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Abstract
Human genetics has provided a strong background for the identification of genes and gene
variants associated with inherited single-gene disorders (i.e. Mendelian traits) in man;
contributing a lot in understanding the disease etiology and prognosis. Pakistani population has
great potential for identification of novel genes and gene variants due to large inbred families.
Mental disorder is a behavioral or psychological pattern associated with disability that occurs in
an individual and is not a part of normal development or culture. Mental retardation (MR) is a
complex phenotype; syndromic with additional symptoms and non syndromic (NS) specified by
MR without any additional features. The aim of this thesis is to analyze Pakistani families with
autosomal recessive mental disorders to identify genes and allele variants involved in disease
phenotype. Seven large consanguineous Pakistani families with autosomal recessive (AR) mental
disorders were analyzed in this study. Clinical features including hearing loss, vision problem,
muscular abnormalities and speech problems etc. were observed. All affected individuals showed
psychomotor developmental delay with low IQ. In two families; MR5 and MR6, detailed clinical
examination was conducted for two affected in each that include physical examination, complete
blood picture, biochemical analysis, echocardiography (ECG), Torch and thyroid profile, chest
X-ray and brain Magnetic resonance imaging (MRI) scan. Initially all families were excluded for
already reported genes and loci using sequence tagged site (STS) markers. Genome wide
scanning (GWS) was then performed for all families to find the regions carrying disease causing
genes using linkage analysis approach.
All affected individuals of MR5 presented with NS-ARMR. The fragment analyses of the already
reported genes for NS-ARMR using polymorphic STS markers excluded these as candidate
genes. The ARMR locus was mapped to chromosomal region 11p15 (physical coordinates
chr11:1-5,984,667, hg18) by linkage analysis using human SNP 6.0 array and a maximum two
point LOD score (Zmax) of 3.58 was obtained. The 6 Mb region contains 180 genes which was
subjected to the high throughput sequencing or next generation sequencing (Solexa). The data
generated by Solexa sequencing revealed novel mutations in the 6 Mb region. Four genes;
OR52I2, OR52E6, PGAP2 and DRD4 with novel mutations c.867T>A, c.331G>A, c.713G>C
and c.497T>G respectively, were selected on the basis of their function. Mutations in the first
three genes showed segregation with the disease trait in the family.
In MR7 family having ARMR, STS markers analysis showed exclusion to all reported genes.
Four candidate homozygous regions: chr14: 30294526-32106658, chr13: 28,552,570 X

35,416,145, chr3: 79,781,359 - 81,232,140 and chr7: 101,807,854 - 102,972,615 were identified
by Genome wide scanning (GWS) using SNP 6.0 array. Region on chromosome 14, overlapping
the already reported MRT9 locus was subjected to Solexa sequencing. No potential disease
causing mutation was found. The only novel mutation (T/G) having non damaging effect was
identified in 3' UTR of PSMB11 gene. In MR8 family; presenting with ARMR, homozygosity
mapping by fragment analyses using STS markers showed exclusion to already reported genes
for ARMR. Two candidate homozygous regions: chr14: 65,396,965-67,055,399 and chr15:
79,803,172 - 82,039,702 were obtained by GWS using SNP 6.0 array. HOMER2 gene found in
candidate region on chromosome 15 was sequenced but no disease causing mutation identified.
Families MR8, MR4 and MR10 showed exclusion to already reported genes and loci for ARMR
using STS markers analysis. GWS was performed for MR8 and MR4 using SNP 6.0 array and
two and four candidate homozygous regions were obtained respectively. HOMER2 gene found in
candidate region on chromosome 15 was sequenced for family MR8 but no disease causing
mutation was identified. Genome Wide Scanning for family MR10 was skipped because of
having very less chance of getting common homozygous regions.
For family MR13 with ARMR, homozygosity mapping using microsatellite STS markers showed
exclusion to all known genes for ARMR. Three candidate homozygous regions: chr2:
107,989,932 - 109,282,591, chr3: 107,655,837 - 115,615,874 and chr7: 138,078,167 140,846,938 were identified by GWS using SNP 6.0 array. In another family; MR4 having
ARMR, STS markers analyses for already known ARMR genes excluded candidate genes for
ARMR. Four candidate homozygous regions: chr2: 94,705,115 - 96,924,641, chr3: 108,948,507 110,091,735, chr11: 57,745,095 - 58,810,039 and chr11: 66,162,090 - 67,419,053 were obtained
on GWS using SNP 6.0 array.
A large consanguineous Pakistani family MR6 with Hallervorden-Spatz Syndrome (HSS) was
identified. HSS has characteristic phenotypes of movement abnormalities, pigmentary
retinopathy, and iron accumulation in the brain usually in the basal ganglia. Five candidate
homozygous regions: chr1: 15,632,403 - 17,336,107, chr6: 128,285,405 - 129,535,832, chr10:
44,876,072 - 47,151,671, chr11: 30,641,396 - 32,047,777 and chr16: 13,983,356 - 15,793,282
were obtained by GWS using SNP 6.0 array. No common homozygous region was found in any
of the three loops. PANK2 gene was sequenced but no mutation was found. These results support
the digenic nature of HSS.

XI

No genetic overlapping was observed among all families and affected individuals analyzed in
this study. Marked inter and intra family phenotypic variation was observed. These findings
indicate the genetic heterogeneity and phenotypic complexity of mental disorders. Efforts for
gene identification are still underway. Use of high throughput robust technologies may facilitate
identification of the disease causing mutations for establishing a definitive diagnosis of mental
disorders for improved treatment strategies.
The work presented in this thesis is based on the following papers:
•

Shoaib ur Rehman, Shahid Mahmood Baig, Hans Eiberg, Ilyas Ahmad, Naveed Altaf
Malik, Niels Tommerup, Lars Hansen. Autozygosity mapping of a large consanguineous
Pakistani family reveals a novel non-syndromic autosomal recessive mental retardation
locus on 11p15-tel. Clinical Genetics (under review, CGE-00669-2010).

•

Autosomal Recessive Hallervorden-Spatz Syndrome (HSS) maps to chromosome p36.21p36.13 (Manuscript in preparation).
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Chapter 1

INTRODUCTION AND REVIEW OF LITERARURE

INTRODUCTION AND REVIEW OF LITERARURE
1.1. Genetic disorders
A genetic disorder is an illness due to some abnormalities in genes or chromosomes.
Examples of genetic disorders are skin disorders, mental retardation (MR) and Down
syndrome (presence of an extra copy of chromosome at 21) etc. Most of these disorders are
congenital i.e. they appear at birth, however, some disorders show late onset i.e. they appear
at a later stage of life. In spite of enormous development in the field of medical science, no
satisfactory treatment is available for these disorders. Genetic disorders are subcategorized
into monogenic (single gene), polygenic or complex disorders, somatic genetic diseases and
disorders with chromosomal abnormalities. Monogenic or single gene disorder is the result of
mutation in a single gene at a time and follows Mendelian inheritance. Monogenic disorders
affect a significant proportion of population worldwide. According to the current estimate,
over 6,000 of human diseases are known and the global prevalence of all monogenic
disorders at birth is approximately 10/1000 (Control of Hereditary Disease: Report of a WHO
Scientific Group, 1996). Monogenic disorders show autosomal and X-linked mode of
inheritance. Autosomal mode of inheritance is a type of inheritance where autosomes are
responsible for carrying defective gene. It is further subcategorized into autosomal recessive
where both copies of the gene must be mutated or defective and autosomal dominant where
one copy of defective gene is sufficient for disease phenotype. X-linked mode of inheritance
is a type where X-chromosome is responsible for carrying defective gene. It is further
classified into X-linked dominant where one copy of defective gene is sufficient to cause
disease and X-linked recessive where both copies of gene must be defective for a disease
phenotype.
Polygenic disorders, also called complex or multi-factorial disorders, show complex etiology
with involvement of more than a single gene in combination with the environmental factors.
Examples of complex disorders are diabetes and heart diseases which are very common
throughout the world and affect a large portion of population. In complex disorders there is
no clear pattern of inheritance because the disease is not under the influence of single gene;
instead a number of genes are contributing up to some extent. According to the threshold
liability hypothesis, each individual gene does not contribute up to large extent in complex
disorders, however, when a number of such mutated genes aggregate, it will cause disease
1
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risk for the individual (Wandstrat and Wakeland, 2001). Although complex disorders do not
have a clear pattern of inheritance, nevertheless, they are clustered in families and still it is
not straight forward to know about one’s risk of inheriting the disease. Somatic genetic
diseases are caused by the sudden appearance of an abnormal form of a gene in one part of
the body. These cases are sporadic and not inheritable e.g. cancer. Diseases with
chromosomal abnormalities are caused by change in number of chromosomes.
Genetic disorders are more common in Pakistan than other parts of the world because of
unique population structure and high consanguinity. Pakistan is a populous country, having
population size of about 180 millions. A large section of Pakistani population is poor and
living in remote areas. Reasons contributing for the high frequency of consanguinity include
local tradition of cousin marriages, tribal system in some areas, low literacy rate, poverty and
ethnic classification etc.
1.2. Disease causing mutations
Genetic disorders occur due to an unfavorable change or mutation in an individual at DNA
level. Mutations create variations within the gene pool. More frequently, these changes or
mutations occur in a gene during meiosis of cell division. Also, some changes are induced by
certain environmental factors such as exposure to ultraviolet or ionizing radiation, chemical
mutagens, or viruses etc. During meiosis, mutations can be caused due to replication errors in
the genetic material. Mutations can be subdivided into somatic (involve somatic cells and
cannot pass on to the descendants) and germ line mutations (involve germ cells and can pass
on to the descendants). The sequence of a gene can be altered in a number of ways and it can
result in altered/truncated gene product. Disease causing mutations can also be categorized on
the basis of effect on protein sequence and pattern of inheritance. In this perspective disease
causing mutations can be point mutation or frame shift mutation.

In point mutation,

substitution of single nucleotide occurs. It can be silent, missense or nonsense mutation.
Silent mutation codes for the same amino acid while missense mutation codes for different
amino acid, thus it can change function of resulting protein. Nonsense mutation is a point
mutation in a sequence of DNA that results in a premature stop codon and can truncate
protein. Frame shift mutation caused by insertion or deletion of one or more number of
nucleotides, not evenly divisible by three, resulting in a completely different reading frame.
By pattern of inheritance, mutations can be heterozygous, homozygous or compound. In
homozygous mutation, both paternal and maternal alleles are mutated while in heterozygous
2
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mutation one of the two alleles is mutated. In compound heterozygous mutation, both
paternal and maternal alleles are mutated and mutations in both copies are not identical.
1.3. Disease genes mapping approaches
There are various approaches for finding the role of underlying genetic material in a given
disease. Out of these, two widely used approaches are linkage analysis and association
analysis. In both these approaches, genetic markers (SNPs or microsatellite) are used to find
the correlation of the marker and genetic loci that harbor the defective gene.
1.3.1 Linkage analysis
The term linkage refers to the quality of genetic segments (genes or genetic markers) at
specific loci to be inherited together due to their close positions. Different methods are used
to find out genes involved in a disease. These include somatic cell hybrid and linkage
analysis. Somatic cell hybrid gives information regarding the physical position of genes on
the chromosome, while linkage analysis is mainly based on the genetic map (Lathrop et al.,
1984). Recombination can take place between any two markers along the chromosome but
those that are far apart will have a higher frequency of recombination than the close ones.
Recombination frequency can be converted into genetic distance; one cM (centi Morgan)
corresponds to 1% recombination.
Linkage analysis is a useful strategy to identify regions of the genome having disease causing
genes. Two genetic loci are linked if they are transmitted from the parents more often than
expected under independent inheritance. Two loci are said to be linked, if recombination
occurs between them with a probability of less than 50%. Linkage analysis is mostly used as
a first stage in the genetic investigation of a trait, since it can be used to identify broad
genomic regions that might contain a disease causing gene, even in the absence of previous
biologically driven hypothesis (Eustachio and Ruddle, 1983).
Parametric linkage analysis is a linkage analysis which is based on the analysis of the cosegregation of genetic loci in a pedigree.

Loci that are close enough on the same

chromosome segregate together more often than do loci on different chromosomes. Loci on
different chromosomes segregate together purely by chance. Two alleles are present in each
genotype for one genetic marker or locus, one inherited from each parent. Linkage is usually

3
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expressed as a logarithm of odds (LOD) score. This score was first proposed by Mortan
(1955). It is a function of recombination fraction. Large positive score is evidence for linkage
(co-segregation), and negative score evidence against. To calculate a LOD score, a model for
disease expression must be specified. This model includes the frequency of the disease allele
and mode of inheritance (e.g. dominant or recessive), marker allele frequencies, and a full
marker map for each chromosome. The ultimate objective of the analysis is to estimate the
recombination fraction between individual marker and a disease locus (two point), or position
of the disease locus relative to a fixed map of markers where the location of each marker is
assumed to be known as multipoint. The maximum the LOD score, the greater the evidence
for linkage (Teare and Barrett, 2005).
1.3.2. Association analysis
Genetic association studies aim to detect association between one or more genetic
polymorphisms and a trait, which might be some quantitative characteristic or a disease. The
markers most commonly used for association studies are single nucleotide polymosphisms
(SNPs). Association between a marker variant A and a trait T can be found due to direct
association where A is the actual functional variant, indirect association where A is in linkage
disequilibrium with a nearby casual variant or confounded association where association is
due to underlying stratification of the population (Cordell and Clayton, 2005). Association
shows difference from linkage in a way that same allele (or alleles) is associated with the trait
in a similar way across the whole population, while linkage permits different alleles to be
associated with the trait in different families. However, the basic concept of genetic
associations is that human population shares common ancestry and it is being argued that
association studies are in fact just a special form of linkage study in which the wider
population works like an extended family. Association analysis is thought to be more
powerful than linkage studies to detect small effects, but requires many more markers and
individuals to be examined.
1.3.3. Haplotype analysis
Closely adjacent alleles can be co-inherited as haplotype, which can be used for evaluating
association between the ancestral mutation and the haplotype upon which it arose.
Subsequently the haplotype consists of several markers and haplotype analysis can increase
power in statistical calculation (Bostein and Risch, 2003). The ancestral haplotype associated
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with mutation will be reduced over time due to recombination events, and the minimal shared
haplotype in affected individuals can be used to restrict disease associated regions (Rannala
and Slatkin, 1998).
1.4. Brain
The central nervous system (CNS) consists of the brain and the spinal cord and the division
between these two portions is somewhat arbitrarily at the level of foramen magnum. The
CNS develops from the neural plate, a flat plate of tissues on the upper surface of the embryo.
The cephalic (sensory cells) portion of the neural tube develops into the brain while the
caudal portion develops into the spinal cord. The major parts of the adult brain are: the
brainstem, forebrain and cerebellum (Moore, 2008).
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Figure 1.1. Sagital section of brain in situ: Diagram shows different parts of human brain:
Medullaoblongata, Pons, Midbrain, Forebrain and Cerebellum etc. and their organization
(adapted from Netter, 2006)
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1.4.1. Brainstem
It connects the spinal cord to the brain with several important functions and localized in
cranial nerve nuclei within the cranial vault. Damage to small brainstem area often causes
death, whereas relatively large area of the cerebrum or cerebellum may be damaged without
causing permanent symptoms. The medulla oblongata, pons, and midbrain mainly constitute
the brainstem. Besides these discrete anatomical regions of the brainstem, a part of the brain
called reticular formation running through the core of the brainstem is also present which is
essential for life (Fig. 1.1).
Medulaoblangeta acts as a pathway for ascending & descending nerve tracts and a centre for
several important reflexes (heart rate, breathing, swallowing, and vomiting). It is
approximately 3 cm long, the most inferior portion of the brainstem and continuous inferiorly
with the spinal cord. On the anterior surface two prominent enlargements called pyramids
extend the length of the medulla, pyramids called so because they are broader near the pons
and tapering towards the spinal cord. The pyramids consist of descending nerve tracts
involved in the conscious control of skeletal muscles. Near their inferior ends, descending
nerve tracts cross to the opposite side or decussate - means to form an X. Resulting each half
of the brain controls the opposite half of the body. Two rounded oval structures called olives
and nuclei of cranial nerves called IX (glossopharyngeal), X (vagus), XI (accessory), and XII
(hypoglossal) are also located in the medulla oblangata. The olives are involved in functions
such as balance, coordination and modulations of sound impulses from the inner ear.
Pons is a major reflex centre and functions as a bridge between cerebrum and cerebellum. It
is the portion of the brainstem just superior to the medulla oblongata, which contains
ascending and descending nerve tracts and several nuclei. The pontine nuclei, located in the
anterior portion of the pons, relay information from the cerebrum to the cerebellum. The
nuclei for cranial nerves called V (trigeminal), VI (abducens), VII (facial) and VIII
(vestbulocochlear) are contained within the posterior pons. Other important pontine areas
include the pontine sleep centre and the respiratory centres, which along with the medullary
respiratory centres helps in control of respiratory movements.
Midbrain is a visual reflex centre and part of the auditory pathway. It is also called
mesencephalon and contains ascending and descending nerve tracts. Midbrain is the smallest
portion of the brainstem. It is just superior to the pons and contains the nuclei of cranial
7

INTRODUCTION AND REVIEW OF LITERARURE
nerves called III (oculomotor) and IV (trochlear). The tectum (roof) of the midbrain consists
of four nuclei that form mounds on the dorsal surface, collectively called corpor (bodies)
quadrigemina (four twins). These mounds are called colliculi and out of these four, two are
superior colliculi and two inferior colliculi. The inferior colliculi is involved in hearing and it
is integral portion of the auditory pathways in the CNS. The superior colliculi is involved in
visual reflexes and they receive input from the eyes, inferior colliculi, skin and the cerebrum.
The superior colliculi regulates the reflexive movement of the eyes and head, in response to a
number of different stimuli. Substantia nigra is a nuclear mass between the tegmentum and
cerebral peduncles of the midbrain and involved in coordinating movement and muscle tone.
1.4.2. Forebrain
Diencephalon and cerebrum mainly constitute the forebrain. Some of these discrete anatomic
forebrain areas, consisting of gray and white matter are also classified functionally in a
system called the limbic system. In vertebrates, a group of nuclei called the basal ganglia is
also present in the forebrain.
Diencephalon is situated between the brainstem and the cerebrum. Its main components are
thalamus, sub thalamus, epithalamus and hypothalamus. The thalamus is the largest portion
and constitutes approximately 4/5’s of the diencephalon's weight. The thalamus consists of a
cluster of nuclei and is shaped somewhat like a yo-yo with two large lateral portions
connected in the centre by a small stalk called the intermediate mass. Functionally, thalamus
is involved in mood, body movements associated with strong emotions, fear and rage. Sub
thalamus is a small area immediately inferior to the thalamus. It consists of several nerve
tracts and the subthalamic nuclei. A small portion of the red nucleus and substantia nigra of
the midbrain also extend into this area. The subthalamic nuclei are associated with the basal
ganglia and are involved in controlling motor functions. Epithalamus is a small area superior
and posterior to the thalamus. It contains habenular nuclei and the pineal body. The habenular
nuclei are influenced by the sense of smell and are involved in emotional and visceral
responses to odours. Pineal body plays a role in controlling the onset of puberty but available
data is not conclusive, so active research is continued in this field. The pineal body may also
be involved in the sleep-wake cycle.
Hypothalamus is the most inferior portion of the diencephalon and contains several small
nuclei and nerve tracts. The hypothalamus plays an important role in controlling the
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endocrine system because it regulates the pituitary glands’ secretion of several hormones
including cortisol, antidiuretic hormone (ADH), oxytocin, growth hormone (GH), thyroid
stimulating hormone (TSH), adrenocorticotropic hormone (ACTH), lipotropins, βendorphins, melanocyte stimulating hormone (MSH), luteinizing hormone (LH), follicle
stimulating hormone (FSH) and prolactin (PRL). Hypothalamus plays an important role in
functions having emotional and mood relationships and sensations such as sexual pleasure,
feeling relaxed, rage and fear. Some other important hypothalamus functions include heart
rate control, muscle control, temperature regulation and regulation of sleep wake cycle.
Cerebrum is the largest portion of the brain, weighing approximately 1200g in females and
1400g in males. Brain size is related to body size, large brains are associated with large
bodies and not with intelligence. The cerebrum is what most people think of when the term
brain is mentioned. The cerebrum is divided into left and right hemispheres by a longitudinal
fissure. The cerebrum hemispheres consist of cerebral cortex which is an extensive outer
layer of gray matter, largely responsible for higher brain functions such as sensation,
voluntary muscle movement, thought, reasoning, and memory. The cortex of each cerebral
hemisphere is divided into frontal lobe, parietal lobe, occipital lobe and temporal lobe. The
frontal lobe is important in voluntary motor function, motivation, mood, and aggression. The
parietal lobe is the major center for the reception and evaluation of most sensory information.
Situated at the top of the brain, it processes information about touch, taste, blood pH,
pressure, pain, and temperature (excluding smell, hearing, and vision). The occipital lobe
functions in the reception and integration of visual input and is not distinctly separate from
the other lobes. The temporal lobe receives and evaluates olfactory and auditory input and
plays an important role in memory. It’s anterior and inferior portions are referred to as the
psychic cortex and they are associated with brain functions such as abstract thought and
judgment.
1.4.3. Cerebellum
It controls muscle movement and tone and regulates the extent of intentional movements. The
term cerebellum means little brain. Communication with the other regions of the CNS is
performed through three large nerve tracts, the superior, middle, and inferior cerebellar
peduncles. The cerebellum shows similar organization like cerebrum, having gray matter
both on the inside as nuclei and on the outside as cortex. The cerebellar cortex has gyri and
sulci, but gyri in this case are much smaller as compared to those of the cerebrum. The
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cerebellum consists of three regions which are named as, flocculonodular lobe, a narrow
central vermis and two large lateral hemispheres. The flocculonodular lobe is the simplest
portion of the cerebellum having their effect in balance. An anterior portion of the vermis
contributes in gross motor coordination while the posterior vermis and lateral hemispheres
are involved in fine motor coordination producing smooth flowing movements. Comparator
is the main function of the cerebellum. The cerebellum makes the comparison of impulses
from the motor cortex and the moving structures (compares the intended movement with the
actual movement). If there is a difference, the cerebellum sends impulses to the motor cortex
and the spinal cord to correct the difference. The ultimate result is smooth and coordinated
movements (Ganong, 2003; Snell, 2010; Moore, 2008).
1.5. Mental disorders
A mental disorder or mental illness is a complex term which is a behavioural or
psychological pattern associated with disability that occurs in an individual and is not a part
of normal development or culture. The definition and classification of mental disorder may
vary despite standard guidelines that are used widely. Currently, mental disorders are thought
to be disorders of brain circuits and more likely caused by developmental processes shaped
by a complex interplay of genetics and experience. In other words, we can say that genetics
of mental illness is genetics of brain development depending on the biological and
environmental context (Insel and Wang, 2010).
Mental disorders can arise from a combination of sources and in most cases, there is no single
cause reported. It has been indicated from the study that genes are often playing significant
role in causing mental disorders but to prove this scientifically is a complicated process. Most
of the mental disorders are complex and not under the influence of single gene at a time.
Besides genetic sources, other sources like traumatic brain injury and infections can cause
mental disorders. Environmental events surrounding pregnancy and birth also share their role
in causing mental disorders. Two well recognized international systems working for the
classification of mental disorders are, ICD-10 system produced by the world health
organization (WHO) and the diagnostic and statistical manual of mental disorders (DSM)
produced by the American psychiatric association (APA). Mental disorders are generally
classified into neurological disorders and learning disabilities or mental retardation.
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1.5.1. Neurological disorders
Neurological disorders are complex disorders concerned with nervous system. Any structural,
biochemical or electrical abnormalities in the brain, spinal cord or nerves leading to or from
them can result in symptoms such as paralysis, muscle weakness, poor coordination, loss of
sensation, seizures, confusion, pain and altered levels of consciousness. Individual neurons
and the neural networks of the central nervous system are susceptible to electrochemical and
structural disruption and any such change can result in neurological disorders. Neuroregeneration is thought to be rare in the brain and spinal cord which also increase the risk of
neurological disorders. The specific causes vary by disorder and sometimes by individual
case, but can include genetic disorders; congenital abnormalities or disorders; infections, or
environmental health problems including malnutrition and brain injury or spinal cord injury
etc.
Neurological disorders can be categorized into anxiety disorder, mood disorder, bipolar
disorder, psychotic disorder, personality disorder and sleep disorder. In anxiety or fear,
interference with normal functioning of the body occurs and commonly recognized categories
include specific phobias, generalized anxiety disorder, panic disorder and post-traumatic
stress disorder etc. Mood disorder involve unusual intense and sustained sadness while
bipolar disorder (also known as manic depression) involve abnormally "high" or pressured
mood states, known as mania or hypomania. Psychotic disorders include schizophrenia, and
delusional disorder. Personality disorders involve the abnormality of fundamental
characteristics of a person that influence their thoughts and behaviours across situations and
time. In sleep disorder like insomnia, disruption to normal sleep occurs. Some other
developmental disorders that initially occur in childhood and may continue into adulthood
include autism spectrum disorders, conduct disorder, and attention deficit hyperactivity
disorder (ADHD).
1.5.2. Mental Retardation
Mental retardation (MR) is a broad term occupying several clinical directions. Defining
features of MR include sub average general intellectual functioning with deficiency in at least
two of self-survival skills that appeared during childhood i.e. before the age of 18 years
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(Raymond, 2006). The cut-off point at age eighteen contained within the formal definition of
MR implies that cognitive abilities continue to develop until age eighteen. Mental retardation
is not a specific disease, but rather a condition that can have a variety of causes. Most often,
the term; intellectual disability (ID); is used instead of MR (Schalock et al., 2007). The term
ID is used because clinical features of MR involve below average cognitive function. Mental
retardation is being responsible to affect about 1-3% of the general population (Leonard and
Wen, 2002). On the basis of intelligence quotient (IQ), MR can be severe or mild. In severe
forms, IQ level is below 50 while in mild forms, IQ level is from 50 to 70 (Roeleveld et al.,
1997). A variety of disorders are associated with MR and these include: epilepsy, cerebral
palsy, vision and hearing impairments, speech/language problems and behaviour problems
(McLaren and Bryson, 1987). The number of associated disorders seems to increase with the
level of severity of mental retardation (Baird & Sadovnick, 1985). Many syndromes are
causing MR and Down syndrome, fetal alcohol syndrome and fragile X syndrome are the
most common inborn causes among them. Besides these three others: Angelman syndrome,
Williams syndrome and Laurence-moon syndrome also play their role in causing MR.
Both genetic as well as environmental causes play their role in causing MR. Both of them
cause to disturb the development and functioning of central nervous system prenatally,
perinatally or postnatally (Chiurazzi and Oostra, 2000). Environmental causes play a major
role in mild MR (Inlow and Restifo, 2004). These involved premature birth, prenatal
problems such as intrauterine infections, nutritional deficiencies, exposure to radiations and
cultural deprivation etc (Kinsbourne and Graf, 2000; Inlow and Restifo, 2004). Genetic
causes of MR are chromosome aneusomies, chromosome structural abnormalities, genomic
disorder and monogenic diseases. Mostly, genetic causes show their effect in moderate-tosevere MR and account for up to 50% of such cases (Inlow and Restifo, 2004)
Phenotypically MR can be syndromic where MR is accompanied by some other clinical
features like malformations, dysmorphic features, or neurological abnormalities, and nonsyndromic, which are specified by MR without any additional features. In non-syndromic
form, the only distinguishing feature is the mental retardation. In case where additional
clinical features are not available, it is difficult to make clear demarcation between the two
groups. MR can be caused by any unfavourable change in a gene. Depending on the
chromosome responsible for carrying that gene, MR can be classified into X-linked and
autosomal forms of MR.
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In X-linked form of MR (XLMR), X chromosome is predominantly involved in the disease
causing. X-linked MR is very heterogeneous and about 82 genes are known so far (Chiurazzi
et al., 2007). The most common type of XLMR is fragile X syndrome and it accounts for
about 20% of all XLMR cases (Fishburn et al., 1983). XLMR is less frequent in females as
compared to males because females have double X chromosome while males have single X
chromosome. The finding of very less contribution of individual genes to XLMR has recently
led to reduced prevalence estimate of 10-12% of all MR cases in males (Mandel et al., 2004;
Ropers and Hamel, 2005; Kleefstra and Hamel, 2005). Depending on the variants (alleles)
involved, XLMR can be subcategorized into dominant form, in which only one allelic copy
of the gene is affected and recessive form, where both allelic copies of the gene are affected.
In dominant form, chance of finding extended families is very rare because majority of
affected individuals never get married.
In autosomal form of MR, autosomes are responsible for carrying disease causing genes.
Depending on the variants (alleles) involved, autosomal form is subdivided into autosomal
dominant and autosomal recessive (AR) forms. In autosomal dominant form, only one
affected allelic copy of the gene on autosome is sufficient to cause disease. It is less likely to
find such extended families because affected individuals very rarely reproduce. SYNGAP1 is
an example of genes responsible for causing autosomal dominant nonsyndromic mental
retardation (Hamdan and Gauthier et al., 2009).
In case of AR form of MR, both the allelic copies of the gene must be mutant to cause
disease. Autosomal recessive mental retardation (ARMR) is also extremely heterogeneous
because several genes and loci have been reported so far and still there is a large gap in our
knowledge regarding ARMR. ARMR accounts for about one fourth of all affected
individuals (Bartley et al., 1978). As about half of the reported 25,000 genes expressed in
brain, therefore; it is not surprising that total number of genes responsible for ARMR could
be in thousands (Inlow and Restifo, 2004).
1.5.2.1. Genes involved in ARMR
Upto date, seven genes are reported for ARMR (Table 1.1). Out of these, five are reported for
autosomal recessive non syndromic mental retardation (ARNSMR) while a single gene is
reported for autosomal recessive syndromic mental retardation (ARSMR).
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PRSS12 gene:
PRSS12 (MRT1; MIM 249500) was the very first gene on chromosome 4q26, identified as
being responsible for ARNSMR. It was reported in a large consanguineous Algerian family
with four affected individuals. PRSS12 codes for neurotrypsin which belongs to the
subfamily of trypsin like serine proteases. A mutation of four base pair was reported in
affected individuals which results in a truncating protein lacking active domain (Molinari et
al., 2002). Neurotrypsin shows high expression in the cerebral cortex, the hippocampus and
the amygdala. Within neuronal cells, neurotrypsin is found to be localized in the pre-synaptic
membrane and the pre-synaptic active zone of both excitatory and inhibitory synapses
(Molinari et al., 2002).
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Table 1.1: Overview of published ARMR genes and loci

Locus

Cytogenetic

Gene

locus

Physical position

OMIM

MRT1

4q26

PRSS12

chr4:119,421,865-119,493,370

249500

MRT2

3p26.3

CRBN

chr3:3,166,696-3,196,390

607417

MRT3

19p13.12

CC2D1A

chr19:13,878,052-13,902,692

608443

MRT4

1p21.1-p13.3

-

chr1:105,494,413- 112,161,992

611107

MRT5

5p15.32-p15.2

-

chr5:5,144,778-10,786,526

611091

MRT6

6q16.3

GRIK2

chr6:101,953,626-102,624,651

611092

MRT7

8p22

TUSC3

chr8:15,442,101-15,666,366

611093

MRT8

10q21.3-q22.3

-

chr10:71,041,135-80,718,164

611094

MRT9

14q12-q13.1

-

chr14:26,578,608-32,780,288

611095

MRT10

16p12.1-q12.1

-

chr16:22,705,103-48,948,637

611096

MRT11

19q13.2-q13.32

-

chr19:46,843,819-52,292,031

611097

MRT12

1p33-p34.3

-

chr1:37,058,812-46,463,958

611090

MRT13

8q24.3

TRAPPC9

chr8:140,811,770-141,537,860

613192

MRT14

2p25.3-25.2

-

chr2: 105,224-4,657,839

MRT15

9q34.3

-

chr9: 137,667,484-139,811,354

MRT16

9p23-p13.3

-

chr9:12,409,772- 35,935,361

4p15.33-p15.2

CC2D2A

In cultured hippocampal neurons, both human and mouse, neurotrypsin is found to be
distributed along the dendrites, soma and axons (Mitsui et al., 2007). In mutant Drosophila
flies lacking neurotrypsin orthologue, Tequila, cause a decrease in 24-h long-term memory
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but does not affect short-term memory (Didelot et al., 2006). PRSS12 is a secreted protein
consisting of 875 amino acids. It belongs to the subfamily of trypsin like serine proteases
which are expressed in brain (Gschwend, 1997). It is coding for neurotrypsin enzyme
(Molinari et al., 2002). This enzyme is involved in a pathway named synaptic proteolysis
(Molinari, 2008) and it is thought that synaptic proteolysis share crucial role in higher brain
function (Gschwend, 1997).
CRBN gene:
CRBN was the second gene on chromosome 3p26.2 (MRT2A; MIM 607417), identified to be
responsible for ARNSMR. It was reported in a family having their origin from Germany with
10 affected individuals. A nonsense mutation (R419X) in this gene is associated with a
phenotype of mild ARNSMR with IQ range from 50 to 70. This mutation causes premature
stop codon resulting in truncating protein (Higgins and Pucilowska et al., 2004). It is found
that CRBN mRNA is highly expressed in various tissues (Xin et al., 2008). CRBN is coding
for a protein named, cereblon that belongs to an adenosine 5-triphosphate dependent lon
protease gene family which is represented by multi-domain enzymes. These enzymes are
contributing in diverse functions from proteolysis to membrane trafficking (Jo and Lee et al.,
2005).
It was found that Cereblon is reported to be directly associated with large-conductance. Ca21activated K1 (BKCa) channels (Rotanova et al., 2006), which are thought to be important in
the control of neuronal excitability and transmitter release (Orio et al., 2002; Faber et al.,
2003). Another supporting information is that KCNMA1 gene, encoding alpha subunit of the
BKCa channel was found to be physically disrupted by a balanced de novo reciprocal
translocation in a patient with autism and MR (Laumonnier et al., 2006). Recently, it was
reported that BKCa channel over expression causes impairment of learning and memory in
hippocampal-dependent tasks, but does not affect basal synaptic transmission or pre-synaptic
release mechanisms (Hammond et al., 2006). On this basis, it can be guessed that assembly
and surface expression of functional BKCa channels might have a crucial role in controlling
human cognition.
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The CC2D1A gene:
This is a third gene (MIM 608443) on chromosome 19p13, reported to be responsible for
ARNSMR. The CC2D1A gene covers a length of 37 kb of genomic DNA and coding mRNA
of 3715 bp, which contains 31 exons. Protein coded by CC2D1A gene has a length of 950
amino acids (NCBI), also another isoform (called shorter isoform) of a gene also exists which
contains only 388 amino acids. This gene contains two conserved motifs, one is the most
conserved called C2 domain and the other called DM14. Exons 14 to 16 are deleted in shorter
isoform (Basel, 2006). C2 motif of the gene, which is located at the C-terminus of CC2D1A
at positions 661–762 and found in proteins which play their function in calcium dependent
phospholipid binding (Davletov and Suedhof, 1993) while the C2 domain itself plays its role
in the binding pocket of the Ca2+ cation. Proteins having C2 domain include phospolipases,
protein kinases C, and also the synaptotagmin protein family. Synaptotagmins are synaptic
vesicle membrane trafficking proteins. DM14, which has no known function so far, repeats
four times in human CC2D1A sequence but only three times in the caenorhabditis elegans
orthologue sequence. The DM14 motif only present in long isoform while C2 motif is present
in both isoforms of CC2D1A and it seems to share a major role in its protein activity (Basel,
2006).
The contribution of CC2D1A as a putative signal transducer contributing in positive
regulation of I-kB kinase/NFkB cascade was originally reported by Matsuda et al., (2003).
CC2D1A mRNA is shown to be highly expressed in the embryonic ventricular zone and
developing cortical plate in mouse embryos, persisting into adulthood with highest expression
in the cerebral cortex and hippocampus (Basel, 2006 ). A large scale study was planned for
getting the knowledge about the human genes that activate the NFkB and MAPK signalling
pathways. During this study, CC2D1A gene was found to be induced by at least fourfold the
transcription of a luciferase reporter gene which is driven by a promoter containing the
consensus NFkB binding sites. It was detected by immunoprecipitation that CC2DA1 protein
does not directly interact with the NFkB p65 subunit or the p50 subunit in vivo which
suggests that NFkB expression is regulated by the CC2D1A gene through other signalling
proteins that belong to the IKK/IkB dependent or the IKK/IkB independent pathway
(Matsuda et al., 2003). It has been reported that functional NFkB complexes are present in all
cell types in the nervous system, including neurons, microglia, oligodendrocytes, and
astrocytes (Neill et al., 1997). From the idea of potential role of NFkB in neuronal function in
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the brain, we can get a clue that NFkB might be important to contribute their role in neuronal
development based on the pattern of NFkB activity in the brain during mouse development
(Schmidt-Ullrich et al., 1996). NFkB is found to be important in neural plasticity and
memory (Romano et al., 2006). However, because of the lack of appropriate information, the
available data is not sufficient to make clear that CC2D1A gene is involved in the regulation
of the NFkB signalling pathway (Basel, 2006).
GRIK2 gene:
GRIK2 also called GLUR6 was a fourth gene (MIM 138244) on MRT6 locus (chromosome
6q16.1-q21) which is considered to be involved in ARNSMR. This gene has 16 exons.
GRIK2 encodes GLUK6, a subunit of kainate receptors (KARs) that belongs to the kainate
family of glutamate receptors, which are composed of four subunits and function as ligandactivated ion channels. GLUK6 is highly expressed in brain (Motazacker, 2007). Extensively
studied receptors, alpha-amino-3-hydroxy-5-methyl-4-isoxazole proprionic acid (AMPA) and
N-methyl-D-aspartic acid (NMDA) receptors together with KARs belongs to the ionotropic
receptors which are the targets of glutamate released in excitatory synapses (Hollmann and
Heinemann , 1994; Dingledine, 1991).
It is known that any sort of change in NMDA and/or AMPA receptors result in severe
derangement of neuronal function. Still, extensive studies of their structure, biophysical
properties, and distribution have so far failed to specify a role for ionotropic KARs in higher
brain functions (Wisden and Seeburg, 1993; Lerma, 2003; Mulle et al., 1998). GRIK2 has
been reported to be associated with autism (Jamain et al., 2002), but this could not be
substantiated by a recent genome wide linkage study (Szatmari et al., 2007). Also behavioural
studies of Grik2-knockout mice did not produce any conclusive results (Mulle et al., 1998).
On this basis we can assume that involvement of this receptor in cognition has so far
remained controversial (Motazacker, 2007).
TUSC3 gene:
This is a fifth gene (MIM 601385) on chromosome 8p22 reported for ARNSMR. TUSC3 has
11 exons spanning ~224 Kbp of the genomic DNA on chromosome 8p22. It is shown to be
highly expressed in various human tissues including the brain (Garshasbi, 2008). TUSC3 is
considered to be ortholog of the yeast Ost3 protein that was initially identified as a 34 KD
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subunit in the yeast oligosaccharyltransferase complex (MacGrogan et al., 1996; Kelleher et
al., 1994). TUSC3 is assumed to encode a subunit of the ER-bound oligosaccharyltransferase
(OST) complex that catalyzes a pivotal step in the protein N-glycosylation process
(MacGrogan et al., 1996).
Regarding the role of TUSC3 in brain, it is important that TUSC3 interacts with the alpha
isoform of the catalytic subunit of protein phosphatase 1[PPPC1A (Rual et al., 2005)].
Protein phosphatase 1 has been implicated in themodulation of synaptic and structural
plasticity and was found to have an effect on learning and memory in mice (Munton et al.,
2004; Genoux et al., 2002) Therefore, it is conceivable that MR in patients with deficiency of
TUSC3 is caused by an impairment of PPPC1A function. This can provide a clue for the
future functional study of TUSC3 (Garshasbi, 2008).
CC2D2A gene:
This is the only gene (MIM: 612013) on chromosome 4p15.33-p15.2 reported to be
responsible for ARSMR in a Pakistani family (Noor et al., 2008). All affected individuals in
that family had MR with Retinitis Pigmentosa. CC2D2A have 37 exons and mRNA of 5kb in
length with 13 different isoforms. Functional study of CC2D2A suggests their possible
participation in Ca+2dependent signal transduction. Like CC22A, previously reported
CC2D1A (Basel et al., 2006 ) also encodes a single C2 domain towards the C-terminal end of
protein in addition to coiled-coil regions. Thus these two genes might have similar function
and possibly both are the components of same or parallel pathways which are important
components of neuronal development, disruption of which leads to developmental delay
(Noor et al., 2008). In a recent study for screening the human proteome for calmodium (CaM)
protein binding partners with the mRNA display technique, it has been identified that
CC2D2A is a potential CaM-binding protein (Shen et al., 2007). As CaM is the most
widespread and well studied of Ca+2 sensors in eukaryotic cells, therefore, above finding
further supports a role for CC2D2A in Ca+2 regulated signalling pathways (Noor et al., 2008).
1.5.2.2. Loci without genes involved in ARMR
So far ten loci have been reported where genes are not identified yet (Table 1.1). Details are
given as follow.
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MRT4:
This locus was reported in Iranian population. Its chromosomal position is 1p33-p34.3 and it
was reported in a family with mild ARNSMR (Najmabadi et al., 2006).
MRT5:
This locus was also reported in Iranian family with phenotype of moderate to severe
ARNSMR. Its chromosomal position is 5p15.2-p15.32 (Najmabadi et al., 2006).
MRT8:
Reported in Iranian population with phenotype of mild to moderate ARNSMR. Its
chromosomal position is 10q21.3-q22.3 (Najmabadi et al., 2006).
MRT9:
Reported in the same Iranian population with chromosomal position, 14q12-q13.1.Phenotype
of the patient was mild MR (Najmabadi et al., 2006).
MRT10:
This locus on chromosome 16p12.1-q12.1 was reported in Iranian population. Phenotype of
patients was moderate MR (Najmabadi et al., 2006).
MRT11:
Reported in Iranian family with patients of moderate ARNSMR. Its chromosomal location is
19q13.2-q13.32 (Najmabadi et al., 2006).
MRT12:
This was reported on chromosome 1p21.1-p13.3 in a Turkish family. Phenotype of patients
was ARNSMR (Uyguner et al., 2007).
Three other loci: MRT14, MRT15 and MRT15 were reported in Pakistani population (Rafiq
et al., 2010). These three loci are located on chromosome 2p25.3-25.2, 9q34.3 and 9p23p13.3 respectively. Mir et al. (2009) reported in Pakistani population that TRAPC9 gene is
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associated with ARNSMR. TRAPC9 encodes the NIK- and IKK-b-Binding Protein. NIBP
(NIK- and IKK-b-Binding Protein) contains one known conserved region called Trs120;
which was originally identiﬁed in Saccharomyces cerevisiae (Sacher et al., 2000). NIBP is
thought to play role in trafficking vesicles/proteins from the Golgi to the plasma membrane;
as part of a large multisubunit tethering complex called TRAPPII (Sacher et al., 2000; Cox et
al., 2007). It has been shown that knockdown of NIBP results in reduce TNFa-induced NFkB activation, prevent nerve growth factor-induced neuronal differentiation, and decrease
Bcl-xL gene expression in PC12 cells (Hu et al., 2005).
1.6. Objectives of the study
Research on genetic disorders has revealed that understanding of molecular aetiology is
fundamental to achieve the successful gene therapy and help sufferings alleviation of affected
individuals/families. This study will therefore be helpful for genetic counsellors, molecular
geneticists and medical geneticists for patient management and future research on ARMR. As
mentioned earlier, 17 loci and seven genes have been described for ARMR till now and the
number of genes responsible for ARMR could be in thousands because half of the reported
25,000 genes expressed in brain (Inlow and Restifo, 2004). It is evident that more genes are
involved for this disorder, as seven Pakistani families showed no evidence of linkage to the
already reported loci and genes (Mir et al., 2009; Rafiq et al., 2010; Noor et al., 2008).
Main objectives of the study are:


To determine the phenotypic and genetic variability in ARMR Pakistani families.



To identify the loci/genes involved in ARMR in Pakistani population.



To identify the mutations in families affected with ARMR.



To correlate the clinical phenotype with the ARMR genes/mutations.

Identification of novel genes for this disorder may help to understand evolutionary
mechanism of brain development. Pakistan is a unique country in the world with population
size of about 180 millions. Literacy rate is about 40% which is far low as compared to
many other developing countries. There is a strong tradition of marrying within the same
caste or tribe. Cousin marriages are commonly practiced and more than 60% marriages are
consanguineous (Hussain and Bittles, 1998). Consanguineous marriage plays significant role
as a risk factor for mental retardation (MR) and other congenital disorders and it has been
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well documented in the progeny of consanguineous matings (Al-Ansari, 1993; Bittles, 2001;
Bundey et al., 1991; Durkin et al., 1998; Fernell, 1998; Kulkarni and Kurian, 1990; Temtamy
et al., 1994; Yaqoob et al., 1995). Hence, there is an increased risk for recessive genetic
disorders in Pakistani population. Lack of knowledge about the genetic disorders,
unavailability of genetic counselling and prenatal diagnostic facilities lead to multiple
numbers of affected individuals in carrier families. These large families with multiple
affected individuals carry great potential to study the inheritance pattern, phenotypic
variability in addition to being ideal for linkage analysis for disease gene mapping. Large
pedigrees can provide the best explanation to the questions about genetic heterogeneity that
can otherwise confound linkage studies.

22

Chapter 2

MATERIALS AND METHODS

MATERIALS AND METHODS
Approval for this study was obtained from local Research Ethics Committee of National
Institute for Biotechnology and Genetic Engineering (NIBGE), School of Biotechnology,
Quaid-i-Azam University, Islamabad, Pakistan and Regional Ethical Committee, Denmark.
Informed consent was obtained from all the families who participated in this study after
explaining the purpose and benefits or risks if any of this research project.
Six consanguineous Pakistani families with mental retardation (MR) and a single
consanguineous family with Hallervorden Spatz syndrome (HSS) were ascertained from
different areas of Pakistan. Out of these, three were residing in Punjab province while four in
Khyber Pakhtoon khwa (KPK) province of Pakistan. Different local resources were used for
families’ identification. All families were visited at their homes and relevant clinical
information was collected carefully. General physical examination was conducted and social
interactions of all family members including normal and affected were examined. There was
no evidence of environmental cause of MR in any family included in this study. Clinical
history was recorded for both affected and normal members of each family. During sampling,
standardized questioner or performa was used for assessment of degree and different aspects
of MR. This performa has been prepared jointly by Wilhelm Johannsen Centre (WJC) for
Functional Genome Research, Department of Cellular and Molecular Medicine, University of
Copenhagen, Copenhagen, Denmark and NIBGE, School of Biotechnology, Quaid-i-Azam
University, Islamabad, Pakistan. Depending upon the case, selected members of the affected
families were referred to the neurophysician at the nearest hospitals. Pedigree information
was collected from the family members and crosschecked by interviewing multiple members.
Pedigree analysis showed autosomal recessive mode of inheritance in all families.
Photographs of all the affected members were taken for record.
2.1. Pedigree analysis
An extensive pedigree was constructed for each family for genetic inference by using
standard method (Bennett et al., 1995). The mode of inheritance of the disease allele was
inferred by following the mode of segregation or transmission within each family. Pedigree
information collected from the family members was cross checked by interviewing multiple
elders of the family for obtaining the exact genealogical relationships for all the affected
individuals in different loops. The males were indicated by squares and females by circles.
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The normal individuals were represented with clear symbols while the affected individuals by
filled symbols. Each generation was designated by Roman numerals. The individuals within a
generation were denoted by Arabic numerals. Deceased individuals were designated by a line
across the symbol. Carrier individuals were indicated by symbols with a dot in the centre.
The pedigrees were drawn with Cyrillic software, version 2.1.3 (Cherwell Scientific
Publishing Ltd, Oxford, UK).
Table 2.1: Clinical examinations performed.

Biochemical tests

Blood tests

Torch profile

Thyroid profile

Blood glucose random

HB

Rubella IgM

T3

Serum Creatinine

E.S.R

Rubella IgGAB

T4

Bilrubin total

Total WBC

Rubella IgMAB

TSH

Bilrubin conjugated

Neutrophils count

CMVIgG

Bilrubin unconjugated

Monocytes count

CMVIgM

SGPT(ALT)

Lymphocytes

Herpes IgG

SGOT(AST)

Eosinophils

Alkaline phosphatase
Serum sodium
Serum potassium
Serum chloride
Serum bicarbonate
Blood urea nitrogen
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Table 2.2: Non-syndromic ARMR gene and STS markers’ positions.

Gene and marker

Physical position

D3S1297

chr3:2,013,403

CRBN

chr3:3,166,696-3,196,390

D3S3.578.995

chr3:3,578,995

D4S2362

chr4:15,066,964

CC2D2A

chr4:15,080,587-15,212,278

D4S15.081

chr4:15,081,412

D4S2960

chr4:15,436,966

D4S828

chr4:118,068,585

D4S119.347

chr4:119,347,750

PRSS12

chr4:119,421,865

D4S119.521.509

chr4:119,521,509

D4S402

chr4:120,367,628

D6S1555

chr6:101,910,429

GRIK2

chr6:101,953,626-102,624,651

D6S283

chr6:102,466,434

D19S221

chr19:12.573.742

CC2D1A

chr19:13,878,052-13,902,692

D19S892

chr19:14.477.618

D8S1731

chr8:15,282,668

TUSC3

chr8:15,442,101-15,666,366

D8S549

chr8:15,693,948
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Table 2.3: Primers’ sequences for STS markers.

Markers

Forward primer

Reverse primer

D3S1297

TGACCGGCAGCAAAATTGTGCACATTAAAGGAACAGGT

CATAATTTGCTGCTTTGGAT

D3S3.578.995

TGACCGGCAGCAAAATTGTTCCAGCAAATGCCTTGTC

GCTTTGCATTAGTCTCAGCATC

D4S2362

TGACCGGCAGCAAAATTGTAAATATTGGTAGGATGAATGAATG

CCCATCCCGTTACCTCTTTA

D4S15.081

TGACCGGCAGCAAAATTGTTCAGCACCAGCATGAAATC

CTGGTGCATTGTTGATGCTC

D4S2960

TGACCGGCAGCAAAATTGAAGGCTTTATCATTAAGAATCCTA

TGAGGGTATAGTTACCATCTTTT

D4S828

TGACCGGCAGCAAAATTGCAGCCTCCATAATCATGTAAGCC

CTTATTTCACTTAGCATAATGTTTTCA

D4S119.521.509

TGACCGGCAGCAAAATTGAAACAATCCTCCCACGTCAG

AACACTGTAGCCCAGTGCAA

D4S402

TGACCGGCAGCAAAATTGCTTACTGTGTTGCCCAAGGT

AGCTCTATGATTCATTTCAAGTTTG

D4S119.347

TGACCGGCAGCAAAATTGCCATTTGCTTCCATCTGTGTT

GGATTCAACAAGAAGCCACAG

D6S1555

TGACCGGCAGCAAAATTGAGCCAATGCCCTTAAAAGAC

ATGAACAAAAGCTACAAATTGAA

D6S283

TGACCGGCAGCAAAATTGTTTACAAAATCCTGTCCTGC

TTGATAGTTGTCTTGATACAACAGA

D19S221

TGACCGGCAGCAAAATTGGCAAGACTCTGACTCAACAAAA

CATAGAGATCAATGGCATGAAA

D19S892

TGACCGGCAGCAAAATTGAGCTTGTAAGGGCGCAG

TTCCAGTCACACCAGGC

D8S1731

TGACCGGCAGCAAAATTGCCAAGCAAATCATGGAAATC

AGCAAACTTATCCCACAAGG

D8S549

TGACCGGCAGCAAAATTGAAATGAATCTCTGATTAGCCAAC

TGAGAGCCAACCTATTTCTACC

Fluor_3fp

TGACCGGCAGCAAAATTG
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2.2. Blood Sampling
Blood samples were taken in 5-10 ml EDTA vacutainer tubes using sterile syringes or
multiple sampling needles and transferred to Human Molecular Genetics Laboratory
(HMGL), NIBGE. Till the DNA extraction, blood samples were stored at 4°C.
2.3. DNA extraction
DNA was extracted from peripheral blood samples using a standard (Phenol:
Chloroform) protocol (Chomczynski and Sacchi, 1987). A volume of 0.75 ml of solution A
(0.32 M Sucrose, 10 mM Tris-HCl, 5 mM MgCl2 and 1 % v/v Triton X-100 (pH 7.4-7.6)
was added to 0.75 ml of blood in a 1.5 ml microcentrifuge tube and thoroughly mixed by
inversions. The tubes were kept at room temperature for 10 min. The tubes were then
centrifuged for 1 min at 13,000 rpm and supernatant was discarded. Pellet was resuspended in
400 µl of solution A and centrifuged for 1 min at 13,000 rpm. Supernatant was discarded and
the pellet was resuspended in 400 µl of solution B (10 mM Tris-HCl, 400 mM NaCl and 2
mM EDTA (pH 7.4-7.6), 25 µl of 10% SDS and 8 µl of Proteinase K (20 mg/ml). The tubes
were incubated at 37°C overnight or 65°C in water bath for 3 hrs. After incubation, 0.5 ml of
freshly prepared equal volume of solution C (Phenol equilibrated with Tris-HCl containing
Hydroxyqinoline and beta mercaptoethanol) and solution D (Chloroform:Isoamyl alcohol
with a ratio of 24:1) was added in each tube and mixed properly. The solution was
centrifuged for 10 min at 13,000 rpm to get rid of proteins. The upper aqueous phase was
collected in a new 1.5 ml tube and equal quantity of solution D was added. After gentle
mixing, centrifuged for 10 min at 13,000 rpm and again the upper aqueous phase was
collected in a new 1.5 ml tube and after adding 55 µl of 3M sodium acetate (pH 6.0) and
equal volume of isopropanol (about 500 µl, stored at -20ºC), the tubes were then inverted
gently several times to precipitate DNA. Precipitated DNA was centrifuged at 13,000 rpm for
10 min to get DNA pellet. Clear supernatant was discarded without disturbing DNA pellet.
Pellet was washed with 350 µl of 70% ethanol (stored at -20°C). To remove residual ethanol,
DNA pellet was dried in vacuum dryer. DNA was dissolved in 200 µl of double distilled
deionised water and stored at 4°C. Genomic DNA was quantified using NanoDrop™ 1000
Spectrophotometer at 260 nm wavelength. Each DNA was diluted to 50 ng/µl final
concentration for amplification of genomic fragment using polymerase chain reaction (PCR).
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The quality of extracted DNA was evaluated on 1% agarose gel electrophoresis using
ethidium bromide (0.5 µg/ml).
2.4. Polymerase chain reaction (PCR)
Polymerase chain reaction (PCR) was performed using a standard protocol in order to
amplify genomic fragments for linkage analysis using microsatellite markers, sequencing and
other downstream applications containing 10-20 pmol of each primer, 200 µM of each dGTP,
dCTP, and dTTP and dATP, 1 U of Taq DNA polymerase, 1 X PCR buffer and 50 ng of
template DNA in 25 µl reaction volume with 1.5 mM MgCl2. Thermal cycling conditions for
amplification were as follows:
Table 2.4: PCR profile for amplification of genomic fragments.
Step

Temperature oC

Duration

Denaturation

95

5 min

Denaturation

95

30 s

Annealing

52-66

30 s

Extension

72

30 s

File extention

72

7 min

No. of cycles
1

40

1

2.5. Agarose gel electrophoresis
The amplified PCR product was separated and visualized by agarose gel electrophoresis. 1-2
% agarose gel prepared in 1 X TBE buffer was used. 0.5 µg/ml of ethidium bromide
was added for visualization under UV light. At least 0.25 volumes of bromophenol blue
gel loading dye were added to the PCR products before loading into the wells.
Electrophoresis was performed at 100 volts for 20-30 min.
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2.6. IQ testing
For IQ testing, affected individuals from pedigrees MR5 and MR6 were evaluated by clinical
psychologists. For MR5, two affected individuals and their parents were analyzed in
Psychiatry Department, District Headquarter Hospital (DHQ) Faisalabad. For MR6, two
affected individuals and their parents were analyzed by clinical psychologists in Neurology
ward, Mayo Hospital Lahore. Both informal and formal assessment tools were used for
analysis. The Slosson Intelligence Test [SIT (Slosson, 1998)] was used in formal assessment
for IQ calculation.
2.7. Clinical analysis
Four affected individuals, two from MR5 and two from MR6 were examined by
neurophysician. Clinical tests were performed for the affected individuals as prescribed by
physician. These tests include blood analysis, biochemical analysis, echocardiography
(ECG), Torch profile, thyroid profile, chest X-ray and brain Magnetic Resonance Imaging
(MRI) scan (Table 2.1). MRI scans were performed at National Hospital Faisalabad and
Lahore General Hospital, Lahore. Other tests were performed in Chughtai Lahore Lab,
Lahore and PINUM Cancer Hospital, Faisalabad. Detail of biochemical analysis, blood tests,
torch profile and thyroid profile is given in the table below.
2.8. Genotyping using fluorescently labelled primers
Genotyping was performed by amplifying microsatellite repeats. Microsatellite markers were
selected from Marshfield genetic map [http://www.marshfield.org/genetics (Broman et al.,
1998)]

and

genome

database

(http://www.gdb.org/).

UCSC

genome

browser

(http://genome.ucsc.edu/) was used for identification of physical positions of markers. For
amplification of microsatellite markers an 18-bp extension sequence was added to the 5' end
of each forward primer to allow amplification by third primer which was FAM labelled at 5'
end for allele detection in ABI3130xl genetic analyzer. All samples were amplified for the
selected markers using a standard protocol containing 2.4 pmol of forward primer, 6 pmol of
reverse primer, and 10 pmol of FAM labelled primer, 200 µM of each dGTP, dCTP, dTTP
and dATP, 1.2 U of Taq DNA polymerase, 1X PCR buffer and 50 ng of template DNA in 12
µl reaction volume.
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Table 2.5: PCR thermal cycling conditions for fluorescently labelled microsatellite markers.
Step

Temperature oC

Denaturation

95

10 min

Denaturation

95

30 s

Annealing

52-66

30 s

Extension

72

30 s

Denaturation

95

30 s

Annealing

50

1 min

Extension

72

1 min

Final extension

72

10 min

Duration

No. of cycles

1

30

8

1

2.9. Preparation of samples for ABI 3130xl genetic analyzer
Fragments were size separated in ABI 3130xl genetic analyzer. Before the preparation of
samples for genetic analyzer, agarose gel electrophoresis was performed to detect the quality
of PCR amplification of genomic fragment. All the PCR amplified samples were prepared
by thorough mixing 0.5 µl of size standard LIZ-600 (Applied Biosystems), 0.5-1 µl of
fluorescently labelled PCR product (depending upon quality of PCR amplification) and 10 µl
of Hi-Di formamide in 96 well loading plates. This mixture was then denatured at 98°C for 15 min followed by quick chilling on ice and then loaded into the genetic analyzer for
electrophoresis. Data was analyzed using GeneMapper v3.7 and Peak Scanner v1.0 softwares
(Applied Biosystems, http://www.appliedbiosystems.com).
2.10. Genome-wide search using SNP Array 6.0 analysis
Genome wide search was carried out by homozygosity mapping also known as autozygosity
mapping (Lander and Bostein, 1987). Homozygosity mapping takes advantage of families
that are genetically homozygous for recessive disease alleles by virtue of consanguinity.
Genome-wide search was carried out using single nucleotide polymorphisms (SNPs). SNP
genotyping was performed with samples from three to six affected individuals and one to
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nine normal individuals in the families MR4, MR5, MR6, MR7, MR8, MR10 and MR13
using genome-wide human SNP array 6.0 (Affymetrix) with NSP1 and Sty1 restriction
enzymes according to the manufacturer’s protocol (www.affymetrix.com). Affymetrix
genome wide human SNP array 6.0 (SNP6.0) contains 1.8 million genetic markers which
include more than 906,600 SNPs and more than 946,000 probes for the detection of copy
number variations (CNVs). Total genomic DNA (250 ng) was digested with the restriction
enzyme (NSP1) and ligated to adaptors that recognized the cohesive four base-pair
overhangs. All fragments resulted from restriction enzyme digestion, regardless of size, were
substrates for adaptor ligation. A generic primer that recognizes the adaptor sequence was
used to amplify adaptor-ligated DNA fragments preferentially of 200 to 1100 bp size range.
The amplified DNA is then fragmented, labelled, hybridized to a Genome-wide human
SNP6.0 array (Affymetrix), scanned by using scanner and analyzed on computer.
Homozygosity mapping and sorting of genomic regions were performed with dedicated
softwares called Genotyping console and chromosome analysis suite (www.affymetrix.com).
Selected regions were further investigated by genotyping all members of families with
microsatellite markers derived from known and novel polymorphic repeats. Microsatellite
markers were amplified by PCR as described earlier.
2.10.1. Copy number variations (CNVs) analysis
Affymetrix Genome Wide Human SNP Array 6.0 (SNP6) includes more than 946,000 probes
for the detection of copy number variations (CNVs). These probes are evenly spaced
throughout the genome. It can detect copy number changes more efficiently than other
SNP/CN platforms. This change in copy number provides information about CNVs
association with disease and providing tool for homozygosity mapping for autosomal
recessive disorders.
2.11. Linkage analysis
Genotyping of the affected families to search for the segregation of disease gene locus,
by studying the familial transmission of marker alleles at consecutive polymorphic loci is
the fundamental step in gene identification. This necessitates statistical methods to interpret
genome-wide data. The explanatory unit for the strength of linkage is the logarithm of odds
i.e. LOD score value, which is based on an equation developed by Morton (1955). The LOD
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score is the 10 th base logarithm for the likelihood ratio or odds ratio for the likelihood of
linkage at a given recombination fraction (q) between affection status and a marker locus to
the likelihood of no linkage (Ott, 1985). In practice, this ratio is calculated for several values
of recombination fraction. The frequency of one recombination event in 100 meioses equals a
map distance of one centi Morgan [1 cM 0.01 q (Ott, 1991)]. This is 1 Mb on average in
physical distance, but it varies between males and females and depends on chromosomal
location. The estimate for linkage is the sum of LOD scores at a given recombination fraction
in single family. The LOD score calculation is dependent on both the penetrance of the
disease phenotype and mode of inheritance. The estimation of linkage for a single genomic
locus depends only on the last meiosis and gives a reliable, but usually also relatively gross
localization for the affection locus, the most likely distance between the loci studied being the
recombination fraction at which the LOD score is highest. In theory, on average the
probability of two recombination in a region of 1 Mb is one in 10,000 but depends on the
true recombination frequency in a given region (Haldane, 1919). This figure holds true
for one meiosis, but a linkage study utilizes information collected from siblings and
several affected families. LOD scores >3 are considered significant since they indicate
1:1000 odds that the linkage did not occur by chance. LOD scores <-2 are generally
considered as significant evidence against linkage (Morton, 1955; Ott, 1991). Microarray
SNP results from the individuals’ data were extracted by the program LIPSNP6 (Eiberg,
unpublished). Two point linkage analyses were carried out by using Program LIPED
[FASTLINK program package (Ott, 1976)]. Multipoint linkage analysis was performed using
easy LINKAGE (Hoffmann and Lindner, 2005). For the analysis, autosomal recessive mode
of inheritance with complete penetrance and a disease allele frequency of 0.001 were taken.
Markers order and their maps distances were based upon Marshfield genetic map
[http://www.marshfield.org/genetics/ (Broman et al., 1998)] and DeCode genetic map (Kong
et al., 2002).
2.12. Mutation screening
After linkage analysis, families established linkages to particular loci were subjected to direct
sequencing of the candidate genes to identify the pathogenic mutations. Oligonucleotide
primers

were

designed

using

web

based

software

in

primer3

website

(http://frodo.wi.mit.edu/) to amplify the coding exons and exon-intron boundaries. Maximum
melting temperatures for forward and reverse primers were kept between 57-60°C with a
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maximum melting difference of 1°C between the forward and reverse primers. Same primers
were used both for PCR amplification and sequencing.
2.12.1. DNA sequencing
Sequencing of the entire candidate regions were performed using POP-7 polymer and an
array length of 36 cm in an ABI 3130xl genetic analyzer (Applied Biosystems). Sequencing
was performed using the following protocol and BigDye Terminator v.1.1 Cycle Sequencing
Kit (Applied Biosystems) was used for sequencing PCR reaction.
2.12.2. Purification of PCR product
Prior to sequencing PCR, all the amplified PCR products were purified using the
following procedure.
 Added 1-2 µl of PCR product to 0.25 µl (0.75 U) of exonuclease I (ExoI), 0.25 µl
(0.75 U) of shrimp alkaline phosphatise (SAP) and 2.5-3.5 µl double distilled
deionised water to make final volume 5 µl.
 After thorough mixing samples were incubated at 37°C for 30 min followed by 80°C
for 20 min.
After incubation samples were immediately used as template for sequencing PCR.
2.12.3. Sequencing PCR reactions
BigDye Terminator v.1.1 Cycle Sequencing Kit (Applied Biosystems) was used for
sequencing PCR reaction. Sequencing PCR was performed as follows.

33

MATERIALS AND METHODS

Tables 2.6: Sequencing PCR master mix.

Reagents

Volume (µl)

Template Exo-SAP treated

5

Primer (10 pmol)

0.25

De-ionized distilled water

2.25

5X sequencing Buffer

1.5

BigDye reaction mix

1.0

Total volume

10

Table 2.7: Sequencing PCR profile.

Step

Temperature oC

Time

Denaturation

95

1 min

Denaturation

95

10s

Annealing

52-60

10s

Extension

60

4min

No. of cycles
1

30

2.12.4. Precipitation of sequencing PCR products
Sequencing PCR reactions were purified in ABI 96 wells sample loading plates by adding 1
µl of 3M sodium acetate and 1 µl of 125 mM EDTA to the PCR product. 25 µl of 96%
ethanol (stored at -20°C) was added to each reaction and mixed by gentle vortex. Plates were
centrifuged for 30 min at 4700 rpm at 4°C after incubation at room temperature for 15 min.
Supernatant was discarded by inverting the plates carefully onto 3-4 folds of paper towel.
Inverted plates were placed on new paper towel and centrifuged at 170 rpm for 1 min. PCR
pellets were washed by adding 60 µl of 70% ethanol and centrifuged immediately at 4700
rpm for 10 min at 4°C. Supernatant was discarded carefully by inverting the plates onto 3-4
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folds of paper towel. Inverted plates were placed on new paper towel and centrifuged at 170
rpm for 1 min. Samples were dried by incubating at 65°C for 10-15 min. To the purified
sequencing PCR products 10 µl of Hi-Di formamide (Applied Biosystems) were added and
mixed thoroughly, followed by short centrifugation to collect all the sample volume to the
bottom of the sample plates.
2.12.5. Sequencing data analysis
Sequences were analyzed using Chromaspro version 1.34 software by aligning them with
control sequences obtained from www.ncbi.nlm.nih.gov. The obtained sequences were
checked in silico for mutations. Mutations obtained were further analyzed for pathogenecity
by using different bioinformatic tools.
2.13. DNA capture and Solexa/high throughput sequencing
The high throughput sequencing (HTS) technology, also termed next generation sequencing
or second generation sequencing, allows parallel sequencing of millions of DNA fragments.
Several commercial platforms for HTS are available, including the Genome Analyzer
(Illumina), Solid (Applied Biosystems) and 454 (Roche). The sequence analysis in this study
was performed on a Genome Analyser IIx (Illumina, www.illumina.com).
Genomic DNA (20 µg) was fragmented to ~300 bp by nebulization. Following
fragmentation, the fragments were blunt ended, A-overhang were added to the 3’ end and
adapters ligated to both ends of the fragments. Genomic regions of interest were captured by
hybridization of the adapter ligated library to a microarray containing 2.1M/384k 60 mer
probes (NimbleGen). Following hybridization, microarrays were washed to remove unbound
DNA fragments and DNA fragments hybridized to the probes were recovered in 98°C water.
Captured DNA was amplified by 18 cycles of PCR. The resulting library was subjected to
paired-end sequencing on a Genome Analyzer IIx (Illumina) according to the manufacturer’s
protocol. Briefly, the library was subjected to clonal amplification, generating ~1000 copies
of each DNA fragment bound to the flowcell. A sequencing primer was added and 36 bases
of each fragment sequenced on the Genome Analyzer. Subsequently, the complementary
strand of each clone was generated and another sequencing primer added to sequence 36
bases from the other end of each fragment. Sequences were aligned to the human genome
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(Hg18)

using

Eland

(http://bioit.dbi.udel.edu/howto/eland)

and

BWA

(http://bio-

bwa.sourceforge.net/) softwares to detect mutations.
2.14. Restriction analysis
Restriction analysis was performed by using online web based software NEB cutter V2.0
(http://tools.neb.com/NEBcutter2/index.php) for appropriate restriction enzymes selection.
According to manufacturer’s instructions, appropriate buffer was used for carrying each
restriction digestion reaction. Restriction fragments were analyzed by horizontal gel
electrophoresis using 2-3% agarose gel.
2.15. Families studied
2.15.1. MR4
This family was sampled from district Lodhran, Punjab province, Pakistan. The family
comprises two loops, one large nuclear loop in fifth generation and the second loop in fourth
generation. The nuclear loop comprises seven siblings including three affected and four
normal individuals (Fig 2.1). The consanguineous parents were unaffected which suggested
an autosomal recessive mode of inheritance. In three affected individuals, two are males and
one female. All these three individuals were mentally retarded and dependent for self care
and other routine activities. All affected individuals showed low IQ while both parents and
two normal siblings revealed normal IQ upon examination. The second loop consists of two
male individuals affected with autosomal recessive primary microcephally [MCPH (Fig 2.1)].
Parents are not consanguineous here. All affected individuals in this loop showed mental
retardation and below normal head circumference. After taking an informed consent, blood
samples of three affected and two normal siblings along with their parents in nuclear loop and
two affected in second loop were collected for molecular analysis.
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Figure 2.1: Pedigree of family MR4 segregating autosomal recessive mental retardation
(ARMR). Solid symbols represent affected subjects, while the open symbols represent
normal individuals. Double line indicates consanguineous first cousin marriages.
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2.15.2. MR5
A large consanguineous family with severe mental retardation was ascertained from the
district of Faisalabad Punjab province, Pakistan. Family was visited at their residence for
detailed clinical examination and pedigree drawing. The family showed high degree
consanguinity with first cousin marriages (Fig 2.2) and represented 4 loops with affected
individuals. General clinical examination and performas filling were carried out at their place.
Two affected individuals in the central nuclear loop (V: 6 and V: 7) were selected as
probands (Fig 2.2) for a detailed clinical examination by an expert neurophysician and a
clinical psychologist. For IQ scoring the individuals were analyzed by clinical psychologist in
Civil District Headquarter Hospital Faisalabad. The neurophysician made a detailed
examination of the patients under investigations and prescribed several clinical tests. Clinical
tests including thyroid hormone profile, chest X-ray, and brain MRI were performed for
individuals (Table 2.1). Blood and biochemical analysis were also performed according to
prescription of consultant (Table 2.1). All the clinical reports were normal and no brain
deformity detected in brain MRI scan. After taking an informed consent, whole blood
samples were drawn from all affected and normal individuals including their parents.
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Figure 2.2: Pedigree of family MR5 segregating autosomal recessive mental retardation
(ARMR). Solid symbols represent affected subjects, while the open symbols represent
normal individuals. Double line indicates consanguineous first cousin marriages.
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2.15.3. MR6
This large consanguineous family was ascertained in district Lahore of Punjab province.
Sampling trip was arranged for the family and pedigree was drawn carefully by taking all
required information from family elders. Strong consanguinity was found in the family.
Pedigree analysis showed its autosomal recessive mode of inheritance (Fig 2.3). The family
comprises of three loops, one with six normal and two affected individuals, second with one
affected and two normal individuals and the third with two affected and four normal
individuals. All these three loops are related. General clinical examination was made and
standard questionnaires were filled for all affected members. Two affected individuals, V: 3
and V: 8 were selected as probands for detailed analysis. These probands were analyzed by
clinical psychologist and neurophysician in the Mayo Hospital Lahore. The clinical
psychologist interviewed the patients and their parents and made IQ scores for all. The
neurophysician examined both patients. Patients had history of aggression, epileptic shocks
and completely unable of self-care. The physician prescribed clinical tests including urine
examination for amino acids, ceruloplasmin level, rapid plasma regain (RPR), torch (whole)
profile report, thyroid profile and brain magnetic resonance imaging (MRI) scan for both
patients (Table 2.1). After getting all the required investigations, the physician made a
diagnosis of Hallarvardon spatz syndrome (HSS).
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Figure 2.3: Pedigree of family MR6 segregating Hallarvardon spatz syndrome (HSS) with
autosomal recessive mode of inheritance. Solid symbols represent affected subjects, while the
open symbols represent normal individuals. Double line indicates consanguineous first cousin
marriages.
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2.15.4. MR7
A small consanguineous family with 4 affected individuals was ascertained from Swat region
of Khyber Pakhtoon Khwa (KPK) province. Family also has four normal individuals and both
parents (Fig. 2.4). Family pedigree was drawn carefully by interviewing the elders of the
family. All affected individuals are the offspring of consanguineous cousins. On clinical
examination, all affected individuals showed psychomotor developmental delay with low IQ.
The patients were not able to do self care and were using gestures as a communication
source. They were socially not developed and no clear physical deformities in all affected
individuals noticed. After an informed consent, blood was collected from all affected and
normal individuals including their parents.

Figure 2.4: Pedigree of family MR7 segregating autosomal recessive mental retardation
(ARMR). Solid symbols represent affected subjects, while the open symbols represent
normal individuals. Double line indicates consanguineous first cousin marriage.
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2.15.5. MR8
This family was sampled from district Dir of KPK province. This family has two loops and
the mother is common in both loops. The family consists of two affected and three normal
individuals with consanguineous parents in the first loop (Fig 2.5). There is only one affected
individual with consanguineous parents in the second loop. The parents were normal in both
loops showing autosomal recessive mode of inheritance. All the affected show low IQ, severe
mental retardation and some hearing impairment also. They were socially less developed,
unable to do self care and also had occasional aggressiveness. All the normal individuals and
parents showed normal IQ and psychomotor development. Blood was taken from all affected,
one normal and both parents.

Figure 2.5: Pedigree of family MR8 segregating autosomal recessive mental retardation
(ARMR). Solid symbols represent affected subjects, while the open symbols represent
normal individuals. Double line indicates consanguineous first cousin marriage.
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2.15.6. MR10
This family was ascertained from Tehsil Gagra, district Bunir of KPK province. This family
was sampled during a field sampling trip and the pedigree was drawn carefully by
interviewing elder members of the family. This pedigree consists of two loops, one nuclear
loop with three affected and three normal individuals and another loop with one affected and
eight normal individuals (Fig 2.6). Interestingly, both loops are sharing the common father
and having no consanguinity in the nuclear loop. The parents were normal in both loops,
indicating autosomal recessive mode of inheritance. X linked mode of inheritance was
excluded due to affected females in the pedigree. Standard questionnaires were filled for all
affected individuals carefully and clinical examination was performed. All affected members
had low IQ and psychomotor developmental delay. Individual IV: 11 had the most severe
mental retardation as compared to all others. All affected members were socially less
developed and unable to communicate in routine life. After informed consent, blood was
collected from three affected and one normal including their parents in one loop and one
affected and one normal in the second loop.
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Figure 2.6: Pedigree of family MR10 segregating autosomal recessive mental retardation
(ARMR). Solid symbols represent affected subjects, while the open symbols represent
normal individuals. Double line indicates consanguineous first cousin marriage.
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2.15.7. MR13
MR13 was sampled from the district Dir of KPK province. Pedigree analysis of the family
suggested autosomal recessive mode of inheritance (Fig 2.7). The probability of X- linked
inheritance was excluded due to affected females in the pedigree. The family comprises one
big and two small loops. Each of the two small loops had one affected female. Blood
collection and clinical analysis were possible only for the one big loop. This loop contains
three affected females and five normal individuals. Two affected males and two females were
already dead in their early life. All the affected members of the family showed severe mental
retardation, reduced head circumference and low IQ. They were also aggressive, having
seizures, self injurious and unable of self care. They could not communicate well and were
occasionally using gestures. Blood was taken from affected and normal individuals including
their parents.

Figure 2.7: Pedigree of family MR13 segregating autosomal recessive mental retardation
(ARMR). Solid symbols represent affected subjects, while the open symbols represent
normal individuals. Double line indicates consanguineous first cousin marriages.
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Table 2.8: Primers’ sequences for STS markers used for exclusion of the candidate
homozygous regions for MR7.

Markers

D14S1021

Forward primer

Reverse primer

TGACCGGCAGCAAAATTGAGTCGTGTATCCTGGGCA

GCGCTGGTGTGAATCTTTA

T

D14S1034

TGACCGGCAGCAAAATTGCGTAGATGCTCCAAATCC

TAGACAAATCGCTGGTCACT

TAC

D13S289

TGACCGGCAGCAAAATTGCTGGTTGAGCGGCATT

TGCAGCCTGGATGACA

D13S1293

TGACCGGCAGCAAAATTGTGCAGGTGGGAGTCAA

AAATAACAAGAAGTGACCTTCC
TA

D3S3031

TGACCGGCAGCAAAATTGTGAGGAACAGAAGTTGAG

TCAGAGTGAATTACACCACTGG

GC

D3S80.10(TG)

D7S101.8(GT)

TGACCGGCAGCAAAATTGTGTACAACATGATGACCC

CAGTTTTATTGAGAAAAATAAT

TAGTTAAT

TGACA

TGACCGGCAGCAAAATTGAGACCACCGTTTACCCAC

TTGCAGTGACCTGAGATTGC

TG
TGACCGGCAGCAAAATTGCACATTTTATGAGGCCAG

D7S102.65(AC)

TTCAAGTGCTTTGCTCATTTTT

CA
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Table 2.9: Primer pairs used for PCR amplification and subsequent sequencing of PRSS12
exons.

Primer sequence (5'→3')
Exon

Product
size (bp)

Forward (5'→3')

Reverse (5'→3')

1

ctcctcttctccgctcca

acacaccccgtcactttttc

669

2

cccaggactggctcaatatg

ggcacccagcattattctca

271

3

ttcatctttgttgatttcttcca

ttcatcatctggaatcacgttt

349

4

ccatatcactggtgtggcttt

cttgtcccatttgttcaagga

393

5

catgcatgacctgtgaagtga

aaggagaagggaagctgtgg

385

6

gcaaaaggcctagagtgagg

tccatacacaggtaggagagaaca

384

7

tcctctgaagtcatgtcactgaa

gccaaagatgagaaacacttcat

399

8

tttcccatctgattttatagctga

ttcaaatgaatgacagaagctca

372

9

gcacatgcagatgctaatttt

aaagtactgcttatagtaatggaatgg

400

10

cgtcttacccctctgtcagc

aacataggtcaaaggacagtgaaa

300

11

ccacctgcaaggcattaaa

tgaggggattggaagaactg

293

12

gggctgatgatttggaagaa

tcttattgcccattgcacac

468

13

tgcgatggttatctggaatg

aagtcactccagtgaaattaggg

595
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Table 2.10: Primer pairs used for PCR amplification and subsequent sequencing of HECTD1
gene.

Exon

Primer sequence (5'→3')
Forward (5'→3')

Reverse (5'→3')

Product
size (bp)

1

gcggcttcttgggaactcta

tgactggaggacagctttgg

664

2

ggaggacactatgaaaatttggtt

tgaagtcagcaaatggttgaa

348

3

tggaagcaaaaacaatgtga

catttttcagtctctaagtgatgttt

490

4

tgtgtcactaataaatttggagagc

tcataattataaacaggggaacactaa

395

5

tgctgcagttgcctttctta

gaagctccgacctcagaaga

500

6

gaatgtttttgaatctttgcttttt

gaaggggtgccactttgtta

480

7

cttttggaactcaggaaatgg

tggagatggcatggaaataa

300

8

gtttacatagttggatgtcaaagaaa

gctatggaagtgaaagctgaaa

247

9

tgaaagcaaaagtttccaaaaa

ggaaaagggagataaataaaacca

299

10,11 tgtaacattggatattttactgttcat tcctgtcaaaaaccatcaaaa
12

gggggaaaaagattaagctaca

gacaggagaactgcttgaacc

13,14 gagaaaatacatgtcatacttgaaaga cagtgcttatactttaccactgaaaa

650
568
583

15

ttgtgcccaaatgacagtaca

atttgctgaccccctactca

365

16

ttgtcatgataattgatgttctgat

tcataaaacctaaaggctgaagaa

393

17

aacatttgtctcttagtttttgatga

gtttcttttgtgtgcataaatgtt

284

18

ggggtatatattgaagttgattacca

ttttaatccgatgtgaaagaaaa

299

19

tccaaatctcagttgttttaggg

aaaaggctaaaccacagctca

287

20

acgtgcttgaaaacagcatt

aaccacagaatattcagagtgctaa

299

21

tctgtatttaaaaccttgtgcaaat

cacaaggaagagagctctagagtataa

489

caacagttcttctaaacagtgctc

621

22,23 aaaatctttcccatcttgaatttct
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24.1

gtgggcagaccttgattgac

ccccaggagtacgaacagaa

639

24.2

gtagcagcgacatcagcttg

gttaaaaactgcagccagaaca

671

25

agtgtgttttatgacctcactcttt

tcaggagaaaacataataaaagca

396

26

acgcaacagttgtccctttt

gtgccacatttccttgcttc

358

27

ttcaggtcatggctgaaagg

cccttccacactgcacattt

299

28

gaaatatggctaaggaaatgcag

aacgtgcatacaaaagcaaca

347

29

tggcagagaggtttggattt

atgcaatgcttcttggctct

395

30,31 aaagaattgaagccttattggaaa

caaagctgcaaaacaaagca

599

32,33 aattccaaccctttcatagtgg

tcagagggaagggaaagatg

580

34

atcgtaccactgcacaccag

tctctcctcctttcctttgga

465

35

tctttgaattctgttgctggttt

caggaaaacccctcttcatgt

399

36

aggaaaattaaaataacacttctgtgc

cctggcttatgctctgaacac

396

37.1

cgataaaatttagtcaccaaaagc

ccgagagtgaatcatgacctt

495

37.2

gccaaatgcattcaagacaa

tgcaaatcagtgacgacaaag

551

accaccagcaattcttgacc

462

38,39 tacccactgatggcagatga
40

tggtttgaaatttggtattttgg

ctcccagccttatcagtgga

400

41

ggcttgttgctgccttagaa

aagcaaacacaacagaagacca

333

42.1

tcacggttgtacgcaaggta

ggaagcaggatttttgacca

694

42.2

aaggtggtcccacttgactg

aatttcagaaaactttggatgattc

660
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Table 2.11: Primer pairs used for PCR amplification and subsequent sequencing of PANK2
gene.

Primer sequence (5'→3')
Product

Exon

size (bp)
Forward (5'→3')

Reverse (5'→3')

1.1

ggttcaagccctttcgtct

cagtccagccagagcagag

488

1.2

ccgtcacgatagcctctca

tgtaagagcccagtcgatcc

443

1.3

gaggaggcgagaaggaatc

gtaccgctttcggagcac

500

2

ccaaaacccttttgcctaga

caccacttgctactggcatt

553

3

gggatgccttattgaatgga

ttcacctaacaggttcttgaagg

430

4

ttgcatgattgggttggata

ttgggattaaaggcatgagc

357

5

ttgaacagatgctccattgc

cccaccccaaatgactacat

386

6

gcacatggtgctgtatttgg

cacctccaccctctacctca

299

7.1

gtatgctgtgtgtgggcagt

gcacttccaatgagtgatgc

459

7.2

ttagcaaccaggaaggaaaaa

cagaacagtccgcccacta

493
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Table 2.12: Primer pairs used for PCR amplification and subsequent sequencing of HOMER2
gene.

Primer sequence (5'→3')
Product

Exon

size (bp)
Forward (5'→3')

Reverse (5'→3')

1

gccacgaggttacgtaaggag

gctgtatgggaggggaagg

532

2

ggcagtaggtggcctagaaa

gggtgcatcttggatgaaa

298

3

ctaaggaatgactttgtctcattca

aaaggaatcctgctcaccaa

297

4

aaaggtgggttctgaataccag

gaaaaagccttcaaaatgacct

282

5

taacttgctgccgatgtgc

gaaaccctgtccagcaagaa

280

6

ctgagggatggcggagtc

atgggagaggcagcaagtct

385

7

agctgtggtgatctcttgctt

ccagtcataggccccaag

274

8

cgtgcacacattggtgattt

gtgaaagtgataggaagcaggaa

249

9.1

ggggtagcatgtctctaggc

tgccctgactgcataaatgt

597

9.2

ttctctggccttgtgagg

ctgctgtggggtttgatta

600
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Table 2.13: Mutations specific primers for PCR amplification of the regions having
mutations.

Primer sequence (5'→3')
Product

Gene

size (bp)
Forward (5'→3')

Reverse (5'→3')

gccctggaactacccataag

cacacggacgagtagaccac

500bp

OR52E6 gatgtccacagaagggcaac

tcctgggaaatgctgctatc

399bp

OR52I2

ctttggccaggttagcatgt

tccatattctctcccgcagt

369bp

PGAP2

gggacgtgaacacatagtcg

ggtctgccacagagaacaca

398bp

DRD4

Table 2.14: Restriction enzymes used to test the inheritance of mutations in the family.

Gene

Mutation

Restriction enzyme

OR52E6

ex1.end_ c.331G>A

TspR1

OR52I2

ex1.end_ c. 867T>A

BccI

PGAP2

ex6_ c. 713G>C

BamHI
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RESULTS AND DISCUSSION
3.1. Family MR5
Analyses of MR5 family pedigree revealed a large five generation family of four loops with
six affected individuals and a high degree of consanguinity and first cousin marriages.
Sampling and clinical examination was possible only from three of the four loops (loop 1-3,
Fig 3.1) due to the recent unstable political and security situation in the region.
During the first visit to the village, all affected in the MR5 family appeared to share the same
phenotype of non-syndromic mental retardation. Later on, four affected individuals were
selected for further clinical analysis. More detailed clinical examination was carried out for
two affected individuals (V:6 and V:7), in loop 1 (Fig 3.1). These two affected were offspring
of healthy first cousins from the fourth generation with normal pregnancies; they showed no
dysmorphic features but both were anemic (Table 3.3). There were no signs of jaundice,
cyanosis, clubbing, Osler’s nodes and Heberden’s nodes. Hands were pale with no sign of
Palmar Erythema, sweating and Dupuytren’s contracture (Table 3.2). Pulse, blood pressure
and respiratory rate were in normal range, no hepatosplenomegaly and cardiac abnormality
were found. GIT, urinary and respiratory examinations were normal (Table 3.1 and Table
3.2). Neurological examination, cranial nerves, motor system and sensory system
examination revealed no abnormality. Fundus examination was normal with no change in
lens but both affected showed low IQ. Both probands were showing normal thyroid and torch
profiles (Table 3.4 and Table 3.5). MRI brain scan of both probands showed no brain
deformity and have normal height and head circumference (Table 3.3). Both probands
showed difficulty in responding to the answers and response latency was observed. They
showed delayed milestones with neck holding at 1 year, sitting at 2 and 2.5 years, walking at
3 and 4 years respectively with speech impairment and no speech at all. Analysis of Slosson
Intelligence Test (SIT) (Slosson et al., 1998) scores for V:6 showed ratio IQ 17.7-26.3
indicating a mental age of 32 months while the physical age was 12 years. SIT scores for
patient V:7 revealed an IQ range of 18.7-27.3, her mental age was 40 months and physical
age 14 years. The tests indicate that both girls were below average intellectual ability. The
detailed clinical examination of V:15 and V:17 from loop 2 and 3 (Fig 3.1) demonstrated
that they were not sharing the same severe NS-MR found in loop 1 and were therefore
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phenocopies representing a mild form of MR most likely caused by hypoxic-ischemic
encephalopathy and meningitis.
The fragment analyses of the NS-ARMR disease genes CRBN, CC2D2A, PRSS12, GRIK2,
TUSC3, and CC2D1A (Table 2.2) using polymorphic sequence tagged site (STS) markers
(Table 2.2) excluded these as candidate genes for the mutation (Table 2.2). Autozygosity
mapping of all sampled individuals in MR5 using the genome wide SNP microarray revealed
a 6 Mb large homozygous region in the nuclear loop 1 telomeric on 11p15 [physical
coordinates chr11:1-5,984,667, hg18 (Table 3.6)]. The linkage region showed homozygosity
from the telomere and was delimited proximal by a recombination in the healthy sibling V:10
between SNP_A-1824025 and SNP_A-2286410 (Fig 3.1A and B). Analysis of the genotype
data for loop 1 showed that all the affected shared the identical haplotype homozygous and
both parents were carriers for the haplotype (Fig 3.1A). The genotype analysis of the affected
individuals V:15 and V:17 in loop 2 and 3 (Table 3.6) also demonstrated that they did not
carry the disease haplotype and therefore could not be compound heterozygote carrying a
second mutation in the same gene. This led to an extended clinical examination of these
individuals which also demonstrated that they were having a milder form of mental
retardation. The 11p15-tel was the only region found homozygous in the genome for the
affected individuals in loop 1 (Table 3.6) and no other homozygous region could be found
shared by all affected individuals and not in the unaffected individuals of family MR5.
Analyses for the two affected individuals in loop 2 and 3 failed completely and the extended
clinical examination of V:15 and V:17 strongly supported the linkage data that they were not
sharing the same phenotype of NS-ARMS found for loop 1.
A calculation of LOD score was carried out for all the SNP microarray data in order to
identify other loci than the mapped homozygous region. The screening of the entire genome
for continuous regions of positive LOD scores failed to identify other possible linkage
regions. Combining these LOD score calculations with the genotype data analysis for the
family resulted in the 11p15-tel region solely having positive LOD scores (Fig 1C). All other
minor regions of continuous positive LOD score values were excluded by genotype analyses
in the nuclear loop. A maximum LOD score of Z=3.58 was calculated for the nuclear loop
considering an allele frequency of 0.10 (Table 3.7) corresponding to the allele frequency of a
disease haplotype based on 10 informative single nucleotide variations in the linkage region.
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Table 3.1: Clinical X-rays and ECG performed for individuals V:6 and V:7.

Clinical Xrays

Individual V:6 results

Individual V:7 results

Brain MRI

Negative examination

Negative examination

ECG

Normal

Normal

→No

active

pleural

or

pulmonary

pathology seen in visible lung fields.
X-Ray chest

→Cardiac size is within normal limit.

Not done

→Diaphragmatic contours are normal.
→No mediastinal or tracheal shift seen.

Table 3.2: Biochemical analyses performed for individuals V:6 and V:7.
Clinical tests

Individual V:6 results

Individual V:7 results

Blood glucose random

95 mg/dl

92 mg/dl

Serum creatinine

0.70 mg/dl

0.650 mg/dl

Bilrubin total

0.80 mg/dl

0.80 mg/dl

Bilrubin conjugated

0.30 mg/dl

0.30 mg/dl

Bilrubin unconjugated

0.50 mg/dl

0.50 mg/dl

SGPT(ALT)

10 U/l

12 U/l

SGOT(AST)

18 U/l

17 U/l

Alkaline phosphatase

909 U/l

1151 U/l

Serum sodium

138 meq/L

138 meq/L

Serum potassium

3.9 meq/L

3.9 meq/L

Serum chloride

106 meq/L

107 meq/L

Serum bicarbonate

27 meq/L

27 meq/L

Blood urea nitrogen

11.2 meq/L

10.5 meq/L
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Table 3.3: Haematology results for individuals V:6 and V:7.
Clinical tests

Individual V:6 results

Individual V:7 results

HB

8.3 g/dl

4.2 g/dl

E.S.R (Westergren method)

20 mm/1st hrs

50 mm/1st hrs

Total WBC

9700 /cu.mm

9700 /cu.mm

Neutrophils count

71%

71%

Monocytes count

03%

03%

Lymphocytes

23%

222%

Eosinophils

04%

03%

Table 3.4: Thyroid profile performed for individuals V:6 and V:7.

Thyroid profile

Individual V:6 results

Individual V:7 results

FT4

15.24 pmol/L

15.28 pmol/L

FT3

4.27 pmol/L

4.38 pmol/L

TSH

2.10 mIU/L

3.61 mIU/L

Table 3.5: Torch profile analyses for individuals V:6 and V:7.
Torch profile

Individual V:6 results

Individual V:7 results

Rubella IgG

Positive

-

Rubella IgM

Negative

-

Rubella IgGAB

Negative

-

Rubella IgMAB

Negative

-

CMVIgG

Positive

-

CMVIgM

Negative

-

Herpes IgG

Positive

-
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Table 3.6: Homozygous SNPs region obtained from four affected individuals (V:4 to V:7) in
family MR5 using the SNP 6.0 array. Homozygous region spans 5,984,667 bp
(http://genome.ucsc.edu/).
SNPs

Distance

V:4

V:5

V:6

V:7

V:15

V:17

rs11246007

211,584

BB

BB

BB

NoCall

AB

AA

rs10902111

231,489

AA

AA

AA

AA

AB

BB

rs6598056

242,283

BB

BB

BB

BB

AB

AA

rs7930624

243,841

BB

BB

BB

BB

AB

AA

rs6598054

244,010

BB

BB

BB

BB

AB

AA

rs11246159

426,461

BB

BB

BB

BB

AB

AA

rs7924341

430,343

AA

AA

AA

AA

AB

AB

rs10902209

723,609

BB

BB

BB

BB

AB

AA

rs10902210

723,639

AA

AA

AA

AA

AB

AB

rs2856082

1,061,562

AA

AA

AA

AA

AB

AB

rs2735727

1,214,035

AA

AA

AA

AA

AB

AB

rs5743881

1,283,322

AA

AA

AA

AA

AA

AA

rs10832843

1,354,595

BB

BB

BB

BB

AB

BB

rs7948910

1,392,541

BB

BB

BB

BB

AA

AA

rs10837570

1,588,744

AA

AA

AA

AA

NoCall

BB

rs11038129

1,627,800

AA

AA

AA

AA

AB

BB

rs217710

1,963,820

AA

AA

AA

AA

AB

BB

rs4930101

1,978,435

AA

AA

AA

AA

AB

AB

rs11042391

2,020,174

AA

AA

AA

AA

AB

AB

rs4930030

2,043,796

AA

AA

AA

AA

AB

AB

rs10840303

2,049,559

AA

AA

AA

AA

AB

AB

rs7949013

2,058,268

BB

BB

BB

BB

AA

AA

rs6578977

2,058,380

BB

BB

BB

BB

AA

AA

rs12575785

2,065,370

BB

BB

BB

BB

AA

AA
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SNPs

Distance

V:4

V:5

V:6

V:7

V:15

V:17

rs4929957

2,084,885

AA

AA

AA

AA

AB

AB

rs12270978

2,179,391

AA

AA

AA

AA

AB

AB

rs7478680

2,179,936

BB

BB

BB

BB

AA

AA

rs11606404

2,197,791

AA

AA

AA

AA

AB

AB

rs11021732

2,197,848

BB

BB

BB

BB

AB

AB

rs10765826

2,197,897

BB

BB

BB

BB

AB

AB

rs7944004

2,267,728

BB

BB

BB

BB

AB

AA

rs800347

2,387,173

BB

BB

BB

BB

AB

AA

rs10832134

2,459,062

AA

AA

AA

AA

BB

AB

rs2283154

2,502,604

AA

AA

AA

AA

BB

BB

rs6578273

2,544,582

BB

BB

BB

BB

AA

AA

rs2283173

2,559,372

AA

AA

AA

AA

AB

AB

rs16924843

2,561,765

BB

BB

BB

BB

AA

AA

rs2283179

2,570,417

AA

AA

AA

AA

BB

BB

rs2412058

2,597,705

AA

AA

AA

AA

BB

BB

rs231910

2,707,861

AA

AA

AA

AA

AB

BB

rs231907

2,708,706

BB

BB

BB

BB

AB

AA

rs151291

2,731,415

AA

AA

AA

AA

BB

BB

rs4430486

2,741,967

AA

AA

AA

AA

BB

BB

rs12419355

2,750,441

AA

AA

AA

AA

NoCall

BB

rs2074200

2,773,277

BB

BB

BB

BB

AA

AA

rs163171

2,777,641

BB

BB

BB

BB

AA

AA

rs10766379

2,782,775

BB

BB

BB

BB

AA

AA

rs3852528

2,783,193

BB

BB

BB

BB

AA

AA

rs163177

2,794,989

AA

AA

AA

AA

BB

BB

rs163183

2,801,017

AA

AA

AA

AA

BB

BB

rs234852

2,807,358

BB

BB

BB

BB

AA

AA

rs11024404

2,851,028

BB

BB

BB

BB

AB

AA

rs10832869

2,867,197

AA

AA

AA

AA

AB

BB
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SNPs

Distance

V:4

V:5

V:6

V:7

V:15

V:17

rs6578314

2,993,254

BB

BB

NoCall

BB

NoCall

BB

rs438384

3,002,227

BB

BB

BB

BB

AA

AB

rs7103109

3,100,775

AA

AA

AA

AA

AB

AB

rs10833326

3,115,210

BB

BB

BB

BB

AB

NoCall

rs11025728

3,144,622

BB

BB

BB

BB

AA

AA

rs4415737

3,156,408

BB

BB

BB

BB

AB

AB

rs2412143

3,156,422

AA

AA

AA

AA

AB

AB

rs4285853

3,189,920

AA

AA

AA

AA

AB

AB

rs11026080

3,214,219

AA

AA

AA

AA

BB

BB

rs11026102

3,218,234

BB

BB

BB

BB

AA

AA

rs1468099

3,320,422

BB

BB

BB

BB

AA

AA

rs2412166

3,320,934

BB

BB

BB

BB

AA

AA

rs7109838

3,321,093

AA

AA

AA

AA

BB

BB

rs1858791

3,321,901

BB

BB

BB

BB

AA

AA

rs11026708

3,334,639

BB

BB

BB

BB

AB

AB

rs6578339

3,342,988

BB

BB

BB

BB

AB

AB

rs1989786

3,346,749

AA

AA

AA

AA

BB

BB

rs12417350

3,351,014

AA

AA

AA

AA

BB

BB

rs10833820

3,351,470

AA

AA

AA

AA

BB

BB

rs10833821

3,351,536

AA

AA

AA

AA

BB

BB

rs6578341

3,353,650

BB

BB

BB

BB

AA

AA

rs7106076

3,354,410

BB

BB

BB

BB

AB

AA

rs10766972

3,355,005

BB

BB

BB

BB

AA

AA

rs10833833

3,355,238

AA

AA

AA

AA

BB

BB

rs956453

3,364,105

BB

BB

BB

BB

AA

AA

rs16925378

3,633,672

BB

BB

BB

BB

AA

AA

rs925696

3,636,234

AA

AA

AA

AA

BB

BB

rs12221525

3,643,520

BB

BB

BB

BB

AA

AA

rs2741868

3,646,759

AA

AA

AA

AA

BB

BB
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SNPs

Distance

V:4

V:5

V:6

V:7

V:15

V:17

rs11028916

3,647,439

AA

AA

AA

AA

BB

BB

rs4575303

3,663,022

BB

BB

BB

BB

AA

AA

rs2957865

3,673,696

AA

AA

AA

AA

BB

BB

rs7124090

3,700,655

AA

AA

AA

AA

BB

BB

rs2898938

3,788,833

BB

BB

BB

BB

AA

AA

rs7946577

3,795,486

BB

BB

BB

BB

AA

AA

rs7120836

3,798,039

AA

AA

AA

AA

BB

BB

rs1026231

3,822,362

AA

AA

AA

AA

AB

BB

rs2167464

3,829,039

BB

BB

BB

BB

AB

AA

rs4414209

3,842,087

AA

AA

AA

AA

AB

BB

rs4910582

3,845,959

BB

BB

BB

BB

AB

AA

rs10160703

3,849,789

BB

BB

BB

BB

AA

AA

rs1869085

3,860,940

BB

BB

BB

BB

AB

AA

rs4910584

3,865,098

BB

BB

BB

BB

AB

AA

rs10767679

3,867,792

AA

AA

AA

AA

AB

BB

rs10500589

3,880,562

BB

BB

BB

BB

AA

AA

rs10835403

3,947,517

AA

AA

AA

AA

AB

AB

rs10500597

4,483,159

AA

AA

AA

AA

AB

BB

rs2709159

4,494,610

BB

BB

BB

BB

AB

AA

rs7933187

4,698,530

AA

AA

AA

AA

AB

BB

rs10836540

4,707,349

AA

AA

AA

AA

BB

BB

rs10836541

4,707,922

BB

BB

BB

BB

AA

AA

rs7117559

4,708,712

AA

AA

AA

AA

BB

BB

rs7104808

4,709,425

AA

AA

AA

AA

AB

AB

rs10742372

4,714,514

AA

AA

AA

AA

BB

BB

rs1433924

4,774,987

BB

BB

BB

BB

AA

AA

rs7940131

4,778,330

AA

AA

AA

AA

BB

BB

rs1433901

4,780,010

BB

BB

BB

BB

AB

AB

rs919900

4,893,714

AA

AA

AA

AA

BB

BB
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SNPs

Distance

V:4

V:5

V:6

V:7

V:15

V:17

rs7947422

4,903,126

AA

AA

AA

AA

BB

BB

rs11034913

4,939,492

AA

AA

AA

AA

AB

AB

rs1378738

4,948,858

BB

BB

BB

BB

AB

AB

rs7104839

4,957,831

AA

AA

AA

AA

AB

AB

rs7108624

4,958,407

AA

AA

AA

AA

AB

AB

rs2445290

4,976,992

AA

AA

AA

AA

AB

AA

rs11035088

4,982,553

AA

AA

AA

AA

AB

AA

rs10837119

4,982,776

BB

BB

BB

BB

AB

AB

rs2499957

4,992,960

AA

AA

AA

AA

AB

AB

rs1598512

5,002,270

AA

AA

AA

AA

AB

AB

rs2445248

5,004,634

AA

AA

AA

AA

AB

AB

rs2445252

5,008,038

BB

BB

BB

BB

AB

AB

rs17257728

5,010,221

BB

BB

BB

BB

AA

AB

rs2034839

5,017,517

AA

AA

AA

AA

AB

AA

rs2499983

5,018,011

AA

AA

AA

AA

AB

AA

rs2499984

5,018,117

BB

BB

BB

BB

AB

BB

rs2500012

5,023,934

AA

AA

AA

AA

AB

AA

rs2500013

5,023,965

AA

AA

AA

AA

AB

AA

rs2959184

5,029,411

AA

AA

AA

AA

AB

AA

rs12574869

5,029,677

AA

AA

AA

AA

BB

AA

rs16909440

5,037,420

AA

AA

AA

AA

AB

AA

rs2445335

5,038,206

AA

AA

AA

AA

AB

NoCall

rs1455965

5,046,757

AA

AA

AA

AA

AB

AB

rs12294758

5,071,768

AA

AA

AA

AA

BB

AB

rs12282135

5,072,704

BB

BB

BB

BB

AA

AB

rs2499945

5,084,086

BB

BB

BB

BB

AB

BB

rs10837375

5,098,846

BB

BB

BB

BB

AB

BB

rs10768634

5,149,986

AA

AA

AA

AA

BB

AB

rs7114726

5,151,784

AA

AA

AA

AA

BB

AB
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SNPs

Distance

V:4

V:5

V:6

V:7

V:15

V:17

rs10837540

5,170,989

AA

AA

AA

AA

AB

AB

rs7933098

5,177,413

AA

AA

AA

AA

BB

AB

rs7937649

5,178,955

AA

AA

AA

AA

BB

AB

rs10742583

5,205,217

AA

AA

AA

AA

BB

AA

rs4320977

5,214,738

AA

AA

AA

AA

AB

AB

rs2855123

5,233,654

BB

BB

BB

BB

AB

BB

rs10837767

5,274,129

AA

AA

AA

AA

AB

AB

rs10838132

5,430,390

AA

AA

AA

AA

BB

AB

rs2736578

5,433,966

AA

AA

AA

AA

BB

NoCall

rs11037542

5,437,020

AA

AA

AA

AA

BB

AB

rs11037558

5,439,274

AA

AA

AA

AA

BB

AA

rs16931459

5,449,885

AA

AA

AA

AA

BB

AB

rs7934354

5,522,482

AA

AA

AA

AA

AB

AB

rs11038174

5,556,477

BB

BB

BB

BB

AA

BB

rs11038207

5,562,581

AA

AA

AA

AA

BB

AB

rs11038330

5,585,901

BB

BB

BB

BB

AA

AB

rs2342390

5,649,757

BB

BB

BB

BB

AA

AB

rs10838517

5,652,319

BB

BB

BB

BB

AA

AB

rs2291844

5,676,411

AA

AA

AA

AA

AB

AA

rs11039101

5,783,656

BB

BB

BB

BB

BB

BB

rs1901845

5,814,078

AA

AA

AA

AA

BB

AA

rs11039856

5,930,070

BB

BB

BB

BB

AA

BB

rs4758294

5,951,735

BB

BB

BB

BB

AA

BB

rs12279795

5,963,464

AA

AA

AA

AA

BB

AB

rs4254056

5,966,651

BB

BB

BB

BB

AA

BB

rs10769544

5,967,294

AA

AA

AA

AA

BB

AB

rs6578717

5,984,667

AA

AA

AA

AA

AB

AB
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Fig 3.1: (A) Family MR5 with ARMR. Solid symbols represent affected subjects, while the
open symbols represent normal individuals. Partially filled symbols (symbols with broad
black bar) in loop 3 represent phenocopies. SNPs used for mapping and linkage analyses are
indicated to the left. The disease-associated haplotype is shown beneath each symbol.
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Fig. 3.1 (B) Graphic presentation of the 11p15 telomeric linkage region. The linkage region
showed homozygosity from the telomere and was delimited by a recombination in the healthy
sibling V:10 between SNP_A-1824025 and SNP_A-2286410.
Fig. 3.1 (C) Presentation of the LOD score calculations for chromosome 11. The breakpoint
position is shown by an arrow showing negative LOD scores proximal to and positive LOD
score distal to the breakpoint.
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Table 3.7: Two point Logarithm of odd ratio (LOD) score for family MR5.
LOD score with allele

dbSNP RS ID

Physical Position (kb)

rs7930624

243,841

1.46

rs6598054

244,010

1.46

rs1124615

426,461

3.38

rs1090220

723,609

3.38

rs1090221

723,639

3.38

rs2735727

1,214,035

2.76

rs1083757

1,588,744

1.42

rs4930101

1,978,435

3.38

rs2283154

2,502,604

2.59

rs6578314

2,993,254

3.35

rs4910582

3,845,959

1.42

rs1083654

4,707,922

2.6

rs1083737

5,098,846

2.65

rs1103820

5,562,581

2.18

frequency of 0.10

Sequence-based physical map distances in kilo bases according to Build 36.3 of the human
reference (http://www.ncbi.nlm.nih.gov).
The 6 Mb region was subjected to the high throughput sequencing (HTS) also referred to as
next generation sequencing. Solexa sequencing gave an output data showing base changes in
the genes in the region. More than 12 genes found in the 6 Mb region are showing base
changes (Table. 3.8). HTS is a fastest platform for sequencing and allows parallel sequencing
of millions of fragments. The method is highly advantageous as it offers rapid and high
throughput sequencing in a short time. HTS provides output data of the whole captured
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region,

which

is

analyzed

by

using

Eland

and

BWA

softwares

(http://bioit.dbi.udel.edu/howto/eland, http://bio-bwa.sourceforge.net/). Analysis of the output
data provides information about all types of base changes, insertion and deletions in the
captured chromosomal region.
Table 3.8: Chromosomal coordinates showing genes having novel mutations by next
generation sequencing in family MR5.
Physical coordinates

Base change

Amino acid change

Gene Name

chr11:363,467

G>A

A>T

B4GALNT4

chr11:629,746

T>G

V>G

DRD4

chr11:855,948

C>T

Q>*

TSPAN4

chr11:1,008,483

C>G

E>Q

MUC6

chr11:1,082,416

g>C

S>T

MUC2

chr11:1,082,419

c>T

T>M

MUC2

chr11:1,575,718

G>C

C>W

KRTAP5-2

chr11:1,608,108

C>G

C>W

KRTAP5-5

chr11:1,675,306

C>G

C>W

KRTAP5-6

chr11:3,802,830

G>C

R>P

PGAP2

chr11:3,834,111

T>C

L>P

STIM1

chr11:4,549,390

t>A

I>L

C11orf40

chr11:4,549,392

g>T

S>*

C11orf40

chr11:4,565,484

T>A

I>N

OR52I2

chr11:5,418,410

C>G

G>A

OR51I1

chr11:5,588,884

C>A

Y>*

TRIM6

chr11:5,642,900

G>T

Y>*

TRIM5

chr11:5,819,373

C>T

V>I

OR52E6
67

RESULTS AND DISCUSSION

None of the genes showing mutations (Table 3.8) was previously associated with ARMR. On
the basis of their functions, I selected four genes for further analysis; OR52I2, OR52E6,
PGAP2 and DRD4. OR52I2, OR52E6, PGAP2 and DRD4 genes are showing mutations
c.867T>A, c.331G>A, c.713G>C and c.497T>G respectively, and these mutations result in
p.I289N, p.V111I, p.R238P and p.V166G respectively. Oligonucleotide primers (Table 2.13)
were designed using web based software primer3 (http://frodo.wi.mit.edu/) to amplify the
regions having mutations. Mutations found in first three were showing segregation with the
disease trait in the family. Mutation specific restriction enzymes (Table 2.14) were selected
by

using

online

web

based

software

NEB

cutter

V2.0

(http://tools.neb.com/NEBcutter2/index.php) for screening the mutations of the three genes in
the normal population and the family as well.
NS-MR is a very complex disease, the etiology is often very difficult to disentangle and only
a few genetic disease loci or disease genes have been reported in the literature. This is in big
contrast to the X-linked forms of MR, where more than 80 genes have been reported so far
(Chiurazzi et al., 2007). Only 16 NS-ARMR loci are reported in the literature and a disease
gene in only six loci (Table 1.1). The number of identified mutations in these six genes is
very limited and for most of the genes only one mutation is reported. The identification of a
novel NS-ARMR locus named MRT17 is not surprising and one of the many new MR loci
that will be described in future.
The presence of two mentally retarded probands having a milder phenotype than the affected
individuals in loop 1 illustrates the difficulties in mapping these loci. The SNP 6.0 genotype
data for the individuals V:15 and V:17 showed no linkage to the mapped homozygous region
at 11p15 and the clinical follow up confirmed that they did not had the same MR phenotype
as the loop 1 which emphasize the importance of proper clinical descriptions for mapping
new mental retardation loci.
The 6 Mb region on 11p15.4-p15.3 codes for more than 180 genes and ESTs. In the region, a
large cluster of olfactory receptor genes (position chr11:4,358,877-5,984,667) is located,
more than 60 of the genes codes for either olfactory receptor genes or genes that can be
associated with sensory transduction or cognition. In the same large region, three other
groups of functional annotation clustering categories are found, represented by hemoglobin
genes, keratin associated proteins and tripartite motif containing proteins [DAVID
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bioinformatics, http://david.abcc.ncifcrf.gov/home.jsp, (Huang et al., 2009)]. PGAP2 (Homo
sapiens post-GPI attachment to proteins 2) encoding FGF receptor activating protein 1
belongs to the PGAP2 family. PGAP2 show expression in brain and in testis and pancreas as
well. It has shown association with diseases resulting in DNA damage, genomic instability
and

neoplasms

(AceView,

http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/).

Saccharomyces cerevisiae Cwh43p homolog of PGAP2 has been reported to be involved in
the lipid remodeling steps of GPI-anchor maturation (Umemura et al., 2007). These results
demonstrate that PGAP2 is involved in the processing of GPI-APs; required for stable
expression of GPI-anchored proteins at the cell surface (Tashima et al., 2006). OR52I2
(Olfactory receptor, family 52, subfamily I, member 2) and OR52E6 (olfactory receptor,
family 52, subfamily E, member 6) share stuctural domains and belong to a family of
olfactory receptors. Olfactory receptor proteins are members of large family of G-proteincoupled receptors (GPCR) arising from single coding-exon genes. Olfactory receptor proteins
play their role in initiating neuronal response that triggers the perception of a smell by
interacting with odorant molecules in the nose. Olfactory receptors share a 7-transmembrane
domain structure with several neurotransmitter and hormone receptors and are involved in the
recognition

and

G

protein-mediated

transduction

of

odorant

signals

(http://genome.ucsc.edu/). OR52I2 and OR52E6 encode olfactory receptor, family 52,
subfamily I, member 2 and encodes olfactory receptor, family 52, subfamily E, member 6
respectively and have been proposed to have a role in processing G-protein coupled receptor
protein signaling pathway, response to stimulus, sensory perception of smell and signal
transduction (AceView, http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/).
DRD4 [dopamine receptor D4 (MIM 126452)] is a G protein-coupled receptor that belongs to
the dopamine D2-like receptor family encoding dopamine receptor D4. Functionally, the D2like receptors are characterized by their ability to inhibit adenyl cyclase (Oldenhof et al.,
1998). Several investigations obtained from population and family-based studies provide
evidence that DRD4 gene is associated with Attention deficit-hyperactivity disorder [ADHD
(Lahoste et al., 1996; Rowe et al., 1998; Smalley et al., 1998; Swanson et al., 1998)]. Juyal et
al. (2006) provided strong evidence that DRD4 gene has significant association with
Parkinson’s disease. Leon et al. (2005) found an association of DRD4 and mood disorders
like depression in a study conducted on patients with depression and control individuals.
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In Future, complete sequence and mutation/s analyses of the region, subsequent search of the
mutations in the family and screening for mutations in control population will hopefully
make it possible to ascertain the pathogenic mutation/s that cause the NS-ARMR phenotype
in family MR5. Functional and bioinformatics analyses of the potential candidate genes
having mutation can be helpful in finding pathogenic mutation/s that causes the NS-ARMR
phenotype in family MR5. Identification and exploration of pathogenic mutation will provide
insights into a pathway that is involved in the pathophysiology of NS-ARMR. All these
findings will provide a better understanding of molecular basis of NS- ARMR.
3.2. Family MR7
Family MR7 is a small consanguineous family consisting of a single loop. Phenotype of MR
was confirmed by performing IQ and other clinical analyses. Parents are normal indicating
autosomal recessive mode of inheritance (Fig 2.4). Linkage analysis for already reported
genes was performed by homozygosity mapping using microsatellite markers (Table 2.2).
STS markers analysis showed exclusion to all known genes. Selected members of the family
MR7 were then sent for genome wide scanning using human SNP6.0 array
(www.affymetrix.com).
In family MR7, four candidate homozygous regions were obtained (Table. 3.9) that appeared
homozygous for SNPs in the samples from three affected individuals [IV:1, IV3 and IV:6
(Fig. 2.4)]. The parent (III:2) did not show homozygosity in these four regions. Candidate
region located on chromosome 13q12.3-q13.3 with physical coordinates, chr13: 28,552,570 35,416,145, spans about 6.9 Mb of DNA. This candidate region is flanked by SNP_A2235562 and SNP_A-8568180 respectively. Another candidate region is located on
chromosome 7q22.1 with physical coordinates, chr7: 101,807,854 - 102,972,615. The region
is flanked by SNP_A-932239 and SNP_A-8392077 respectively and spans about 1 Mb of
DNA. Candidate region located on chromosome 3p12.3 with a physical coordinates, chr3:
79,781,359 - 81,232,140, spans about 1.5 Mb region on chromosome. The region is flanked
by SNP_A-2095369 and SNP_A-1897523 respectively. The fourth candidate region,
appeared homozygous for SNPs in the affected individuals and is located on chromosome 14
q12-q13.1. This candidate region was further confirmed by using highly polymorphic
microsatellite markers D14S3.06(TG), D14S1034 and D14S3.1(TG). The candidate region is
flanked by SNP_A-8410068 and SNP_A-8606208 respectively and spans about 1.8 Mb of
DNA. The flanking markers span about 12 known genes and expressed sequence tags (ESTs).
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Table 3.9: Candidate homozygous regions for MR7.

Physical positions

Start SNP

End SNP

chr14:30294526-32106658

SNP_A-8410068

SNP_A-8606208

chr13: 28,552,570 - 35,416,145

SNP_A-2235562

SNP_A-8568180

chr3: 79,781,359 - 81,232,140

SNP_A-2095369

SNP_A-1897523

chr7: 101,807,854 - 102,972,615

SNP_A-932239

SNP_A-8392077

The candidate homozygous region on chromosome 14 q12-q13.1 showed overlapping with
the already reported locus MRT9 located on chromosome 14q12-q13.1 (Table 1.1), having a
physical position chr14:26,578,608-32,780,288 (Najmabadi et al., 2007). MRT9 spans about
6 Mb while the candidate region spans about 1.8 Mb of DNA. This means that it can results
in narrowing down the reported locus. Due to overlapping with MRT9, region on
chromosome 14 q12-q13.1 was selected as a best candidate region and subjected to further
analysis. Candidate region contains about 12 known genes none of which was previously
associated with ARMR. On functional basis, I selected HECTD1 as a best candidate gene in
the region for sequencing. HECTD1 is expressed in brain, prostate, breast, kidney, lung and
several other tissues. Spliced and the unspliced mRNAs putatively encode different isoforms
of protein, some containing domains like ankyrin, HECT, a peroxisomal domain and coiledcoil stretch. HECTD1 gene is proposed to participate in processes of protein modification and
ubiquitin cycle. Proteins are expected to involve in molecular functions like binding, ligase
activity

and

ubiquitin-protein

ligase

activity

(AceView,

http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/). Zohn et al. (2007) provided evidence
that HECTD1 ubiquitin ligase activity is required for normal development of the head
mesenchyme and neural tube closure.
Sequencing of the selected candidate gene (HECTD1) in the region revealed no variation
when compared to the reference sequence (http://www.ncbi.nlm.nih.gov/). I sequenced exons
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and intron-exon boundries in the candidate region. However, the probability of mutation/s in
intronic or regulatory regions cannot be ruled out.
The 1.8 Mb region was then subjected to solexa. Solexa sequencing gave an output data
showing base changes in the genes in the region. High throughput sequencing is a fastest
platform for sequencing and allows parallel sequencing of millions of fragments. Analysis of
the output data using Eland and BWA softwares provide information about all types of base
changes, insertion and deletions in the captured chromosomal region. Most of the mutations
identified by solexa (Table 3.10) were reported SNPs. No potential disease causing mutation
was observed. The only novel mutation (T/G) was identified in 3' UTR of PSMB11 gene
having a physical position, chr14: 22582306,1 (Table 3.10). Using bioinformatics tools
including

SIFT

(http://blocks.fhcrc.org/sift/SIFT.html)

and

polyphen

(http://genetics.bwh.harvard.edu/pph/index.html) programs, it was observed that this
mutation has neither damaging effect nor cause change in protein function. Also, some other
base changes observed in non coding areas have no potential effect on proteins’ functions. In
short, no potential disease causing mutation was identified in the captured region.
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Table 3.10: Mutations identified, in coding and non coding regions of 1.8 Mb region located
on chromosome 14 (chr14:30294526-32106658) by solexa.
Coordinates
and
Codons
base change
14,22619219,1,C/G GCT-cCT

Region

dbSNP ID

Gene Name

Prediction

exon

rs941719:G

ACIN1

Tolerated

14,22619220,1,G/A

CCC-CCt

exon

rs1885098:A

ACIN1

N/A

14,30424847,1,C/G

ACT-AgT

exon

rs1045644:G

COCH

Tolerated

14,30451102,1,T/C

AAT-AgT

exon

rs2273171:C

STRN3

Damaging

14,30888798,1,C/T

GTG-aTG

exon

rs3736918:T

HEATR5A

Damaging

14,30889664,1,A/G

TTG-cTG

exon

rs7158257:G

HEATR5A

N/A

14,32074726,1,G/A

ACG-ACa

exon

rs35436895:A

AKAP6

N/A

14,32084620,1,C/T

GCT-GtT

exon

rs3742926:T

AKAP6

Damaging

14,32084765,1,G/A

ACG-ACa

exon

rs7150894:A

AKAP6

N/A

14,32084833,1,A/G

AAT-AgT

exon

rs17099240:G

AKAP6

Tolerated

14,32085148,1,G/T

CGG-CtG

exon

rs45477296

AKAP6

Damaging

14,32116139,1,A/G

GAA-GAg

exon

rs1950703:G

AKAP6

N/A

14,64005473,1,C/T

ACA-AtA

exon

rs1256149:T

AKAP5

Tolerated

14,93580717,1,T/C

GAT-GAc

exon

rs2273226:C

OTUB2

N/A

14,95867477,1,G/A

CAC-CAt

exon

rs1822372:A

ATG2B

N/A

14,22113842,1,G/T

exon

rs7621:T

DAD1

Not scored

14,22582306,1,T/G

3' UTR

novel

PSMB11

Not scored

14,23017214,1,G/A

3' UTR

rs1956950:A

NGDN

Not scored

14,23956749,1,G/A

Non genic

NA

14,24351284,1,G/C

3' UTR

rs1052484:C

STXBP6

Not scored

14,30652131,1,A/G

3' UTR

rs1315794:G

HECTD1

Not scored

14,30985424,1,G/A

3' UTR

rs13176:A

C14orf126

Not scored

14,30985656,1,A/T

3' UTR

rs7153450:T

C14orf126

Not scored

14,31400011,1,A/G

Non genic

NA

14,74036516,1,G/A

3' UTR

rs7569:A

LTBP2

Not scored

14,87469241,1,A/C

3' UTR

rs17198:C

GALC

Not scored

14,92719136,1,C/T

3' UTR

rs15837:T

MOAP1

Not scored

14,94128963,1,G/A

3' UTR

rs7069:A

SERPINA5

Not scored

Not scored

Not scored
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14,01964346,1,G/A

Non genic

NA

Not scored

14,03004241,1,T/C

Non genic

NA

Not scored

14,04485297,1,C/T

Non genic

NA

Not scored

Deatiled analyses of the mutations identified (Table 3.10) provide support to the idea that the
region selected as a candidate region potentially carrying disease causing gene was not the
right one. Now the task is to select the right candidate region carrying the disaese associated
gene for ARMR. For the right candidate region, more DNA samples from affected and
normal individuals have been arranged. Exclusion of the candidate regions using
microsatellite markers (Table 2.8) is under process. Morevoer, additional DNA samples
including normal and affected individuals will be sent for SNP6.0 analyses. This additional
analyses using homozygosity mapping is likely to provide useful information for selection of
exact candidate region.
Additional ARMR families with members expressing similar phenotypes as described in this
study are required to minimize the complexity in searching the exact candidate region and
disease causing gene. In case of another family, with smillar phenotypes, overlapping with
one of the candidate regions (Table 3.9) can be the best candidate region. Complete sequence
analyses of the remaining three regions using DNA capture and new generation deep
sequencing technology will facilitate the identification of pathogenic mutation/s that cause/s
the ARMR phenotype in family MR7.
3.3. Family MR6
Family MR6 contains three loops with multiple affected individuals showing mental
retardation (Fig 2.3). Homozygosity mapping was performed using microsatellite markers to
see the linkage to the already reported genes having association with ARMR. Homozygosity
mapping showed linkage to the already reported PRSS12 gene (Table 2.2). PRSS12 codes for
neurotrypsin which belongs to the subfamily of trypsin like serine proteases. Neurotrypsin is
involved in a pathway named synaptic proteolysis (Molinari, 2008) and it is thought that
synaptic proteolysis share crucial role in higher brain function (Gschwend, 1997). In cultured
hippocampal neurons, both human and mouse, neurotrypsin is found to be distributed along
the dendrites, soma and axons (Mitsui et al., 2007). The coding sequence, exon intron
boundries, 5′ and 3′ UTR sequences of the selected gene were analyzed for mutation/s in two
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affected individuals. No sequence variants were identified when compared to the reference
sequences (http://www.ncbi.nlm.nih.gov/, http://www.ensembl.org/).
Two affected (V:3 and V:8) were selected for detailed clinical examination. Both were
offspring of healthy parents from the fourth generation with normal pregnancies; they showed
no dysmorphic features but both were microcephalic. Biochemical, GIT urinary, respiratory
and fundus examinations of both patients were normal; both showed normal thyroid and torch
profiles (Table 3.11, 3.12 and 3.13). Neurological examination cranial nerves, motor system
and sensory system examination revealed no abnormality. Both patients showed low IQ and
delayed milestones. MRI brain scan of both probands showed change for Hallervorden Spatz
Syndrome (HSS). After ruling out differential diagnosis, diagnosis of HSS was made by
neurophysician for both patients.
Selected members in the family including normal and affected were sent for genome wide
scanning using human SNP6.0 array (www.affymetrix.com). No common homozygous
region was found among all the three loops. Loop 1 alone showed 5 candidate homozygous
regions (Table 3.14).
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Table 3.11: Biochemical analyses performed for individuals V:3 and V:8.

Clinical tests

Individual V:3 results

Individual V:8 results

Serum Ceruloplasmin

29 mg/dl-?

35 mg/dl-normal

Urine amino acid profile

Normal

Not done

Table 3.12: Thyroid profile performed for individuals V:3 and V:8.

Thyroid profile

Individual V:3 results

Individual V:8 results

T3

109.9 ng/dl-normal

140.4

T4

5.5 µg/dl-normal

11.0

TSH

1.84 µIU/ml-normal

0.46

Table 3.13: Torch profile analyses for individuals V:3 and V:8.

Torch profile

Individual V:3 results

Individual V:8 results

Rubella IgG

Positive

Positive

Rubella IgM

Negative

Negative

Rubella IgGAB

Negative

Positive

Rubella IgMAB

Negative

Negative

CMVIgG

Positive

Positive

CMVIgM

Negative

Negative

Herpes IgG

Positive

Positive
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Table 3.14: Candidate homozygous regions for loop 1.

Physical positions

Chromosomal
location

Start SNP

End SNP

chr1: 15,632,403 17,336,107
chr6: 128,285,405 129,535,832
chr10: 44,876,072 47,151,671

p36.21-p36.13

SNP_A-2281191

SNP_A-1863400

q22.33

SNP_A-8676759

SNP_A-8376572

q11.21-q11.22

SNP_A-8365071

SNP_A-4229806

chr11: 30,641,396 32,047,777

p14.1-p13

SNP_A-8548305

SNP_A-8460547

chr16: 13,983,356 15,793,282

p13.12-p13.11

SNP_A-4281482

SNP_A-2314840

Hallervorden-Spatz syndrome (HSS) was first time reported by Julius Hallervorden and
Hugo Spatz (Hallervorden and Spatz, 1922). Dooling et al. (1974) first time proposed
diagnostic criteria for HSS, revised by Swaiman (1991) after the introduction of brain MRI
as a valuable diagnostic tool. Characteristic phenotypes consisting of movement
abnormalities, pigmentary retinopathy, and autosomal recessive inheritance was observed
in patients with HSS (Gregory and Hayflick, 2005). Neurodegeneration with brain iron
accumulation (NBIA) is a group of progressive extra-pyramidal disorders having
radiographic evidence of focal iron accumulation in the brain, usually in the basal ganglia
(Gregory and Hayflick, 2005). First subtype of HSS, pantothenate kinase-associated
neurodegeneration (PKAN) was identified by both PANK2 mutations and specific clinical
and radiographic findings (Zhou et al., 2001). Dystonia, dysarthria, rigidity with
corticospinal tract involvement, hyperreflexia, and extensor toe signs with early onset
(usually before six years of age) and rapid progression are characteristic clinical features of
classic PKAN. Atypical PKAN describes a more heterogeneous group with later onset and
slower progression. Psychiatric symptoms including depression, emotional liability,
impulsivity, and violent outbursts are more severe in atypical than in classic disease
(Gregory and Hayflick, 2005).
On the basis of frequent involvement and function, PANK2 was selected as a candidate
gene for sequencing in the family although PANK2 is not supported by genotypes and
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homozygosity mapping. PANK2 (Pantothenate kinase 2) gene (MIM 606157) encodes
Pantothenate kinase 2 belonging to pantothenate kinase family. Pantothenate kinase as a
regulatory enzyme plays a key role in CoA biosynthesis by catalyzing the cytosolic
phosphorylation of pantothenate. CoA as a major acyl carrier plays a central role in
intermediary and fatty acid metabolism. PANK2 is a member of a family of eukaryotic
genes having characteristic group of 6 exons that encode homologous core proteins (MIM
606157). Ching et al. (2002) identified mutation in PANK2 gene in a patient with HARP
syndrome, having similarity with HSS in many clinical and radiographic features. This
investigation provided evidence that HARP syndrome is part of the PKAN disease
spectrum. Hayflick et al. (2003) identified mutations in patients from families with H
having classic and atypical disease symptoms on the basis of clinical assessment. PANK2
gene is more associated with typical or classic than atypical HSS (Hayflick et al., 2003).
Pellecchia et al. (2005) in his study on patients with HSS identified mutations in the
PANK2 gene. Both homozygous and compound heterozygous mutations were identified in
PANK2 gene (Hartig et al., 2006). In a mouse knockout of the murine Pank2 gene,
homozygous null mice showed gradual development of retinal degeneration with
progressive photoreceptor decline, significantly lower scotopic a-wave and b-wave
amplitudes, decreased cell number and disruption of the outer segment, and reduced
papillary constriction response (Kuo et al., 2005).
The exons and intron-exon boundaries were sequenced and analyzed for mutation/s in two
affected individuals. Sequencing of the PANK2 gene in the region revealed no variation
when

compared

to

the

reference

sequence

(http://www.ncbi.nlm.nih.gov/,

http://www.ensembl.org/). However, the possibility of mutation in intronic or regulatory
regions cannot be ruled out.
The candidate homozygous region for loop 1 on chromosome 1, chr1: 15,632,403 17,336,107, contains several genes including ATP13A2. ATP13A2 gene (MIM 610513)
encodes ATPase type 13A2 belonging to the P-type superfamily of ATPases that play
essential role in transport of inorganic cations and other substrates across cell membranes
(Schultheis et al., 2004). Ramirez et al. (2006) explored that the human ATP13A2 gene
contains 29 coding exons and spans 26 kb. They provided evidence that loss-of-function
mutations in the ATP13A2 gene cause Kufor-Rakeb syndrome (form of autosomal
recessive hereditary Parkinsonism with dementia). Relative investigations or findings
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linked ATP13A2 to the protein networks implicated in neurodegeneration and
Parkinsonism (MIM 610513). Di Fonzo et al. (2007) identified a homozygous mutation in
the ATP13A2 gene in a Brazilian man with KRS. Gitler et al. (2009) demonstrated that the
yeast homolog of human ATP13A2 could suppress over expression-induced Snca toxicity
both in yeast and in cultured rat by decreasing intracellular Snca inclusions. Over
expression of the alpha-synuclein gene (SNCA; 163890) can cause Parkinson disease
(PARK1; 168601).
ATP13A2 gene was selected as a next candidate for sequencing in the region from the
predicted functions of their product. The coding sequence, exon intron boundries, 5′ and 3′
UTR sequences of the selected gene were analyzed for mutation/s in two affected individuals.
No sequence variants were identified when compared to the reference sequences
(http://www.ncbi.nlm.nih.gov/, http://www.ensembl.org/).
Analysis of possible disease associated haplotypes in the family revealed different
possibilities. There is a possibility for having homozygosity for disease causing alleles,
however, compound heterozygous condition in the family is more likely. Genotype and
homozygosity data is not very clear, having no shared homozygous region for any two
loops but several homozygous regions for loop1 alone. Genotypes data for all candidate
regions did not support compound heterozygosity in the family. There could be
involvement of more than single gene in causing HSS in the family. If this is the case, then
loop 1 alone can be considered for candidate homozygous regions. Probably, loop 1 and 3
have two different genes because of having exact phenotype and no common homozygous
region between the two loops.
3.4. Family MR8
MR8 has two loops with affected individuals showing MR phenotypes (Fig 2.5). Autosomal
recessive mode of inheritance is evident in the pedigree and the mother is common in both
loops. Linkage analysis for already reported genes was performed by homozygosity
mapping using polymorphic microsatellite markers for the whole family (Table 2.2).
Linkage analysis showed exclusion to all reported genes. Genome wide scanning was then
performed using SNP 6.0 array (www.affymetrix.com) for all three affected (V:1, V:2, and
V:3), one normal child (V:4) and mother [IV:3 (Fig 2.5)].
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From genome wide scanning data analysis, two candidate regions were obtained showing
homozygosity for SNPs from three affected individuals but did not appear homozygous for
the normal siblings and parents (Table 3.15). The candidate region on chromosome 14 is
located on q23.3-q24.1. Its physical position is chr14: 65,396,965 - 67,055,399 and size of
the DNA on chromosome is 1,658,435 bp. This region spans about 1.8 Mb of DNA.
Candidate region is flanked by SNP_A-8320798 and SNP_A-8283254 respectively.
Flanking SNPs span about 8 known genes and ESTs. The second candidate region on
chromosome 15 is located on q25.2, with physical position chr15: 79,803,172 - 82,039,702.
The candidate gene region spans about 2.2 Mb of DNA. This region is flanked by SNP_A2299819 and SNP_A-4248358 respectively. The candidate region spans 31 known genes
and ESTs. HOMER2 gene located in homozygous region on chromosome q25.2 was
selected as a candidate for sequencing from the predicted function of their product. The
coding sequence, exon intron boundaries and 5/ and 3/ UTR sequences of the selected gene
was analyzed for mutation/s in two affected individuals. No sequence variants were
identified when compared to the reference sequences (http://www.ncbi.nlm.nih.gov/,
http://www.ensembl.org/).
Table 3.15: Candidate homozygous regions for family MR8.

Physical positions

Start SNP

End SNP

No. of genes

chr14:65,396,965-67,055,399

SNP_A-8320798

SNP_A-8283254

8

chr15: 79,803,172 - 82,039,702

SNP_A-2299819

SNP_A-4248358

31

Mother in both loops is common and fathers in both loops are brothers. There was a little
hope of finding candidate homozygous regions by SNP6.0 analysis since the parents are not
consanguineous in the III generation. Despite this, indication of several candidate
homozygous regions makes it clear that mutant alleles are coming from the same ancestors.
The 2.2 Mb candidate region on chromosome q25.2 contains more than 31 known genes
and ESTs, none of which has previously been associated with ARMR. I selected HOMER2
gene in this region for sequencing. HOMER2 gene (MIM 6047990) encodes a member of
the homer family of dendritic proteins that regulate group 1 metabotrophic glutamate
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receptor function and may be involved in cell growth. Norton et al. (2003) showed that the
HOMER2 gene has 9 exons. Tu et al. (1998) explored other proteins (HOMER2 binding)
involved in calcium signaling using database searches, co-immuno-precipitation, mutation,
and immunoblot analyses. HOMER2 and HOMER3, members of the Homer family of
cytoplasmic scaffolding proteins, are negative regulators of T cell activation (Huang et al.,
2008). Xiao et al. (1998) identified several Homer-related sequences including splice
variants of HOMER-1a, termed HOMER-1b and HOMER-1c, as well as the novel genes
HOMER-2 and HOMER-3 using rodent brain cDNA libraries. The cDNA for mouse
HOMER-2b encodes two splice variants; HOMER-2b encoding 354-amino acid protein
having 88% similarity with HOMER-1a in the N terminus and HOMER-2a having extra 11
amino acids at position 131. In situ hybridization analysis provides evidence that HOMER2b is expressed at high levels in hippocampus, olfactory bulb, and thalamus. Immunoblots
analysis revealed that HOMER-2b expressed highly in cortex, hippocampus, and cerebelluz
and having moderate expression in heart, liver, and intestine (MIM 6047990). Szumlinski et
al. (2004) demonstrated that HOMER-1 and HOMER-2 knockout mice had a 50% decrease
in basal extracellular glutamate in the nucleus accumbens compared to wild type mice and
increase in extracellular glutamate in response to acute cocaine injection was observed.
Szumlinski et al. (2004) pointed out that HOMER-1 and HOMER-2 may be involved in
regulating cocaine addiction. Selection and sequencing of more candidate genes will help to
target the disease associated gene. Bioinformatics analysis can provide clues for targeting
disease causing gene/s. More families having the same phenotype of ARMR as described
are required to exclude one of the two regions and further narrow down the candidate
region. Complete sequence analyses of the candidate regions using DNA capture and new
generation deep sequencing technology will help to ascertain the pathogenic mutation/s
causing ARMR phenotype in family MR 8.
3.5. Family MR13
MR13 is a large family and mental retardation in all affected individuals evident from the
phenotypic and IQ examination. Autosomal recessive mode of inheritance is deduced in the
pedigree (Fig 2.7). DNA was available only for the central loop in the family. Two affected
children in central loop died in their early age. All three affected siblings in the central loop
are females. Linkage to the genes reported for ARMR was performed by homozygosity
mapping using highly polymorphic microsatellite markers (Table 2.2). Homozygosity
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mapping did not show any linkage to the already reported genes for ARMR (Table 2.2).
Genotypes of selected family members were then obtained using Genome wide human SNP
6.0 array (www.affymetrix.com).
In family MR13 three candidate regions were identified (Table 3.16) that appeared
homozygous for > 300 SNPs in samples from three affected individuals [VI:5, VI:6, VI:7
(Fig 2.7)]. The two parents (V:4 and V:5) and one normal child (VI:8) did not show any
homozygosity for the SNPs in these three candidate regions. The candidate region on
chromosome 2 is located on q12.3-q13. Physical position of the homozygous region is,
chr2:107,989,932-109,282,591, and size 1,292,660 bp. The candidate region is flanked by
SNPs SNP_A-2097393 and SNP_A-2097393 respectively. The flanking SNPs span about
12 known genes and ESTs.
The second candidate homozygous region on chromosome 3 spans about 8 Mb of DNA
with a location of 3q13.11-13.31. Size of the region is 7,960,038 bp flanked by SNPs
SNP_A-8540731 and SNP_A-8325958 respectively. The flanking markers span about 58
known genes and ESTs.
The candidate region on chromosome 7 is located on 7q34. Size of the region is 2,768,772
bp of DNA with physical position; chr7: 138,078,167 - 140,846,938. It spans about 2.8 Mb
of DNA flanked by SNP_A-2184349 and SNP_A-8337246 respectively. The candidate
region contains about 27 known genes and ESTs.
Table 3.16: Candidate homozygous regions for MR13.

Physical positions

Start SNP

End SNP

No. Of
genes

chr2: 107,989,932 - 109,282,591

SNP_A-2097393

SNP_A-1890706

12

chr3: 107,655,837 - 115,615,874 SNP_A-8540731

SNP_A-8325958

58

chr7: 138,078,167 - 140,846,938

SNP_A-8337246

27

SNP_A-2184349
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All affected individuals were mentally retarded but they also had small head circumference
(Table 3.17) and seizures which are symptoms for autosomal recessive primary
mirocephaly (MCPH). Other clinical informations were also supporting the phenotype of
MCPH.
Genome wide human SNP6.0 data was analyzed for MCPH loci and reported genes. The
SNP6.0 data showed exclusion to all reported genes and loci.
Table 3.17: Head circumference of individuals in family MR13.
Individuals

Affected/Normal

Head circumference

VI:5

Affected

43.75 cm

VI:6

Affected

42.5 cm

VI:7

Affected

45 cm

VI:2

Normal

51.5 cm

VI:8

Normal

52.5 cm

As small head circumference and seizures with MR are classical features for MCPH,
therefore, this family seems to have a phenotype of MCPH. Detailed clinical analysis
including brain MRI may reveal the exact diagnosis. Detailed clinical examination can lead
to right diagnosis in this family and strategy for molecular analysis can be designed based
on this information. Right diagnosis will facilitate selection of candidate genes for
identification of mutation/s. Possibility of novel syndrome cannot be ruled out here. Right
diagnosis, candidate gene sequencing and high throughput sequencing could be the options
to target the gene.
3.6. Family MR4
Family MR4 has one central loop with three affected individuals (V:1, V:2 and V:4) and
second loop with two microcephalic patients [IV:3 and IV:4 (Fig 2.1)]. The second loop has
only two affected individuals and the parents are not consanguineous, so it is unlikely to
identify the disease associated gene-regions. Thus, no DNA analysis was performed for this
loop. For the central loop in this pedigree, linkage analysis was performed for the reported
genes associated with different forms of ARMR using microsatellite markers (Table 2.2).
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Microsatellite analysis showed exclusion to all reported genes. DNA of the selected
members including three affected (V:1, V:2 and V:4), one parent (IV:2) and a normal child
[V:6 (Fig 2.1)] was then sent for whole genome scan using human SNP 6.0 array
(www.affymetrix.com). Homozygosity mapping using SNP6.0 array showed four candidate
homozygous regions for the family MR4 (Table 3.18).
Table 3.18: Candidate homozygous regions for MR4.

Physical positions

Start SNP

End SNP

No. of genes

chr2: 94,705,115 - 96,924,641

SNP_A-8392603

SNP_A-1953208

34

chr3: 108,948,507 - 110,091,735

SNP_A-8711680

SNP_A-2008965

11

chr11: 57,745,095 - 58,810,039

SNP_A-1800753

SNP_A-8450096

19

chr11: 66,162,090 - 67,419,053

SNP_A-8445731

SNP_A-8319110

39

The first candidate region is located on chromosome 2q11.1-q11.2 with a physical position;
chr2: 94,705,115 - 96,924,641. The candidate region on chromosome 2 spans about 2 Mb
of DNA flanked by SNP_A-8392603 and SNP_A-1953208 respectively. The flanking SNPs
span about 34 known genes and expressed sequence tags. Second candidate region is
located on chromosome 3q13.12-q13.13. Physical position of the region is chr3:
108,948,507 - 110,091,735, and it spans about 1.1 Mb of DNA. The candidate region is
flanked by SNP_A-8711680 and SNP_A-2008965 respectively. The flanking region
contains about 11 known genes and expressed sequence tags. The third and fourth candidate
regions are located on chromosome 11q12.1 and 11q13.1-q13.2 respectively. Physical
coordinates of both regions are; chr11: 57,745,095 - 58,810,039 and chr11: 66,162,090 67,419,053, flanked by SNP_A-1800753 and SNP_A-8450096, and SNP_A-8445731 and
SNP_A-8319110 respectively. Flanking SNPs in both regions span about 1 Mb and contain
19 and 39 known genes and ESTs respectively.
Analysis of additional ARMR pedigrees expressing similar phenotypes as described here
can further narrow down the candidate gene regions. Candidate gene approach and
bioinformatics analysis can help in finding the disease causing gene/s. Extensive
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sequencing, high throughput sequencing and whole exome sequencing will facilitate
identification of the pathogenic mutation/s responsible for the ARMR phenotype in this
family.
3.7. Family MR10
Family MR10 consists of one nuclear loop with three affected individuals (IV:10, IV:11
and IV:12) and a minor loop with single affected individual [IV:7 (Fig 3.2)]. The father
(III:2) in both loops is common. DNA of all affected and two normal individuals from both
loops were analyzed for linkage analysis for already reported genes associated with
different forms of ARMR using microsatellite markers (Table 2.2). Linkage analysis
showed exclusion to all reported genes and no homozygosity was found for any disease
associated gene.
MR is very heterogeneous as about 82 genes are identified for X-linked MR so far
(Chiurazzi et al., 2007). Although consanguinity is very common in Pakistan as
approximately 60% of marriages are consanguineous (Hussain and Bittles, 1998), but still
very few mutations are reported in Pakistani population. We can expect finding novel gene
associated with MR in each consanguineous family. Linkage analysis for already reported
genes for MR10 confirmed the heterogeneity of ARMR because the analysis showed the
association of novel gene with ARMR.
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Loop 1

Loop 2

Figure 3.2: Family MR10 segregating ARMR. Solid symbols represent affected subjects,
while the open symbols represent normal individuals. Loop 1 has consanguineous parents
and one affected child, while loop 2 has three affected siblings with non consanguineous
parents. Homozygosity mapping is not possible for single individual in loop 1, while
possibility of getting homozygous region/s is very rare due to lack of consanguinity in loop
2.
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The parents in the nuclear loop (III:2 and III:1) of the family are not consanguineous. Lack
of consanguinity reduces the possibility of finding candidate homozygous regions by
genotyping of the nuclear loop in this family. Involvement of two different mutations in the
nuclear loop can also be expected. Therefore, GWS cannot be used here for the nuclear
loop due to failure of homozygosity mapping approach. The second loop has consanguinity
but has only single affected individual and homozygosity mapping approach cannot be
performed for this loop too. By combining DNA of both loops (IV:7, IV:10, IV:11 and
IV:12) and genotyping is not likely to identify shared homozygous region for all affected
individuals since the mothers in both loops (III:1 and III:3) have different parents. Hence,
GWS for MR10 was skipped.
More extensive clinical examination and bioinformatics analysis can provide guideline for
the selection of candidate genes for sequencing. Pooling of families with the same origin
and phenotype with MR10 can further strengthen molecular analysis to find the disease
gene. Use of whole exons sequencing and high throughput sequencing may lead to ascertain
the pathogenic mutation/s in the family.
All analyzed families were consanguineous and of Pakistani origin. During genetic
analyses, no genetic overlapping was observed among all families and with already
reported genes and loci as well. Affected individuals analyzed here were showing marked
intra and inter family which indicate the genetic heterogeneity and phenotypic complexity
of ARMR.
Application of latest technologies including extensive sequencing, high throughput
sequencing, whole exome sequencing and functional and bioinformatic analyses will
facilitate identification of the genes and disease causing mutations. Mutation finding would
help to establish an improved diagnosis of ARMR. This will help in establsihing
appropriate genetic counseling, carrier screening tests, prenatal diagnosis and improved
treatment strategies. Functional analysis of identified mutations if any may lead to better
understanding of the disease mechanism.
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Appendix

Table: Standard solutions, enzymes and kits used in this study
Soloutios and Reagents

Concentration/Manufacturer

Solution-A

0.32 M Sucrose, 10 mM Tris-HCl, 5 mM MgCl2, 1 % v/v
Triton X-100, pH 7.4-7.6
10 mM Tris-HCl, 400 mM NaCl, 2 mM EDTA, pH 7.4-7.6

Solution-B
Solution-C

.

Phenol
equilibrated
with
Tris-HCl
containing
Hydroxyqinoline and mercaptoethanol (pH7.6-8.0)

Solution-D

Chloroform:Isoamyl alcohol (24:1)

TBE buffer

0.1 M Tris, 0.1 M boric acid, 2 mM EDTA

70 % Ethanol

Merck

3 M Sodium Acetate

pH 6.0

Proteinase K

(50 µg / ml)

Taq DNA polymerase

Fermentas, Qiagen,

Restriction enzymes

New England Biolabs, Fermentas

Exonuclease I

NEB

Shrimp Alkaline Phosphatase

Fermentas

T4 PN Kinase

Promega

QIA quick PCR purification kit

Qiagen

BigDye Terminator v3.1Cycle

Applied Biosystems, Sequencing Kit

Size standard

Size standard Liz-600 (Applied Biosystems)

DNA ladder

50-bp, 100-bp (Fermentas)

Bromophenol blue gel loading dye Sucrose 40 g, bromophenolblue 0.25 g, H2O till 100 ml
dNTPs

Fermentas

APS 10 %

10 % w/v APS in water, aliqout and stored at 4°C

Ethidium bromide

10 mg/ml EtBr in dd H2O

TE buffer

10mM tris-HCl pH7.5; 1mMEDTA
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Abstract Autosomal recessive inherited mental retardation
is an extremely heterogeneous disease and accounts for
approximately 25% of all non-syndromic mental retardation
cases. Autozygosity mapping of a large consanguineous
Pakistani family revealed a novel locus for non-syndromic
autosomal recessive mental retardation (NS-ARMR). The
affected individuals showed low IQ and cognitive impairment without any neurological, skeletal, and biochemical
abnormalities. All known NS-ARMR genes were excluded
by STS markers, so autozygosity mapping by microarray
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single-nucleotide polymorphism (SNP) analysis were done in
all sampled individuals in the family. The nuclear central loop
in the five generation family showed homozygosity for a
6-Mb telomeric region on 11p15, whereas all other linkage
regions were excluded by calculation of logarithm of odds
(LOD) for the SNP microarray data. A maximum LOD score
of Z=3.31 was calculated for the mapped region. These
results suggest a novel genetic locus, MRT17, for NS-ARMR.
Keywords NS-ARMR . MRT17 . Autozygosity mapping .
Telomeric 11p15

Introduction
Mental retardation (MR) or intellectual disabilities (ID) is
defined as non-progressive cognitive impairment characterized by sub-average intellectual functioning and
deficiency in at least two of self-survival skills diagnosed
during childhood. MR display large clinical and genetic
heterogeneity and involves 1–8% of the population [1].
MR can be divided into syndromic forms (S-MR)
characterized by additional malformations and/or neurological abnormalities, and non-syndromic forms (NS-MR)
without any additional complications. The proportion of
males is larger than females suggesting many X-linked
genes in NS-MR [2]. Sixteen non-syndromic autosomal
recessive (NS-ARMR) loci (MRT1-MRT16) have been
reported with disease genes identified for 6 of these
(Table 1) and additional NS-ARMR linkage regions
reported recently [3–17]. Here, we report a new NSARMR locus found by autozygosity mapping of a five
generation consanguineous Pakistani family (MR5) with
affected individuals in four branches (loops 1–4, Fig. 1a).
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Table 1 Published NS-ARMR loci
Locus

Locus

Gene

Genomic positiona

Size in Mb

No. mut

Reference

MRT1
MRT2
MRT3
MRT4
MRT5
MRT6
MRT7
MRT8

4q26
3p26.3
19p13.12
1p21.1–p13.3
5p15.32–p15.2
6q16.3
8p22
10q21.3–q22.3

PRSS12
CRBN
CC2D1A
–
–
GRIK2
TUSC3
–

chr4:119,202,417–119,273,922
chr3:3,191,698–3,221,390
chr19:13,878,052–13,902,692
chr1:105,692,890–112,360,469
chr5:5,091,778–10,733,526
chr6:101,846,905–102,517,958
chr8:15,397,730–15,621,995
chr10:71,371,129–81,048,158

–
–
–
6.7
5.6
–
–
9.7

1
1
1
–
–
1
1
–

[3]b
[4, 5]
[6]b
[7, 8]
[8]b
[8, 9]
[8, 10, 11]b
[8]

MRT9
MRT10
MRT11
MRT12
MRT13
MRT14
MRT15
MRT16
MRT17
–

14q12–q13.1
16p12.1–q12.1
19q13.2–q13.32
1p33–p34.3
8q24.3
2p25.3–25.2
9q34.3
9p23–p13.3
11p15.5–15.4
19p13

–
–
–
–
TRAPPC9
–
–
–
–
TECR

chr14:27,508,768–33,710,537
chr16:22,797,852–50,391,386
chr19:42,151,979–47,600,191
chr1:37,286,225–46,691,371
chr8:140,742,588–141,468,678
chr2:115,224–4,679,964
chr9:138,527,663–140,691,533
chr9:12,419,772–35,945,361
chr11:60,001–6,028,091
chr19:14,640,382–14,676,791

6.2
27.6
5.4
9.4
–
4.6
2.1
23.5
6.0
–

–
–
–
–
4
–
–
–
–
1

[8]
[8]
[8]b
[8]b
[12–14]
[15]
[15]b
[15]
This study
[16]

a

Genomic positions refers to hg19, GRCh37

b

NS-ARMR linkage regions published by Kuss et al. [17] that overlaps with other reported NS-ARMR loci

The segregation of MR suggested autosomal recessive
inheritance.

imaging (MRI) with multiplanar imaging was done
through T1/T2WI. Cytogenetic examination was performed using high-resolution GTG (Giemsa Trypsin
Giemsa) banding technique. Sagittal, axial, and coronal

Materials and methods
Family material and clinical analysis
A consanguineous family, MR5, with severe MR was
ascertained from the district of Faisalabad Punjab
province, Pakistan. Proper approval was obtained for
the study from the Institutional Research Ethics Committee of National Institute for Biotechnology and
Genetic Engineering (NIBGE), School of Biotechnology,
Quaid-i-Azam University, Islamabad, Pakistan and the
regional ethical committee in Denmark. The family was
visited at their residence for detailed clinical examination, and after taking an informed consent, venous blood
samples were drawn from affected and normal family
members, and a pedigree was constructed based on the
family information. All available family members were
examined using a standard questionnaire, photographed
and clinical history of affected individuals was documented.
IQ assessments included verbal and motor abilities using the
Slosson Intelligence Test (SIT, [18]), interviews of the parents
and evaluated by general physical, neurological, and
systemic examinations. Structural magnetic resonance

Fig. 1 a The five generations pedigree of family MR5 represented b
four consanguineous branches (loops 1–4). DNA was sampled from
persons with an identifier, filled black symbols represent affected
individuals, circles represent females and squares represent males.
Individuals V:15 and V:17 (symbols with broad black bar) had a
milder MR condition recognized after a second follow-up clinical
examination. Haplotypes for the 11p15 telomeric linkage region were
constructed using informative SNP"s heterozygous in the parents IV:3
and IV:4, all showing maximum LOD scores for the linkage region. A
recombination found in V:10 delimited the linkage region to a 6-Mb
interval. The disease haplotype is marked by a vertical black bar. b
Graphic presentation of the homozygous 11p15 telomeric linkage
region found in the nuclear loop 1, and the recombination breakpoint
found for V:10 is denoted by an arrow showing homozygosity distal
to the position for the affected V:4–V:7. c The LOD scores for the
entire genome were calculated for the nuclear central loop 1 (IV:3,
IV:4, and V:4–V:12) using the programs LIP-SNP6 and LIPED. The
data was further selected to represent SNP"s heterozygous in the two
parents and Z values between −1 and +1 were excluded in the graphic
presentation due to lack of information. The remaining Z values
(≈31.600) were plotted against chromosome and physical position.
Only the 11ptel region corresponding to the region mapped by
autozygosity showed a continuous region of positive Z values. All
other Z value >3 (found for the chromosomes 1, 2, 4, 6, 7, 9, 11, 12,
14, 17, 18, 19, 21, and 22) represented SNPs located in regions of
continuous negative Z values (data not shown) and represent SNP
array typing errors

Neurogenetics (2011) 12:247–251

249

250

images were performed for the first two probands. Blood
biochemistry was tested for liver and renal functions,
electrolytes, thyroid hormone profile, hematology and
chest X-ray, torch profile for antibodies detection, and
echocardiography for cardiac abnormality examination
were performed for the probands in the nuclear central
branch.
Molecular biology and DNA analysis
DNA was extracted from EDTA blood using standard
phenol chloroform method. Short tandem sequence (STS)
marker analysis for exclusion or homozygosity analyses of
known NS-ARMR genes and loci (Supplemental tables A
and B) was performed using a fluorescence three primer
method [19] and analyzed using an ABI3100XLl sequencer
and GeneMapper (Applied Biosystems, Carlsbad, CA,
USA). Oligonucleotides were designed using Primer3
software [20], TAG Copenhagen (Copenhagen, Denmark).
Genome-wide single-nucleotide polymorphism microarray
analysis (SNP 6.0, Affymetrix, Santa Clara, USA) of 0.5 μg
genomic DNA was performed for six affected and nine
healthy individuals (AROS Applied Biotechnology, Aarhus,
Denmark) and data analyzed using the Genotyping Console
and Chromosome Analysis Suite software (Affymetrix, Santa
Clara, USA). SNP data from 11 individuals was extracted
before and after the logarithm of odds (LOD) score calculation
by the program LIP-SNP6 (Eiberg, unpublished) for twopoint parametric LOD score calculations using LIPED [21]
with theta=0.001 and allele frequencies of 0.01 for the
disease allele and 0.1 for the SNP alleles in general.

Results and discussion
During the first visit to the family, all affected appeared to
share the same phenotype of NS-MR. Blood samples were
collected and clinical examination was initially done in 15
individuals, later supplemented by more comprehensive
examinations of 4 individuals (V:6, V:7, V:15, and V:17,
Fig. 1a). Clinical information and blood samples were not
taken from loop 4. Nine individuals (four mentally retarded
and five healthy) were offspring of healthy first cousin
parents (loop 1). The prenatal, perinatal, and postnatal
stages were uneventful with normal head circumference.
Dysmorphological, neurological, opthalmological, and
otorhinolaryngological examinations were normal, and
SIT scores showed IQ ranges of 17.7–27.3.
Cytogenetic analysis of V:6 and V:7 showed a normal
karyotype and STS markers excluded CRBN, PRSS12,
GRIK2, TUSC3, and CC2D1A (Table 1 and Supplemental
table A) as candidate loci (data not shown). Affymetrix
SNP 6.0 analysis did not reveal any pathogenic copy
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number variations, nor any homozygous regions shared by
all the affected individuals (loops 1, 2, and 3; Fig. 1a).
Autozygosity mapping of the central nuclear branch (loop
1, V:4 toV:12 and the parents IV:3 and IV:4; Fig. 1a)
revealed only one homozygous 6-Mb telomeric region on
chromosome 11p15 defined proximally by a recombination
between rs10769544 and rs11040272 in individual V:10
(genomic coordinates chr11:1–6,028,091, hg19) (Fig. 1a
and b). The two affected in the other branches (loop 2, V:15
and loop 3, V:17) carried different haplotypes for the region
which excluded homozygosity or compound heterozygosity
for both (Fig. 1a and b). No other common putative
homozygous region was observed between these two
affected in loops 2 and 3. The clinical follow-up of V:15
and V:17 showed a milder and different form of MR, most
likely caused by hypoxic-ischemic encephalopathy and
meningitis. Parents of both individuals (V:15 and V:17)
were normal. In case of V:15, there is a strong history of
difficult labor and delayed cry after birth and fits on the
same day, along with history of feeding difficulties and
delayed milestones. Clinical examination showed occipital
frontal circumference (OFC) 46 cm, generalized hypertonia,
and signs of upper motor neuron lesion.
In case of V:17, there is history of high-grade fever
associated with prolonged fits at the age of 2 months and
history of fits later on. There is history of delayed
milestones, hearing impairment, speech problems, and gait
abnormalities. Clinical examination showed OFC 45.5 cm,
strength decreased in lower limbs, reflexes exaggerated. In
addition, genotype data of V:15 and V:17 excluded a shared
haplotype around the fragile X FMR1 region making it
unlikely that they suffered from fragile X syndrome.
LOD score calculations for the nuclear branch (loop 1)
using the SNP microarray data detected maximum LOD
score for the same linkage region found by autozygosity
mapping as the only continuous linkage region (Fig. 1c)
and a maximum LOD score of Z=3.31 was obtained
considering an allele frequency of 0.10. The 11ptel region
was the only region found to represent a continuous region
having LOD scores Z>3, all other loci with Z>3 were
isolated SNPs in regions of negative Z values (Fig. 1c and
Supplemental figure 1a, b). Thus, the LOD score and
autozygosity mapping defines a novel NS-ARMR locus,
MRT17, in the telomeric 11p15 region.
The 6-Mb linkage region encodes for 181 Ref Seq genes
(UCSC Genome Browser hg19; http://genome.ucsc.edu).
This include >60 olfactory receptor genes (position chr11:
4,402,301–6,028,091, hg19), and several expressed brain
genes as putative candidates for MRT17 (Supplemental
figure 1c). Future DNA sequence analyses of the region
using DNA capture and next generation sequencing will be
the next step to identify the pathogenic mutation and
disease gene at the MRT17 locus.
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