O (2008). Alpha-mannosidosis. Orphanet J Rare Dis. 3: 21.  

Margalit E and Sadda SR (2003). Retinal and optic nerve diseases. Artif Organs. 27: 963-74. 

Marmor MF, Brigell MG, McCulloch DL, Westall CA, Bach M (2011). ISCEV standard for  

clinical electro-oculography (2010 update). Doc Ophthalmol. 122: 1-7.  

Martin CA, Ahmad , Klingseisen A, Hussain MS, Bicknell LS, Leitch A et al. (2014).  

Mutations in PLK4, encoding a master regulator of centriole biogenesis, cause 

microcephaly, growth failure and retinopathy. Nat Genet. 46(12): 1283-92. 

Martin R, Owens WA, Cunnington MS, Mayosi BM, Koref MS, Keavney BD (2014).  

Chromosome 16variants in a region associated with cardiovascular phenotypes 

correlate with ZFHX3 expr q22 ession in a transcript-specific manner. BMC Genet. 15: 

136. 

Maruyama H, Morino H, Ito H, Izumi Y, Kato H, Watanabe Y et al. (2010). Mutations of  

Optineurin in Amyotrophic Lateral Sclerosis. Nature. 465: 223-26. 

Matsukawa T, Wang X, Liu R, Wortham NC, Onuki Y, Kubota A et al. (2011). Adult- 

onset leukoencephalopathies with vanishing white matter with novel missense 

mutations in EIF2B2, EIF2B3 and EIF2B5. Neurogenetics. 12(3): 259-61. 

Matise TC, Chen F, Chen W, De La Vega FM, Hansen M, He C et al. (2007). A second  

generation combined linkage-physical map of the human genome. Genome Res. 

17(12): 1783-86. 

Mavlyutov TA, Epstein ML, Andersen KA, Ziskind-Conhaim L, Ruoho AE (2010). The  

sigma-1 receptor is enriched in postsynaptic sites of C-terminals in mouse 

motoneurons. An anatomical and behavioral study. Neurosci. 167:247–255  

Maw MA, Corbeil D, Koch J, Hellwig A, Wilson-Wheeler JC, Bridges RJ et al. (2000). A  

frameshift mutation in prominin (mouse)-like 1 causes human retinal degeneration. 

Hum Mol Genet. 9: 27-34.  

Maw MA, John S, Jablonka S, Müller B, Kumaramanickavel G, Oehlmann R et al. (1995).  

Oguchi disease: suggestion of linkage to markers on chromosome 2q. J Med Genet. 32: 

396-98. 

McDonell LM, Warman Chardon J, Schwartzentruber J, Foster D, Beaulieu CL; FORGE  

Canada Consortium et al. (2014). The utility of exome sequencing for genetic 

diagnosis in a familial microcephaly epilepsy syndrome. BMC Neurol. 14: 22.  

McClellan J, King MC (2010). Genomic analysis of mental illness: a changing landscape.  

JAMA. 303(24): 2523-24. 



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           235 

 

McKibbin M, Ali M, Mohamed MD, Booth AP, Bishop F, Pal B et al. (2010). Genotype- 

phenotype correlation for leber congenital amaurosis in Northern Pakistan. Arch 

Ophthalmol. 128(1): 107-113.  

Mears AJ, Kondo M, Swain PK, Takada Y, Bush RA, Saunders TL et al. (2001). Nrl is  

required for rod photoreceptor development. Nat Genet. 29: 447-52.  

Mehdi SQ, Qamar R, Ayub Q, Khaliq S. Mansoor A, Ismail M  et al. (1999). The origin of  

Pakistani populations:evidence from Y chromosome markers. In: Genomic Diversity: 

Applications in human population Genetics, Papiha S.S., Deka,R.and Chakraborty, R. 

ed., Kluwer Academic/Plenum Publishers, New York, PP-83-90. 

Memon MM, Raza SI, Basit S, Kousar R, Ahmad W, Ansar M (2013). A novel WDR62  

mutation causes primary microcephaly in a Pakistani family. Mol Biol Rep.  40(1): 

591-95. 

 Mendell JR, Shilling C, Leslie ND, Flanigan KM, al-Dahhak R, Gastier-Foster J, et al.  

(2012). Evidence-based path to newborn screening for Duchenne muscular dystrophy. 

Ann Neurol. 71: 304-13. 

Merksamer PI, Trusina A, Papa FR (2008). Real-time redox measurements during  

endoplasmic reticulum stress reveal interlinked protein folding functions. Cell. 135: 

933-47. 

Michelakakis H, Dimitriou E, Mylona-Karayanni C, Bartsocas CS (1992). Phenotypic  

variability of mannosidosis type II: report of two Greek siblings. Genet Couns. 34: 

195-99. 

Minkel HR, Anwer TZ, Arps KM, Brenner M, Olsen ML (2015). Elevated GFAP induces  

astrocyte dysfunction in caudal brain regions: A potential mechanism for hindbrain 

involved symptoms in type II Alexander disease. Glia. 63(12): 2285-97. 

Millecamps S, Salachas F, Cazeneuve C, Gordon P, Bricka B, Camuzat A et al (2010). SOD1,  

ANG, VAPB, TARDBP, and FUS mutations in familial amyotrophic lateral sclerosis: 

genotype-phenotype correlations. J Med Genet. 47: 554-60. 

Mir H, Raza SI, Touseef M, Memon MM, Khan MN, Jaffar S et al. (2014). A novel recessive  

mutation in the gene ELOVL4 causes a neuro-ichthyotic disorder with variable 

expressivity. BMC Med Genet. 2014 Feb 26;15:25. 

Miranda C, Di Virgilio M, Selleri S, Zanotti G, Pagliardini S, Pierotti MA et al. (2002).  



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           236 

 

Novel pathogenic mechanisms of congenital insensitivity to pain with anhidrosis 

genetic disorder unveiled by functional analysis of neurotrophic tyrosine receptor 

kinase type 1/nerve growth factor receptor mutations. J Biol Chem. 277(8): 6455- 62. 

Mirzaa GM, Vitre B, Carpenter G, Abramowicz I, Gleeson JG, Paciorkowski A et al.  

(2014). Mutations in CENPE define a novel kinetochore-centromeric mechanism for 

microcephalic primordial dwarfism.Hum Genet. 133(8): 1023-39. 

Mitchell ML, Erickson RP, Schmid D, Hieber V, Poznanski AK, Hicks SP (1981).  

Mannosidosis: two brothers with different degrees of disease severity. Clin Genet. 203: 

191-202. 

Miura Y, Mardy S, Awaya Y, Nihei K, Endo F, Matsuda I et al. (2000). Mutation and  

polymorphism analysis of the TRKA (NTRK1) gene encoding a high-affinity receptor 

for nerve growth factor in congenital insensitivity to pain with anhidrosis (CIPA) 

families. Hum Genet. 106: 116-24. 

Miyoshi K, Kawai H, Iwasa M, Kusaka K, Nishino H (1986). Autosomal recessive distal  

muscular dystrophy as a new type of progressive muscular dystrophy. Seventeen cases 

in eight families including an autopsied case. Brain. 109: 31-54. 

Miyoshi K, Saijo K, Kuryu T, Tada Y, Otsuka Y, Oshima Y et al. (1967). Four cases of distal  

myopathy in two families. Jpn J Hum Genet. 12: 113. 

Mochida GH, Walsh CA (2004). Genetic basis of developmental malformations of the  

cerebral cortex. Arch Neurol. 61: 637-40. 

Modell B, Darr A (2002). Genetic counselling and customary consanguineous marriage.  

Nature Rev Genet. 3: 225-29. 

Mokrani-Benhelli H, Gaillard L, Biasutto P, Le Guen T, Touzot F, Vasquez N  et  al. (2013).  

Primary microcephaly, impaired DNA replication, and genomic instability caused by 

compound heterozygous ATR mutations. Hum Mutat. 34: 374-84.  

Morgan NV, Westaway SK, Morton JE, Gregory A, Gissen P, Sonek Set al. (2006).  

PLA2G6, encoding a phospholipase A2, is mutated in neurodegenerative disorders 

with high brain iron. Nat Genet. 38 (7): 752-54. 

Morimura H, Berson EL, Dryja TP (1999). Recessive mutations in the RLBP1 gene encoding  

cellular retinaldehyde-binding protein in a form of retinitis punctata albescens. Invest 

Ophthalmol Vis Sci. 40: 1000-1004. 

Morita M, Al-Chalabi A, Andersen PM, Hosler B, Sapp P, Englund E et al (2006) A locus on  

http://www.ncbi.nlm.nih.gov/pubmed/24748105
http://www.ncbi.nlm.nih.gov/pubmed/24748105
http://www.ncbi.nlm.nih.gov/pubmed/?term=Miyoshi%20K%5BAuthor%5D&cauthor=true&cauthor_uid=3942856
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kawai%20H%5BAuthor%5D&cauthor=true&cauthor_uid=3942856
http://www.ncbi.nlm.nih.gov/pubmed/?term=Iwasa%20M%5BAuthor%5D&cauthor=true&cauthor_uid=3942856
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kusaka%20K%5BAuthor%5D&cauthor=true&cauthor_uid=3942856
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nishino%20H%5BAuthor%5D&cauthor=true&cauthor_uid=3942856


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           237 

 

chromosome 9p confers susceptibility to ALS and frontotemporal dementia. 

Neurology. 66: 839-44.  

Moroni I, Bugiani M, D'Incerti L, Maccagnano C, Rimoldi M, Bissola L et al. (2004). L-2- 

hydroxyglutaric aciduria and brain malignant tumors: a predisposing condition? 

Neurology. 62(10): 1882-84. 

Morris-Rosendahl DJ, Najm J, Lachmeijer AM, Sztriha L, Martins M, Kuechler A et al.  

(2008). Refining the phenotype of alpha-1a Tubulin (TUBA1A) mutation in patients 

with classical lissencephaly. Clin Genet. 74: 425-33.  

Morris-Rosendahl DJ, Kaindl AM (2015). What next-generation sequencing (NGS)  

technology has enabled us to learn about primary autosomal recessive microcephaly 

(MCPH). Mol Cell Probes. 29(5):271-81. Mueller RF, and Bishop DT (1993). 

Autozygosity mapping, complex consanguinity, and autosomal recessive disorders. J 

Med Genet.30 (9): 798-99. 

Moynihan L, Jackson AP, Roberts E, Karbani G, Lewis I, Corry P et al. (2000). A third novel  

locus for primary autosomal recessive microcephaly maps to chromosome 9q34. Am J 

Hum Genet. 66(2):724-27. 

Muntoni F, Brockington M, Godfrey C, Ackroyd M, Robb S, Manzur A et al. (2007).  

Muscular dystrophies due to defective glycosylation of dystroglycan. Acta Myol. 

26(3):129-35. 

Muntoni F, Voit T (2004). The congenital muscular dystrophies in 2004; a century of exciting  

progress. Neuromuscul Disord. 14(10): 635-49. 

Musova Z, Mazanec R, Krepelova A, Ehler E, Vales J, Jaklova R et al. (2009). Highly  

unstable sequence interruptions of the CTG repeat in the myotonic dystrophy gene. 

Am J Med Genet A. 149A(7): 1365-74. 

Mustafi D, Engel AH, Palczewski K (2009). Structure of cone photoreceptors. Prog Retin  

Eye Res. 28: 289-302. 

Mynarek M, Tolar J, Albert MH, Escolar ML, Boelens JJ, Cowan MJ et al. (2012). Allogeneic  

hematopoietic SCT for alpha-mannosidosis: an analysis of 17 patients. Bone Marrow 

Transplant.  473: 352-59. 

Nagasawa M, Kanzaki M, Iino Y, Morishita Y, Kojima I (2001). Identificationof a novel  

chloride channel expressed in the endoplasmic reticulum,Golgi apparatus, and nucleus. 

J Biol Chem. 276: 20413-18. 

Najmabadi H, Hu H, Garshasbi M, Zemojtel T, Abedini SS, Chen W et al. (2011). Deep  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Morris-Rosendahl%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=18954413
http://www.ncbi.nlm.nih.gov/pubmed/?term=Najm%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18954413
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lachmeijer%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=18954413
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sztriha%20L%5BAuthor%5D&cauthor=true&cauthor_uid=18954413
http://www.ncbi.nlm.nih.gov/pubmed/?term=Martins%20M%5BAuthor%5D&cauthor=true&cauthor_uid=18954413
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kuechler%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18954413
http://www.ncbi.nlm.nih.gov/pubmed/18646561


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           238 

 

sequencing reveals 50 novel genes for recessive cognitive disorders. Nature. 

478(7367): 57-63. 

Nakazawa M, Wada Y, Tamai M (1998). Arrestin gene mutations in autosomal recessive  

retinitis pigmentosa. Arch Ophthalmol. 116: 498-501.  

Nath A, Patil C, Naik VA (2004). Prevalence of Consanguineous Marriages in a Rural  

Community and Its Effect on Pregnancy Outcome. Indian J Commun Med. 29: 149-52. 

Nawaz R, Asif H, Khan A, Ishtiaq H, Shad F, Siddiqui S.(2014). Drugs targeting SNP  

rs35753505 of the NRG1 gene may prevent the association of neurological disorder 

schizophrenia in a Pakistani population.CNS Neurol Disord Drug Targets. 13(9):1604-

14. 

Naz S, Ali S, Riazuddin SA, Farooq T, Butt NH, Zafar AU et al. (2011). Mutations in RLBP1  

associated with fundus albipunctatus in consanguineous Pakistani families. Br J 

Ophthalmol. 95: 1019-24. 

Naz S, Riazuddin SA, Li L, Shahid M, Kousar S, Sieving PA, Hejtmancik JF et al. (2010). A  

novel locus for autosomal recessive retinitis pigmentosa in a consanguineous Pakistani 

family maps to chromosome 2p. Am J Ophthalmol. 149: 861-66. 

Nemos C, Lambert L, Giuliano F, Doray B, Roubertie A, Goldenberg A et al. (2009).  

Mutational spectrum of CDKL5 in early-onset encephalopathies: a study of a large 

collection of French patients and review of the literature. Clin Genet. 76(4): 357-71. 

Nevet MJ, Shalev SA, Zlotogora J, Mazzawi N, Ben-Yosef T (2010). Identification of a  

prevalent founder mutation in an Israeli Muslim Arab village confirms the role of 

PRCD in the aetiology of retinitis pigmentosa in humans. J Med Genet. 47: 533-37.  

Ng SB, Turner EH, Robertson PD, Flygare SD, Bigham AW, Lee C et al. (2009). Targeted  

capture and massively parallel sequencing of 12 human exomes. Nature. 461: 272-76. 

Ng SB, Bigham AW, Buckingham KJ, Hannibal MC, McMillin MJ, Gildersleeve HI et al.  

(2010). Exome sequencing identifies MLL2 mutations as a cause of Kabuki syndrome. 

Nat Genet. 42(9): 790-93. 

Ng SB, Buckingham KJ, Lee C, Bigham AW, Tabor HK, Dent KM et al. (2010). Exome  

sequencing identifies the cause of a mendelian disorder. Nat Genet. 42(1): 30-5. 

Nguyen K, Bassez G, Bernard R, Krahn M, Labelle V, Figarella-Branger D, et al. (2005).  

Dysferlin mutations in LGMD2B, Miyoshi myopathy, and atypical dysferlinopathies. 

Hum Mutat. 26: 165. 

Nicholas AK, Swanson EA, Cox JJ, Karbani G, Malik S, Springell K et al (2009). The  



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           239 

 

molecular landscape of ASPM mutations in primary microcephaly. J Med Genet. 

46(4): 249-53. 

Nigg EA (2007). Centrosome duplication: of rules and licenses, Trends Cell Biol. 17:  

215e221.  

Nilssen Ø, Berg T, Riise HM, Ramachandran U, Evjen G, Hansen GM et al. (1997). alpha- 

Mannosidosis: functional cloning of the lysosomal alpha-mannosidase cDNA and 

identification of a mutation in two affected siblings. Hum Mol Genet. 6: 717-26. 

Nilsson MI, Laureano ML, Saeed M, Tarnopolsky MA (2013). Dysferlin aggregation in  

limb-girdle muscular dystrophy type 2B/Miyoshi Myopathy necessitates mutational 

screen for diagnosis. Muscle Nerve. 47: 740-47. 

Nirmalan PK, Krishnaiah S, Nutheti R, Shamanna BR, Rao GN, Thomas R (2006).  

Consanguinity and eye diseases with a potential genetic etiology. Data from a 

prevalence study in Andhra Pradesh, India.Ophthalmic Epidemiol. 13(1): 7-13. 

Nishimura AL, Mitne-Neto M, Silva HC, Richieri-Costa A, Middleton S, Cascio D et al.  

(2004). A mutation in the Vesicle-Trafficking Protein VAPB causes Late-Onset Spinal 

Muscular Atrophy and Amyotrophic Lateral Sclerosis. Am J Hum Genet. 75: 822-31. 

Nolano M, Crisci C, Santoro L, Barbieri F, Casale R, Kennedy WR et al. (2000). Absent  

innervation of skin and sweat glands in congenital insensitivity to pain with anhidrosis. 

Clin Neurophysiol. 111: 1596-1601. 

North KN, Beggs AH. (1996). Deficiency of a skeletal muscle isoform of alpha-actinin  

(alpha-actinin-3) in merosin-positive congenital muscular dystrophy. Neuromuscul 

Disord. 6(4): 229-35. 

Nota B, Struys EA, Pop A, Jansen EE, Fernandez Ojeda MR, Kanhai WA et al. (2013).  

Deficiency in SLC25A1, encoding the mitochondrial citrate carrier, causes combined 

D-2- and L-2-hydroxyglutaric aciduria. Am J Hum Genet. 92(4): 627-31. 

Nyegaard M, Rendtorff ND, Nielsen MS, Corydon TJ, Demontis D, Starnawska A et al. A  

Novel Locus Harbouring a Functional CD164 Nonsense Mutation Identified in a Large 

Danish Family with Nonsyndromic Hearing Impairment. PLoS Genet. 11(7): 

e1005386.  

O'Connor DM, Boulis NM (2015). Gene therapy for neurodegenerative diseases. Trends Mol  

Med. 21(8):504-12.  

O'Connor G, King M, Salomons G, Jakobs C, Hardiman O (2009). A novel mutation as a  

cause of L-2-hydroxyglutaric aciduria. Journal of neurology. 256(4): 672-73. 



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           240 

 

'Driscoll M1, Ruiz-Perez VL, Woods CG, Jeggo PA, Goodship JA (2003). A splicing  

mutation affecting expression of ataxia–telangiectasia and Rad3-related protein (ATR) 

results in Seckel syndrome. Nat Genet. 33: 497-501. 

Ogi T, Walker S, Stiff T, Hobson E, Limsirichaikul S, Carpenter G et al. (2012).  

Identification of the first ATRIP-deficient patient and novel mutations in ATR define a 

clinical spectrum for ATR-ATRIP Seckel Syndrome. PLoS Genet.  8: e1002945. 

Okou DT, Steinberg KM, Middle C, Cutler DJ, Albert TJ, Zwick ME (2007). Microarray- 

based genomic selection for high throughput resequencing. Nat Methods.  4: 907-909. 

Omori Y, Chaya T, Katoh K, Kajimura N, Sato S, Muraoka K et al. (2010). Negative  

regulation of ciliary length by ciliary male germ cell-associated kinase (Mak) is 

required for retinal photoreceptor survival. Proc Natl Acad Sci USA. 107: 22671-76.  

Online Mendelian Inheritance in Man, OMIM®. McKusick-Nathans Institute of Genetic  

Medicine, Johns Hopkins University (Baltimore, MD). Available from: 

http://omim.org/. 

Otto EA, Helou J, Allen SJ, O'Toole JF, Wise EL, Ashraf S et al. (2008). Mutation analysis  

in nephronophthisis using a combined approach of homozygosity mapping, CEL I 

endonuclease cleavage, and direct sequencing. Hum Mutat. 29: 418-26. 

Ozgül RK, Siemiatkowska AM, Yücel D, Myers CA, Collin RW et al. (2011). Exome  

sequencing and cis-regulatory mapping identify mutations in MAK, a gene encoding a 

regulator of ciliary length, as a cause of retinitis pigmentosa. Am J Hum Genet. 

89:253-64.  

Pagniez-Mammeri H, Landrieu P, Legrand A, Slama A (2010). Leukoencephalopathy with  

vanishing white matter caused by compound heterozygous mutations in mitochondrial 

complex I NDUFS1 subunit. Mol Genet Metab.  101(2-3): 297-98. 

Papari E, Bastami M, Farhadi A, Abedini SS, Hosseini M, Bahman I et al. (2013).  

Investigation of primary microcephaly in Bushehr province of Iran: novel STIL and 

ASPM mutations. Clin Genet. 83(5): 488-490. 

Parisi MA, Doherty D, Chance PF, Glass IA (2007). Joubert syndrome (and related disorders)  

(OMIM 213300). Eur J Hum Genet.  15(5): 511-21.  

Park HJ, Hong JM, Suh GI, Shin HY, Kim SM, Sunwoo IN et al. (2012). Heterogeneous  

characteristics of Korean patients with dysferlinopathy. J Korean Med Sci. 27: 423-29. 

Park YE, Kim HS, Lee CH, Nam TS, Choi YC, Kim DS (2012).Two common mutations  



Chapter 9  References 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                 241 

(p.Gln832X and c.663+1G>C) account for about a third of the DYSF mutations in 

Korean patients with dysferlinopathy. Neuromuscul Disord. 22: 505-10. 

Park YM, Province MA, Gao X, Feitosa M, Wu J, Ma D et al. (2009). Longitudinal trends in 

the association of metabolic syndrome with 550 k single-nucleotide polymorphisms in 

the Framingham Heart Study.BMC Proc.  3 (Suppl 7): S116.  

Parkinson N, Ince PG, Smith MO, Highley R, Skibinski G, Andersen PM et al. (2006). ALS 

Phenotypes with Mutations in CHMP2B (Charged Multivesicular Body Protein 2b). 

Neurology. 67: 1074-77. 

Pasquier L, Dubourg C, Gonzales M, Lazaro L, David V, Odent S et al. (2005). First 

occurrence of aprosencephaly/atelencephaly and holoprosencephaly in a family with 

aSIX3 gene mutation and phenotype/genotype correlation in our series of SIX3 

mutations. J Med Genet. 42(1): e4 

Paul LK, Brown WS, Adolphs R, Tyszka JM, Richards LJ, Mukherjee P et al. (2007). 

Agenesis of the corpus callosum: genetic, developmental and functional aspects of 

connectivity. Nat Rev Neurosci. 8(4): 287-99. 

Paulussen AD, Schrander-Stumpel CT, Tserpelis DC, Spee MK, Stegmann AP, Mancini GM 

et al. (2010 ). The unfolding clinical spectrum of holoprosencephaly due to mutations 

in SHH, ZIC2, SIX3 and TGIF genes. Eur J Hum Genet.  18(9): 999-1005.  

Peltonen L, Palotie A, Lange K (2000). Use of population isolates for mapping complex 

traits. Nat Rev Genet. 1: 182-90. 

Penttilä S, Palmio J, Suominen T, Raheem O, Evilä A, Muelas Gomez N et al. (2012). Eight 

new mutations and the expanding phenotype variability in muscular dystrophycaused 

by ANO5. Neurology. 78(12): 897-903. 

Piccolo F, Moore SA, Ford GC, Campbell KP (2000). Intracellular accumulation and reduced 

sarcolemmal expression of dysferlin in limb--girdle muscular dystrophies. Ann Neurol. 

48: 902-12. 

Pinsky L and DiGeorge AM (1996). Congenital familial sensory neuropathy with anhidrosis. J 

Pediatr. 6: 1-13. 

Pittis MG, Montalvo AL, Heikinheimo P, Sbaragli M, Balducci C, Persichetti E et al. (2007). 

Funtional characterization of four novel MAN2B1 mutations causing juvenile onset 

alpha-mannosidosis. Clin Chim Acta. 375:136-139. 

Poirier K, Keays DA, Francis F, Saillour Y, Bahi N, Manouvrier S et al. (2007). Large 



Chapter 9  References 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                 242 

spectrum of lissencephaly and pachygyria phenotypes resulting from de novo missense 

mutations in tubulin alpha 1A (TUBA1A). Hum Mutat.  28(11): 1055-64. 

Pollak MR, Chou YH, Cerda JJ, Steinmann B, La Du BN, Seidman JG  et al. (1993). 

Homozygosity mapping of the gene for alkaptonuria to chromosome 3q2. Nat Genet. 5 

(2): 201-214. 

Polten A, Fluharty AL, Fluharty CB, Kappler J, von Figura K, Gieselmann V (1991). 

Molecular basis of different forms of metachromatic leukodystrophy. New Eng J Med. 

324 (1): 18-22. 

Pomeroy SL and Kim JY (2000). Biology and pathobiology of neuronal development. Ment 

Retard Dev Disabil Res Rev. 6(1): 41-6. 

Poreau B, Lin S, Bosson C, Dieterich K, Satre V, Devillard F et al . (2015). 13q31.1 

microdeletion: A prenatal case report with macrocephaly and macroglossia. Eur J Med 

Genet.  58(10): 526-30. 

Pronk JC, Leegwater PA, van der Knaap MS (2002). From gene to disease; a defect in the 

regulation of protein production leading to vanishing white matter. Ned Tijdschr 

Geneeskd. 146(41): 1933-36.  

Pruitt KD, Harrow J, Harte RA, Wallin C, Diekhans M, Maglott DR (2009). The consensus 

coding sequence (CCDS) project: Identifying a common protein-coding gene set for 

the human and mouse genomes. Genome Res. 19(7):1316-23.  

Puffenberger EG, Hu-Lince D, Parod JM, Craig DW, Dobrin SE, Conway AR et al. (2004). 

Mapping of sudden infant death with dysgenesis of the testes syndrome (SIDDT) by a 

SNP genome scan and identification of TSPYL loss of function. Proc Natl Acad Sci 

USA. 101(32): 11689-94. 

Puffenberger EG, Jinks RN, Sougnez C, Cibulskis K, Willert RA, Achilly NP et al. (2012). 

Genetic mapping and exome sequencing identify variants associated with five novel 

diseases, PLoS One. 7(1): e28936. 

Puri PK, Reddi DM, Spencer-Manzon M, Deak K, Steele SU, Mikati MA  (2012). 

Banding pattern on polarized hair microscopic examination and unilateral 

polymicrogyria in a patient with steroid sulfatase deficiency. Arch Dermatol. 148(1): 

73-8.  

Purves D and Lichtman JW (1985). Principles of neural development. (Sunderland, 

Massachusetts: Sinauer Associates, Inc.). 

Purves D, Augustine GJ, Fitzpatrick D, Katz LC, LaMantia AS, McNamara JO et al. (2001). 



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           243 

 

Neuroscience. 2nd ed. Sunderland (MA): Sinauer Associates. 

Qamar R, Ayub Q, Mohyuddin A, Helgason A, Mazhar K, Mansoor A, Zerjal T et al. (2002).  

Y-chromosomal DNA variation in Pakistan. Am J Hum Genet. 70: 1107-24. 

Qvist P, Huertas P, Jimeno S, Nyegaard M, Hassan MJ, Jackson SPet al. (2011). CtIP  

Mutations Cause Seckel and Jawad Syndromes. PLoS Genet.  7(10): e1002310. 

Renton AE, Chiò A, Traynor BJ (2014). State of play in amyotrophic lateral sclerosis  

genetics. Nat Neurosci. 17: 17-23. 

Rafiq MA, Ansar M, Marshall CR, Noor A, Shaheen N, Mowjoodi A et al.( 2010). Mapping  

of three novel loci for non-syndromic autosomal recessive mental retardation (NS-

ARMR) in consanguineous families from Pakistan. Clin Genet. 78(5): 478-83.  

Rafiq MA, Kuss AW, Puettmann L, Noor A, Ramiah A, Ali G et al. (2011). Mutations in the  

alpha 1,2-mannosidase gene, MAN1B1, cause autosomal-recessive intellectual 

disability. Am J Hum Genet. 89(1): 176-82. 

Rafiq MA, Leblond CS, Saqib MA, Vincent AK, Ambalavanan A, Khan FS et al. (2015).  

Novel VPS13B Mutations in Three Large Pakistani Cohen Syndrome Families 

Suggests a Baloch Variant with Autistic-Like Features. BMC Med Genet. 16: 41. 

Ramachandran G, Kumar M, Selvi Rani D, Annanthapur V, Calambur N, Nallari P et al.  

(2013). An in silico analysis of troponin I mutations in hypertrophic cardiomyopathy 

of Indian origin. PloS one. 8(8): e70704. 

Rehman AU, Santos-Cortez RL, Drummond MC, Shahzad M, Lee K, Morell RJ et al. (2015).  

Challenges and solutions for gene identification in the presence of familial locus 

heterogeneity. Eur J Hum Genet. 23(9): 1207-15. 

Renton AE, Majounie E, Waite A, Simón-Sánchez J, Rollinson S, Gibbs JR et al. (2011). A  

hexanucleotide repeat expansion in C9ORF72 is the cause of chromosome 9p21- 

linked ALS-FTD. Neuron. 72: 257-68. 

Reva B,  Antipin Y, Sander C (2011). Predicting the functional impact of protein mutations:  

application to cancer genomics. Nucleic Acids Res. 39: e118. 

Riazuddin SA, Shahzadi A, Zeitz C, Ahmed ZM, Ayyagari R, Chavali VR et al. (2010). A  

mutation in SLC24A1 implicated in autosomal-recessive congenital stationary night 

blindness. Am J Hum Genet. 87:  523-31. 

Riise HM, Berg T, Nilssen O, Romeo G, Tollersrud OK, Ceccherini I. (1997). Genomic  

structure of the human lysosomal alpha-mannosidase gene (MANB). Genomics. 

42:200-207. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Qvist%20P%5BAuthor%5D&cauthor=true&cauthor_uid=21998596
http://www.ncbi.nlm.nih.gov/pubmed/?term=Huertas%20P%5BAuthor%5D&cauthor=true&cauthor_uid=21998596
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jimeno%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21998596
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nyegaard%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21998596
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hassan%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=21998596
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jackson%20SP%5BAuthor%5D&cauthor=true&cauthor_uid=21998596
http://www.ncbi.nlm.nih.gov/pubmed/?term=Qvist%2C+P.%2C+et+al.%2C+2011.+CtIP+Mutations+Cause+Seckel+and+Jawad+Syndromes.+PLoS+Genet.+7%2C+e1002310.


Chapter 9  References 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                 244 

Riise Stensland HM, Klenow HB, Van NL, Hansen GM, Malm D, Nilssen O (2012). 

Identification of 83 novel alpha-mannosidosis-associated sequence variants: functional 

analysis of MAN2B1 missense mutations. Hum Mutat. 333: 511-20. 

Riise Stensland HM, Frantzen G, Kuokkanen E, Buvang EK, Klenow HB, Heikinheimo P, 

Malm D, Nilssen Ø (2015). amamutdb.no: A relational database for MAN2B1 allelic 

variants that compiles genotypes, clinical phenotypes, and biochemical and structural 

data of mutant MAN2B1 in α-mannosidosis. Hum Mutat. 36(6):581-86.  

Riley J, Federici T, Polak M, Kelly C, Glass J, Raore B et al. (2012). Intraspinal stem cell 

transplantation in amyotrophic lateral sclerosis: a phase I safety trial, technical note, 

and lumbar safety outcomes. Neurosurgery. 71: 405-16. 

Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z et al. (1989). 

Identification of the cystic fibrosis gene: cloning and characterization of 

complementary DNA. Science. 245(4922): 1066-73.  

Rivière JB, Mirzaa GM, O'Roak BJ, Beddaoui M, Alcantara D, Conway RL et al. (2012). De 

novo germline and postzygotic mutations in AKT3, PIK3R2 and PIK3CA cause a 

spectrum of related megalencephaly syndromes. Nat Genet. 44(8): 934-40. 

Roberts E, Jackson AP, Carradice AC, Deeble VJ, Mannan J, Rashid Y et al. (1999). The 

second locus for autosomal recessive primary microcephaly (MCPH2) maps to 

chromosome 19q13.1-13.2. Eur J Hum Genet. 7(7):815-20.  

Rodríguez A, Espejo AJ, Hernández A, Velásquez OL, Lizaraso LM, Cordoba HA et al. 

(2010). Enzyme replacement therapy for Morquio A: an active recombinant N-

acetylgalactosamine-6-sulfate sulfatase produced in Escherichia coli BL21. J Ind 

Microbiol Biotechnol. 37(11): 1193-201. 

Romaniello R, Saettini F, Panzeri E, Arrigoni F, Bassi MT, Borgatti R (2015). A de-novo 

STXBP1 gene mutation in a patient showing the Rett syndrome phenotype. 

Neuroreport.  26(5): 254-57.  

Rommens JM, Iannuzzi MC, Kerem B, Drumm ML, Melmer G, Dean M et al. (1989). 

Identification of the cystic fibrosis gene: chromosome walking and jumping. Science. 

245(4922): 1059-65.  

Rosen DR et al. (1993). Mutations in Cu/Zn Superoxide Dismutase Gene Are Associated 

with Familial Amyotrophic Lateral Sclerosis. Nature. 362: 59-62 

Ruf N and Uhlenberg B (2009). Analysis of human alternative first exons and copy number 



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           245 

 

variation of the GJA12 gene in patients with Pelizaeus-Merzbacher-like disease. Am J 

Med Genet B Neuropsychiatr Genet. 150B (2): 226-32.  

Ruiz A, Borrego S, Marcos I, Antiñolo G (1998). A major locus for autosomal recessive  

retinitis pigmentosa on 6q, determined by homozygosity mapping of chromosomal 

regions that contain gamma-aminobutyric acid-receptor clusters. Am J Hum Genet. 62: 

1452-59.  

Ruiz A, Kuehn MH, Andorf JL, Stone E, Hageman GS, Bok D (2001). Genomic organization  

and mutation analysis of the gene encoding lecithin retinol acyltransferase in human 

retinal pigment epithelium. Invest Ophthalmol Vis Sci. 42: 31-37.  

Ruiz A, Winston A, Lim YH, Gilbert BA, Rando RR, Bok D (1999). Molecular and  

biochemical characterization of lecithin retinol acyltransferase. J Biol Chem. 274: 

3834-41.  

Rzem R, Achouri Y, Marbaix E, Schakman O, Wiame E, Marie S et al. (2015). A mouse  

model of L-2-hydroxyglutaric aciduria, a disorder of metabolite repair. PloS one. 

10(3): e0119540. 

Rzem R, Veiga-da-Cunha M, Noel G, Goffette S, Nassogne MC, Tabarki B et al. (2004). A  

gene encoding a putative FAD-dependent L-2-hydroxyglutarate dehydrogenase is 

mutated in L-2-hydroxyglutaric aciduria. Proc Natl Acad Sci U S A. 101(48): 16849-

54. 

Saitsu H, Kato M, Osaka H, Moriyama N, Horita H, Nishiyama K et al. (2012). CASK  

aberrations in male patients with Ohtahara syndrome and cerebellar hypoplasia. 

Epilepsia. 53(8): 1441-49.  

Sakai N, Inui K, Fujii N, Fukushima H, Nishimoto J, Yanagihara I et al. (1994). Krabbe  

disease: isolation  and characterization of a full-length cDNA for human 

galactocerebrosidase.   Biochem Biophys Res Commun. 198 (2): 485-91 

Sanger F, Nicklen S, Coulson AR (1977). DNA sequencing with chain-terminating inhibitors.  

Proc Natl AcadSci U S A. 74(12): 5463-67. 

Santos R, El-Shanti H, Sikandar S, Lee K, Bhatti A, Yan K et al. (2005). Novel sequence  

variants in the TMIE gene in families with autosomal recessive nonsyndromic hearing 

impairment. J Mol Med. 31: 1-6. 

Saouda M, Mansour A, Bou Moglabey Y, El Zir E, Mustapha M, Chaib H et al.  (1998). The  

Usher syndrome in the Lebanese population and further refinement of the USH2A 

candidate region. Hum. Genet. 103: 193-98. 



Chapter 9  References 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                 246 

Sapp PC, Hosler BA, McKenna-Yasek D, Chin W, Gann A, Genise H et al. (2003). 

Identification of Two Novel Loci for Dominantly Inherited Familial Amyotrophic 

Lateral Sclerosis. Am J Hum Genet. 73: 397-403 

Saqib MA, Awan BM, Sarfraz M, Khan MN, Rashid S, Ansar M (2011). Genetic analysis of 

four Pakistani families with achromatopsia and a novel S4 motif mutation of CNGA3. 

Jpn J Ophthalmol. 55:676-80. 

Sass JO, Jobard F, Topcu M, Mahfoud A, Werle E, Cure S et al. (2008). L-2-hydroxyglutaric 

aciduria: identification of ten novel mutations in the L2HGDH gene. J Inherit Metab. 

Dis. 31 Suppl 2(S2):S275-9. 

Sato K, Ishikawa Y, Ishikawa Y, Izumi T, Okabe M, Minami R (2002). Changes in the 

clinical picture of Fukuyama type. Congenital muscular dystrophy in its advanced 

stage: effectiveness of mechanical ventilation systems. No To Hattatsu. 34(4): 330-35. 

Saunders-Pullman R, Fuchs T, San Luciano M, Raymond D, Brashear A, Ortega R, Deik A, 

Ozelius LJ, Bressman SB (2014). Heterogeneity in primary dystonia: lessons from 

THAP1, GNAL, and TOR1A in Amish-Mennonites. Mov Disord. 29(6): 812-18. 

Schalka MM, Corrêa MS, Ciamponi AL (2006). Congenital insensitivity-to-pain with  

anhidrosis (CIPA): a case report with 4-year follow-up. Oral. Surg. Oral. Med. Oral. 

Pathol. Oral. Radiol. Endod. 101: 769-73. 

Schell U, Wienberg J, Köhler A, Bray-Ward P, Ward DE, Wilson WG et al. (1996). 

Molecular characterization of breakpoints in patients with holoprosencephaly and 

definition of the HPE2 critical region 2p21.Hum Mol Genet.  5(2):223-29. 

Schlipf NA, Schüle R, Klimpe S, Karle KN, Synofzik M, Schicks J et al. (2011). Amplicon- 

based high-throughput pooled sequencing identifies mutations in CYP7B1 and SPG7 

in sporadic spastic paraplegia patients. Clin Genet.  80(2):148-60. 

Schultz JM, Bhatti R, Madeo AC, Turriff A, Muskett JA, Zalewski CK, et al. (2011). Allelic 

hierarchy of CDH23 mutations causing nonsyndromic deafness DFNB12 or Usher 

syndrome USH1D in compound heterozygotes. J Med Genet. 48:767-75. 

Schwarz JM, Rodelsperger C, Schuelke M, Seelow D (2010). MutationTaster evaluates 

disease-causing potential of sequence alterations. Nature methods. 7(8):575-6. 

Schwerd T, Khaled AV, Schürmann M, Chen H, Händel N, Reis A et al. (2015). A recessive 

form of extreme macrocephaly and mild intellectual disability complements the 

spectrum of PTEN hamartoma tumour syndrome. Eur J Hum Genet. doi: 

10.1038/ejhg.2015.209 



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           247 

 

Scionti I, Fabbri G, Fiorillo C, Ricci G, Greco F, D'Amico R et al. (2012).  

Facioscapulohumeral muscular dystrophy: new insights from compound heterozygotes 

and implication forprenatal genetic counselling. J Med Genet. 49(3): 171-78. 

Seijo-Martinez M, Navarro C, Castro del Rio M, Vila O, Puig M, Ribes A et al. (2005). L-2- 

hydroxyglutaric aciduria: clinical, neuroimaging, and neuropathological findings. Arch 

Neurol. 62(4): 666-70. 

Sellick GS, Barker KT, Stolte-Dijkstra I, Fleischmann C, Coleman RJ, Garrett C et al.  

(2004). Mutations in PTF1A cause pancreatic and cerebellar agenesis. Nat Genet.  

36(12):1301-5. 

Sergouniotis PI, Li Z, Mackay DS, Wright GA, Borman AD, Devery SR et al. (2010). A  

survey of DNA variation of C2ORF71 in probands with progressive autosomal 

recessive retinal degeneration and controls. Invest Ophthalmol Vis Sci. 52: 1880-.86  

Sertié AL, Sossi V, Camargo AA, Zatz M, Brahe C, Passos-Bueno MR (2000). Collagen  

XVIII, containing an endogenous inhibitor of angiogenesis and tumor growth, plays a 

critical role in the maintenance of retinal structure and in neural tube closure 

(Knobloch syndrome). Hum Mol Genet. 9 (13): 2051-58. 

Shaheen R, Alshail E, Alaqeel A, Ansari S, Hindieh F, Alkuraya FS (2015). T (brachyury) is  

linked to a Mendelian form of neural tube defects in humans. Hum Genet. 134(10): 

1139-41. Sharma S, Ajij M, Singh V, Aneja S (2015). Vanishing white matter disease 

with mutations in EIF2B5 gene. Indian J Pediatr. 82(1): 93-95. 

Shaheen R, Al Tala S, Almoisheer A, Alkuraya FS (2015). Mutation in PLK4, encoding a  

master regulator of centriole formation, defines a novel locus for primordial dwarfism. 

J Med Genet. 51(12): 814-16. 

Shamseldin H, Alazami AM, Manning M, Hashem A, Caluseiu O, Tabarki B et al. (2015).  

RTTN Mutations Cause Primary Microcephaly and Primordial Dwarfism in Humans. 

Am J Hum Genet. 97(6): 862-68.  

Sharon D, Sandberg MA, Caruso RC, Berson EL, Dryja TP (2003). Shared mutations in  

NR2E3 in enhanced S-cone syndrome, Goldmann-Favre syndrome, and many cases of 

clumped pigmentary retinal degeneration. Arch Ophthalmol. 121: 1316-23. 

Shastry BS (1997). Signal transduction in the retina and inherited retinopathies. Cell Mol Life  

Sci. 53:419-29. 

Shatzky S, Moses S, Levy J, Pinsk V, Hershkovitz E, Herzog L et al. (2000). Congenital  

http://www.ncbi.nlm.nih.gov/pubmed/26608784


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           248 

 

Insensitivity to pain with anhidrosis (CIPA) in Israeli-Bedouins: genetic heterogeneity, 

novel mutations in the TRKA/NGF receptor gene, clinical findings, and results of 

nerve conduction studies. Am J Med Genet. 92: 353-60. 

Sheffield VC, Carmi R, Kwitek-Black A, Rokhlina T, Nishimura D, Duyk GM et al. (1994).  

Identification of a Bardet-Biedl syndrome locus on chromosome 3 and evaluation of 

an efficient approach to homozygosity mapping. Hum Mol Genet. 8: 1331-35.  

Sheen VL, Ganesh VS, Topcu M, Sebire G, Bodell A, Hill RS, et al. (2004). Mutations in  

ARFGEF2 implicate vesicle trafficking in neural progenitor proliferation and 

migration in the human cerebral cortex. Nat Genet.  36(1): 69-76. 

Shen JJ, Chen YT (2002). Molecular characterization of glycogen storage disease type III. 

Curr Mol Med.  2(2):167-75. 

Shi Y, Ding Y, Lei YP, Yang XY, Xie GM, Wen J et al. (2012). Identification of novel rare  

mutations of  DACT1 in human neural tube defects. Hum Mutat. 33(10): 1450-55. 

Shi P, Gal J, Kwinter DM, Liu X, Zhu H. (2010). Mitochondrial dysfunction in amyotrophic  

lateral sclerosis. Biochim Biophys Acta. 1802(1): 45-51. 

Shihab HA, Gough J, Cooper DN, Stenson PD, Barker GL, Edwards KJ et al. (2013).  

predicting the functional, molecular, and phenotypic consequences of amino acid 

substitutions using hidden Markov models. Hum Mutat. 34: 57-65. 

Shimada S, Shimojima K, Sangu N, Hoshino A, Hachiya Y, Ohto T et al. (2015). Mutations  

in the genes encoding eukaryotic translation initiation factor 2B in Japanese patients 

with vanishing white matter disease. Brain Dev. 37(10): 960-66.  

Shimojima K, Tanaka R, Shimada S, Sangu N, Nakayama J, Iwasaki N et al. (2013). novel 

homozygous mutation of GJC2 derived from maternal uniparental disomy in a female 

patient with Pelizaeus-Merzbacher-like disease. J Neurol Sci.  330(1-2): 123-26. 

Shioda N, Ishikawa K, Tagashira H, Ishizuka T, Yawo H, Fukunaga K (2012). Expression of  

a truncated form of the endoplasmic reticulum chaperone protein, σ1 receptor, 

promotes mitochondrial energy depletion and apoptosis. J Biol Chem. 287: 23318–31. 

Sim NL, Kumar P, Hu J, Henikoff S, Schneider G, Ng PC (2012). SIFT web server:  

predicting effects of amino acid substitutions on proteins. Nucleic Acids Res. 40: 

W452-457.  

Siddiqi S, Foo JN, Vu A, Azim S, Silver DL, Mansoor A et al. (2014). A novel splice-site  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Sheen%20VL%5BAuthor%5D&cauthor=true&cauthor_uid=14647276
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ganesh%20VS%5BAuthor%5D&cauthor=true&cauthor_uid=14647276
http://www.ncbi.nlm.nih.gov/pubmed/?term=Topcu%20M%5BAuthor%5D&cauthor=true&cauthor_uid=14647276
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sebire%20G%5BAuthor%5D&cauthor=true&cauthor_uid=14647276
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bodell%20A%5BAuthor%5D&cauthor=true&cauthor_uid=14647276
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hill%20RS%5BAuthor%5D&cauthor=true&cauthor_uid=14647276
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sheen+2004+microcephaly


Chapter 9  References 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                 249 

mutation in ALS2 establishes the diagnosis of juvenile amyotrophic lateral sclerosis in 

a family with early onset anarthria and generalized dystonias. PLoS One. 9(12): 

e113258.  

Simonelli F, Maguire AM, Testa F, Pierce EA, Mingozzi F, Bennicelli JL et al. (2010). Gene 

therapy for Leber's congenital amaurosis is safe and effective through 1.5 years after 

vector administration. Mol Ther. 18: 643-50. 

Singleton AB1, Hardy J, Traynor BJ, Houlden H (2010). Towards a complete resolution of 

the genetic architecture of disease. Trends Genet. 26(10): 438-42. 

Sir JH, Barr AR, Nicholas AK, Carvalho OP, Khurshid M, Sossick A et al. (2011). A 

primary microcephaly protein complex forms a ring around parental centrioles. Nat 

Genet. 43(11): 1147-53. 

Slaats GG, Isabella CR, Kroes HY, Dempsey JC, Gremmels H, Monroe GR et al. (2016). 

MKS1 regulates ciliary INPP5E levels in Joubert syndrome. J Med Genet. 53(1): 62-

72. 

Small RG (1968). Coats' disease and muscular dystrophy.  Ophthal. Otolaryng. 72: 225-31. 

Smith C (1953). The detection of linkage in human genetics; J R Stat Soc Brit. 15: 135-84. 

Solomon BD, Rosenbaum KN, Meck JM, Muenke M (2010). Holoprosencephaly due to  

numeric chromosome abnormalities. Am J Med Genet C Semin Med Genet. 154C: 

146e8. 

Soysal Z, Okur M, Eroz R, Gun E, Kocabay K, Besir FH (2015). Megalencephalic 

leukoencephalopathy with subcortical cysts with homozygous mutation (c.448delc, 

p.leu150 ser fsx11) on exon 6 of mlc1 gene. Genet Couns. 26(2): 233-36.

Spalice A, Parisi P, Nicita F, Pizzardi G, Del Balzo F, Iannetti P. (2009). Neuronal migration 

disorders: clinical, neuroradiologic and genetics aspects. Acta Paediatr.  98(3): 421-33. 

Sreedharan J, Blair IP, Tripathi VB, Hu X, Vance C, Rogelj B et al. (2008). TDP- 43  

Mutations in Familial and Sporadic Amyotrophic Lateral Sclerosis. Science. 319: 

1668-72. 

Srour M, Hamdan FF, McKnight D, Davis E, Mandel H, Schwartzentruber J et al. (2015). 

Joubert Syndrome in French Canadians and Identification of Mutations in CEP104. 

Am J Hum Genet. 97(5):744-53. 

Steenweg ME, Jakobs C, Errami A, van Dooren SJ, Adeva Bartolome MT, Aerssens P et al. 

(2010). An overview of L-2-hydroxyglutarate dehydrogenase gene (L2HGDH) 

variants: a genotype-phenotype study. Hum Mutat. 31(4): 380-90. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Sir%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=21983783
http://www.ncbi.nlm.nih.gov/pubmed?term=Sir%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=21983783
http://www.ncbi.nlm.nih.gov/pubmed?term=Nicholas%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=21983783
http://www.ncbi.nlm.nih.gov/pubmed?term=Nicholas%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=21983783
http://www.ncbi.nlm.nih.gov/pubmed?term=Khurshid%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21983783
http://www.ncbi.nlm.nih.gov/pubmed?term=Khurshid%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21983783
http://www.ncbi.nlm.nih.gov/pubmed?term=CEP63%20%2CSir
http://www.ncbi.nlm.nih.gov/pubmed?term=CEP63%20%2CSir


Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           250 

 

Steenweg ME, Salomons GS, Yapici Z, Uziel G, Scalais E, Zafeiriou DI et al. (2009). L-2- 

Hydroxyglutaric aciduria: pattern of MR imaging abnormalities in 56 patients. 

Radiology. 251(3): 856-65. 

Stephen LA, Tawamie H, Davis GM, Tebbe L, Nürnberg P, Nürnberg G et al. (2015).  

TALPID3 controls centrosome and cell polarity and the human ortholog KIAA0586 is 

mutated inJoubert syndrome (JBTS23). Elife. 4: e08077. 

Stockton DW, Lewis RA, Abboud EB, Al-Rajhi A, Jabak M, Anderson KL et al. (1998). A  

novel locus for Leber congenital amaurosis on chromosome 14q24. Hum Genet. 

103:328-33.  

Stone DM., Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL et al. (1996). The  

tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. 

Nature. 384: 129-34. 

Stone EM, Luo X, Héon E, Lam BL, Weleber RG, Halder JA et al. (2011). Autosomal  

recessive retinitis pigmentosa caused by mutations in the MAK gene. Invest 

Ophthalmol Vis Sci. 52: 9665-73.  

Strachan T and Read AP (2011). Human molecular genetics. 4th ed. New York: Garland  

Science. 

Strauss O (2005). The retinal pigment epithelium in visual function. Physiol Rev. 85: 845-81. 

Stumm RK, Zhou C, Ara T, Lazarini F, Dubois-Dalcq M, Nagasawa T, Höllt V, Schulz S  

(2003). CXCR4 regulates interneuron migration in the developing neocortex. J 

Neurosci.  23(12): 5123-30. 

Stutterd CA, Leventer RJ (2014). Polymicrogyria: a common and heterogeneous  

malformation of cortical development. Am J Med Genet C Semin Med Genet.166C 

(2): 227-39. 

Su XW, Broach JR, Connor JR, Gerhard GS, Simmons Z (2014). Genetic heterogeneity of  

amyotrophic lateral sclerosis: implications for clinical practice and research. Muscle 

Nerve. 49: 786-803  

Sun F, Cavalli V (2010). Neuroproteomics approaches to decipher neuronal regeneration and  

degeneration. Mol Cell Proteomics. 9(5): 963-75. 

Sun F, Tao QS, Hsu YH, Zhan SY (2009).Comparison of two diagnostic criteria for  

metabolic syndrome applied in health check-up population aged 12-19 years in 

Taiwan. Zhonghua Er Ke Za Zhi.  47(6):405-9.  

Sung CH and Chuang JZ (2010). The cell biology of vision. J Cell Biol. 190: 953-63. 



Chapter 9  References 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                 251 

Suriu C, Khayat M, Weiler M, Kfir N, Cohen C, Zinger A et al. (2009). Skoura- a genetic 

island for congenital insensitivity to pain and anhidrosis among Moroccan Jews, as 

determined by a novel mutation in the NTRK1 gene. Clin Genet. 75 (3): 230-36. 

Szymanska K, Hartill VL, Johnson CA (2014).Unraveling the genetics of Joubert and  

Meckel-Gruber syndromes. J Pediatr Genet. 3(2): 65-78. 

Tagashira H, Shinoda Y, Shioda N, Fukunaga K (2014). Methyl pyruvate rescues 

mitochondrial damage caused by SIGMAR1 mutation related to amyotrophic lateral 

sclerosis. Biochim Biophys Acta. 1840: 3320–34. 

Tai H, Zhang Z (2015). A novel compound heterozygous mutation in a Chinese boy with L- 

2-hydroxyglutaric aciduria: a case study. BMC Neurol. 15(1): 117. 

Takahashi, Y et al. (2013). ERBB4 Mutations That Disrupt the Neuregulin-ErbB4 Pathway 

Cause Amyotrophic Lateral Sclerosis Type 19. Am J Hum Genet. 93: 900-5 

Takahashi T, Aoki M, Tateyama M, Kondo E, Mizuno T, Onodera Y  et al. (2003). Dysferlin 

mutations in Japanese Miyoshi myopathy: relationship to phenotype. Neurology. 60: 

1799-1804. 

Takahashi T, Nowakowski RS, Caviness VS Jr (1994). Mode of cell proliferation in the 

developing mouse neocortex. Proc Natl Acad Sci U S A.  91(1): 375-79. 

Takeshima, Yagi, Okizuka, Awano, Zhang, Yamauchi et al. (2010). Mutation spectrum of the 

dystrophin gene in 442 Duchenne/Becker muscular dystrophy cases from one Japanese 

referral center.  J Hum Genet. 55: 379-88. 

Tang Y, Zheng D, Li Q, Wang Z, Lin Y, Lan F (2014). A novel mutation of NTRK1 gene in 

a family with congenital insensitivity to pain with anhidrosis. Zhonghua. Yi. Xue. Yi. 

Chuan. Xue. Za. Zhi. 31(5): 574-77. 

Tappino B, Biancheri R, Mort M, Regis S, Corsolini F, Rossi A et al. (2010). Identification 

and characterization of 15 novel GALC gene mutations causing Krabbe disease. Hum 

Mutat. 31(12): E1894-914. 

Ten Donkelaar HJ, Lammens M (2009). Development of the human cerebellum and its 

disorders. Clin Perinatol. 36 (3): 513-30 

Thaxton, C and Bhat, MA (2009). Myelination and regional domain differentiation of the 

axon. Results Probl Cell Differ. 48: 1-28. 

Thomas PQ, Dattani MT, Brickman JM, McNay D, Warne G, Zacharin M, et al. (2001). 

Heterozygous HESX1 mutations associated with isolated congenital pituitary 

hypoplasia and septo-optic dysplasia. Hum Mol Genet. 10(1): 39-45. 



Chapter 9  References 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                 252 

Thompson DA, Li Y, McHenry CL, Carlson TJ, Ding X, Sieving PA et al. (2001). Mutations 

in the gene encoding lecithin retinol acyltransferase are associated with early-onset 

severe retinal dystrophy. Nat Genet. 128: 123-24. 

Tommerup N, Mortensen E, Nielsen MH, Wegner RD, Schindler D, Mikkelsen M (1993). 

Chromosomal breakage, endomitosis, endoreduplication, and hypersensitivity toward 

radiomimetric and alkylating agents: a possible new autosomal recessive mutation in a 

girl with craniosynostosis and microcephaly. Hum Genet. 92(4): 339-46. 

Topcu M, Aydin OF, Yalcinkaya C, Haliloglu G, Aysun S, Anlar B et al. (2005). L-2- 

hydroxyglutaric aciduria: a report of 29 patients. The Turkish journal of pediatrics. 

47(1): 1-7. 

Topcu M, Jobard F, Halliez S, Coskun T, Yalcinkayal C, Gerceker FO et al. (2004). L-2- 

Hydroxyglutaric aciduria: identification of a mutant gene C14orf160, localized on 

chromosome 14q22.1. Hum Mol Genet. 13(22): 2803-11.  

Trabelsi M, Kavian N, Daoud F, Commere V, Deburgrave N, Beugnet C et al. (2008). 

Revised spectrum of mutations in sarcoglycanopathies. Eur J Hum Genet. 16(7): 793-

803. 

Trimborn M, Richter R, Sternberg N, Gavvovidis I, Schindler D, Jackson AP (2004). The 

first missense alteration in the MCPH1 gene causes autosomal recessive microcephaly 

with an extremely mild cellular and clinical phenotype. Hum Mut. 26(5): 496. 

Tsacopoulos M, Poitry-Yamate CL, MacLeish PR, Poitry S (1998). Trafficking of molecules 

and metabolic signals in the retina. Prog Retin Eye Res. 17: 429-42. 

Tuffery-Giraud S, Béroud C, Leturcq F, Yaou RB, Hamroun D, Michel-Calemard L et al. 

(2009). Genotype-phenotype analysis in 2,405 patients with a dystrophinopathy using 

the UMD-DMD database. a model of nationwide knowledgebase. Hum Mutat. 30: 

934-45. 

Ullah MI, Ahmad A, Raza SI, Amar A, Ali A, Bhatti A et al. (2015). In silico analysis of 

SIGMAR1 variant (rs4879809) segregating in a consanguineous Pakistani family 

showing amyotrophic lateral sclerosis without frontotemporal lobar dementia. 

Neurogenetics. 16: 299-306. 

Ullrich NJ (2015). Neurocutaneous Syndromes and Brain Tumors. J Child Neurol. pii: 

0883073815604220. [Epub ahead of print]. 

Vajsar J, Schachter H (2006). Walker-Warburg syndrome. Orphanet J Rare Dis. 1: 29. 

Valiente M,  Marín O (2010). Neuronal migration mechanisms in development and disease. 



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           253 

 

Curr Opin Neurobiol. 20 (1): 68-78. 

van der Knaap MS, Naidu S, Pouwels PJ, Bonavita S, van Coster R, Lagae L et al. (2002).  

New syndrome characterized by hypomyelination with atrophy of the basal ganglia 

and cerebellum. AJNR Am J Neuroradiol. 23(9): 1466-74. 

van Es MA, Dahlberg C, Birve A, Veldink JH, van den Berg LH, Andersen PM (2010).  

Large scale SOD1 mutation screening provides evidence for genetic heterogeneity in 

amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry. 81: 562-66.  

van Huet RAC, Estrada-Cuzcano A, Banin E, Rotenstreich Y, Hipp S, Kohl S et al. (2013).  

Clinical characteristics of rod and cone photoreceptor dystrophies in patients with   

mutations in the c8orf37 gene. Invest Ophthalmol Vis Sci. 54: 4683-90.  

van Reeuwijk J, Janssen M, van den Elzen C, Beltran-Valero de Bernabé D, Sabatelli P,  

Merlini L et al. (2005a). POMT2 mutations cause alpha-

dystroglycanhypoglycosylation and Walker–Warburg syndrome. J Med Genet. 42: 

907-12. 

van Reeuwijk J, Brunner HG, van Bokhoven H (2005b). Glyc-O-genetics of Walker-Warburg  

syndrome. Clin Genet. 67(4): 281-89.  

Victor M, Hayes R, Adams RD (1962). Oculopharyngeal muscular dystrophy. A familial  

disease of late life characterized by dysphagia and progressive ptosis of the evelids. N 

Engl J Med. 267: 1267-72.  

Vilarinho L, Cardoso ML, Gaspar P, Barbot C, Azevedo L, Diogo L et al. (2005). Novel  

L2HGDH mutations in 21 patients with L-2-hydroxyglutaric aciduria of Portuguese 

origin. Hum Mutat. 26(4): 395-6. 

Vilarinho L, Tafulo S, Sibilio M, Kok F, Fontana F, Diogo L et al. (2010). Identification of  

novel L2HGDH gene mutations and update of the pathological spectrum. J Hum 

Genet. 55(1): 55-8. 

Vilariño-Güell C, Wider C, Ross OA, Dachsel JC, Kachergus JM, Lincoln SJ, Soto-Ortolaza  

AI et al. (2011). VPS35 mutations in Parkinson disease. Am J Hum Genet. 89(1): 162-

67.  

Villanova M, Mercuri E, Bertini E, Sabatelli P, Morandi L, Mora M et al. (2000). Congenital  

muscular dystrophy associated with calf hypertrophy, microcephaly and severe mental 

retardation in three Italian families: evidence for a novel CMD syndrome.Neuromuscul 

Disord. 10(8): 541-47. 

Vissers LE, de Ligt J, Gilissen C, Janssen I, Steehouwer M, de Vries P et al. (2010). A de  



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           254 

 

novo paradigm for mental retardation. Nat Genet. 42(12): 1109-12. 

Voelkerding KV, Dames SA, Durtschi JD (2008). Next-generation sequencing: from basic  

research to diagnostics. Clin Chem.  55(4): 641-58.  

Volpe JJ (2008a). Neural Tube Formation and Prosencephalic Development‖. In:Neurology 

of the Newborn. 5th ed. Philadelphia: Saunders (Elsevier). pp. 3-50. 

Volpe  JJ (2008b). Neuronal Proliferation, Migration, Organization and Myelination. In:  

Neurology of the Newborn. 5th ed. Philadelphia: Saunders (Elsevier). pp. 51-118. 

Wada Y, Nakazawa M, Fuxchs S, Gal A, Tamai M (1996). Phenotypic characteristics of  

patients with Oguchi's disease associated with frequent 1147del a mutation in the 

arrestin gene. Invest Ophthalmol Vis Sci. 37: 995.  

Wallis D and Muenke M (2000). Mutations in holoprosencephaly.Hum Mutat. 16 (2): 99- 

108. 

Wallis DE, Roessler E, Hehr U, Nanni L, Wiltshire T, Richieri-Costa A et al. (1999).  

Mutations in the homeodomain of the human SIX3 gene cause holoprosencephaly. Nat 

Genet. 22 (2):196-98. 

Wang H, den Hollander AI, Moayedi Y, Abulimiti A, Li Y, Collin RW, Hoyng CB et al.  

(2009). Mutations in SPATA7 cause Leber congenital amaurosis and juvenile retinitis 

pigmentosa. Am J Hum Genet. 84: 380-87.  

Wang Q, Guo S, Duan G, Xiang G, Ying Y, Zhang Y et al. (2015). Novel and  

novel de novo mutations in NTRK1 associated with congenital insensitivity to pain 

with anhidrosis: a case report. Medicine (Baltimore). 94(19): e871. 

Waters AM, Asfahani R, Carroll P, Bicknell L, Lescai F, Bright A et al. (2015). The  

kinetochore protein, CENPF, is mutated in human ciliopathy and microcephaly 

phenotypes. J Med Genet. 52: 147-56. 

Weihl CC, Baloh RH, Lee Y, Chou TF, Pittman SK, Lopate G et al. (2015). Targeted  

sequencing and identifi cation of genetic variants in sporadic inclusion body myositis. 

Neuromuscul Disord. 25: 289-96.  

Weng J, Mata NL, Azarian SM, Tzekov RT, Birch DG, Travis GH (1999). Insights into the  

function of rim protein in photoreceptors and etiology of Stargardt's disease from the 

phenotype in abcr knockout mice. Cell. 98: 13-23. 

White DR, Ganesh A, Nishimura D, Rattenberry E, Ahmed S, Smith UM et al. (2006).  

Autozygosity mapping of Bardet-Biedl syndrome to 12q21.2 and confirmation of F

 LJ23560 as BBS10. Eur J Hum Genet. 15(2): 173-78.  



Chapter 9  References 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                 255 

Willer T, Prados B, Falcón-Pérez JM, Renner-Müller I, Przemeck GK, Lommel M, et al. 

(2004). Targeted disruption of the Walker-Warburg syndrome gene Pomt1 in mouse 

results in embryonic lethality. Proc Natl Acad Sci U S A. 101(39): 14126-31. 

Williams CA, Dagli A, Battaglia A. (2008). Genetic disorders associated with macrocephaly. 

Am J Med Genet A.146A(15): 2023-37. 

Woods MO, Young TL, Parfrey PS, Hefferton D, Green JS, Davidson WS (1999).Genetic 

heterogeneity of Bardet-Biedl syndrome in a distinct Canadian population: evidence 

for a fifth locus. Genomics. 55: 2-9. 

Woods CG, Bond J, Enard W (2005). Autosomal recessive primary microcephaly (MCPH): a 

review of clinical, molecular, and evolutionary findings. Am J Hum Genet. 76: 717-28. 

Wu CH, Fallini C, Ticozzi N, Keagle PJ, Sapp PC, Piotrowska K et al. (2012). Mutations in 

the Profilin 1 Gene Cause Familial Amyotrophic Lateral Sclerosis. Nature. 488: 499-

503. 

Xi J, Blandin G, Lu J, Luo S, Zhu W, Béroud C, et al. (2014).  Clinical heterogeneity and a 

high proportion of novel mutations in a Chinese cohort of patients with 

dysferlinopathy. Neurol India. 62: 635-39. 

Xiong HY, Alipanahi B, Lee LJ, Bretschneider H, Merico D, Yuen RK, et al. (2015). RNA 

splicing. The human splicing code reveals new insights into the genetic determinants 

of disease. Science. 347: 1254806. 

 Xu B, Roos JL, Dexheimer P, Boone B, Plummer B, Levy S et al. (2011). Exome 

sequencing supports a de novo mutational paradigm for schizophrenia. Nat Genet. 

43(9):864-68. 

Xu C, Sakai N, Taniike M, Inui K, Ozono K (2006). Six novel mutations detected in the 

GALC gene in 17 Japanese patients withKrabbe disease, and new genotype-phenotype 

correlation. J Hum Genet. 51(6): 548-54.  

Yadava RS, Frenzel-McCardell CD, Yu Q, Srinivasan V, Tucker AL, Puymirat J, et 

al.(2008). RNA toxicity in myotonic muscular dystrophy induces NKX2-5 expression. 

Nat Genet. 40(1): 61-8.  

Yilmaz K (2009). Riboflavin treatment in a case with l-2-hydroxyglutaric aciduria. Eur J 

Paediatr Neurol. 13(1):57-60. 

Yamamoto T, Yoshioka S, Tsurusaki Y, Shino S, Shimojima K, Shigematsu Y, et al. (2016). 

White matter abnormalities in an adult patient with l-2-hydroxyglutaric aciduria. Brain 

& development. Brain Dev. 38(1): 142-44. 



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           256 

 

Yang YJ, Baltus AE, Mathew RS, Murphy EA, Evrony GD, Gonzalez DM, et al., (2012).  

Microcephaly gene links Trithorax and REST/NRSF to control neural stem cell 

proliferation and differentiation. Cell. 151(5): 1097-1112. 

Yogalingam G, Hopwood JJ (2001). Molecular genetics of mucopolysaccharidosis type IIIA  

and IIIB: Diagnostic, clinical, and biological implications. Hum Mutat. 18(4): 264-81. 

YonedaY, Haginoya K, Kato M, Osaka H, Yokochi K, Arai H et al. (2013). Phenotypic  

spectrum of COL4A1 mutations: porencephaly to schizencephaly. Ann Neurol. 73: 48-

57.  

Yoshida K, Ikeda S, Nakamura A, Kagoshima M, Takeda S, Shoji S, Yanagisawa N (1993).  

Molecular analysis of the Duchenne muscular dystrophy gene in patients with Becker 

muscular dystrophy presenting with dilated cardiomyopathy. Muscle Nerve. 16: 1161-

66. 

Yu TW, Mochida GH, Tischfield DJ, Sgaier SK, Flores-Sarnat L, Sergi CM et al. (2010).  

Mutations in WDR62, encoding a centrosome-associated protein, cause microcephaly 

with simplified gyri and abnormal cortical architecture. Nat  Genet.42(11): 1015-20. 

Zafeiriou DI, Ververi A, Salomons GS, Vargiami E, Haas D, Papadopoulou V et al. (2008).  

L-2-Hydroxyglutaric aciduria presenting with severe autistic features. Brain & 

development 30(4): 305-307. 

Zatz M, Itskan SB, Sanger R, Frota-Pessoa O, Saldanha PH (1974).  New linkage data for the  

X-linked types of muscular dystrophy and G6PD variants, colour blindness, and Xg 

blood groups. J Med Genet. 11: 321-27. 

Zelinger L, Banin E, Obolensky A, Mizrahi-Meissonnier L, Beryozkin A, Bandah-Rozenfeld  

D et al. (2011). A missense mutation in DHDDS, encoding dehydrodolichyl 

diphosphate synthase, is associated with autosomal-recessive retinitis pigmentosa in 

Ashkenazi Jews. Am J Hum Genet. 88: 207-15. 

Zhang H, Liu X, Gu X (2010). Two novel missense mutations in the aspartoacylase gene in a  

Chinese patient with congenital Canavan disease. Brain Dev.  32(10):879-82. 

Zhang K, Kniazeva M, Hutchinson A, Han M, Dean M, Allikmets R (1999). The ABCR gene  

in recessive and dominant Stargardt diseases: a genetic pathway in macular 

degeneration. Genomics. 60: 234-237. 

Zhang M, Hu P, Napoli JL (2004). Elements in the N-terminal signaling sequence that  



Chapter 9  References 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                 257 

determine cytosolic topology of short-chain dehydrogenases/reductases. Studies with 

retinol dehydrogenase type 1 and cis-retinol/androgen dehydrogenase type 1. J Biol 

Chem. 279: 51482-29. 

Zhang Y (2008). I-TASSER server for protein 3D structure prediction. BMC Bioinformatics. 

9: 40. 

Zhang RZ, Zou Y, Markova D,  Squarzoni S, Reed UC, Marie SK et al.( 2010). Recessive 

COL6A2 C-globular missense mutations in Ullrich congenital muscular dystrophy role 

of the C2a splice variant. J Biol Chem. 285(13): 10005-15.  

Zhang X, Vuolteenaho R, Tryggvason K (1996). Structure of the human laminin alpha2- 

chain gene (LAMA2), which is affected incongenital muscular dystrophy.J Biol Chem. 

271(44): 27664-49. 

Zhang, Bethmann, Worth, Davies, Wasner, Ragnauth et al .( 2007). Nesprin-1 and -2 are 

involved in the pathogenesis of Emery-Dreifuss muscular dystrophy and are critical for 

nuclear envelope integrity. Hum Molec Genet. 16: 2816-33. 

Zhong X, Liu L, Zhao A, Pfeifer GP, Xu X (2005).The abnormal spindle-like, microcephaly- 

associated (ASPM) gene encodes a centrosomal protein.  Cell Cycle. 4: 1227e1229. 

Zimprich A, Benet-Pagès A, Struhal W, Graf E, Eck SH, Offman MN et al. (2011). A 

mutation in VPS35, encoding a subunit of the retromer complex, causes late-onset 

Parkinson disease. Am J Hum Genet. 89(1): 168-75. 



Chapter 9                                                                                                                                              References 

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular and Eye Disorders                           258 

 

Electronic Database and Software Information 

 

ALPHA-MAN for Alpha manosidosis (http://www.alpha-man.eu/) 

Bio-edit (version 7.0.5) 

URL:http://www.mbio.ncsu.edu/BioEdit/bioedit.html  

CLC sequence viewer (http://www.clcbio.com/products/clc-sequence-viewer /) 

Element Finder program (http://regrna.mbc.nctu.edu.tw) 

Ensemble Genome Browser: URL: http//www.ensemble.org/ index.html   

ESEFinder 3.0 tool  (http://rulai.cshl.edu/cgibin/tools/ESE3/esefinder.cgi?process=home) 

EU projects HUE-MAN (Manosidosis) (http://www.uni-kiel.de/Biochemie/hue-man/) 

Genscan 1.0 program  (http://genes.mit.edu/GENSCAN.html) 

Homozygosity mapper URL:http://www.homozygositymapper.org  

Human Gene Mutation Database URL: 

http//www.hgmd.org    

IBD finder software for SNP data (http://dna.leeds.ac.uk/ibdfinder/) 

Leiden Open Variation Database 

(http://grenada.lumc.nl/LOVD2/vumc/home.php?select_db=L2HGDH). 

National Center for Biotechnology Information (NCBI) Entrez Genome Map Viewer URL: 

http://www.ncbi.nlm.nih.gov/mapview  

Mutalyzer tool https://mutalyzer.nl/ 

NNSPLICE 0.9 (http://www.fruitfly.org/seq_tools/splice.html) 

Online Mendelian Inheritance in Man URL: 

http://www.omim.org/  

Primer 3 (version 0.4.0)  URL: 

http://frodo.wi.mit.edu/primer3  

Protein Variation Effect Analyzer (http://provean.jcvi.org/about.php).  

PYMOL viewer (http://www.pymol.org).  

RCSB/PDB (http://www.rcsb.org/) 

http://www.alpha-man.eu/
http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://www.clcbio.com/products/clc-sequence-viewer%20/
http://regrna.mbc.nctu.edu.tw/
http://rulai.cshl.edu/cgibin/tools/ESE3/esefinder.cgi?process=home
http://www.uni-kiel.de/Biochemie/hue-man/
http://genes.mit.edu/GENSCAN.html
http://www.homozygositymapper.org/
http://www.hgmd.org/
http://dna.leeds.ac.uk/ibdfinder/
http://grenada.lumc.nl/LOVD2/vumc/home.php?select_db=L2HGDH
http://www.ncbi.nlm.nih.gov/mapview
https://mutalyzer.nl/
http://www.fruitfly.org/seq_tools/splice.html
http://www.omim.org/
http://frodo.wi.mit.edu/primer3
http://provean.jcvi.org/about.php
http://www.pymol.org/
http://www.rcsb.org/
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Retinal eye diseases (https://sph.uth.tmc.edu/retnet/). 

SNPs (www.illumina.com). 

String analysis (string-db.org). 

UCSC Genome Bioinformatics URL: 

http//www.genome.ucsc.edu  

https://sph.uth.tmc.edu/retnet/
http://www.illumina.com/products/humancytosnp_12_dna_analysis_beadchip_kits.ilmn
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APPENDICES 

Appendix-1 Sample informed consent form  
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Appendix 2: Sample Proforma for Physical amd clinical investigations 

The proforma was designed by clinicians according to “Principles and Practice of 

Emergency Neurology: Handbook for Emergency Physicians Edited by Sid M. Shah 

and Kevin M. Kelly. Cambridge University Press, 0521009804. 
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Appendix-3 Genomic DNA extraction by Miniprep System Technical Manual 

Materials to Be Supplied by the User 

• rotisserie mixer for resuspension of whole blood  

• vortex mixer • 1.5ml microcentrifuge tubes  

• heating block set to 56°C 

 • microcentrifuge capable of 14,000 × g  

Protocol 

1. Thoroughly mix the blood sample for at least 10 minutes in a rotisserie shaker at 

room temperature. If the blood has been frozen, thaw completely before mixing for 10 

minutes. 

 2. Dispense 20µl of Proteinase K (PK) Solution into a 1.5ml microcentrifuge tube.  

3. Add 200µl of blood to the tube containing the Proteinase K (PK) Solution, and 

briefly mix.  

4. Add 200µl of Cell Lysis Buffer (CLD) to the tube. Cap and mix by vortexing for at 

least 10 seconds. This vortexing step is essential for obtaining good yields.  

5. Incubate at 56°C for 10 minutes. 

 6. While the blood sample is incubating, place a ReliaPrep™ Binding Column into an 

empty Collection Tube.  

7. Remove the tube from the heating block. Add 250µl of Binding Buffer (BBA), cap 

the tube, and mix by vortexing for 10 seconds with a vortex mixer. Note: The lysate 

should be dark green at this point. This vortexing step is essential for obtaining good 

yields.  

8. Add the contents of the tube to the ReliaPrep™ Binding Column, cap it and place it 

in a microcentrifuge.  

9. Centrifuge for 1 minute at maximum speed. Check the binding column to make 

sure the lysate has completely passed through the membrane. If lysate is still visible 

on top of the membrane, centrifuge the column for another minute. 
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 Note: The sample can be centrifuged at lower speed, if desired. Increase the 

centrifugation time accordingly to ensure the lysate has completely passed through the 

membrane. 

 10. Remove the collection tube containing flow through, and discard the liquid as 

hazardous waste.  

11. Place the binding column into a fresh collection tube. Add 500µl of Column Wash 

Solution (CWD) to the column, and centrifuge for 3 minutes at maximum speed. 

Discard the flow through. Note: If any of the wash solution remains on the membrane, 

centrifuge the column for another minute 

12. Repeat Step 11 twice for a total of three washes.  

13. Place the column in a clean 1.5ml microcentrifuge tube. 

 14. Add 50–200µl of Nuclease-Free Water to the column. Centrifuge for 1 minute at 

maximum speed.  

15. Discard the ReliaPrep™ Binding Column, and save elute. Do not reuse binding 

columns or collection tubes. 

Link available from URL:  

https://www.promega.co.uk/~/media/files/resources/protocols/technical%20manuals/1

01/reliaprep%20blood%20gdna%20miniprep%20system%20protocol.pdf  

  

https://www.promega.co.uk/~/media/files/resources/protocols/technical%20manuals/101/reliaprep%20blood%20gdna%20miniprep%20system%20protocol.pdf
https://www.promega.co.uk/~/media/files/resources/protocols/technical%20manuals/101/reliaprep%20blood%20gdna%20miniprep%20system%20protocol.pdf
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Appendix-4: List of microsatellite markers used for homozygosity mapping in 

ALS family 

ALS Type Locus Name Cytogenetic 

location 
Markers cM Mb 

ALS1 SOD1 
21q22.11 

D21S1915 29.67 27.90 

D21S1901 31.56 29.76 

D21S1888 33.89 31.77 

D21S261 34.29 32.21 

D21S262 35.08 32.73 

D21S1413 35.23 32.76 

D21S1835 36.68 33.26 

D21S1898 37.1 33.53 

D21S1445 37.71 34.29 

D21S1920 38.11 34.61 

D21S1895 40.14 35.27 

ALS2 Alsin 2q33.2 

D2S309 201.20 201.75 

D2S2289 202.68 203.48 

D2S1384 203.33 205.05 

ALS6 FUS 16p11.2 

D16S3022 56.77 28.22 

D16S746 58.95 34.71 

D16S3105 59.06 45.34 

ALS12 OPTN 10p13 

D10S570 31.73 12.96 

D10S1725 33.61 13.64 

D10S1664 35.51 14.34 

ALS16 
SIGMAR1/ 

C9ORF72 
9p13.3 

D9S1121 48.79 25.39 

D9S169 51.71 27.22 

D9S1678 54.78 28.34 

D9S104 55.09 28.76 

D9S1853 55.77 29.84 

D9S1118 57.01 31.91 

D9S1817 59.0 33.84 

D9S1794 60.25 36.20 

D9S50 60.81 36.79 

D9S772 61.38 36.91 

D9S1874 61.38 37.21 
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Appendix-5: List of microsatellite markers used for homozygosity mapping in 

MCPH families 

Locus 
Cytogenetic 

location 
Gene Markers cM* Mb+ 

MCPH1 8p22 

MCPH1/ 

Microcephalin/ 

BRIT1(BRCT 

Inhibitor of 

telomerase 1) 

D8S1099 15.08 6.16 

D8S1742 17.00 6.20 

D8S277 17.64 6.50 

D8S561 18.13 6.60 

D8S1706 19.19 6.92 

MCPH2 19q13.12 WDR62 

D19S719 55.67 38.60 

D19S416 56.28 38.76 

D19S245 56.28 38.78 

D19S224 61.85 41.21 

D19S220 62.62 43.12 

D19S554 65.80 45.30 

D19S223 66.09 46.08 

D1S197 67.72 46.82 

D19S900 69.41 48.85 

D19S559 70.77 50.02 

MCPH3 9q34 

CDK5RAP2/ 

CEP215 

(centrosomal 

protein 215) 

D9S1872 128.65 120.82 

D9S1116 131.02 122.03 

D9S1682 132.42 124.03 

D9S1881 135.52 126.01 

MCPH4 15q21.1 CEP152 

D15S659 43.74 44.16 

D15S132 45.29 44.98 

D15S1024 46.89 46.33 

D15S978 47.92 47.06 

D15S220 48.57 49.86 

MCPH5 1q31.3 ASPM 

D1S518 194.95 185.80 

D1S2823 197.10 188.76 

D1S2625 197.51 190.53 

D1S533 199.81 192.32 

GATA135F

2 
200.75 193.85 

D1S2816 200.91 194.91 

D1S1660 202.04 196.87 

D1S1726 202.61 197.54 

D1S1723 205.58 199.65 

D1S2686 207.90 200.90 

MCPH6 13q12.12 
CENPJ/CPAP 

(centrosomal 

D13S787 8.75 23.27 

D13S1243 10.6 23.70 
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Protein 4.1 

associated 

protein) 

D13S742 11.71 24.18 

D13S1294 13.94 25.37 

D13S221 14.98 25.47 

MCPH7 1p33 STIL / SIL 

D1S2797 79.35 46.64 

D1S3714 79.72 47.39 

D1S2720 80.58 47.61 

D1S3315 80.88 47.64 

D1S2748 81.97 50.07 

MCPH8 4q12 CEP135 

D4S1594 69.43 54.60 

D4S237 72.39 55.80 

D4S3019 74.06 57.30 

D4S2638 75.27 58.20 

D4S1569 76.56 59.30 

MCPH9 3q22.2 CEP63 

D3S3713 
143.2

5 
134.73 

D3S1238 
144.3

5 
135.39 

D3S1590 
145.9

9 
136.43 

D3S3528 146.5 137.60 

MCPH10 20q13.12 ZNF335 

D20S911 66.53 42.63 

D20S119 67.18 43.08 

D20S481 67.27 43.20 

D20S424 67.27 43.32 

D20S886 69.36 44.68 

D20S445 74.57 46.94 

D20S196 77.78 48.99 

D20S857 79.91 49.54 

MCPH11 15q14–15.1 CASC5 

D15S194 36.78 36.13 

D15S1012 37.16 36.79 

D15S1044 38.97 37.45 

D15S994 41.37 38.36 

D15S784 42.12 41.70 
 

*Genetic distance (centi Morgan) and + physical distance (mega base pairs) are 

according to the second-generation combined linkage physical map of the human 

genome (Built 36.2) (Matise et al., 2007). The HGNC name is highlighted in bold for 

each gene. 



Appendices  

 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders       268 

 

Appendix-6: List of microsatellite markers used to fine map homozygosity 

regions obtained through SNP-microarray 

Primer ID 5'-Sequence-3' 

Product 

Size 

chr10:53093601_F GGAGTCCACTGCCCTTCC 

151bp 

chr10:53093601_R TGATCTGAAGAGTAGTAGAAGGGGA 

chr10:53129956_F AGATGTAAACGCTCCCTGGG 

329bp 

chr10:53129956_R TGGTCACTGATGGGATGCAT 

chr20:39648318_F TGTTCCCTTCTCTGTCTCACC 

291bp 

chr20:39648318_R CCTTGATCCTGTCCTCCACA 

chr20:39954626_F GTGAAGAAGCAAGCCACAGA 

291bp 

chr20:39954626_R GAGCTTCCCTTATACATTCACCA 

chr2:170220818_F GACTTACAAAGAGCGGCCG 

248bp 

chr2:170220818_R GGCAACACTGGAGCACAAA 

chr2:170281965_F AGAACTGAAATAATGGTGTTCAGCT 

313bp 

chr2:170281965_R TCAGGAATTCGAGACCAGCC 

chr2:170548655_F AAGGGCAAAGAGAGGGCAA 

173bp 

chr2:170548655_R TGAGGGCAGAGTAAAGGGA 
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Appendix-7: List of primers used to amplify and sequence L2HGDH gene 

Primer 5'-Sequence-3' 
Product 

size 
GC % 

Working 

condition 

L2HGDH_X1f CTATTGGCCACCGCAGC 
390 70 

TD 63 

L2HGDH_X1r CCGGGACAGGGAAATACG 

L2HGDH_X2f CCAATACATTGCTCTGTCGC 
891 46 

TD 54 

L2HGDH_X2r AAAGTGAGCACAATCCTGGG 

L2HGDH_X3f AAATCAGAGATGGGCTGGAG 
564 34 

TD 52 

L2HGDH_X3r AGGGCGAATTGTATGGTGC 

L2HGDH_X4f AACCTCCTTTGGGTCATACAATAG 
384 41 

TD 55 

L2HGDH_X4r CCTCTTGTGTCTGTCACTTCACTAC 

L2HGDH_X5f TAGCAGCAAGAAAAGCTTGG 
528 33 

TD 55 

L2HGDH_X5r TGCACATACGCTGGATATTTTAG 

L2HGDH_X6f AAAGTTTCAGAATGAACTGTAAGGTG 
332 28 

TD 52 

L2HGDH_X6r TTAGAATAAAAGCTGTTAAACTTC CC 

L2HGDH_X7f GCTGCCACCTAAATGCTAAAG 
483 37 

TD 60 

L2HGDH_X7r AACCACAAGAGAAACCGATG 

L2HGDH_X8f TCACAATACAAATTAAATGCATGAG 
386 35 

TD 56 

L2HGDH_X8r CCAATCACAAATATGGGGATTTAC 

L2HGDH_X9f GGCCTTGATTTTCTTTTAATCTG 
419 33 

TD 55 

L2HGDH_X9r TGTTGGGAAAGAAAGAAAC 

L2HGDH_X10f GCTAACAATATAGGTTTGACAGGC 
505 37 

TD 60 

L2HGDH_X10r CAATGCAGTGGTTATCTTTGACC 
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Appendix-8: List of primers used to amplify and sequence specific exons with in 

MAN2B1, NTRK1, DYSF and CLCC1 genes 

Primer Name 5'-Sequence-3' 

Product 

size 

%GC 

content 

Working 

condition 

MAN2B1 

Ex22F 

CTCTCTCCCGCAGTTCTCAG 

188 63 

TD 61 

MAN2B1 

Ex22R 

TCAATTTTGCCCTTCTCACC  

NTRK1 Ex16F GGGTAGGCTGTGCCTTGAC 
271 56 

TD 63 

NTRK1 Ex16R AAAAGGAACCTGAAGGGGC  

DYS Ex9F GGGACTAAACTGCTAGGCGT 
285 

52 TD 61 

DYS Ex9R TTCACGCATTCACACTGACG   

CLCC1 Ex1F AATAACCCAAAACCCAATTTATTT 

242 

34 TD 55 

CLCC1 Ex1R GTCTCACACACATGCACGAA   
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Appendix-9: List of primers used to amplify and sequence SIGMAR1 gene 

Primer name 5'-Sequence-3' 
Product 

size 

%GC 

content 

Working 

conditions 

SIGMAR1-5'-UTR-

Ex1F 
GCTCCGATTGGTCAGGG 

456 bp 34.7 TD 61 
SIGMAR1-5'-UTR-

Ex1R 

ACGATCAGACGAGAGAAG

GC 

SIGMAR1-Ex2-3F GGCAGTACGCTGGTGAGC 

683 bp 27.00 TD 60 
SIGMAR1-Ex2-3R 

GAGGAAGGGAACCATGAG

G 

SIGMAR1-Ex4F GCCCAGTGAGGTAGGGC-3' 

497 bp 34 TD 61 
SIGMAR1-Ex4R 

GCTCATACAGCAGGAACTC

AG 

SIGMAR1-3'-UTR1F 
CCAGGACTTCCTCACCCTCT

T 
490 bp 36 TD 62 

SIGMAR1-3'-UTR1R 
ATAATACCCTCCCCCATCCT

T 

SIGMAR1-3'-UTR-2F 
CATGGGAACAAATGAGACA

CA 478 bp 42 TD 60 

SIGMAR1-3'-UTR-2R CGCTGACTTCAAGCATTCTT 

SIGMAR1-3'-UTR-3F 
TCAACCCAGCAGCAATTTG

A 
580 bp 36 TD 62 

SIGMAR1-3'-UTR-3R 
CCATGAATCACACAGCAAG

AG 
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Appendix-10: List of primers used to amplify and sequence ZNF335 gene 

Primer Name 5'-Sequence-3' 

Product 

size 

%GC 

conten

t 

Optimized 

condition 

(Tm) 

ZNF335 Ex2F CCACGGTCACCTCTCTTCTC 

346 69.7 63 
ZNF335 Ex2R GTTTCCTCTTGGCTGTCAGG 

ZNF335 Ex3F GTCTAGCAAGTGGGAGCTGG 

399 61.2 

61 

ZNF335 Ex3R CACACAGCTAGGGTGGGC 

ZNF335 Ex4F AGAATGAGTGTGGACCAGCC 

279 64.2 

55 

ZNF335 Ex4R GGGCCACAGACGGAATC 

ZNF335 Ex5F CTGCCTGGGAGGGGTAG 

454 62.8 

57 

ZNF335 Ex5R AGACAAGCTTGCCATGTCTG 

ZNF335 Ex6F GTAGCAGCCTACCTGCTTGG 

309 56.8 

61 

ZNF335 Ex6R TGGCCCTCCAAGTGAAAG 

ZNF335 Ex7F GTAGGGAAGTGAGCTGGGC 

314 64.3 

55 

ZNF335 Ex7R CCCCAGAACTCCACAGAGAC 

ZNF335 Ex8F GATATTTTGGCTGGCCTCTG 

422 61.4 

55 

ZNF335 Ex8R AGGATGAGAGTGTGGCGG 

ZNF335 Ex9F 

AATACCGCAAGTATGTGGAG

C 
356 58.7 

60 

ZNF335 Ex9R ATTCTCCCTCAGTGGCACC 

ZNF335 Ex10F ACAGGCATGGTGGGGAC 

279 62.9 

55 

ZNF335 Ex10R AGCACGGTAAGTGGGAACC 

ZNF335 Ex11-13F CTCATAGCTGAGGCTGGGTC 
597 58.5 55 
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ZNF335 Ex11-13R GGTTAGAGGGAGGGAAGCTC 

ZNF335 Ex14F CAGGTACATCCCCTTGGAGG 

322 57.5 

61 

ZNF335 Ex14R GGATGGGAGCTAAGCCTCTG 

ZNF335 Ex15F AAGAAAGGATTCCTGGAGGG 

376 62.2 

61 

ZNF335 Ex15R TCAATGTGCAAATGATGCTG 

ZNF335 Ex16-17F GCAGATCAGAGGTGCTTGG 

497 60.4 

55 

ZNF335 Ex16-17R 

TCTAGTCCCAGTGTCCAGTG

C 

ZNF335 Ex18F ATCTGGGACACTGAGATGGG 

415 62.7 

55 

ZNF335 Ex18R CCCAAATCGGACCGACC 

ZNF335 Ex19F CAGTTGATGCCTGTTGCTTG 

297 58.8 

60 

ZNF335 Ex19R CCATCTGCGGTGAGCTGTAG 

ZNF335 Ex20F GGGGATGCCAACCACTC 

544 61.2 

60 

ZNF335 Ex20R AGAGCAGAGGATCTGGCTTG 

ZNF335 Ex21-22F CTTTGTCTGGTTCCCTGACC 

546 59.9 

55 

ZNF335 Ex21-22R CCTTTTGGGGCAGTGGC 

ZNF335 Ex23-24F ACTGCCCCAAAAGGCAC 

436 59.2 

55 

ZNF335 Ex23-24R ATTCCTCCCCAAGGTAGGTC 

ZNF335 Ex25-27F TGGCTGTTCCTAGTCTTCCAC 

569 59.2 

61 

ZNF335 Ex25-27R AAGTATGGTGAGCTGGAGGC 

ZNF335 Ex28F TGTCACAGGTATGGAGCTGG 

297 61.3 

63 

ZNF335 Ex28R GTGAGTCCTGGTGGCCC 



Appendices 

Molecular Genetic Studies in Families with Inherited Neurological, Muscular, and Eye Disorders     274 

Appendix-11 List of primers used to amplify and sequence SPC25 

Primer Name 5'-Sequence-3' Product size 
GC 

content 

Working 

condition 

SPC25_X1F CGATTGGAATATGTGGGTGATTT 
289 bp 

36 TD 61 

SPC25_X1R TTCAATTCAGCTGCAATAACACT 

SPC25_X2F ACATGCTGGTTTTGCTGTTCT 

219 bp 

32 TD 55 

SPC25_X2R 
GTCTTACTTGTATGAGAGATTTCA

TG 

SPC25_X3F AGTCAGTAAACTTTGGCCTTTTC 
368 bp 

37 TD 58 

SPC25_X3R GCAGAGATGAGTGGCTGGTT 

SPC25_X4F AGCAGATTTATAGGCTTGGCA 
490 bp 

26 TD 55 

SPC25_X4R GCTCAGAATACAATGCTGATAGG 

SPC25_X5F AGGTTGTCTTTTCCTTCTCTTGA 
477 bp 

31 TD61 

SPC25_X5R GTCTGGAGCTATTACTTTCCTCC 

SPC25_X6F TAAGATGATGGGCAGGGTCA 
777 bp 

36 TD 63 

SPC25_X6R TGGAAACCATCATTCTCAGCA 
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Appendix-12 BigDyeXTerminator® Purification Kit Protocol 

Link is available from URL: 

https://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldo

cuments/cms_042772.pdf 

https://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_042772.pdf
https://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_042772.pdf
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