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ABSTRACT

Mental Retardation (MR) or cognitive impairment is the most common and unsolved

socio-economic problem in healthcare. MR is the condition with sub-average intellectual

functioning, impairment in at least two of the adaptive skills (communication ability, self

care, reading and writing ability etc) and onset before 18 year of age. Currently extensive

knowledge exists regarding X-linked MR (217 loci and 98 genes) but only thirty loci and

six genes for autosomal recessive NSMR have been discovered to date.

In the current study five consanguineous Pakistani families were recruited for clinical and

molecular analysis. Clinical investigations include the intelligence quotience (IQ)

estimation (amended standard questionnaire), biometric data collection, computed

tomography (CT) and magnetic resonance imaging scan (MRI) and biochemical testing.

These investigations clearly indicate segregation of nonsyndromic mental retardation

(NSMR) in these families except family A, which segregate autosomal recessive

syndromic mental retardation. After clinical analysis, whole genome SNP genotyping

with 500K Nsp array was carried out in the selected individuals of all families to perform

homozygosity mapping followed by copy number analysis and microsatellite based

genotyping.

The clinical analysis of family A grossly showed myopathy (abnormal spectrum of EMG

and elevated level of LDH enzyme), strabismus, neck webbing, facial deformities and

poor developmental milestone. The family A was mapped to MRT5 locus, spanning over

the region of 2.51 Mb [from 5,145,028 to 7,657,537 bp {May 2004 (NCBI35/hg17)}].

The subsequent mutation analysis of candidate genes identified a novel misssense

(c.2100G>A) mutation in exon 19 of NSUN2 gene, which leads to substitution of Gly

(GGA) with Arg (AGA) at amino acid position 679 (p.G679R). The subsequent

expression studies of mutated NSUN2 encoded protein exhibited abnormal expression in

cytoplasm indicating an important role of glycine residue, in protein localization and

biogenesis.

The family B with severe MR associated with speech disability and aggressive attitude

was presented as segregating NSMR. Whole genome scan mapped this family to a 12.494
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Mb region on chromosome 8. The identified HBD interval was flanked by rs6989820 and

rs2237834 and harbors MCPH1 and TUSC3 genes, but sequencing of MCPH1 gene

failed to reveal presence of pathogenic variant in the affected individuals of this family.

The CNV analysis of the whole genome data identified a novel 170.63 Kb {Feb.2009

(GRCh37/hg19)} deletion in TUSC3 gene spanning entire gene except its promoter and

first exon.

Gross clinical spectrum (skeletal, microcephalic, neurologic symptoms) of family C was

normal therefore it was treated as nonsyndromic MR family. This family was mapped to

2p25.3-p25.2 locus during exclusion mapping of known loci of ARNSMR. The identified

region spans over the length of 6.57 Mb with a centromeric boundary defined by a

recombination event involving markers D2S281 and D2S2166. This region has 21 protein

coding genes but the sequence analysis of eight candidate genes in the linked interval did

not revealed any pathogenic mutation.

Molecular analysis of family D identified multiple homozygous regions on chromosomes

1, 3, 10, 20 and 22 (with positive hits on the basis of SNP data of four individuals) but the

microsatellite genotyping in complete family ruled out loci on chromosome 1, 3 and 10.

The linkage analysis, performed for all characterized homozygous loci, generated highest

LOD score of 2.1039 at D20S602. Region of homozygosity on chromosome 20 was

flanked by SNPs rs6140226 and rs6074396, delineating a minimum critical region of

4.998 Mb {Feb.2009 (GRCh37/hg19)}. This minimum critical region contains BTBD3

gene but the sequence analysis ruled out the presence of any pathogenic variant in the

affected individuals of family D. So these findings either indicate involvement of other

gene in this region or leading to the complex genetics by considering loci on chromosome

20 and 22 as responsible factors.

The homozygosity mapping of family E revealed a single short HBD region on 2p12

from rs17020436 to rs11678145 which delineated a 1.1 Mb region. This short interval

harbor one gene, four mRNAs and three spliced ESTs. The genetic player responsible for

MR in this family can be identified by using next generation sequencing of the identified

HBD to screen the pathogenic variants segregating with disease phenotype.
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The present work has shown that genetic players are associated with the significant

number of Pakistani families with MR. The current study provides further support

regarding genetic heterogeneity of MR in Pakistan, thus is a significant contribution

towards the elucidation of common and emerging molecular pathways related to

cognition/learning. Our study also signifies the importance of methylation in the

development and functioning of the cognition and it is anticipated that additional players

will be identified in future studies which have similar functions.
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Introduction

Human nervous system, a complex network of neuronal and non-neuronal cells, is

associated with communication and coordination of body parts. Anatomically, human

nervous system has two major subdivisions; central nervous system (CNS) which

includes brain and spinal cord, and peripheral nervous system (PNS) which includes

collectively the nerve cells (neurons). Non-neuronal cells (neuroglial, glial cells) are not

capable of generating and transmitting nerve impulses but assist and protect the nerve

cells (Pasternak, 2005). Brain is the master organ of body and consists of cerebrum,

diencephalon, cerebellum and brain stem.

Memory or learning is either declarative (involve conscious thoughts) or non-declarative

(involve procedural knowledge) and requires morphological and physiological alterations

of synapses. Generally, it is believed that hippocampus is associated with declarative

memory while amygdale, striatum and nucleus are involved in non-declarative memory

formation. With the advancement in learning or cognition, new synapses are established

and old ones get strengthened; the phenomenon termed as synaptic plasticity (Flint,

1999). Cognition is the result of different molecular, cellular and biological processes

occurring at neuronal level, and malfunctioning of these lead to cognitive impairment or

mental retardation (MR) (Chelly et al., 2006). Furthermore, it is suggested that cognitive

impairment is the consequence of a defect in synapse formation and plasticity and thus

grouped under neuro-developmental disorders (Fedulov et al., 2007).

1.1- Mental Retardation

Mental retardation (MR), also termed as learning disability or cognitive impairment,

caused by dysregulation of neuronal processes taking place in different parts of the

nervous system. The major defining features of the mental retardation are low or

subaverage intellectual functioning (Intelligence quotient<70), impairment in at least two

of the adaptive skills (e.g communication ability with society, self care, self guidance,

home living, reading, writing ability, administrative skills, work, leisure, and health) and

the condition present before 18 year of age (Basel-Vanagaite, 2007).
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Generally it is estimated that MR affects approximately 1-3 % of population in the United

States (Batshaw, 1997) but this figure would be higher in developing countries with high

rate of consanguinity (Yaqoob et al., 2004). Prevalence of MR in males is higher

(Leonard and Wen, 2002) than females and is mainly because of X specific MR genes

and presence of single X chromosome (Saggar and Bittles, 2008).

1.2- Approaches for Diagnosis of Mental Retardation

There are two major diagnostic categories; i.e clinical and molecular. Before proceeding

to molecular diagnosis, clinical investigations of patients are necessary.

1.2.1- Clinical Diagnosis

Clinical evaluation of the probands preliminarily includes family history of the disease;

prenatal, perinatal and neonatal medical histories and assessment of IQ level of patients.

Physical examination includes ophthalmologic, otorhinolaryngologic, skeletal, radiologic

or neuro-anatomic (MRI and CT scan) tests. Metabolic screening for inborn error of

metabolism (phenylketonuria) and hormone level testing for hormonal imbalances (T3

and T4 deficiency or hypothyroidism) are essential to exclude because of their

developmental roles. Certain biochemical tests for normal level of amino acid,

carbohydrates, metabolites and electrolytes of proband should also be performed.

1.2.2- Molecular Diagnosis

The prime and initial step of molecular diagnosis involves detection of chromosomal

abnormalities responsible for various syndromic forms of neuro-developmental disorders.

Finally on the basis of clinical evaluation, chromosome analysis, fragile X screening,

copy number variation, microdeletions/duplications, inversion and translocation mapping,

and linkage analysis are carried out. The cytogenetic techniques used for screening of

whole genome includes karyotyping, interphase fluorescent insitu hybridization,

comparative genome hybridizatation, primed in situ labeling and multiplex amplifiable

probe hybridization (Xu and Chen, 2003).

Comparative genomic hybridization (CGH) or chromosomal microarray analysis (CMA)

does not require the mitotically active sample material (Kallioniemi et al., 1992) and can

be used in constitutional karyotyping of prenatal (Lestou et al., 2000; Tabet et al., 2001),
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postnatal (Breen et al., 1999), and pre-implantational (Wilton et al., 2001) cases. CGH

can only detect loss or gain of DNA sequence and has detection power of 2–10 Mb

(Kirchhoff et al., 1999). PRINS, (primed in situ labeling), a method alternative to FISH is

used for detection of repetitive DNA sequences, like telomere repeats (Bonifacio et al.,

2001), centromeric alpha satellite sequences (Koch et al., 1995), Alu sequences (Coullin

et al., 2002), and single-copy genes (Kadandale et al., 2002; Harrer et al., 2001; Tharapel

et al., 2002). Koch et al., (1989), first developed this method since then several changes

has been made such as single, double, and multicolor PRINS (Yan et al., 2001). This

technique can be employed for detection of subtelomeric deletions (Bonifacio et al.,

2001) and microdeletions associated with the Prader Willi/ Angelman and

DiGeorge/Velocardiofacial syndromes (Tharapel et al. 2002). Similarly array-MAPH is

used for the determination of small scale copy-number changes (Kousoulidou et al.,

2008).

In recent years microarrays have replaced the above mentioned technique. It can analyze

whole genome for copy number changes to identify deletions/duplications of a complete

chromosome (e.g., Down syndrome), a chromosomal segment, or disease-specific

sequences (e.g., deletion of 22q11 in DiGeorge syndrome) (Antonarakis, 2000).

Additionally they can be used for whole genome genotyping of large coherts which

resulted in identification of many loci responsible for autosomal recessive MR

(Najamabadi et al., 2007, Rafiq et al., 2010; Kuss et al., 2011)

1.3- Classification of Mental Retardation

1.3.1-General Subdivision of MR

Intellectual or cognitive functioning of an individual can be assessed by ‘‘Intelligence

Quotient’’ (IQ) and is subcategorized as mild (IQ level: 50-55 to 70), moderate (IQ

level:35-40 to 50-55), severe (IQ level:20-25 to 35-40) and profound (IQ level: below 20-

25) (American Psychiatric Association, fourth edition and ICD-10 classification (WHO,

1992)).
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1.3.2- Etiological Classification of MR

Mental retardation is a heterogeneous disorder and etiologically it can be environmental

or genetic, both with equal probability of involvement (Winnepenninckx et al., 2003).

Figure 1.1 summarizes the etiological classification of MR. The possible causative

environmental factors includes use of alcohol, drugs or any hazardous chemical during

pregnancy (prenatal cause) or infection of mother (e.g. exposure to rubella,

cytomegalovirus, AIDS) or exposure to radiation. Other problems like premature birth,

nutritional deficiencies, cultural deprivation, childhood illness (e.g. measles, meningitis),

severe head injury and environmental toxins may also cause nervous system

malfunctioning leading to MR (Winnepenninckx et al., 2003).

Genetic causes comprise of chromosomal aberration, single gene disorder, polygenic

disorder, multifactorial or epigenetic, mitochondrial, metabolic disorder, and repeat

expansion disorders. On the basis of clinical manifestations, genetic MR can be

subdivided into two forms i.e syndromic; with additional associated neurological,

ophthalmological, radioloigcal abnormalities, and non syndromic; without additional

abnormalities (also termed as cognitive or learning impairment) (Uyguner et al., 2007).

Genetic causes and their prevalence is presented in figure 1.2.

1.3.3- Chromosomal Aberrations Associated with MR

28 percent of all mental retardation cases are caused by chromosomal defects which

include numerical or gross chromosome abnormalities (poly or monosomy) or partial

chromosome abnormalities (microdeletions and duplications) (Curry et al., 1997) and are

responsible for syndromic conditions with varied phenotype ranging from mild to

profound MR (Van et al., 2005). Different kinds of chromosomal defects and their

associated disorders are explained below.

1.3.3.1-Gross Chromosomal Abnormalities

The abnormal chromosome number is the manifestation of either addition (polyploidy) or

deletion (monosomy) of a particular chromosome from the normal set of 46. For instance,

autosomal polyploidies like trisomy 13 (Patau’s syndrome), 18 (Edwards’ syndrome) and
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Figure 1.1: Diagramatic representation and etiological classification of different types of

MR (adopted and amended from Basel-Vanagaite, 2008).
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Causes and Prevalence of MR
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Other unknown causes assumed genetic
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Environmantal causes
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Figure 1.2: Summarized view of causes and prevalence of Mental Retardation, the

amended diagram is adapted from Winnepenninckx et al., (2003).
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21 (Down syndrome) are among viable disorders probably because these chromosomes

are gene-poor but monosomy of any autosome is lethal at the earliest stage of embryonic

life. Aneuploidy of X chromosome is more common than autosomes, but it is not coupled

with mental retardation. Turner syndrome (single X chromosome) and Klinefelter

syndrome (Extra X chromosome) patients does not show intellectual abnormality

however those individuals show developmental delay in which the count of X

chromosome exceeds two (Giltay and Maiburg, 2010).

1.3.3.2- Fractional Chromosome Abnormalities

1.3.3.2.1- Cytogenetically Visible Microdeletions

There is significant number of genes on each single chromosomal band therefore a small

deletion can be responsible for the distorted functioning of many genes which

consequently leads to severe clinical features (Basel Vanagaite, 2008).

The fractional chromosome abnormality includes deletions, insertions, inversions,

translocations etc which may affect any part of chromosome. The severity of the disorder

varies with increase of aberration size and location. Generally deletions of fragment

spanning more than 2% of the total genome are not viable, e.g cri-du-chat (Mental

retardation and cat-like crying) syndrome which results by cytogenetically visible

deletion of p arm of chromosome 5 (Rodríguez-Caballero et al., 2010).

1.3.3.2.2- Cytogenetically Invisible Microdeletions

This category includes interstitial microdeletion, subtelomeric deletion and

microduplication. In case of interstitial or intercalary microdeletions interior part of

chromosome is deleted in a specific position in the genome. Example of such type of

submicroscopic deletion include Williams-Beuren syndrome (involving 7q11.23);

associated with mental retardation in combination with recognizable phenotypic features

and an asymmetric cognition profile, (Pober, 2010); Smith-Magenis syndrome (deletion

of a portion of 17p11.2); associated with a striking phenotype including psychomotor and

growth retardation, and behavioral problems (Juyal et al., 1996).

Subtelomeric deletions involve the subterminal end of chromosomes. Chromosomal ends

(telomeres) are composed of a TG rich repeat (TTAGGG)n which span over a hundreds
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of kilobases, and confer stability to the chromosome. As the telomeric regions are

extremely gene-rich that’s why relatively small deletions may cause mental retardation

such as observed in the Miller-Dieker syndrome (deletion of the 17p telomere) (Dobyns

et al., 1991) and the α-thalassemia/ mental retardation  syndrome caused by deletion of

16p telomere (Wilkie et al., 1990).

Chromosomal defects are not the sole cause of developmental disability or cognitive

impairment; a number of neurodegenerative disorders are known which is the

consequence of mitochondrial disorders, metabolic errors, hormonal imbalances and

repeat expansion.

1.3.4- Mitochondrial Associated Mental Retardation

Mitochondrial pedigrees may be unique than nuclear pedigrees because of the maternal

inheritance and maternal biasness (Krishnan et al., 2007). Mitochondrial diseases are

caused by mutation in either mtDNA or nuclear encoded genes. The disorder of this

organelle mostly affect those organs which require energy in plenty e.g muscle, cerebrum

or nerves (Scharfe et al., 2009). Mitochondrial dysfunction has been reported to be

associated with disorders such as Alzheimer, Parkinson‘s disease (Finsterer 2007), and

Alpers syndrome (Naviaux and Nguyen, 2004; Nguyen et al., 2005).

1.3.5- Metabolic and Hormonal Disorders

Inborn errors of metabolism or inherited metabolic disorders accounts for about 70 per

100,000 live births or 1 in 1,400 births (Applegarth et al., 2000). These disorders are

caused due to the single gene defect encoding enzymes for various metabolic processes

leading to the accumulation of toxic substances or its interference with normal functional

product, or the inability of the enzyme to synthesize essential compounds.

Phenylketonuria (PKU) is an autosomal recessive inborn error of metabolism caused by a

deficiency of a hepatic enzyme phenylalanine hydroxylase (PAH) which catalyzes the

hydroxylation of amino acid phenylalanine to tyrosine (Zurfluh et al., 2008).

Endocrine hormones also play significant role in nervous system functionality and

cognitive development. Different disorders in association with mental retardation are

reported e.g association of hypothalamus with cerebral gigantism (Fryssira et al., 2010),
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cerebral dwarfism (Castells et al., 1974), Laurence-Moon-Biedl syndrome and

Hypogonadotropic hypogonadism with or without anosmia (Churku and Nashville.,

1980).

1.3.6- Neurodegenerative Disorders

Neurodegenerative disorders are a heterogeneous group of conditions and cause central

nervous system (CNS) dysfunction due to loss of structure and function of neuronal cells,

leading to gradual and progressive impairment of cognition or movement.

Neurodegenerative disorders may be complex and multifactorial {Alzheimer’s disease

(AD), Parkinson’s disease (PD), and Amyotrophic lateral sclerosis (ALS)} or monogenic

Huntington’s disease (HD), spinal and bulbar muscular atrophy (SBMA) (Coppedè et al.,

2006). Among neurodegenerate disorders, most studied and explored conditions are the

repeat expansion diseases.

1.3.7- Multifactorial and Epigenetic Causes of MR

Polygenic form of mental retardation generally leads to mild form of mental retardation

as against the more severe forms which are caused by defects in a single gene. Polygenic

mental retardation does not follow the Mendelian inheritance pattern. Gene expression

and regulation, brought about by chromatin remodeling (epigenetic regulation), is highly

dynamic process which occurs via three main mechanisms: (1) post-translational

modification of DNA associated proteins (histone), (2) DNA methylation (CpG island),

and (3) ATP-dependent chromatin remodeling (van Bokhoven & Kramer, 2010).

Epigenetic and imprinting associated mental disorders include the most studied

Angelman and Praderwilli syndrome.

1.3.7.1- Angelman Syndrome

Angelman syndrome (AS), a complex neurobehavioral disorder, is caused by deletion of

maternal copy of 15q11-q13 locus which is normally under imprinting control (Kishino

and Wagstaff, 1998). Main clinical features of Angelman syndrome are severe mental

and motor impairment, speech disability, ataxia, microcephaly, epilepsy, improper

laugher and a typical syndromic face associated with prognatia and protruding tongue. It

is estimated that, deletions of 15q11-q13 region on maternal chromosome or uniparental
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disomy of paternal chromosome 15 (UPD) contributes 18% in this disorder (Clayton and

Laan, 2003). Studies have shown that AS is also caused by a defect of UBE3A gene,

which is expressed from the maternal allele (Buiting, 2010).

1.3.7.2- Prader-Willi syndrome

Prader–Willi syndrome (PWS), first identified human disorder associated to genomic

imprinting defect, is a disorder with neurologic, cognitive, endocrine and

behavioral/psychiatric issues (Horsthemke and Wagstaff, 2008). PWS is caused by failure

of imprinting phenomenon of paternally inherited region on chromosome 15. Common

clinical features of PWS are juvenile lethargy and hypotonia responsible for reduced

feeding and growth retardation, developmental and learning disability, hypogonadism

(poorly developed sex organ and secondary sexual characters), and hyperphagia (Cassidy

and Driscoll, 2009). Beside deletion of 15q locus, SNORD116 gene cluster has been

considered as strong candidate for PWS (Buiting, 2010).

1.3.8- Monogenic Mental Retardation

Mental retardation or a range of disorders associated with mental retardation can be

caused by mutations in a single gene with altered functionality. This group of disorders is

further categorized into different classes on the basis of mode of inheritance (dominant or

recessive) and the presence of responsible gene on particular chromosome (sex linked or

autosomal).

1.3.8.1- X-linked Mental Retardation

10-20% of all genetic cases of MR are estimated to be X-linked with frequency of 1 in

600 males (Winnepenninckx et al., 2003). It has been proposed that human X

chromosome contain excessively large number of genes for learning and memory (Ross

et al., 2005) which explain the male biasness (Chelly and Mandel, 2001) however carrier

female may manifest milder symptoms, possibly because of X-inactivation phenomenon

(Amos-Landgraf et al., 2006). X-linked MR is either transmitted in dominant fashion or

in recessive manner. Up till now, 217 XLMR loci have been mapped and 83 causative

genes have been identified. Out of these 217 loci, 98 have been mapped in syndromic

familes (with 33 mapped and 37 cloned genes), 51 loci in neuromuscular disorders (with
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13 mapped and 27 cloned genes) and 68 loci in nonsyndromic cases (with 49 mapped and

19 cloned genes) in which some genes have dominant mode of inheritance like MECP2

(Lisik et al., 2008). However there are 11 genes which are implicated in both syndromic

as well as nonsyndromic XLMR. For instance, mutations in OPHN1 gene are associated

with nonsyndromic XLMR and cerebellar hypoplasia (Des et al., 2004). Similarly

mutations in PQBP1 gene is responsible for Renpenning syndrome (characterized by

MR, microcephaly and microorchidism) and nonsyndromic XLMR (Lenski et al., 2004).

It has been shown previously that MR gene on X chromosome tends to cluster on specific

regions, rather than distributed throughout the length, particularly on Xq28, Xp22.1-

p21.31 (Ropers et al., 2003). X-linked disorders are easier to be mapped due to the

hemizygous state of males but there is only one X-linked condition identified which

deviates from this mode of inheritance, i.e EFMR or MR associated with epileptic fits are

restricted to females. In this disease, heterozygous females are affected while hemizygous

males are apparently unaffected (Coppedè et al., 2006).

1.3.8.2- Autosomal Dominant Mental Retardation

Autosomal dominant MR is a very rare condition mainly due to the scarcity of extended

autosomal dominant pedigrees because patients with MR rarely reproduce. Genes

suspected to be responsible for autosomal dominant MR are mainly identified by

mapping of the chromosomal breakpoints in mentally retarded patients with balanced

translocations, inversions or duplications (Basel-Vanagaite, 2007). MIM database listed

seven gene loci involved in autosomal dominant mental retardation e.g. MRD1 on 2q23.1

has methyl CpG binding domain protein 5 gene (MBD5) (Wagenstaller et al., 2007),

MRD2 on 9p24 contain dedicator of cytokinesis 8 gene (DOCK8) (Griggs et al., 2008),

MRD3 on 16q24.3 harbor cadherin 15 gene (CDH15) (Bhalla et al., 2008), MRD4 on

11q24.2 encounter kin of irre like 3 gene (KIRREL3) (Bhalla et al., 2008), MRD5 on

6p21.3 include synaptic RAS GTPase activating protein 1 (SYNGAP1) (Hamdan et al.,

2009), MRD6 on 12p12 enclose glutamate receptor ionotropic, N-methyl-D-aspartate,

subunit 2B gene (GRIN2B) (Endele et al., 2010) and MRD7 on 21q22.1 surround dual

specificity tyrosine phosphorylation regulated kinase 1A (DYRK1A) (Van Bon et al.,

2011).
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1.3.8.3- Autosomal Recessive Mental Retardation

Autosomal recessive mode of inheritance accounts approximately one fourth of the total

genetic cases (Higgins et al., 2004b). It can be either syndromic or nonsyndromic on the

basis of phenotypic appearance. In syndromic forms, mental retardation is associated

with ophthalmic, neurologic, otorynolaryngologic, skeletal or some other anatomic

disorder while in nonsyndromic MR only cognitive dysfunction or learning impairment is

present. A number of syndromic cases has been reported e.g joubert syndrome, bardet

biedl syndrome, Kahrizi syndrome, CAMRQ1 syndrome, while there is a limited

knowledge regarding nonsyndromic MR and thus far only 30 loci and 6 genes have been

identified. Table1.1 and 1.2 summarizes updated information of loci and genes identified

so far to cause autosomal recessive NSMR.

1.3.8.3.1- Syndromic Mental Retardation

1.3.8.3.1.1- Joubert Syndrome (JBRT; MIM 213300)

Joubert syndrome (JS) is a heterogeneous disorder, specific of midbrain-hindbrain

malformation, with no set clinical criteria associated with genetic make up. The common

clinical features include; developmental delay, hypoplasia of the cerebellar vermis and

characteristic neuroradiologic 'molar tooth sign,' with associated neurologic symptoms

presented in cranial MRI, dysregulation of breathing pattern, facial dysmorphism, retinal

dystrophy and renal anomalies while some patients also present polydactyly (Saraiva and

Baraitser, 1992; Valente et al., 2005).

Molecular genetic studies identified TMEM216 (Edvardson et al., 2010), AHI1 (Dixon-

Salazar et al., 2004), NPHP1 (Parisi et al., 2004), CEP290 (Sayer et al., 2006), TMEM67

(Baala et al., 2007), RPGRIP1L (Arts et al., 2007), ARL13B (Cantagrel et al., 2008) and

CC2D2A (Noor et al., 2008) genes. The protein encoded by these genes are mainly

localized in ciliary and basal body, for these reasons JS is now termed as ciliopathic

disorder (Bielas et al., 2009).

1.3.8.3.1.2- Bardet-Biedl Syndrome (BBS; MIM 209900)

BBS, like joubert syndrome, is a ciliopathic disorder affecting multiple organs of the

body and characterized by retinal deterioration, polydactyly, obesity, hypogonadism,
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renal, and cognitive dysfunction (Nachury et al., 2007). Additionally few minor

associated phenotypes include abnormal neurologic symptoms, speech disability,

craniofacial defects, hearing impairment, diabetes mellitus, metabolic disorders,

Hirschsprung, hepatic diseases and cardiovascular impairments disease (Beales et al.,

1999) are also found in certain patients.

Linkage studies reported 15 genes found mutated in Bardet-Biedl syndrome that include

BBS1 (Mykytyn et al., 2001), BBS2 (Nishimura et al., 2001), BBS4 (Mykytyn et al.,

2001), BBS5 (Li et al., 2004), BBS7 (Badano et al., 2003), PTHB1 (Nishimura et al.,

2005), BBS10 (Stoetzel et al., 2006), BBS12 (Stoetzel et al., 2007), ARL6 (Fan et al.,

2004), MKKS (Katsanis et al., 2000), TTC8 (Ansley et al., 2003), TRIM32 (Frosk et al.,

2002), MKS1 (Consugar et al., 2007), and C2ORF86 (Kim et al., 2010). Several studies

have evidenced that the BBS phenotype is mostly outcome of ciliary dysfunction, as

nearly all BBS proteins are localized in the basal body and the ciliary axoneme.

Phenotypically BBS and other ciliary disorders have similarities among clinical

symptoms, such as nephronophthisis (NPH), Joubert syndrome (JBTS), and Meckel-

Gruber syndrome (MKS), and might aid in determining mechanistic insights gathered

from these ciliopathic disorders (Zaghloul and Katsanis, 2009).

1.3.8.3.2- Autosomal Recessive Nonsyndromic MR Genes

Autosomal recessive nonsyndromic mental retardation (ARNSMR) is the condition

associated with only cognitive impairment or learning defect without any biological or

clinical manifestation. To-date, six genes are reported to be implicated in ARNSMR

(Table 1.1). The reported genes are mostly involved in signal transduction cascade. The

detailed discussions of these genes are explained as under.

1.3.8.3.2.1- PRSS12 (MIM# 606709)

Protease serine 12, also named as neurotrypsin or motopsin, is the first gene reported to

be involved in autosomal recessive nonsyndromic MR (MRT1 MIM#249500) in an

Algerian family on 4q25-q26 locus (Molinari et al., 2002). The PRSS12 encodes a

deduced 875-amino acid long protein which contains a putative signal peptide, a kringle

domain, 4 repeated scavenger receptor cysteine-rich (SRCR) regions, and a C-terminal

serine protease domain (Proba et al., 1998). It shows higher expression in the cerebral
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cortex, amygdale and the hippocampal part of the brain (Gschwend et al., 1997).

Molinari et al., (2002) has demonstrated that PRSS12 is found to be present in the pre-

synaptic membrane and the pre-synaptic active zone of both excitatory and inhibitory

synapses within the neuronal cells. Mutation analysis has revealed a 4 bp deletion

mutation in exon 7, which produces a truncated protein lacking the catalytic domain

leading to severe cognitive impairment with IQ below 50 (Molinari et al., 2002). The

mutant Drosophila studies have shown that PRSS12 is involved in long term memory

instead of short memory (Didelot et al., 2006).

1.3.8.3.2.2- CRBN (MIM#609262)

Cereblon, an ATP dependent Lon protease, is the second gene identified to be associated

with ARNSMR on 3p26.2 i.e MRT2A locus (MIM# 607417) in a German origin family.

The gene got its name because of its putative role in cerebral development and a highly

conserved Lon domain. It encodes a 442-amino acid protein with a 237-residue ATP-

dependent Lon protease domain and besides that casein kinase II (CK2) phosphorylation,

N-myristoylation, protein kinase C phosphorylation, and N-glycosylation sites are also

present (Higgins et al., 2004a). Expression and functional studies revealed multiple

CRBN functions e.g proteolysis, membrane trafficking (Jo et al., 2005) and Ca+2

activated K+ (BKca) channels (involved in neuronal excitability) (Rotanova et al., 2006).

Since human Lon-containing proteins have mitochondrial localization where they are

engaged in degradation of short-lived peptides therefore it is assumed that a disruption of

CRBN gene may disturb nuclear mediated mitochondrial energy metabolism. A

homozygous 1274C-T transition in exon 11 resulted in a nonsense mutation of arg419-to-

ter (R419X) and produced a truncated protein which lacks the Lon domain and disrupts

an N-myristoylation site and deletes a casein kinase-II phosphorylation site at the C

terminus, which may prevent proper subcellular targeting, leading to mild MR with IQ

50-70 (Higgins et al., 2004a). Higgins et al., (2008) demonstrated that this mutation is

responsible for dysregulation of large conductance Ca+2 activated K+ channels which

could lead to abnormal cortical development and cognitive impairment.



Chapter 1 Introduction

Genetic Mapping of Genes Involved in Autosomal Recessive Mental Retardation 15

1.3.8.3.2.3- CC2D1A (MIM# 610055)

The third gene responsible for autosomal recessive NSMR is CC2D1A (coiled coil and

C2 domain containing protein 1A), located on 19p13.12 locus (MRT3; MIM# 608443)

and reported in an Arab-Israeli origin family (Basel-Vanagaite et al., 2006). It encodes

950-amino acid protein having a C2 domain and a DM14 motif. C2 domain is associated

with Ca dependent phospholipids binding but function of DM14 domain is not yet known

(Davletov and Suedhof, 1993). A large deletion (3589 bp) encompassing exon 14, 15 and

16, creating stop codon at amino acid position 438 resulted in severe psychomotor

developmental delay during early childhood with no or only single word speech (Basel-

Vanagaite et al., 2006). Animal studies showed that CC2D1A has high expression in

ventricular zone and cortical plate during embryonic stage and in hippocampus and

cerebral cortex during adulthood (Basel-Vanagaite et al., 2006).

Human ortholog of CC2D1A protein in rat is Freud-1 (five’ repressor element under dual

repression binding protein) (Ou et al., 2003) which down regulates the expression of 5-

HT1A receptor in neuronal cells by binding to the repressor sequences of the gene but the

protein itself is deactivated by calcium/ calmodulin-dependent protein phosphorylation

pathway (Ou et al., 2000). 5-HT1A receptors have prime role in dendritic maturation in

hippocampus and adult neurogenesis and thus associated with anxiety and depression

(mood disorder) (Yan et al., 1997; Brezun and Daszuta, 1999). It is suggested that any

pathogenic mutation in Freud (CC2D1A ortholog in Human) decrease its expression in

the neuronal tissues and thus disturb the expression mode of 5-HT1A receptor which

ultimately leads to mood disturbances (Ou et al., 2000; 2003).

1.3.8.3.2.4- GRIK2 (MIM# 138244)

GRIK2, encodes ionotropic glutamate receptor 6, is the fourth gene identified in an

Iranian family mapped on 6q21 locus (MRT6, MIM# 611092). It encodes predicted 869

amino acid long protein with four transmembrane domains. In the nervous tissues,

kainate receptors are localized in the presynaptic as well as postsynaptic region and its

involvement in excitatory synaptic activity suggests its role in cognition and learning

(Contractor et al., 2000; Mulle et al., 2000; Bureau et al., 2000). Animal model studies

on GRIK2 knockout mice have revealed its short- and long-term facilitation of mossy
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fiber synaptic transmission in kainate receptor. They investigated that kainate receptors

act as presynaptic autoreceptors on mossy fiber endings to assist synaptic transmission

(Contractor et al., 2001). GLUK6, subunit of kainate receptors, has high expression level

in brain and its involvement in autism is still a matter of controversy (Jamain et al.,

2002).

Motazacker et al., (2007) reported a complex mutation at genomic level in GRIK2 gene

in an Iranian family. The reported mutation in this gene was deletion of exons 7 and 8,

inversion of approximately 80 kb fragment including exons 9, 10, and 11 and a 20 kb

deletion within intron 11. Deletion of exon 7 and 8, at protein level, resulted in a deletion

of 84 amino acids between residues 317 and 402 at N-terminus adjacent to the first

ligand-binding domain (S1) which caused loss of function mutation in GRIK2 protein.

They also suggested that other mutations, at protein level, could lead to removal of

transmembrane domain and the putative pore loop adjacent to first ligand-binding

domain. The IQ of affected individuals, with this complex mutation, ranged from

moderate to severe MR (Motazacker et al., 2007).

1.3.8.3.2.5- TUSC3 (MIM#601385)

Tumor suppressor candidate 3 (TUSC3) is the fifth gene responsible for ARNSMR. It is

located in MRT7 locus (MIM# 611093) on 8p23 (region first mapped in a metastatic

prostate cancer (Bova et al., 1996)). N33/TUSC3 encodes the subunit of oligo-

saccharytransferase complex (OTase) which is concerned with protein N glycosylation

(MacGrogan et al., 1996). OTase is an oligomeric membrane associated protein complex

that catalyzes the N-glycosylation (mannose rich oligosaccharide onto asparagines

residues) of newly synthesized polypeptides chains entering the lumen of the

endoplasmic reticulum (Kelleher and Gilmore, 2006).

TUSC3 encode 347 amino acid long predicted protein and 2 transcript variants with four

transmembrane domains. It is the first gene among ARNSMR genes in which mutations

are identified in two different families (French and Iranian); in first family (French) the

reported mutation was a single bp insertion (787insC) in exon 6 producing truncated

protein (Molinari et al., 2008) resulting in loss of 84 amino acids at C terminus and

ultimately leading to mRNA decay. The affected individuals showed delay in walking
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and speech development with estimated IQ score in the range of severe MR. While in the

Iranian family 120-150 kb deletion including first exon of TUSC3 was reported

(Garshasbi et al., 2008) and the patients had moderate to severe MR. Rual et al., (2005)

presented that TUSC3 protein has interaction with catalytic subunit of protein

phosphatase 1 (alpha isoform) (PPPC1A; MIM 176875) which is concerned with the

modulation of synaptic and structural plasticity, and might have an important role in

learning and memory in mice (Genoux et al., 2002). Therefore it is supposed that TUSC3

mutation impair PPPC1A function (Garshasbi et al., 2008) which might cause MR.

1.3.8.3.2.6- TRAPPC9 (MIM#611966)

Trafficking protein particle complex subunit 9 (TRAPPC9) is the sixth gene identified in

a Pakistani, Arab-Israeli and Tunisian family with autosomal recessive NSMR, and is

mapped on 8q24.3 locus (MRT13; MIM#613192). NIBP/TRAPPC9 has a major role in

NF-kappa-B signaling cascade by association with NIK and IKK beta (Hu et al., 2005).

Human TRAPPC9 has 2 transcript variants in which variant 1 encode a 1,246-amino acid

protein and variant 2 encodes a 1,148-amino acid protein. Human embryonic brain (11.5

week old) showed elevated expression in the developing cortical plate as compared to the

ventricular zone. Mouse In situ hybridization study revealed little expression at

embryonic stage and strong expression at adult phase. Expression studies with mouse

Trappc9 have localized it in neurons of the cerebral cortex, hippocampus, and deep gray

matter; the regions associated in cognition and learning (Mochida et al., 2009).

Knockdown study of NIBP revealed reduce TNFα mediated NF-kB activation affecting

neuronal plasticity induced by nerve growth factor and reduced Bcl-xL gene expression

in PC12 cells (Hu et al., 2005). Therefore Mir et al., (2009) hypothesized disruption of

NIBP function in Pakistani and Iranian families resulting in interference of neuronal

differentiation, leading to cerebral white matter hypoplasia as found in MRI of patients.

Mutation analysis in both Pakistani and Arab-Israeli origin families revealed transition of

C-to-T bases, at position 1423 bp and 1422 respectively, in exon 7; resulting in an

arg475-to-ter (R475X). In Israeli-Arab family postnatal microcephaly was also present

beside MR in affected persons but in case of Pakistani origin family the associated

phenotype were borderline microcephaly, late walking, and white matter malformations
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(Mochida et al., 2009; Mir et al., 2009). In case of Tunisian family a pathogenic change

of C-to-T was detected at position 1708 bp in exon 9 resulting in an arg570-to-ter

(R570X) mutation. While in Iranian patients a 4-bp deletion mutation (2311delTGTT)

was identified, which resulted in frameshift and premature truncation of protein. This

mutation caused ambulatory but nonverbal condition in patients with severe MR and

microcephaly (Mir et al., 2009).

1.4- Molecular Pathways of Genes Associated with MR

Every MR gene is involved in a particular molecular pathway for the normal functioning

of neuronal cells. These genes encode protein products which have their own specific

subcellular localization in the nerve cells performing function either alone or in

association with complexes. These molecular processes include chromatin remodeling,

intracellular signaling, house keeping functions, neurogenesis and actin cytoskeleton

(Kohn et al., 2004).

Some MR genes are involved in housekeeping function like transcription, translation,

replication and their regulation. Example includes TUSC3 (post-translational

modification of protein by linking carbohydrate moiety with protein chain) (Garshasbi et

al., 2008), GTF2RD1 (transcription regulator of c-Fos and immediate-early gene

expresion) and CRBN, which are implicated in mitochondrial based energy metabolism.

The most studied signal transduction cascades of Rab GTPases is Ras-MAPK (mitogen-

activated protein kinases) and Rho subfamily of kinases include RhoA, Rac, and Cdc 42.

The MR genes associated with Ras-MAPK pathway include NF1 (Williams et al., 2009)

and CBP (Kwok et al., 1994). Hu et al., (2005) demonstrated the role of TRAPPC9 in

NF-kappa-B signaling pathway, while another protein, CC2D1A, has been shown to be

involved in I-kB kinase/NFkB cascade (Matsuda et al., 2003).

Differential expression or suppression of genes is required for the correct differentiation

and functioning of all types of cells, including neurons. There are different ways of gene

expression regulations initiating from chromatin structure remodeling to the mature

functional protein. The MR proteins implicated in the regulation of gene expression

through chromatin reshaping includes CBP, EP300 and DNMT3B (Turek-Plewa and

Jagodziński, 2005). Synaptogenesis, their activity and plasticity, at postnatal stages, are
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Table 1.1: Overview of autosomal recessive nonsyndromic MR loci and genes.

Locus Cytogen
etic
 location

Gene Known
Mutation

Protein
encoded

Population References

MRT1 4q25-q26 PRSS12 4 bp deletion in
exon 7

Serine
Protease 12

Algerian Molinari et al.,
2002

MRT2A 3p26.3 CRBN Substitution of C-
to-T at 1274bp in
exon 11

ATP dependent
Lon protease

German
ancestor

Higgins et al.,
2004a

MRT3 19p13.12 CC2D1A Deletion of exon
14, 15 and 16

Coiled coil and
C2 domain
containing
protein 1A

Isreal-Arab
origin

Basel-vanagaite
et al., 2006

MRT4 1p21.3-
p23.3

- Turkish Uyguner et al.,
2007

MRT5 5p15.2-
p15.32

- Iranian Najmabadi et al.,
2007

MRT6 6q16.1q2
1

GRIK2 Deletion of exon
7 and 8

Glutamate
receptor 6

Iranian Motazacker et
al., 2007

MRT7 8p12-
p21.1

TUSC3 787insC in exon
6 and deletion of
120-150 Kb
including 1st exon

Tumor
suppressor
candidate 3

Iranian &
French

Garshasbi et al.,
2007
Molinari et al.,
2008

MRT8 10q21.3-
q22.3

- Iranian Najmabadi et al.,
2007

MRT9 14q12-
q13.1

- Iranian Najmabadi et al.,
2007

MRT10 16p12.1-
q12.1

- Iranian Najmabadi et al.,
2007

MRT11 19q13.2-
q13.3

- Iranian Najmabadi et al.,
2007

MRT12 1p34-p33 Iranian Najmabadi et al.,
2007

MRT13 8q24.3 TRAPPC9 Sub C-to-T at
1422 & 1423bp
in exon 7, Sub C-
to-T at 1708bp in
exon 9 and
2311delTGTT

Iranian Mir et al., 2009;
Mochida et al.,
2009; Philipe et
al., 2009

MRT14 2p25.3-
p25.2

- Pakistani Rafiq et al., 2010

MRT15 9q34.3 - Pakistani Rafiq et al., 2010

MRT16 9p23-
p13.3

- Pakistani Rafiq et al., 2010
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Table 1.2: Recently published 14 loci in Iranian population (Kuss et al., 2011).

S.No Cytogenetic position Start SNP End SNP
Region

length (Mb)

1 1q41-q43 rs1157492 Rs1342872 26.7

2 2q37.3-2qter rs13017098 2qter 2.3

3 2p12-q14.3 rs13033902 Rs294669 46.2

4 5q12.1-q23.1 rs9291745 Rs1422323 59.4

5 6p22.3-p21.2 rs2066272 Rs1885615 22

6 7q31.31-q36.1 rs41373846 Rs4725889 29.6

7 8q22.3-q24.11 rs725403 Rs1578978 12.5

8 8p22 rs613566 rs11203893 4.6

9 11p11.2-q13.1 rs4755809 Rs1784859 20.7

10 14q31.3-q32.12 rs1958843 Rs2402074 4.6

11 14q31.3-q32.2 rs957722 Rs8012007 8.2

12 17q12-q22 rs7502685 Rs9913816 18.8

13 18q12.1-q21.1 rs11081675 Rs4940195 17

14 20p12.2-p11.21 rs1028846 Rs1888610 11.9
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important cellular processes underlying cognition. Mental retardation genes required for

neurogenesis include CDK5RAP2 (Bond et al., 2005), PRSS12 (Molinari et al., 2002),

ASPM (Fish et al., 2006), and CENPJ (Bond et al., 2005), while neuronal migration is

carried out by LIS1 (Kato and Dobyns, 2003), RELN (Quattrocchi et al., 2003), VLDLR

(Trommsdorff et al., 1999), POMT1 (Beltran et al., 2002) and POMT2 (Yanagisawa et

al., 2009).

1.5- Prevalence and Etiology of Mental Retardation in Pakistan

Generally, 1-3% of population in United States is affected with mental retardation but its

prevalence has been found to be higher in Pakistan mainly because of high consanguinity

rate. But it also seemed to be correlated with poor socioeconomic conditions, as the

prevalence in children from deprived population groups is much higher (Bashir et al.,

2002).

Pakistani population has also been studied for genetic causes of mental retardation and

few reports are published on molecular etiology of XLMR (Ahmad et al., 1999, Ahmad

et al., 2001) and syndromic autosomal recessive MR (John et al., 2006, Noor et al.,

2008). Recently Noor et al., (2008) has reported a mutation in CC2D2A gene in a

Pakistani family having autosomal recessive mental retardation with retinitis pigmentosa.

Similar studies on syndromic families have reported mental retardation with alopecia

(John et al., 2006, Wali et al., 2006, Wali et al., 2007). A family from Northern area of

Pakistan (Hampshire et al., 2006) has presented a novel syndrome named as MORM

(mental retardation, truncal obesity, retinal dystrophy and micropenis) in which a

mutation in INPP5E gene was identified which affects primary cilium signaling, ciliary

instability and ciliopathies in both human and mouse (Monique et al., 2009). Mitchell et

al., (1998) has mapped a disease gene locus on 15q24 with a syndromic form of MR

associated with spasticity and tapetoretinal degeneration. Most recently, three novel loci

on 9q34.3, 9p23-p13.3 and 2p25.3-p25.2 for autosomal recessive nonsyndromic MR has

been reported in consanguineous Pakistani families (Rafiq et al., 2010) which has been

assigned MRT no 14, 15 and 16. Similarly, a novel mutation in BBS12 locus associated

with learning impairment, polydactyly and retinal dysfunction has also been mapped in a
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Pakistani family (Pawlik et al., 2010). Similar study has been done by Mir et al., (2009)

and reported a novel gene, TRAPPC9, in a Pakistani family.

Homozygosity mapping is an appealing tool to identify the common homozygous regions

among affected individuals of a typical family inheriting a particular disorder.

Consanguinity increases the risk of disease because inbreeding produces large

homozygous blocks and more carrier individuals that’s why marriages between close

biological kins are considered as genetically disadvantageous in modern-day Western

societies (Zlotogora et al., 2007).

Currently, scientists are engaged in inventing modern approaches for diagnosis and

treatment of mental disorders. The modern day techniques include CGH and SNP based

homozygosity mapping, which cover the whole human genome. The aim of current

research is to perform linkage analysis in Pakistani families segregating autosomal

recessive mental retardation. The families, collected from distant areas of Pakistan, will

be analyzed by following traditional and modern approaches to map mental retardation

associated gene/loci. Finally identified genes will be functionally characterized to explain

the pathogenic mechanism of autosomal recessive mental retardation.
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Materials and Methods

2.1- Families Studied

In the current study five families, presenting autosomal recessive mental retardation,

were recruited from different cities of Pakistan. These Families were initially identified

through field surveys of respective cities. Preliminarily, families with two or more than

two affected individuals were selected for current study having autosomal recessive mode

of inheritance. The affected persons of these families exhibited abnormal behavior,

learning disability and low intelligence with no visible syndromic features. Each family

was visited at the place of their residence and normal elders and guardians were

interviewed to record history of incidence of disease, disease status and pedigrees were

drawn. In the pedigrees, males were represented by squares and females by circles. Filled

circles and squares depict affected individuals, while normal individuals were represented

with unfilled symbols. A diagonal line over a square or circle represent deceased

individual. Each generation was represented by Roman numerals while individuals within

a generation were symbolized by Arabic numerals. Consanguinity was represented by

double marriage lines in the pedigrees.

Pedigrees were analyzed for inferring mode of inheritance of disease by observing its

segregation within the family. MR was diagnosed by learning disabilities, cognitive

impairment and I.Q assessment [by using a special questionnaire (amended and translated

version of Wechsler scale)] of affected individuals. This research was approved by

institutional review board of Quaid-i-Azam University, Islamabad.

2.2- Clinical Assessment of MR Patients

Clinical assessment consisted of two portions; evaluation with the help of a standard

proforma (annexure I and II) and physical, biochemical and neurological testing of

affected individuals. Every patient was evaluated by means of standard questionnaire

(Amended Wechsler Intelligence scale; annexure I and II). Parents/Guardians were

interviewed regarding prenatal, perinatal and neonatal medical history of the affected

individuals to rule out the involvement of environmental factors or complication during

pregnancy. Profile photographs of patients were also taken with digital camera (Olympus,
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China) for presentation/analysis of facial dysmorphism. Head circumferences were

measured to exclude the microcephalic feature in the patients. MRI or CT scan for one of

the affected individual from each family was performed for assessment of neurological

symptoms or brain dysmorphology. Certain biochemical tests for measurement of normal

amino acid, creatine and creatinine level; blood and urine profile were also performed

where required to exclude metabolic disorders associated with MR. Eye examination was

also performed to exclude ophthalmic issues.

2.3- Blood Sampling

Peripheral blood samples were taken, by 10 ml syringes (BD, USA) from adults and

butterflies from children below 2 years of age, from available and cooperative normal and

MR patients after getting informed written consent from adult individuals and

parents/guardian of children below 18 years. The blood samples were collected in

standard potassium EDTA vacutainer tubes (BD, USA) and stored at 40C, in a laboratory

at the Department of Biochemistry, Quaid-I-Azam University, Islamabad, till further

processing.

2.4- Extraction of Genomic DNA from Whole Blood

Genomic DNA from whole blood was extracted by using two different methodologies

 Phenol-chloroform method

 Commercially available kits method

2.4.1- Phenol-chloroform method/Organic isolation method

To isolate the genomic DNA, 750 µl of whole blood was taken in a 1.5 ml

microcentrifuge tube and equal volume of solution A was mixed and kept at room

temperature for 5-10 minutes. Tubes were inverted several times after interval of one

minute for thorough mixing and were centrifuged for 1 minute at 13,000 rpm in a table

top microcenrtifuge (Model 5417C, Eppendorf, Germany). Supernatant was discarded

and pellet was re-suspended in 400 µl of solution A, and was centrifuged again at same

speed and time. This time again supernatant was discarded and the pellet was re-

suspended by adding 400 µl of solution B, 12 µl of 20% SDS solution and 5 µl of

proteinase K (20 mg/ml) and kept at 370C overnight. On the subsequent day, 500 µl of
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fresh mixture of equal volume of solution C and solution D was added, and mixed by

inverting the tubes. The solution was centrifuged for 10 minutes at 13,000 rpm and

resulting aqueous phase (upper layer) was transferred to a fresh microcentrifuge tube and

equal volume of solution D was added. Centrifugation was then carried out at 13,000 rpm

for 10 minutes and this time again aqueous phase (upper layer) was transferred to a new

tube. Finally, 55 µl of 3M sodium acetate (pH 6) and equal volume of isopropanol or

double volume of absolute alcohol (100% pure ethanol) was added and the tubes were

inverted several times gently to precipitate the genomic DNA. The tubes were

centrifuged at 13000 rpm for 10 minutes to pellet the DNA. The DNA pellet was washed

with 70% ethanol and air dried in the incubator (B28 BINDER, Germany) for 5-10

minutes to evaporate the residue ethanol. Finally the DNA was dissolved in appropriate

amount (100-200 µl) of Tris-EDTA (T.E) buffer.

Composition of Solutions

Solution A

Sucrose 0.32 M

Tris (pH 7.5) 10 mM

MgCl2 5 mM

1% (v/v) Triton X-100

Solution B

Tris (pH 7.5) 10 mM

NaCl 400 mM

EDTA (pH 8.0) 2 mM

Solution C

Phenol (Invitrogen, USA)

Solution D

Chloroform 24 volumes

Isoamyl alcohol 1 volume
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DNA Dissolving Buffer (T.E.)

Tris (pH 8.0) 10 mM

EDTA   0.1 mM

2.4.2- DNA Extraction by Commercially Available Kit

DNA extraction was also carried out by using PrimePrep Genomic DNA Isolation Kit

(GeNet Bio, Korea). For DNA extraction, manufacturer protocol was followed with

minor amendments. For this purpose, 200 µl of peripheral blood was taken in 1.5 ml

microcentrifuge tube to which 20 µl of proteinase K solution (20 mg/ml) was added.

Then 200 µl of buffer GB (Cat No. K-2000) was added and contents were mixed by pulse

vortexing for 15-20 seconds, and placed for 10 minutes at 560C. After incubation, 200 µl

of absolute ethanol was added and mixed by vortexing for 10-15 second. Lysate was then

transferred into the cartridge (spin column) fitted in a collection tube and centrifuged for

1 minute at 8000 rpm. The flow-through was discarded and the spin column was shifted

into new collection tube. Then 500 µl of GW1 (Cat No. K-2000) buffer was added to spin

column and again centrifuged at 8000 rpm for 1 minute. Again the flow-through was

discarded and spin column was shifted to new collection tube. After that buffer GW2

(Cat No. K-2000) was added and centrifuged at 8000 rpm for 1 minute. Similarly flow-

through was discarded and the centrifugation was repeated at 12000 rpm for 2 minutes to

remove the residual ethanol. The spin column is then placed in a fresh 1.5 ml tube and

200 µl of GE (Cat No. K-2000) buffer (for elution of DNA) was added and allowed to

stand for 1 minute at room temperature. Finally tubes were centrifuged at 8000 rpm for 1

minute to elute the DNA.

2.5- Genetic Mapping of Genes Associated with Mental Retardation

Learning disability or mental retardation is a serious handicap among children and

homozygosity mapping has successfully been used to find out causative genes in families

with inherited developmental disability. Najamabadi et al., (2007) has employed the SNP

based microarrays and identified 8 novel loci for ARNSMR in Iranian families, and

similar study has been performed by Rafiq et al., (2010) and identified 3 novel disease
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loci in the Pakistani population. Recently Kuss et al., (2010) has reported 14 more loci

for ARNSMR in Iranian families by using same approach.

2.5.1- Homozygosity Mapping by Microarray

Genome-wide homozygosity mapping was performed for all families by using GeneChip

Mapping 500K Nsp array (Affymetrix, USA) at Centre for Addiction and Mental Health

University of Toronto, Toronto, Ontario, Canada during a six month stay under IRSIP

program of Higher Education Commission of Pakistan. This array is capable of

genotyping more than 500, 000 SNPs and contain up to 474,642 SNP probes for Copy

number variation. The DNA microarray experiment was performed in 96-well plate and

consisted of following steps.

2.5.1.1- Sample Preparation and Clean up

The extracted DNA was purified by ethanol washing and re-dissolved in TE buffer upon

drying. The concentration of DNA samples were measured by NanoDrop

spectrophotometer (NanoDrop 1000, ThermoScientific, USA) and were diluted to 50

ng/µl concentration for subsequent analysis. Finally 5 µl of each sample was aliquoted in

each well of 96-well plate.

2.5.1.2- Restriction Enzyme Digestion

The genomic DNA was primarily digested with the Nsp I restriction enzyme using Nsp I

digestion master mix and running 500K digest program in thermocycler (GeneChip®

Mapping 500K Assay Manual). Both positive (Reference Genomic DNA 103) and

negative control was used to ensure the experimental success rate.

2.5.1.3- Ligation, PCR Based Amplification and Purification

Nsp I adaptors were ligated to the restriction fragments with T4 DNA ligase and

amplified by using adaptor specific primers and TITANIUM™ Taq DNA polymerase

(Affymetrix, USA). The PCR product was purified for fragmentation step which is very

sensitive to pH and metal ion contamination. Finally the PCR products were fragmented

using DNAse I as a fragmentation reagent.
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2.5.1.4- End Labeling and Hybridization

The fragmented PCR products were labeled at its 3' end using Terminal deoxynucleotidyl

transferase (TdT) (Affymetrix, USA) and the modified products were hybridized with

GeneChip Human Mapping 500K Nsp array (Affymetrix, USA). These chips were

washed, stained and finally scanned by using GeneChip® scanner 3000 7G (Affymetrix,

USA).

2.5.1.5- Data Analysis by dChip Softwere

After normalization and filtering, the data was analysed by using dChip software

(http://biosun1.harvard.edu/complab/dchip/). This software was used to perform LOH

(loss of heterozygosity) (Lin et al., 2004) for investigation of common homozygous

region among affected individuals and CNV analysis (for variation in copy number)

(Zhao et al., 2004) for selected set of samples from each family.

The SNP genotype data was also analysed by using Homozygositymapper software

which is an online tool of SNP data analysis for finding the homozygous intervals in the

whole genome (Seelow et al., 2009).

As microarray was performed for selected individuals of each family, so for linkage

confirmation all the available individuals of the families were genotyped with STS

markers. In some families, with multiple homozygous regions, each region was further

evaluated in complete family by genotyping of polymorphic STS (sequence tagged site)

markers. These polymorphic STS markers were selected from different genome databases

(NCBI, UCSC Genome Browser, Ensembl Genome Browser and Rutgers combined

linkage-physical map build 36) and genotyped as explained below.

2.5.2- Polymerase Chain Reaction (PCR)

PCR for genotyping was carried out in 200 µl tubes (Axygen, USA) in a total reaction

volume of 25 μl. The reaction mixture was made by using 1 μl DNA (40 ng) as a

template, 2.5 μl 10 X buffer (100 mM Tris-HCl, pH 8.3, 500 mM KCl), 1.5 μl MgCl2 (25

mM), 0.5 μl dNTPs (10 mM), 0.3 μl of each forward and reverse primer (20 μM), 0.3 μl

Taq DNA polymerase (5 U/μl, Fermentas, UK) and 18.1 μl PCR water. The master-mix

including DNA was vortexed and centrifuged for few seconds for thorough mixing. The
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PCR tubes containing reaction mixture were kept in a GeneAmp® PCR system 9700

(Applied Biosystems, Singapore) and T1 thermocycler (Biometra, Germany). The PCR

conditions consist of: Initial denaturation of  template DNA at 95°C for 5 minutes, 40

repeating cycles of amplification each consisting of 3 steps: (1) denaturation for one

minute at 95°C, (2) primer annealing (hybridization to their complementary sequences on

target region) for 1 minute at 57°C or with a slight variation of ± 2°C: (3) polymerization

or extension for one minute at 72°C, and final extension for 10 minutes at 72°C so that

Taq DNA polymerase can complete synthesis of any unextended strands.

2.5.3- Agarose Gel Electrophoresis

PCR products were analyzed on 2% agarose gel to detect the amplification. Agarose gel

was prepared by melting 1g of agarose in 50 ml of 1X TBE (0.89 M Tris-Borate, 0.032 M

EDTA, pH 8.3) in a microwave oven (Dawlance, Pakistan) for two minutes. 5 μl of

ethidium bromide (0.5 μg/ml final concentrations) was added after cooling the solution

up to 50°C to visualize the DNA on UV transilluminator. The solution was poured in gel

casting apparatus and allowed to solidify.

After solidification, 3-5 μl of PCR product was mixed with loading dye or tracking dye

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

was done at 110 volts (80 mA) for half an hour in 1X TBE as a running buffer. After

electrophoresis, the gel was placed in gel documentation system (Syngene, UK) to

visualize the amplified products and images were taken for documentation and analysis.

2.5.4- Polyacrylamide Gel Electrophoresis (PAGE) for Genotyping

The amplified PCR products were further analyzed on 8% non-denaturing

polyacrylamide gel (PAGE) for allele separation/resolution. Acrylamide gel solution was

prepared by mixing of their components (enlisted below) in a proper proportion and was

poured in between the two glass plates separated by spacers having width of 1.5 mm.

After pouring the gel solution, the comb was placed between paltes to generate wells and

gel was allowed to polymerize for 45-60 minutes at room temperature. After

polymerization the glass plates were installed in a vertical gel tanks (model V16-2, Life

Technologies, USA) containing 1X TBE as running buffer. Samples were mixed with

loading dye and loaded into the wells. Electrophoresis was performed at 100 volts (30
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mA) for approximately two hours depending upon the size of amplified product. Finally

the gel was stained in ethidium bromide solution (0.5 ug/ml) and placed in gel

documentation system (Syngene, UK) to acquire digital images. These images were later

analyzed to score allele for each individual of the studied families.

Composition of 8% non-denaturing Polyacrylamide Gel (50 ml for one gel plate)

 13.5 ml, 30% Acrylamide solution (29 g acrylamide, 1 g NN’-Methylene-

bisacrylamide)

 5 ml, 10X TBE

 350 μl, 10% Ammonium persulphate (APS)

 17.5 μl, TEMED (N, N, N’, N’-Tetra Methyl Ethylene Diamine)

 31.13 ml of distilled water for final volume adjustment

2.5.5- TUSC3 Deletion Breakpoint Mapping

To map the deletion breakpoint, primers were designed in between the deleted and intact

SNPs for both upstream and downstream regions using Primer3 software (version 0.4.0).

PCR was done for both sets of primers and amplification was checked on 2% agarose gel.

Then only those primer sets (both from distal and proximal regions) were selected which

were closest to the deleted SNPs and showed amplification. After that PCR was

performed using a forward primer from the distal set and reverse primer from the

proximal set to amplify the junction fragment. The junction fragment was then sequenced

and aligned using BLAT tool of UCSC Genome Browser to

(http://www.genome.ucsc.edu) get the exact physical co-ordinates of deletion (See table

2.2 for primer sets used for deletion mapping).

2.5.6- Linkage Analysis

Nonparametric and two-point parametric linkage analyses was performed by Merlin

(Abecasis et al., 2002) and Easylinkage softwares (Lindner and Hoffmann, 2005) using

disease allele frequency of 0.001 with complete penetrance and assuming equal marker

allele frequency. Multipoint analysis was performed by Allegro software (Gudbjartsson
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et al., 2005). Haplotypes were predicted by merlin (Abecasis et al., 2002) and finally

visualized by HaploPainter software (V.1.043) (Thiele and Nürnberg, 2005).

2.5.7- Mutation Screening (Sequencing) of Candidate Genes

The genes in the candidate intervals of the studied families were sequenced to identify the

pathogenic mutation. The primers were auto-designed by ExonPrimer tool of UCSC

Genome Browser (http://genome.ucsc.edu/) and manually by Primer3 version 0.4.0

(http://frodo.wi.mit.edu/primer3/). The gene sequencing consisted of following steps.

2.5.7.1- Amplification of Exons and Intron-Exon Junction

Amplification PCR was performed with the same components and condition as described

in section 2.5.2 except doubling the reaction volume to 50 μl and primer annealing

temperature for different exons (Table 2.1).

Some GC rich exons (mostly 1st two exons) were amplified using Q-solution protocol

(Qiagen, UK). The reaction was performed in 12 μl of reaction volume which included 3

μl of Q-solution, 1 μl of DNA, 1 μl of each primer (10 μM) and 6 μl of 2X PCR master

mix. The reaction conditions used for this PCR consisted of initial denaturation at 95 ºC

for 5 minutes followed by repeated 30 cycles of denaturation at 96 ºC for 45 seconds,

primer annealing at 60 ºC for 45 seconds and polymerization at 68 ºC for 2 minutes and

no final extension.

2.5.7.2- Purification of PCR Product

The specific PCR products were purified using GeneJET TM PCR purification kit

(Fermentas, USA). Two hundred microliters of binding solution (H1) (concentrated

Guanidine HCl, EDTA, Tris-HCl, and Isopropanol) was added to the amplification

reaction and mixture was applied to a spin cartridge containing silica-based membranes

where the double stranded DNA was selectively adsorbed. Adsorption to the membrane

is influenced by buffer composition and temperature. DNA polymerase, buffer, unreacted

primers and dNTPs were removed with 500 µl of alcohol-containing wash buffer (H2)

(NaCl, EDTA, Tris-HCl). DNA was eluted in 30 μl Tris-EDTA buffer (10 mM Tris-HCl

(pH 8.0), 0.1 mM EDTA) at 65ºC. For some samples, purification was done with

microclean (Microzone, UK) in which PCR product was mixed with equal volume of
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microclean solution and centrifuged at 13000 rpm for 5 minutes followed by removal of

supernatant with a pipette. Again centrifuged at 13000 rpm for 1 minute to remove

residual solution, and distilled water was added to dissolve the precipitated PCR product.

2.5.7.3- Sequencing PCR:

Purified PCR products were then further utilized for sequencing reaction using CEQ Dye

Terminator Cycle Sequencing (DTCS) Kit from Beckman (Fullerton, USA). The reaction

was performed in a 10µl reaction volume by adding 3µl of DTCS, 1µl of reaction buffer,

1µl of single primer (50 μM), 1µl of purified PCR product and 4µl of purified distilled

water.

The reaction conditions employed consist of: Initial denaturation for 1 minute at 96ºC for

template DNA denaturation followed by 30 cycles of amplification each consisting of 3

steps; (i) Template denaturation; for 25 seconds at 96ºC (ii) Primer annealing; for 25

seconds at variable temperature (55-59) for primers to hybridize to their complementary

sequences (iii) Polymerization; for 4 minutes at 60ºC for DNA synthesis. Finally,

polymerization for 10 minutes at 60ºC was carried out to synthesize any unextended

DNA stands.

2.5.7.4- Sequencing PCR Product Purification

For precipitation and purification, sequencing PCR product was mixed with 1µl of

sodium EDTA, 1µl of sodium acetate and 0.5µl of glycogen and 75 µl of 100% ethanol

respectively. The mixture was vortexed and centrifuged at 13,000 rpm for 20 minutes.

Supernatant was discarded and 150µl of 70% ethanol was added into the tubes for

washing purpose. Tubes were again centrifuged at 13,000 rpm for 20 minutes and

supernatant was discarded. Then the tubes were left to dry for complete evaporation of

residual ethanol. At the end, DNA was dissolved in 30 µl of SLS (Sample loading

solution) and samples were loaded in sample microtiter plate (Beckman Coulter 96-Well

Plate) and a drop of mineral oil was applied on the top of sample to avoid evaporation.

The samples were sequenced using CEQ 8800 DNA sequencer equipped with a laser-

induced fluorescence detector (Beckman Coulter, Fullerton, USA).
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2.5.7.5- Analysis of Sequencing Results

The sequencing results were analyzed, for pathogenic mutation, by using BLAT tool of

UCSC Genome Browser or aligning the sequence results with standard sequence (from

database) using ClustalW option of BioEdit version 7.0.5

(http://www.mbio.ncsu.edu/bioedit/bioedit.html). The observed sequence changes were

further validated by dbSNP for frequency data of polymorphic change and PolyPhen

(http://genetics.bwh.harvard.edu/pph/) for prediction of functional effect of amino acid

substitution.

2.5.8- Expression Analysis of NSUN2 in Human Tissue

2.5.8.1- First Strand cDNA Synthesis:

Total RNA from fetal brain and adult eye (Clontech, USA) were used for cDNA

synthesis by reverse transcription (RT). First strand cDNA from total RNA was

synthesized by using Revert Aid first strand cDNA synthesis Kit (Fermentas, Life

Sciences, USA; Cat. # K1621). Initially a 12 µl reaction was prepared in 0.2 ml DEPC

(Diethyl Pyrocarbonate) treated tubes (Axygen, USA). The composition of reaction was

as follows:

 1 µl (1 µg) of  human fetal brain and eye RNA (Purchased from Clontech, USA )

 1 µl of Oligo (dT)18 primer

 10 µl of Nuclease free water

To this mixture, remaining components were added as mentioned below to make a 20 µl

final volume of the reaction mixture:

 4 µl of 5 X Reaction buffer

 1 µl of Ribolock RNase inhibitor (20 u/ µl)

 1 µl of dNTPs Mix (10 mM)

 1 µl of RevertAid M-MµLV Reverse Transcriptase (200u/ µl)

After mixing and centrifuging (5417C, Eppendorf, Germany) for a short time, the

reaction mixture was incubated at 60°C for 42 min followed by termination of reaction at
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70°C for 05 min in a thermal cycler (T1 Thermocycler, Biometra, Germany). The RT

reaction products were stored at – 80 OC.

2.5.8.2- Amplification PCR by using Gene Specific Primer

The amplification reaction was performed in a 25 µl reaction volume by using NSUN2

transcript specific primer (forward: 5'GCATACCCAGGCTCCAGATA3', reverse:

5'ACACCATCCTTCCACCTTCA3') designed from conserved exons 7 and 9

(represented in all transcripts). The PCR components and reaction condition were same

as mentioned in section 2.5.2, except change of annealing temperature to 52°C.

2.5.9- Expression Analysis

In the current study, expression work for NSUN2 gene was also carried out. This

expression work consisted of following strategies;

2.5.9.1- Amplification of Gene Transcript

Commercially synthesized vector (Invitrogen, USA) containing (transformed in bacterial

cells) transcript of the desired gene was used for PCR based amplification. Primers were

designed using Primer3 software but forward primer was modified by adding ATG codon

for translation initiation to facilitate cloning in CT-GFP vector (Invitrogen, USA) which

lack initiation codon. For this purpose 5 µl of bacterial clone (containing vector plus gene

transcript) was added in 20 µl of distilled H2O and heated for 5 minutes at 95ºC to lyse

the bacterial cells. The mixture was left at room temperature for cooling after which it

was centrifuged at 13000 rpm for 1 minute to precipitate the cell debris. The supernatant

was then used as template for amplification reaction. The PCR reaction was made in total

volume of 30 µl by adding

 15µl of 2X PCR master mix (Fermentas, USA)

 1µl of each primer

 0.5µl of template

 12.5µl of distilled H2O

The thermocycling condition was same as explained in section 2.5.2 with slight

modifications like; Initial denaturation was performed at 95ºC for 5 minutes which was
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followed by 30 cycles of amplification each consisting of denaturation at 95ºC for 30

seconds, annealing at 57ºC for 30 seconds and, polymerization at 68ºC for 3 minutes with

a final extension of 7 minutes at 72ºC. The amplified PCR product was finally resolved

on 2% agarose along with 100bp ladder (Fermentas, USA) for size confirmation.

2.5.9.2- TA Cloning in CT-GFP Vector

The amplified transcript was cloned in the plasmid vector pcDNA3.1/CT-GFP-TOPO

using GFP Fusion TOPO® TA expression kit, (Invitrogen, USA). This kit provides highly

efficient single step cloning strategy for Taq polymerase amplified PCR product. The

insert is in-frame with GFP at its C-terminus, so once cloned; it can also be used for

transfection in mammalian cell line and will express GFP fusion protein. The vector has

“T” overhangs at its 3' end (complementary to “A” on Taq polymerase amplified PCR

product) with covalently bound Topoisomerase I.

The ligation reaction was carried out by adding 2 µl of PCR product, 1 µl of salt solution

(1.2 M NaCl, 0.06 M MgCl2), 1 µl of pcDNA3.1 vector and 2 µl of purified distilled

water for making final volume up to 6 µl. The reaction contents were vertexed gently and

then placed on room temperature for 5 minutes before kept on ice.

2.5.9.2.1- Transformation of Vector plus Insert in E.coli cells

The transformation of clone is done in One Shot® Top10 chemically competent E.coli

cells. For this purpose 2µl of TOPO® cloning reaction (ligation product) was added in

chemically competent E.coli cells, mixed gently and incubated on ice for 10 minutes. The

reaction mixture was then incubated at 42ºC (for transformation) for 30 seconds and

immediately the vial was transferred on ice. Then 250 µl of SOC medium (kept at room

temperature) was added to the reaction vial and again incubated at 37ºC in a thermomixer

(Eppendorf, Germany) with constant shaking for one hour.

2.5.9.2.2- Preparation of LB-Agar Media and Inoculation of Culture

100 ml of LB-Agar media was made by dissolving 1.5 g of agar and 2 g of LB in distilled

water and autoclaved. After cooling solution to 50-60ºC, 100 µl of ampicillin (final

concentration 1 µl/ml) was added for selection of transformed bacterial cells. The

solution was poured in petri plates and allowed to stand at room temperature till
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solidification. After solidification, 10 µl of transformed bacterial culture was spread on

pre-warm agar plates with inoculating loop and incubated at 37ºC overnight.

Colony growth was checked on next day and 30 clones were selected at random for

screening of positively transformed cells with PCR by using gene specific primers.

Transformed bacterial clones were further validated for correct orientation of insert by

PCR using forward primer from internal region of gene and reverse primer from CT-GFP

vector. Clones with right orientation were selected for inoculation in LB media and tubes

were kept in shaking water bath at 37ºC for overnight. The growth of recombinant E.coli

cells was checked by the turbidity of solution.

2.5.9.3- Plasmid Extraction

Plasmid isolation from recombinant E.coli culture was performed using GenElute™

Miniprep Kit (Sigma-Aldrich, USA), by following experimental procedures given below;

2.5.9.3.1- Harvesting, Lysis and Neutralization of Cells

The extraction was initiated by recovery of cells in which 1 µl of overnight culture was

centrifuged at ≥13000 rpm for 1 minute and supernatant was discarded. The precipitated

cells were then resuspended by adding 200 µl of resuspension solution and the solution

was vertexed till formation of homogenous suspension of cells. After that cells were

lysed by adding 200 µl of lysis solution followed by gentle mixing. The cell debris,

protein, lipids, SDS and chromosomal DNA were precipitated by addition of 350 µl

neutralization solution and centrifuged at 13000 rpm for 10 minutes.

2.5.9.3.2- Column Preparation, Washing and DNA Elusion

GenElute Miniprep column was prepared for usage by adding 500 µl of column

preparation solution to each miniprep column and centrifuged at 13000 rpm for 1 minute

and the flow-through was discarded. The clear lysate was transfered to the prepared

column and centrifuged at 13000 rpm for 30 seconds and again the flow-through was

discarded. The column was then washed to remove salts and residual contaminants by

adding 750 µl of diluted wash reagent and centrifuged for 1 minute at 13000 rpm. The

flow-through was discarded and centrifuged at 13000 rpm for 2 minutes to remove the
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residual ethanol. The spin column was then transferred into fresh collection tube and the

elution buffer was added, followed by DNA elution at 13000 rpm for 1 minute.

2.5.9.4- Site-Directed Mutagenesis

The plasmid DNA (with insert) from different replicates was sequenced for selection of

non-mutated clone. Four primers were used to sequence whole transcript which consist

of; T7 sequencing primer (Forward), NSUN2-F1 (internal to transcript), NSUN2-F2

(internal to transcript) and GFP reverse primer (Table 2.3).

The process of site-directed mutagenesis was done by means of Phusion™ Site-Directed

Mutagenesis Kit (Finnzymes, Finland). Primers were designed in such a way that

mutation was created in the mid of primer with 10-15 nucleotides on either sides (Table

2.3). The primers were phosphorylated at 5' site for ligation purpose.

The 50 µl reaction was set by adding 10 µl of 5X Phusion HF buffer, 1 µl of 10mM

dNTPs, 0.5 µl of Phusion Hot Start DNA polymerase (2 U/µl), 1 µl of each primer (0.5

µM final concentration), 1 µl of 100 pg template and final volume of 50 µl was made

with distilled water. The PCR conditions for mutagenesis was such that; initial

denaturation at 98ºC for 30 seconds followed by 30 cycles of amplification each

consisting of denaturation at 98ºC for 10 seconds, annealing at 70ºC for 30 seconds and

polymerization at 72ºC for 1.5 minutes with end polymerization of 7 minutes at 72ºC.

2.5.9.5- Transfection of Both Wild-type and Mutated Clone in hela cells

Plasmid vector pcDNA3.1/CT-GFP with inserted gene cDNA was used for expression of

fusion or chimeric protein when transfected in the cell lines equipped with expression

machinery. PolyFect® Transfection reagent (Qiagen, USA) was used for transfection of

vector in Hela cells (a human cervical carcinoma cell line). The transfection was

processed on 4 well tissue culture slides. One well represented a mock transfection

(negative control), two wells were transfected with different amount of the cloned vector

(CT-GFP plus insert) and one well represented a positive control which was transfected

with a pcDNA3.1/GFP plasmid, expressing GFP only. One day before transfection, Hela

cells were plated in the growth medium (Dulbecco’ s Modified Eagle’s Medium, supllied

with 10% fetal bovine serum, and antibiotics) and incubated at 37°C and 5% CO2 in a



Chapter 2 Materials and Methods

_____________________________________________________________________
Genetic Mapping of Genes Involved in Autosomal Recessive Mental Retardation 38

tissue culture incubator. On the day of transfection, 0.4 µg of plasmid DNA were diluted

with the growth medium to the total volume of 25 µl followed by the addition of 4µl of

PolyFect transfection reagent. Samples were incubated at room temperature for 10

minutes to allow the formation of complexes. The growth medium was removed from the

wells, and washed with 0.7 ml PBS (phosphate buffer saline), and 0.5 ml of fresh cell

growth medium containing serum and antibiotics. Transfection complexes were diluted

with 0.2 ml of growth medium (containing serum and antibiotic) mixed up and

instantaneously added to the cells on 4-well tissue culture slides. Dishes were swirled to

achieve even distribution of the complexes. Cells were incubated (CO2 incubator, model

MCO-18AIC Sanyo, USA) at 37°C and 5% CO2 to allow for normal cell growth and

gene expression. After 24 hours, cells were visualized with fluorescent microscope

(Nikon Eclipse E600, USA) to observe the subcellular localization of expressed fusion

protein.

Composition of buffer PBS (pH 7.4)

 137 mM NaCl

 2.7 mM KCl

 4.3 mM Na2HPO4

 1.47 mM KH2PO4
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Table 2.1: Sequence of NSUN2 gene primers used for PCR amplification and

sequencing.

Exon
No

Forward Sequence (5' to 3') Reverse sequence (5' to 3') Product

size (bp)

Tm

1 AAGTCCCGGGAGGTGTAGG GGAAAGAGACGTCTACCCCG 294 60

2 GAAGTCCCGGGAGGTGTAG GACCATTTCATTGGACCCTG 628 60

3 ACTCTCCATGCAAAAGTTGG TGTTTGCAAAGTATACCCAAGC 339 59

4 AGCAGGGAGAACAACATTCG TGTGTGATGTCCACCTACTGC 335 59

5 TGTTGCCTTTGAAACAATGC ACGTACATATCACTCTCTATCCA
AAG

303 59

6 TTTTGGGGCAGTGTAGAATC ACGGTGGTAGGCAAGATGTC 421 59

7 TTCTCACTGGCTGACCTTTG TGTGTCATATTCATGCACAACTTC 375 59

8 TGCAGTTGGTGAAAATGGAG AAGATCGGATGCTCACTTGC 300 59

9 CTCTAACTTCATTTAGATCCCT
GG

ACCTAACGGGACTGAACTGC 408 59

10 ACTTTCTGTCGACGGGTTTG TCCGAAATTGATTCTAATTGGC 357 59

11 AGAGAATGGATACTCCTGCCC ACCCCAACAAGACTCACCAG 294 59

12 GGCCATTCTATGAGTGAGGG GCAAGAAGCTCCTCTTTCCTC 329 59

13 GATGGATTTTGTGAACGTGG ACCAAGAAGTGGCTCTGGG 365 59

14 CCATGTTGCACAGAACTGAC AGACAGAACTACATACAAAACA
ATGG

297 59

15 TTTTGGGGATTGAATTCTGG TCACGGTCTGCTCCAAATG 326 59

16 GTGACGGTTGCTCCATGTG CCTGAGCCACTCAGACCATC 271 59

17 AGCATAGCCCCTGAGAGCAG ATAAATATGCCCCAACGCAC 310 59

18 GAATACTTAACACATCACTAGG
TGCAG

GTTCCCACCTTCCCAAGTC 229 59

19 CTCTGGATTTGGTTTCAGACA GGTATGGGTTTTCTGTGGTTT 500 59
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Table 2.2: Primer sets used for mapping of TUSC3 deletion.

Primer

Set

Forward Primer Sequence (5' to

3')

Reverse Primer sequence (5' to

3')

Product

Size (bp)

Tm

Primer Sets for upstream deleted region

1 TGTTAGGGCACATGGAATGA CATTGCTACCTGGCTCCATT 417 58

2 AGAAAGTGCGGGTGAGAGAA CTTAACAGACGCCCCTTTGA 424 58

3 CCACCATTCCCAGCCTATAA AAAGGGGAAGCCCAGTAAAA 350 58

4 CTGCTCTTCCTCGTTTACCC AAAACTCATGTCCATTATCCTTGA 500 58

5 CCCTTAAGGCAGTTGGGATA AAATTTTGTCACTTCTAAATTGTTT

TC

287 59

Primer Sets for downstream deleted region

1 CATTCTTGTGGGGGAGGTAA GGTAGGCAGTCTGGATGAGG 393 59

2 GGATGACAAGACTGGGGAGA TCACCGGTTGAGTTTTCACA 426 58

3 GCCAGTTCTTAGGCAGCAAC GTTCCAACCTCTTTCCGTCA 423 58

Final and closest primer set for junction fragment amplification and sequencing

1 TGCTCTCTGCTCTTCCTCGT CTTTCCTGGCAAGCTGCTAC 672 57
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Table 2.3: List of primers sequence used for invitro mutagenesis and sequencing of

NSUN2 transcript cloned in GFP vector.

Primers for invitro mutagenesis

Forward primer GGGACACTGCAGAGCGTCTGGATT

Reverse primer ATCGTCTTATGCAGATGGCGGGG

Primers used for sequencing of NSUN2 clone in vector

T7 sequencing primer 5´-TAATACGACTCACTATAGGG-3´

GFP reverse primer 5´-GGGTAAGCTTTCCGTATGTAGC-3´

NSUN2-F1 5´-TGAATGTCCCCTTTCCAGAG-3´

NSUN2-F2 5´-TGCAGAGACCAGAGAAAGCA-3´
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Table 2.4: List of markers used for linkage analysis in case of family D.

Chromosome Marker name Genetic distance
(cM)*

1 D1S481 105.6

1 D1S2618 109.22

1 D1S226 113.01

1 D1S167 119.03

1 D1S1588 122.02

1 D1S1587 126.2

1 D1S2767 128.25

1 D1S2626 131.3

1 D1S2651 137.28

1 D1S534 148.27

1 D1S2343 153.05

1 D1S305 155.13

1 D1S2714 156.45

1 D1S2624 158

1 D1S1600 159.47

1 D1S1653 160.09

3 D3S1526 165.91

3 D3S1605 166.59

3 D3S3579 168.01

3 D3S1763 170.33

3 D3S3622 171.23

* Genetic distances were taken from Rutgers combined linkage-physical map build 36.
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Table 2.4 continued: List of markers used for linkage analysis in case of family D.

Chromosome Marker name Genetic distance
(cM)*

10 D10S1653 38.57

10 D10S674 40.32

10 D10S504 42.41

10 D10S548 43.88

10 D10S518 44.29

10 D10S595 45.56

10 D10S211 46.59

10 D10S1789 47.61

10 D10S1749 48.31

10 D10S1139 49.43

10 D10S2481 50.83

10 D10S197 50.83

10 D10S593 52.07

20 D20S602 22.59

20 D20S115 22.59

20 D20S907 23.34

20 D20S177 25.38

20 D20S917 26.5

20 D20S894 31.28

20 D20S186 33.44

22 D22S1172 40.82

22 D22S281 42.1

22 D22S424 43.27

22 D22S683 45.07

* Genetic distances were taken from Rutgers combined linkage-physical map build 36.
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Results
In this study, five families (A to E) with congenital or childhood mental retardation were

selected for genetic mapping. These families follow autosomal recessive mode of

inheritance and were evaluated to record clinical, biochemical and neurological findings.

The clinical description of the affected individuals of these families is explained below.

3.1- Clinical Description

3.1.1-: Family A

The members of the family A (Figure 3.1A) currently reside in the Sindh province of

Pakistan, as their elders migrated from Faisalabad, in the Punjab province, in 1950. The

family consisted of four generations having 3 affected females (IV-3, IV-4, IV-5) with

cognitive impairment in a single consanguineous loop. These patients had IQ in the range

of severe MR (20-25 to 35-40). Blood samples were taken from six normal (III-1, III-2,

IV-1, IV-2, IV-6, IV-7) and three affected individuals (IV-3, IV-4, IV-5). Parents of the

affected females were phenotypically normal and have no neurological symptoms related

to mental retardation.

The detailed clinical analysis of the three affected females showed developmental,

ambulation and speech delay with normal antenatal histories. All affected females

presented long faces, long pointed nose, pointed chin and slight webbing of the neck

(Figure 3.1B). Neurological exam showed a little shyness in their demeanor with

dysarthric speech. They had bilateral pes cavus and broad based gait. Their achilles were

tight bilaterally. Tone was increased in all limbs and reflexes were brisk. Planters were

equivocal. All affected individuals exhibit intact cranial nerves, normal pupillary

response to light, equal eye movements in all directions and good gag reflex. Ophthalmic

examination revealed strabismus in these patients but did not reveal any disc abnormality

or retinal pigmentation on fundoscopic inspection. Coordination and sensory exam was

grossly normal. Cranial computed tomographic images (CT scan) (Figure 3.2) of patient

IV-3 did not present any brain dysmorphology. Skeletal deformities were not present in

any affected individual. Complete blood profiles of patients were normal but biochemical

tests showed abnormally elevated enzyme level. The serum Lactate dehydrogenase

(LDH) enzyme level in individuals IV-3 and IV-4 were 463 IU/L and 447 IU/L,
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respectively (122-234 IU/L is reference normal range for LDH). However, serum level of

Creatine phosphokinase (CPK) was only elevated (294 IU/L) in individual IV-4 (34-145

IU/L is reference normal range for CPK). The electromyography (EMG) tests of both

affected females also indicate abnormal patterns indicating the involvement of myopathy

with cognitive impairment in this family. The ultrasound of the pelvis region of post

pubertal female (IV-3) revealed atrophic ovaries and small mid line uterus with thinned

endometrium but the urinary bladder was of normal size and shape. Additional biometric

and clinical data of the affected individuals is summarized in table 3.1.

3.1.2- Family B

Family B (Figure 3.3A) also originates from the Sindh province of Pakistan and

comprised of six affected individuals (IV-6, IV-10, IV-11, IV-12, IV-13, IV-14) in three

consanguineous loops but individuals III-1 and III-2 had remote consanguinity and

family elders were unable to explain the exact genealogical relationship. Similar

undefined genealogical relationships were declared for individuals’ I-1, I-2, I-3 and I-4.

The clinical analysis of the affected individuals clearly indicates segregation of

congenital autosomal recessive nonsyndromic mental retardation in this family. Blood

samples were collected from all six affected (IV-6, IV-10, IV-11, IV-12, IV-13, IV-14)

and nine normal (III-2, III-3, III-4, III-7, III-8, IV-9, IV-15, IV-16, IV-17) individuals.

The estimated IQ values of the patients fall in the range of severe MR (20-25 to 35-40).

All patients had cognitive defect but individual IV-15 had muscular dystrophy so this

individual was not treated as affected for the common phenotypic trait presented by other

patients. Prenatal, perinatal and neonatal medical records of all patients were normal. No

facial dysmorphism was observed in patients except for individual IV-10 who had

strabismus (Figure 3.3B). Cranial computed tomography (CT) performed on the patients

(IV-10, IV-12) did not revealed any brain dysmorphology (Figure 3.4). As the affected

individuals did not present any additional neurological abnormality, thus segregate

nonsyndromic intellectual disability. The biometric data and clinical information of six

affected individuals is presented in table 3.2.
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3.1.3- Family C

Family C was located, recruited and sampled from Punjab province of Pakistan. The

family has one affected male (IV-3) and one affected female (III-2) from one

consanguineous loop with autosomal recessive mode of inheritance (Figure 3.5). Blood

samples were taken from two affected (III-2, IV-3) and five normal (III-1, III-3, III-4, IV-

1, IV-2) individuals. Dermatological, skeletal, ophthalmic, dental, microcephalic and

autistic features were excluded in both affected individuals of family C (Table 3.3). Both

affected individuals initially joined local school but could not continue after initial grades

due to the poor academic performance. The affected individuals use abusive language

and have frequent fights with family members. The affected female (III-2) frequently

become hyperactive and initiate self beating activities. The patients were presented with

cognitive dysfunction indicating the segregation of nonsyndromic mental retardation or

intellectual disability.

3.1.4- Family D

Family D consisted of three affected persons (V-3, V-5, V-6) in a single consanguineous

loop. Pedigree analysis revealed autosomal recessive mode of transmission of disease

(Figure 3.6). Blood samples were collected from three patients (V-3, V-5, V-6) and four

normal (IV-1, IV-2, V-1, V-4) individuals. The patients had no apparent skeletal,

ophthalmic, muscular and facial dysmorphism. They were unable to recognize their home

and parents except individual V-5 who has better recognition abilities as compared to

others. All the patients were hyperactive and cognitive impairment was noted in the early

childhood. Additional clinical information is given in table 3.3.

3.1.5- Family E

Family E had three mentally retarded patients with two females (VI-5, VI-7) and one

male (VI-6) from two different consanguineous loops, but the second loop (with one

affected female, VI-7) was indirectly connected with first loop through a common female

V-3 (family elders could not explain the exact relationship). Pedigree structure presented

autosomal recessive mode of disease transmission (Figure 3.7). Blood samples were

collected from three affected (VI-5, VI-6, VI-7) and six normal (V-3, V-4, VI-3, VI-4,

VI-10, VI-11) individuals. The patients of this family had no ophthalmic and dermal
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problem except VI-7 who had mild skin freckling. All the affected individuals rarely

experience mild seizure but have normal electroencephalography (EEG). They exhibited

ambulation delay but no limb, skeletal or muscular abnormality was noticed. Gait, joint

laxity and neurological findings were also normal in all affected members of this family.

Brain magnetic resonance imaging (MRI scan) of individual VI-7 did not revealed any

visible neurological abnormality (Figure 3.8). Additional clinical and biometric data of

the affected individuals is presented in table 3.3.

3.2- Genetic Mapping

Homozygosity mapping by microarray based SNP genotyping (500K array, Affymetrix,

USA) was performed on selected individuals of each family. For fine mapping and

evaluation of multiple homozygous regions, additional microsatellite markers were

selected and genotyped in all available individuals of each family to confirm linkage.

Finally, LOD score was calculated with different linkage programs by using equal marker

allele frequency and disease allele frequency of 0.001.

3.2.1- Genotyping and Linkage Analysis

3.2.1.1- Family A

In case of family A, three affected (IV-3, IV-4, IV-5) and one normal (IV-6) individuals

were selected for 500K (Affymetrix, USA) SNP genotyping analysis which revealed

homozygosity-by-descent (HBD) on chromosome 5 and 14 (Figure 3.9A). However, only

region on chromosome 5 reached significance level (Figure 3.9C), which was flanked by

markers rs2441949 and rs2914296 i.e between 2,627,075 bp to 7,657,537 bp ({Feb.2009

(GRCh37/hg19)}). The data analysis by dChip excluded involvement of region identified

on chromosome 14, because the normal individual (IV-6) was also homozygous for same

allele at this region (Figure 3.9B). Then all available members (III-1, III-2, IV-1, IV-2,

IV-3, IV-4, IV-5, IV-6, IV-7) of this family were genotyped with STS markers

(D5S1981, D5S406, D5S2505, D5S635, D5S580 and D5S630) on chromosome 5 which

also supports the segregation of a common homozygous region of 13.29 cM (Rutgers

map, build 36) and 5.03Mb (UCSC Genome Browser {Feb.2009 (GRCh37/hg19)}).

Finally haplotypes were generated which indicate segregation of the disease associated

HBD flanked by markers rs2441949 and rs2914296 (Figure 3.10). The boundaries of this
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HBD region were defined by ancestral recombination events involving above mentioned

markers. Parametric linkage analysis of chromosome 5 markers mapped in this region

with Merlin (Abecasis et al., 2002) and Allegro (Gudbjartsson et al., 2005) yield

maximum two point and multi point parametric LOD scores of 2.24 and 2.777

respectively at marker D5S2505 (Table 3.4).

The minimal homozygous region identified in family A overlaps with MRT5 locus

identified in an Iranian family by Najamabadi et al., (2007). The critical interval

identified in the Iranian family was flanked by rs1824938 and rs60701. Both families

shared a common region between SNPs rs899553 and rs2892635 (i.e from 5,145,028 bp

to 7,657,537 bp) {May 2004 (NCBI35/hg17)}. The minimum HBD region identified in

family A harbors 18 genes (UCSC genome Browser) and numerous mRNAs and ESTs

but the overlapped region contained ADAMTS16, TRG20, NSUN2, SRD5A1, POLS,

UBE2Q2, MED10, PAPD7 and ADCY2 genes. The linked interval identified in family A

contained some additional plausible candidate genes like IRX1, IRX2, C5orf38, CEI,

LOC255167, LOC442132, MIR4278, LOC285577, LOC340094, FLJ33360 which were

selected for mutation screening in this family.

3.2.1.2- Family B

In family B four affected (IV-11, IV-12, IV-13 and IV-14) and two normal (IV-15, IV-

16) individuals were genotyped by SNP genotyping microarray. Whole genome SNP data

analysis with homozygositymapper (Seelow et al., 2009) showed HBDs on 5p15.33,

8p23.2-p22, 8q24.21 and 12p12.1 (Figure 3.11) but the 8p23.2-p22 region peak was more

significant as compared to others. Moreover these candidate regions were also analyzed

by dChip software (Lin et al., 2004) which excluded the loci on chromosome 5, 8q24.21

and 12, because of either heterozygous alleles in affected individuals or homozygosity at

same allele in normal individuals (Figure 3.11B-D). The dChip data analysis identified

common homozygous interval on 8p23.2-p22 among four affected individuals between

markers rs6989820 and rs2237834 (Figure 3.12). The common region spanned over the

length of 19.77 cM (Rutgers map, build 36) and 12.494 Mb {Feb.2009 (GRCh37/hg19)}.

For confirmation all available individuals of this family were genotyped with additional

STS markers (D8S1781, D8S262, D8S518, D8S1140, D8S277, D8S351, D8S1469,
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D8S1721, D8S550, D8S552, D8S1106, D8S1790, D8S1731 and D8S1145) mapped in

this region. All the affected individuals were homozygous between markers D8S518 and

D8S1145. The haplotype analysis showed that ancestral recombination had narrowed

down the disease region between rs6989820 and rs2237834 (Figure 3.12). Parametric

statistical analysis of family B generates two point LOD score of greater than 3 at

multiple markers (D8S1140, D8S351, D8S1106 and D8S1790) but the maximum LOD

score of 3.2843 was obtained at D8S1790. Similarly, significant multipoint LOD score

above 5 was also generated at several markers (Table 3.5).

The 12.494 Mb region identified in family B, contains 96 known protein coding genes

{UCSC Genome Browser, May 2004 (NCBI35/hg17)} including MCPH1 and TUSC3

which have already been reported to be involved in the microcephaly and MR,

respectively. The locus MRT7 (MIM 611093) has been mapped in Iranian and French

families containing TUSC3 gene mutations. As a result both genes (MCPH1 and TUSC3)

were selected for the mutation analysis in family B.

3.2.1.3- Family C

During the exclusion analysis of known loci with STS markers, family C was mapped at

2p25 locus (MRT14 locus). The haplotype analysis revealed the region of homozygosity

from telomere to D2S281 in both affected individuals (Figure 3.13) which spanned over

the length of 6.57 Mb. Individual IV-2 narrow down the centromeric boundary of linked

interval due to a recombination event between markers D2S2166 and D2S281. The

statistical analysis of this family produced parametric two point LOD value of 1.0404 at

markers D2S319 and D2S2166 while multipoint LOD score of 1.1027 at markers

D2S304 and D2S2166 (Table 3.6). Database analysis of this region showed 21 ref

sequence genes and numerous mRNAs and ESTs. Among them, mutation screening of

TPO, MYT1L, TSSC1, ALLC, PXDN, SNTG2, TMEM18 and KIAA1106 was done which

never identified any disease associated sequence change. The minimum HBD interval

identified in this family overlaps with MRT14 locus (Rafiq et al., 2010) also mapped in a

Pakistani family with nonsyndromic mental retardation.
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3.2.1.4- Family D

In family D, whole genome scan, was performed for three affected (V-3, V-5, V-6) and

one normal person (V-4). However, loss of heterozygosity (LOH) analysis, by

homozygositymapper for family D presented multiple homozygous regions on

chromosomes 1, 2, 3, 4, 5, 6, 7, 10, 13, 20 and 22 (Figure 3.14A). Subsequently the SNP

genotype data analysis by dChip excluded the regions on chromosome 2, 4, 5, 6, 7 and 13

mainly because of heterozygous alleles in affected or homozygosity at same loci in one or

two of the normal individuals (Figure 3.15A-F). However, remaining loci were further

checked by genotyping microsatellite markers (See table 2.4 for list of markers) mapped

in these regions which excluded the false positive results on chromosome 1, 3 and 10.

The linkage analysis of all those loci which were genotyped by STS markers were

performed simultaneously and generated a highest two point LOD score of 2.1039 at

D20S602 by using Superlink v1.5 of easyLINKAGE plus v 5.02. The graphical

representation of LOD score plot generated at different loci is given in figure 3.16. The

minimum critical region identified on chromosome 20 is 10.85 cM and is flanked by STS

markers D20S602 and D20S186 (Figure 3.17). The combination and analysis of data

obtained by STS marker and SNPs revealed the segregation of a 4.998 Mb {Feb.2009

(GRCh37/hg19)} HBD region flanked by SNPs rs6140226 and rs6074396. This region

contains 14 protein coding genes and various mRNAs and spliced ESTs. The region

identified in family D, overlaps with an HBD region identified in an Iranian family (Kuss

et al., 2010). The shared region of homozygosity between both families is flanked by

SNP rs733524 and rs6074396 (i.e from 10,960,899 bp to 12,172,896 bp) which

corresponds to 1.211 Mb {Feb.2009 (GRCh37/hg19)} and it contains one characterized

gene, BTBD3, which was sequenced for disease associated change but could not identify

any variation. The homozygous intervals identified in family D, are listed in table 3.7.

3.2.1.5- Family E

For family E, three affected (VI-5, VI-6, VI-7) and one normal (VI-10) individuals were

used for whole genome SNP genotyping. The data analysis by homozygositymapper

showed regions of homozygosity on chromosome 12 and 13 (Figure 3.14B).

Investigation of these loci by dChip ruled out these because of non haploidentical alleles
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in the affected individuals on chromosome 12 and one affected individual was

heterozygous in addition to a normal individual homozygous for chromosome 13 (Figure

3.18A-B). Further analysis with dChip revealed two small linkage intervals on

chromosome 2 (Figure 3.18C), which were not detected by homozygositymapper. The

region on 2p12 is 1.1 Mb long between markers rs17020436 and rs11678145 and it

contains one gene, four mRNAs and three spliced ESTs, while 2q14.3 region spanned

0.34 Mb between rs7606588 and rs10183521 and only contains two ESTs. The

homozygous intervals identified in family E, are listed in table 3.7.

3.2.2- Copy Number Analysis and Deletion Mapping

During microarray data analysis of family B for homozygosity and linkage analysis, it

was found that in all genotyped affected individuals no hybridization signals were

generated for 22 SNPs (Figure 3.19) on chromosome 8; from rs4258002 to rs352769 as

borderline deleted SNPs. On the basis of microarray data of four affected individuals, the

deletion flanking region was amplified by PCR with primers (Forward: 5'

TGCTCTCTGCTCTTCCTCGT '3 and Reverse: 5' CTTTCCTGGCAAGCTGCTAC '3)

between rs10094375 and rs4258002 towards distal end, and rs352769 and rs6530906

proximally (in-between deleted and intact SNPs). Then deletion was checked in the

complete family by performing multiplex PCR of junction fragment and TUSC3 exon 6

which showed that affected individuals were homozygous for junction fragment allele,

while normal individuals have intact TUSC3 exon6 either in homozygous or

heterozygous state (Figure 3.20A).

The deletion breakpoints were determined by sequencing junction fragment from all the

affected individuals and the BLAT (http://genome.ucsc.edu/cgi-bin/hgBlat) analysis of

the obtained sequence clearly indicate the segregation of a common deletion of 170.673

Kb between (From rs10094375 to rs6530906) physical coordinates of 15521688 bp to

15692362 bp (Figure 3.20B). The deletion was present in heterozygous state in all tested

normal individuals except individuals (IV-9 and IV-15) which were homozygous for the

normal allele. This deletion was not present in 276 controls of Pakistani origin and

encompassed almost the entire TUSC3 gene (minus the promoter and first exon) and its

downstream region (Figure 3.20B).
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3.2.3- Mutation Analysis

Mutation analysis of family A included sequencing of ADCY2, KIAA0947, ADAMTS16,

POLS, UBE2QL1, TRG20, SRD5A1, LOC255167, FLJ33360, AK075493 and NSUN2

genes to identify disease associated variants. The sequence variants were identified in

KIAA0947, ADAMTS16, POLS, TRG20, NSUN2 SRD5A1 and LOC255167 genes, which

are listed in table 3.8. Further analysis revealed that except NSUN2 variant none

segregate with disease phenotype in the affected individuals of family A. The sequence

analysis of NSUN2 gene revealed a G to A transition at nucleotide position 2100 in exon

19 (c.2100G>A) (Figure 3.21). At protein level this substitution leads to change of Gly

(GGA) with Arg (AGA) at amino acid position 679 (p.G679R). The affected members of

this family were homozygous for c.2100G>A mutation but all the normal individuals

were carriers. The mutation was checked in 250 unrelated samples from same ethnic

group. The multiple sequence alignment of protein sequences from different species

(Human, mouse, chicken, opossum and tetradon) indicated high conservation of Glycine

amino acid at this position (Figure 3.22). The mutated protein sequence was run on

polyphen software (http://genetics.bwh.harvard.edu/pph/) which suggested that G679R

change is damaging to NSUN2 encoded protein.

Mutation analysis in case of family B primarily involve MCPH1 gene, which was

sequenced to detect pathogenic mutation but the sequence analysis only indicate the

presence of some non-pathogenic SNPs in exon 1 (rs2305023), 6 (rs2442513) and 8

(rs930557 and rs2920676) which were already present in dbSNP.

In family D, BTBD3 gene was sequenced but the data analysis did not identify any

disease causative sequence variation.

3.2.4- cDNA Expression Analysis of NSUN2

PCR based tissue specific expression analysis of NSUN2 mRNA revealed a significant

expression of NSUN2 gene in both brain and eye (Figure 3.23).

3.2.5- Expression Studies

The in-vitro mutagenesis and subsequent subcellular localization of NSUN2 protein

coupled with GFP protein revealed strong nuclear and nucleolar but faint cytoplasmic
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(probably cytoskeleton) expression of wild type protein while mutated protein exhibited

somewhat distorted expression and dys-localization in cytoplasm, nucleus and nucleolus

(Figure 3.24A-B). The Glycine (neutral) to Arginine (basic) mutation (p.G679R) has

probably disturbed the distribution and localization of NSUN2 encoded protein as

indicated by nucleolus as dark spots (Figure 3.24). Multiple web based tools (NetSurfP,

PSIPRED and SCRATCH protein predictor) were used to predict protein secondary

structure for wild type and mutated NSUN2 protein which showed that glycine amino

acid (wild type) in this region favoured coiled formation while arginine (mutated)

supported helix structure with significant confidence value. Moreover, this amino acid

change also increased the absolute surface accessibility (NetSurfP). Thus secondary

structure and nature of substituted amino acid suggest this change to be damaging for

nucleolar localization signal.
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(A)

(B)

Figure 3.1: (A) Pedigree of family A with autosomal recessive mental retardation (B)

facial pictures of all female patients from family A. The facial photograph did not reveal

any facial dysmorphism except strabismus in all patients and minor dental issue in

individual IV-3.

IV-4

IV-3

IV-5
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Figure 3.2: Computed tomographic images of individual IV-3 of family A which did not

showed any abnormal neurological symptom.
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Table 3.1: Clinical and biometric data of Family A.

“-” stands for absence, “+” for presence

Clinical Findings IV-3 IV-4 IV-5

Sex Female Female Female

Age (years) 14 13 6

Head Circumference (cm) 50 49 46

Weight (Kg) 32 (<5% centile) 26.3 (<5

%centile)

   NA

Height (cm) 152 (<5% centile) 136

(<5%centile)

   NA

Behavior Aggressive Aggressive Aggressive

Skeletal Problem - - -

Epilepsy - - -

Mental Retardation Severe Severe Severe

Growth Normal Normal Weak

Recognition of parents and home -    + -

Learning Disability   +   +   +

Cardiovascular, pulmonary and

abdominal physiology

Normal Normal Normal

Self biting - - -
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(A)

(B)

Figure 3.3: (A) Pedigree of family B showed autosomal recessive mode of inheritance

and (B) facial images, with front and side pose, of selected patients excluding

dysmorphic features except strabismus in patient IV-10.
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(A)

(B)

Figure 3.4: Computed tomographic images of affected individual IV-14 (A) and

individual IV-10 (B). The analysis of these radiologic images never identified brain

dysmorphology and abnormal neurologic features.
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Table 3.2: Clinical presentation of family B.

Clinical Findings IV-12 IV-13 IV-14 IV-6 IV-10 IV-11

Sex Female Female Female Male Male Male

Age 15 13 11 20 14 12

Developmental

delay

+   +   +  +   +   +

Head

Circumference

52 cm 51 cm 51 cm Not

Available

52 cm 50 cm

Speech

Development

  +   +   +   +   +   +

Dysmorphism - - - - - -

Skeletal Problem - - - - - -

Ophthalmic

problem

- - - - Strabismus -

Epilepsy -   + - - - -

Mental Retardation Severe Severe Severe Severe Severe Severe

Growth Normal Weak Normal Normal Normal Normal

Schooling - - - - - -

Behaviour Aggressive Aggressive Aggressive Aggressive Aggressive Aggressive

Muscular

dystrophy

- - - - - -

Self biting - - - - - -

“-” stands for absence, “+” for presence
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Figure 3.5: Pedigree of family C with autosomal recessive mode of inheritance of MR as

in both loops parents are phenotypically normal.
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Figure 3.6: A five generation pedigree of family D with three affected persons, having

autosomal recessive mode of inheritance.
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Figure 3.7: Pedigree of family E consists of six generation with three affected persons

and autosomal recessive mode of MR. The dysmorphic feature was excluded by facial

picture of VI-7 individual.

VI-6
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Figure 3.8: Brain MRI images of an affected individual IV-7 form family E which did

not show any neurological abnormality.



Chapter 3 Results

_____________________________________________________________________
Genetic Mapping of Genes Involved in Autosomal Recessive Mental Retardation 64

Table 3.3: Clinical findings presented by patients from family C, D and E.

Family ID C D E

Clinical Findings IV-3 III-2 V-3 V-5 V-6 VI-5 VI-6 VI-7

Sex M F F M M F M F

Age (years) 17 28 17 7 14 40 35 8

Developmental delay   +   + +   +   +   +   +   +

Microcephalic - - - - - - - -

Speech Development S S - - - - - -

Behavior A A A A A A A A

Dysmorphic feature - -    +    +    + - - -

Skeletal Problem - - - - - - - -

Ophthalmic problem - - - - - - - -

Skin problem - - - - - - -   +

Epilepsy   +    + - - -   +   +   +

Mental retardation Severe Severe Severe Severe Severe Severe Severe Severe

Growth Normal Normal Normal Normal Weak Normal Normal Normal

Recognize parents/home   +   + -    + -   +   +   +

Learning Disability   +   +   +   +   +   +   +   +

Muscular dystrophy - - - - - - - -

Self care - - - - - - - -

“M” stands for male, “F’ for female, “A” for aggressive, “S” for single word, “-“ for

absence, “+” for presence
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(A)

(B) (C)

Figure 3.9: (A) Whole genome homozygosity (WGH) picture of family A showed HBD

on chromosome 5 and 14. (B) The dChip analysed image of chromosome 14 of family A

in which the individual data is presented in the form of columns (IV-3, IV-4, IV-5 are

affected and IV-6 is normal) and SNP data in the form of rows. The blue colour depicts

homozygous region and yellow colour shows heterozygous region. The data clearly

exclude the involvement of chromosome 14 region in family A. (C) The positive dChip

image of chromosome 5 showing linkage at 5p locus.

IV-3 IV-6IV-5IV-4 IV-3 IV-6IV-5IV-4
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Figure 3.10: Haplotype of family A showing common homozygous region between

markers rs2441949 and rs2914296, which is indicated by a box. Physical distances are

mention next to markers and slanted lines indicate deceased individuals.
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Table 3.4: Two point and multipoint LOD score values between syndromic MR locus

and chromosome 5 markers in family A.

Markers

Genetic

Position in cM

(Rutgers map,

build 36)

Physical Position in

bp { Feb.2009

(GRCh37/hg19}

Two point

LOD Score

(at θ=0)

Multipoint

LOD Score

D5S1981 1.68 1154414 bp 0.6734 2.3926

rs2441949 - 2627075 bp 0 -

D5S406 14.95 4994043 bp 1.8779 2.7727

D5S2505 17.59 5816997 bp 2.0809 2.7776

D5S635 18.82 6312580 bp 0.9744 2.7763

rs2914296 - 7657537 bp 0 -

D5S580 22.77 8140533 bp 0.6734 2.6848

D5S630 25.36 9560963 bp 0.6734 2.6177
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(A)

(B) (C)

(D)

Figure 3.11: (A) WGH picture of family B with significant peak (indicated by red line)

at 8p23 locus and non-significant regions on chromosome 5, 12 and 8q. (B) dChip

analysed image of SNP markers on chromosome 5, (C) chromosome 8, and (D)

chromosome 12. The individual data is presented in form of column and SNP data in the

rows (IV-12, IV-13, IV-14 are affected and IV-15, IV-16 are normal) in which blue

colour depicts homozygous region and yellow colour shows heterozygous region. The

data analysis excludes linkage to chromosome 5, 12 and 8q regions.

IV-12 IV-13 IV-14 IV-11 IV-15 IV-16

IV-12 IV-13 IV-14 IV-11 IV-15 IV-16

IV-12 IV-13 IV-14 IV-11 IV-15 IV-16
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Figure 3.12: Haplotype of family B presents a common linkage interval between markers

rs6989820 to rs2237834 enclosed in box. Physical distances are mention next to markers

and slanted lines indicate deceased individuals.
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Table 3.5: Two point and multipoint LOD score values between nonsyndromic MR locus

and chromosome 8 markers in family B.

Markers

Genetic
Position in cM
(Rutgers map,

build 36)

Physical
Position in bp {

Feb.2009
(GRCh37/hg19}

Two point
LOD Score (at

θ=0)

Multipoint
LOD Score

D8S1781 6.8 3678400 2.2342 4.2286

D8S262 7.13 3777275 1.0814 4.2143

D8S518 9.88 4587958 0.5706 1.456

rs6989820 - 5041417 -3.8284 -4.0196

D8S1140 11.96 5617059 3.1114 2.9368

D8S277 14.92 6616946 2.9565 5

D8S351 18.94 8877155 3.0286 5.1617

D8S1469 19.38 9090104 1.523 5.1693

D8S1721 19.7 10240822 1.8241 5.1717

D8S550 20.85 10981913 - Infinity - Infinity

D8S552 24.76 12842458 2.9823 5.1646

D8S1106 24.76 12936149 3.2113 -

D8S1790 26.35 13166462 3.2843 5.1229

D8S1731 27.95 15338590 1.3825 4.5748

rs2237834 - 17479493 -3.8284 -4.4686

D8S1145 32.78 18452816 - Infinity - Infinity

D8S298 40.11 21862145 - Infinity - Infinity
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Figure 3.13: Haplotype of family C linked at chromosome 2. Both affected individuals

share common homozygous region from telomere to D2S281. The region of

homozygosity is continued towards telomeric end but towards centromeric end the

boundary was defined by IV-2 due to recombination between markers D2S2166 and

D2S281. Physical distances are mention next to markers.
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Table 3.6: Two point and multipoint LOD score values between nonsyndromic MR locus

and chromosome 2 markers in family C.

Marker Genetic Position

in cM (Rutgers

map, build 36)

Physical position in

bp { Feb.2009

(GRCh37/hg19}

Two point

Total (at θ=0)

Multipoint

D2S2983 0 88334 0.8994 1.1015

D2S2584 1.04 170869 0.9467 1.1026

D2S323 3.12 2106161 1.0005 1.1018

D2S2393 4.65 2718536 1.0358 1.1015

D2S319 6.18 3427062 1.0404 1.1015

D2S1780 7.1 3745090 0.9433 1.1017

D2S304 9.59 4673686 0.8994 1.1027

D2S2166 10.86 4881723 1.0404 1.1027
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(A)

(B)

Figure 3.14: (A) Homozygositymapper analyzed result of whole genome scan by SNP

genotyping of family D showing multiple HBD loci (B), and genome wide scan of family

E with red peaks (indicating region of homozygosity) on chromosome 12 and 13.
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Figure 3.15: dChip analysed image of SNP data of family D on chromosome 2 (A),

chromosome 4 (B), 5 (C), 7 (E) and 13 (F); while panel D (Chromosome 6) presents

allele pattern (which in this case is not haplo-identical). The individual data is presented

in the form of columns and SNP data in rows (V-3, V-5, V-6 are affected and V-4 is

normal) in which blue colour depicts homozygous region and yellow colour shows

heterozygous region. In case of panel D red colour denotes allele A, blue stands for allele

B and yellow shows heterozygous allele pattern AB.

V-5V-3 V-6 V-4 V-5V-3 V-6 V-4

V-5V-3 V-6 V-4 V-5V-3 V-6 V-4A

FE

DC

B

V-5V-3 V-6 V-4 V-5V-3 V-6 V-4
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Figure 3.16: Two point linkage analysis between nonsyndromic MR locus and markers

on chromosome 1, 3, 10, 20 and 22 (using easylinkage version 5.02) in family D, which

yielded LOD score above 2 for markers on all tested loci except on chromosome 1.
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Figure 3.17: Haplotype of family D presents common homozygous region among all

affected individuals between markers rs6140226 and rs6074396 enclosed in box.

Physical distances are mention next to markers and slanted lines indicate deceased

individuals.
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(A) (B)

(C)

Figure 3.18: dChip analyzed image of family E in which the individual data is presented

in the form of columns and SNP data in rows (IV-5, IV-6 and IV-7 are affected and IV-

10 is normal) (A) allele pattern of SNPs on chromosome 12 and (B) pattern of

homozygosity on chromosome 13 excluded these loci while (C) the red circle enclosed

region present two short loci on chromosome 2 in family E.

IV-10 IV-7 IV-6IV-5 IV-10 IV-7 IV-6IV-5

IV-10 IV-7 IV-5 IV-6
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Table 3.7: SNP autozygosity data of family D and E.

Start SNP End SNP Region Size

(Mb)

Cytogenetic

band

Homozygous

SNPs

Family D
Chromosome 1

rs1144257 rs10442682 32.475 1p31.1-p13.1 3068

rs2025900 rs863028 7.7 1q21.1-q23.2 567

Chromosome 3

rs6790153 rs7614661 13.047 3q25.31-q26.2 1194

Chromosome 10

rs11259283 rs7909447 12.48 10p13-p12.1 1455

Chromosome 20

rs6140226 rs6074396 4.998 20p12.3-p12.1 651

Chromosome 22

rs17721787 rs132757 2.966 22q12.3 354

Family E
Chromosome 2

rs17020436 rs11678145 1.1 2p12 127

Chromosome 2

rs7606588 rs10183521 0.34 2q14.3 58
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Figure 3.19: Raw CNV analysis image of 8p23 region produced by dChip software with

range of shadings depicting relative copy number. Individual data is presented in the form

of columns while each row consists of SNP probe. The first four columns are of affected

persons while others are normal control samples (CNT1-20). The white area shows the

region of deletion where the SNP probes did not generate hybridization signal in affected

individuals of family B.
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(A)

(B)

Figure 3.20: (A) The gel photograph of multiplex PCR product of family B; the lane

having one band of size approximately 700 bp depicts junction fragment (affected

individuals only), with 325 bp denotes TUSC3 exon 6 (homozygous normal) while lane

having both bands are carrier (heterozygous normal). (B) Diagram is depicting the 12.3

Mb homozygous region on 8p23 locus. Red bar is representing total region of deletion

which contains TUSC3 gene shown in blue colour bar. The dotted line from red bar over

the sequence chromatogram is depicting junction point after 170.673 Kb deletion.
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Figure 3.21: The red marked region is the region of homozygosity identified in family A

with selected candidate genes located in this region. The red lettered NSUN2 is the novel

identified gene and below is the sequence chromatogram of normal, mutated and carrier

individuals of family A with autosomal recessive mental retardation. Arrows above the

chromatograms indicate the position of mutation.



Chapter 3 Results

_____________________________________________________________________
Genetic Mapping of Genes Involved in Autosomal Recessive Mental Retardation 82

Figure 3.22: Multiple sequence alignment of NSUN2 protein sequence among different

species, arrow is depicting the position and conservation of glycine amino acid. This

rasidue has been substituted with arginine after a missense mutation in affected

individuals of family A.

Human

Mouse

Chicken

Opossum

Tetraodon
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Table 3.8: Polymorphic SNPs identified in different genes during sequencing of

candidate genes in family A.

Gene Name Exon dbSNP number Allele segregated
KIAA0947 13 Rs2578565 T

KIAA0947 13 Rs2619844 C

KIAA0947 13 Rs2578500 A

ADAMTS16 1 Rs270208 C

ADAMTS16 3 Rs1019747 C

ADAMTS16 intronic Rs1871468 C

ADAMTS16 intronic Rs1863969 T

ADAMTS16 9 Rs6555335 T

ADAMTS16 intronic Rs58639468 TC

LOC255167 Intronic Rs7701054 T

LOC255167 1 Rs7703739 A

LOC255167 4 Rs10630098 TCACT

LOC255167 5 Rs3776453 A

NSUN2 1 Rs10062086 T

NSUN2 Intronic Rs193743 T

NSUN2 Intronic Rs571550 A

NSUN2 Intronic Rs6887702 A

NSUN2 Intronic Rs10454287 T

NSUN2 Intronic Rs2303705 G

NSUN2 15 Rs2303707 A

POLS Intronic Rs2279657 G

POLS 8 Rs274681 C

POLS Intronic Rs3822437 G

SRD5A1 1 Rs248793 G

SRD5A1 2 Rs3822430 G

SRD5A1 3 Rs3736316 A

TRG20/MED10 5'UTR Rs7723985 C

TRG20/MED10 3'UTR Rs9451 G
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Figure 3.23: Tissue specific expression of NSUN2 transcript with Glyceraldehyde-3-

phosphate dehydrogenase as internal control gene, which indicate NSUN2 expression in

both tested tissues.
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NSUN2 Product

GAPD
200 bp

219 bp
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(A)

(B)

Figure 3.24: Fluorescent micrograph of GFP tagged NSUN2 protein (A) Subcellular

expression pattern of wild type protein in which strong expression was noted in nucleolus

(B) expression pattern of mutated protein in which the nucleolus is visible as dark spot.

Blue arrow is pointing at nucleus, yellow arrow indicates nucleolus and white arrow is

depicting auto-fluorescence.
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Discussion

Mental retardation (MR) is a severe manifestation of nervous system disorder with a

prevalence of 1-3% percent in US population but might be high in the developing

countries, especially where consanguinity is high. In most of the advanced countries

lifetime expenditure on mental retardation patients are quite high due to difficulties in

clinical diagnosis. But still mental retardation failed to attract the scientist’s attention

because of various socioeconomic tags (Ropers, 2010). Mental retardation is a

heterogeneous nervous system disorder with extreme but relatively unexplored genetic

heterogeneity. Currently few examples are known in which clinical markers are available

to determine the genetic basis of mental retardation (Raymond 2006).

Genetic MR could be caused by chromosomal defect (numerical or partial aberrations),

repeat expansion in the different regions of genes (promoter, coding or UTRs), epigenetic

modification (imprinting defect) and single gene defect (X-linked or autosomal).

Although X-linked MR has been characterized considerably in the last few decades, but

research on autosomal MR is still in infancy because of genetic heterogeneity and lack of

clinical criteria for pooling smaller families with similar clinical presentation (Basel-

Vanagaite, 2006). Recent data indicate involvement of greater number of genes in

autosomal MR than anticipated previously (Ropers et al., 2008; 2010). In the current

decade whole genome CGH and SNPs microarrays have been implemented for the

characterization of isolated MR cases and small families, respectively. Homozygosity

mapping is an attractive approach to localize disease-causing genes in patients and

families with consanguinity (Basel-Vanagaite, 2007). Similar approach has been used for

mapping of 30 autosomal recessive mental retardation loci in Pakistani and Iranian

families (Najamabadi et al., 2007; Rafiq et al., 2010; Kuss et al., 2011).

In the current study, five families segregating autosomal recessive nerurodevelopmental

and cognitive disorders were recruited from various regions of Pakistan with extensive

consanguinity to identify the underlying genetic players by using homozygosity mapping.

The clinical outcomes of the studied families were diverse with a variable range of

phenotype. Family A presented myopathy, strabismus and dysmorphic facial features in

addition to cognitive dysfunctioning. The affected members of family B and C segregate
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nonsyndromic MR. The clinical spectrum of family D and E was much like B and C with

slight difference in the estimated IQ and behavior of the patients which in case of family

D and E was more aggressive. So based on these features family A had myopathy with

MR; family B, C, D and E are presented with nonsyndromic MR. However identification

of causative genes in families C, D and E will enable us to reevaluate the affected

members of these families to establish better genotype phenotype correlations.

The homozygosity mapping of family A revealed linkage to MRT5 (MIM# 611091)

locus mapped previously in an Iranian family by Najamabadi et al., (2007). The 5.6 Mb

HBD region identified in the Iranian family was flanked by rs1824938 and rs60701 (May

2004 genome assembly) but comparison of data of both families indicate a 2.51 Mb

overlap region between physical coordinates 5,145,028 to 7,657,537 bp {May 2004

(NCBI35/hg17)}. Although Najamabadi et al., (2007) presented work on 98 families with

nonsyndromic MR, but they did not provide detailed clinical information of the family

M192 mapped to MRT5 locus on chromosome 5. The detailed clinical evaluation of

affected individuals of family A mapped to MRT5 locus provides strong evidence for

syndromic mental retardation. So mapping of both families to same chromosomal region

may indicate the involvement of a common gene with different phenotype associated

with different mutations as previously identified in case of ARX gene (Stromme et al.,

2002; Kato et al., 2004). However, sequencing of genes present in the HBD region shared

by M192 and family A leads to the identification of a novel missense mutation

c.2100G>A/ p.G679R in the NSUN2 gene. The identification of pathogenic mutation in

the NSUN2 gene in the Iranian family (M192) will provide support to the notion

indicating involvement of NSUN2 gene in both syndromic and nonsyndromic MR.

However clinical re-evaluation of the affected individuals of M192 family (Najamabadi

et al., 2007) may change this conclusion.

NSUN2 is a SUN domain containing protein which is involved in post-transcriptional

modification of 5-methylcytosine at position C34 of tRNA-leu (CAA). This modification

is important for the maturation and stabilization of anticodon-codon complimentarity to

ensure accurate translation of mRNA (Brzezicha et al., 2006). FTSJ1 (encods an S-

adenosylmethionine-binding protein), an X-linked nonsyndromic MR gene, is also a

methyl-transferase with nucleolar localization and is associated with alteration and
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processing of ribosomal RNA. Although FTSJ1 has ubiquitous expression but its

predominant expression in fetal brain suggests its involvement in brain development

(Freude et al., 2004). Pintard et al., (2000) has demonstrated that mutation in this gene

causes the defective assembly of ribosomal subunit which ultimately affects the

translation of other genes.

Site directed mutagenesis and subsequent expression of wild type and mutated NSUN2

protein fused with GFP protein (for visualization) in hela cells identified strong nuclear

and nucleolar but weak cytoplasmic (probably cytoskeleton) expression of wild type

protein while mutated protein showed distorted expression and delocalization in

nucleolus particularly (Figure 3.23). So the expression analysis of NSUN2 protein

(distorted and loss of localization) points towards the plausible role of glycine residue in

localization within nucleolus. The biological significance of G679R change was validated

by multiple web based software for protein secondary structure prediction. The results

showed that this change affects patterns of protein folding and surface accessibility which

propose it to be detrimental and may disrupt the pattern of nucleolar localization signal.

In nucleolus, Aurora kinase B phosphorylate serine residue of NSUN2 protein at amino

acid position 139, resulting in dissociation of NSUN2 protein from nucleolar binding

protein, nucleophosmin (NPM1) (Sakita-Suto et al., 2007). Nucleolus is a subnuclear

compartment formed during interphase by nucleolar organizer region of genome and is

involved in biosynthesis of ribosome. A number of studies associate ribosome

disassembly and translational failure with tumor and cancer progression (Belin et al.,

2009) besides that several other genetic diseases are known to be associated with

nucleolus localized genes which includes Werner (von Kobbe and Bohr, 2002), Fragile X

(Willemsen et al., 1996), Bloom syndrome (Yankiwski et al., 2000), Rothmund Thomson

syndrome (Woo et al., 2006) and dyskeratosis congenita syndromes. Nemeth et al.,

(2010) has analyzed that nucleolus associated genes are mostly linked to immunity, tissue

development and embryo implantation. So it may be hypothesized that, delocalization of

mutated NSUN2 protein from nucleolus, may affect translation of different mRNA

transcript by inappropriate incorporation of leucine amino acid by its under-methylated

tRNA. As in nucleolus genes of various functions are expressed which will be affected by

poor translation and ultimately will result in different phenotypic consequences.
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The genome wide scan and subsequent genotyping by STS markers in family B identified

linkage to MRT7 locus at 8p23. This locus (MRT7) was mapped in an Iranian family

(Najamabadi et al., 2007) and French family (Molinari et al., 2008) and autosomal

recessive MR in these families was associated with TUSC3 mutations. The mutation

reported in Iranian family was a deletion of 120-150 Kb fragment removing the promoter

and first exon of TUSC3 gene, while in French family a single base pair insertion in exon

6 was identified (Molinari et al., 2008). The CNV analysis of family B revealed a 170675

bp homozygous deletion between physical coordinates 15521688 bp to 15692362 bp

{Feb.2009 (GRCh37/hg19)}. It’s a novel mutation deleting entire TUSC3 gene leaving

intact promoter and first exon. The functional impact of deletion mutation was previously

elucidated by Garshasbi et al., (2008) and Molinari et al., (2008). Garshasbi et al., (2008)

did the functional analysis by using total RNA from lymphoblastoid cell line of patients

and RT-PCR analysis led them to conclude that the underlying deletion leads to failure of

expression of this gene. In the second study, a nonsense mutation leads to premature stop

codon and produces truncated TUSC3 protein removing 84 amino acid at C terminus

(Molinari et al., 2008). The expression analysis (RT-PCR of total RNA from skin

fibroblast cell line) in this case also revealed reduced amount of mRNA transcripts

suggesting non-sense mediated decay of mutated transcript. It is anticipated that TUSC3

deletion in family B may result in truncated RNA containing first exon, which may be

subjected to degradation by non-sense mediated decay pathway (Molinari et al., 2008).

The p arm of chromosome 8 is considered as a mutational hot spot because of high

degree of sequence variation (mainly within its distal ~15 megabase region) (Nusbaum et

al., 2006) which includes TUSC3 and some other nervous system related genes, thus

touted as a “hub” for neuropsychiatric and developmental disorders (Tabarés-Seisdedos

and Rubenstein, 2009). Many genomic imbalances on 8p, such as duplication of 8p23.1-

8p22.2, are associated with learning disability (Glancy et al., 2009). TUSC3 is a subunit

of oligosaccharyl-transferase complex involved in protein N-glycosylation (post-

translational modification). Numerous congenital disorders of glycosylation (CDG)

syndromes have been reported to be caused by defects of asparagine-linked N-

glycosylation (Eklund and Freeze, 2006; Freeze, 2006). These syndromes are associated

with mental retardation, ataxia, growth retardation, dysmorphic facial appearance, and
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coagulopathies (Jaeken and Matthijs, 2007). So far, 18 subtypes of CDG have been

identified which are subdivided in group I and II. Type I disrupts the production of the

oligosaccharide chain, whereas type II affects the mediation of the protein-linked

glycosylation which in case of eukaryotes is performed by the oligosaccharyltransferase

(OTase) and TUSC3 is one of that subunit (Molinary et al., 2008). The importance of

CDG syndromes explains the fundamental role of protein glycosylation in nervous

system functioning and development of cognition.

Zhou and Clapham (2009) have demonstrated that TUSC3 is required for cellular

magnesium uptake and associated with vertebrate embryonic development. Clinical

correlation of patients between Iranian and Pakistani families and loss of function

mutation in TUSC3 in family B has confirmed its importance in cognition development.

The reported data revealed that TUSC3 is the 5th gene in autosomal recessive NSID and

the 2nd in which a 3rd mutation has been identified, after TRAPPC9.

Third family (C) was mapped to 2p25.3-p25.2 locus which overlapped with a HBD

region identified in MR5 family of Pakistani origin (Rafiq et al., 2010). The comparison

and pooling of data of both families result in mapping of a novel autosomal recessive

mental retardation locus referred as MRT14. The minimum region shared by both

families spans a region of 4.55 Mb (May 2004 (NCBI35/hg17) and is flanked by

rs876724 and rs826015. This region contained 19 ref sequence genes and among them

MYT1L, TPO and TSSC1 are considered as the most plausible candidate but the sequence

analysis of TPO, MYT1L, TSSC1, ALLC, PXDN, SNTG2, TMEM18 and KIAA1106 never

revealed any pathogenic sequence variation.

In case of family D multiple HBD regions were identified on 1, 2, 3, 4, 5, 6, 7, 13, 20 and

22. Some of these loci (on chromosome 2, 4, 5, 6, 7 and 13) were excluded by analysis of

genotype data by means of dChip software (Figure 3.15) while loci on chromosome 1 and

10 were excluded by genotyping microsatellite markers in the whole family. Reutter et

al., (2010), by using the strategy of whole genome linkage analysis, has evidenced two

plausible loci on chromosome 4 and 19. They also found overlapped regions on these

chromosomes in other reported families. Using the same approach, we did the linkage

analysis of all identified HBDs with easylinkage version 5.02 (Superlink v1.5), which
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yielded a highest LOD score on chromosome 20. The identified minimum HBD region

spans 4.998 Mb {Feb.2009 (GRCh37/hg19)} and is flanked by markers rs6140226 and

rs6074396. Kuss et al., (2011) recently published 14 new loci for ARNSMR in Iranian

families in which one of the locus was on chromosome 20. One of the HBD region

identified in family M305 spans 11.893 Mb {Feb.2009 (GRCh37/hg19) interval

delineated by markers rs1028846 and rs1888610 on chromosome 20. The comparison of

currently available clinical phenotype of affected individuals belonging to family D and

M305 (Kuss et al., 2011) indicate similarities, especially the aggressive behavior. So the

linkage data was pooled and a common region of 1.211 Mb was found to be shared by

both families (family D and M305) which was flanked by rs733524 and rs6074396. This

region contains a single protein coding gene (BTBD3, Gene ID: 22903), which is BTB

(POZ) domain containing protein with significantly high expression in nervous tissues

(GFP expression atlas 2 data from U133A and GNF1H chips). However mutation

analysis of BTBD3 gene did not revealed the presence of pathogenic variant in the

affected individuals of family D. Multiple HBD regions were identified previously in

several studies (Reutter et al., 2010), so identification of the exact genetic cause of

mental retardation in this family and others may require clinical reevaluation or next

generation sequencing.  However additional HBD regions (like region on chromosome 2)

can also be explored to find mutated genes in such families.

The detailed clinical analysis of affected individuals of family E did not indicate the

presence of any ophthalmic or skeletal issues except a mild form of skin freckling in

individual VI-7. The SNP data analysis of this family, with homozygositymapper and

dChip, generated variable results. The homozygositymapper analysis revealed two HBD

regions on chromosome 12 and 13 but examining the SNP genotype data in these regions

revealed heterozygous alleles and nonhaplo identical pattern in the affected individuals

(IV-5, IV-6). But the data analyzed on dChip software showed two additional

homozygous regions 2p12 and 2q14.3 on chromosome 2. Among the two HBD regions

identified on chromosome 2, 2p12 is considered more probable as this HBD region is

large and has more informative SNPs (127 SNPs). This HBD region contains one gene

(AK075442), four mRNAs and three spliced ESTs. Among these three mRNAs
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(BC132932, BC132934 and BC047563) and one EST (AA219757) are expressed in the

nervous system so may be involved in the pathogenesis. Further exploration of 2p12

region indicated that homozygous interval has 3 consecutive heterozygous SNPs which

divided this region in to two half; one from rs17020436 to rs1521694 (0.456 Mb) with 41

informative SNPs and other from rs10206129 to rs11678145 (0.594 Mb) with 22

informative SNPs. First region contained one gene, three mRNAs and two spliced ESTs

while second region include only one mRNA and one spliced EST. The identification of

the underlying genetic factor responsible for MR in family E may require next generation

sequencing.

The gross analysis of the study indicates that pooling up of autozygosity data for

narrowing the boundaries around the target and finding the common linked interval

between outbreed families can be fruitful in certain cases (like in case of family A and B)

and useless in other cases (e.g in case of family D). In these situation we should be

conscious in clinical re-evaluation of patients and re-examination of suspected normal

individuals particularly, younger affected individuals, while for molecular analysis

increased sample size (particularly affected individulas) can reduce the false positive

results during genome wide analysis.

This study leads to the identification of two processes (Methylation and Glycosylation)

responsible for normal development and functioning of nervous system components

related to cognition and learning.  So defect in these vital processes could lead to

phenotype like mental retardation and intellectual disabilities as were caused in families

A and B. Identification of additional players involved in the multi component complexes

responsible for methylation and glycosylation of different targets will increase our

understanding about cognition and learning. Much of the work has been done on CDG

disorders but there is a dire need to explore the methylation and other associated post-

translational modification processes related to neurology.

Conclusion

This study involved genetic analysis of five families with autosomal recessive mental

retardation which resulted in the identification of a novel NSUN2 gene responsible for

neuromyopathy (syndromic mental retardation). The Copy number analysis of SNP data
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of family B revealed involvement of a novel 170.63 Kb deletion mutation in TUSC3

(MRT7) gene on chromosome 8. Genome wide screening of family C explored a novel

locus (MRT14) on 2p25.3-p25.2. However multiple HBD regions were identified in

families D and E, but identification of causative genes in these families will require

analysis of additional families mapping to the identified HBD regions.

The present study clearly indicates the involvement of genetic players responsible for

MR, and potentially involves point mutation and copy number variation. This study has

defined a novel gene as well as a locus for NS-ARMR and provided convincing evidence

that some of the underlying defects are not rare. The identified locus is a new target for

mutation screening and gene finding, however the newly identified NSUN2 gene reveal

the importance of tRNA methylation in the maintenance and functioning of the nervous

and muscle tissues. This study also indicates that autosomal recessive MR is at least as

heterogeneous as X-linked MR, especially in Pakistani population. The present

investigative study highlights the significance of methylation and glycosylation (post-

transcriptional and post-translational processes) mechanism in the development and

physiology of cognition.
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Annexure I: Amended version of Wechsler Intelligence scale.

Questions Comments for Patient

1. Age
2. Occipitofrontal

circumference
3. Disease Onset

i. Congenital
ii. Age of onset

iii. Family history of
disease

iv. Attending any
educational institute
for special children?

4. Behavior
i. Hyperactive

ii. Lethargic
iii. Depressive
iv. Jolly mood

5. Verbal communication
i. Developing speech

ii. Single word or Few words
speech

6. Growth Condition
i. Normal physique

ii. Weak physique
7. Conceptual Questions

i. Can recognize currency and
count it?

ii. Can care themselves?
iii. Can recognize their parents?
iv. Can recognize their home?
v. Is he/she has repeat behavior?

vi. Learning capability
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Annexure II: Proforma used to record clinical informations.

Morphology and Physiology or Syndromic symptom check list

i. Watery mouth
ii. Epileptic shock occur or not

iii. Facial dysmorphism
iv. Development of Testes in

male and Breast in female
v. Visual impairment

vi. Hearing impairment
vii. Seizures

viii. Finger/Toes: Abnormality in
number

ix. Finger/Toes: Abnormality in
length/shape

x. Position of ear
xi. Microcephalic feature

xii. Macrocephalic feature
xiii. Obeisty
xiv. Limbs abnormality
xv. Gait abnormality

xvi. Abnormal spine curvature,
Kyphosis?

xvii. Dermal issues
xviii. Muscular abnormality

xix. Dental abnormality
xx. Joint laxity

xxi. Neurological abnormality
xxii. Symptoms of any other

disease?
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