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Abstract

ABSTRACT

Mendelian diseases have been difficult to study due to various limitations
including difficulty in ascertainment of subjects/families with rare phenotypes,
inadequate data, and laborious molecular methods. However, the recent advances in
genetic technologies have made it possible to accurately identify the molecular bases

of such disorders.

By studying such disorders and identifying their underlying molecular causes,
it becomes possible to control recurrence of such disorders by proper genetic
counselling for affected families. Furthermore, the discovery of each new gene of a
genetic disorder tells us about basic cellular processes, which is important for basic
science. Linkage analysis employing genome-wide SNP markers by using large
pedigrees is a powerful tool for locus identification. After locus identification, exome
sequencing and Sanger sequencing are used for finding the pathogenic mutation in the
gene. Large families suitable for genetic studies are relatively abundant in Pakistan,
because of its cultural setup that promotes large families, consanguineous marriages,

and stable communities.

In the framework of this study, eight Pakistani families afflicted with rare
diseases were explored for disease gene loci and causative mutations by using SNP-
based linkage analysis and exome sequencing and/or Sanger sequencing. The diseases
were Intellectual Disability with Speech Problem and Dysmorphic Facial Features

(IDSD), Autosomal Recessive Primary Microcephaly (MCPH), Microcephaly,

Xiii
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Intellectual Disability, Short Stature and Brachydactyly (MIDSB), Autosomal
Dominant Postaxial Polydactyly, Camptodactyly and Zygodactyly (ADPCZ), Tooth
agenesis manifested as Oligodontia/Hypodontia (TAOH), Seckel-like syndrome

(SLS), and Syndactyly type IX (MSSD).

The first family (IDSD) was with syndromic intellectual disability manifesting
with impaired intelligence along with other problems. Three affected siblings and
their cousin were subjected to linkage mapping and exome sequencing, and a novel
homozygous missense PDIA3 mutation was identified in these patients. The second
family (MCPH) was suffering from autosomal recessive primary microcephaly
(MCPH). It is characterized by a marked decrease in the brain volume and
nonprogressive intellectual disability. However, the architecture of the brain remains
normal. In this family linkage analysis was performed and the disease locus was
found on chromosome 1931 harboring ASPM gene of primary microcephaly. This
family was not studied further as many mutations were already reported in this gene
from the Pakistani population. The third family (MIDSB) was a consanguineous
family suffering from yet another syndrome, primary microcephaly and a unique
combination of skeletal, limb and skin abnormities. The disease gene locus was
mapped to 18q11.2, and a homozygous RBBP8 mutation was detected. The family is
the fifth family reported with RBBP8 mutation. The fourth family (ADPCZ) was a
large autosomal dominant family with a highly variable polydactyly phenotype. We
were expecting a new condition since the postaxial polydactyly manifested with a
combination of synpolydactyly I or syndactyly type 11. After subjecting the family to
linkage analysis and whole-exome sequencing (WES), a novel mutation was

discovered in GLI3. The fifth family (TAOH) was a large autosomal dominant family

Xiv
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with tooth agenesis. Whole genome SNP genotyping yielded several candidate loci.
Mutation screening in the WNT10A gene did not reveal any pathogenic variants. It
was concluded that there is still an uncharacterized gene in one of the candidate
intervals. In the sixth family with Seckel-like syndrome (SLS), the whole genome
SNP genotyping excluded all the known loci for hypodontia/oligodontia as the
candidate loci segregating with the phenotype. There were several regions that were
homozygous among the affected subjects but no possibly damaging variant in a gene
relevant to the phenotype was found. It was concluded that there is still an
uncharacterized gene in one of the candidate homozygous regions. In seventh and
eighth families with syndactyly type 1X (MSSD), two novel homozygous mutations

were detected in BHLHAD9.

In conclusion, in five families causative mutations were identified. In three
families there were several regions segregating with the phenotypes and no
pathogenic variants were detected in any gene relevant to the malformations. This
research adds useful data to the scientific literature and furthers our understanding of
the studied disorders. The scientific findings of this study would be highly beneficial

for the recruited families in genetic counseling and genetic testing.

XV



Introduction

1 INTRODUCTION

Mendelian diseases are single-gene or monogenic disorders with full
penetrance. They are individually rare, yet collectively affect millions of people in the
world (WHO, 2005). It has been estimated that each year eight million children are
born with some kind of genetic disorder around the globe. Birth defects, including a
considerable number of Mendelian disorders, are considered a frequent reason of
death in the early years of life. A huge number of individuals who survive severe birth
defects need lifelong medical attention, specialized care, and costly symptomatic
therapy. Thus, these disorders cause a high social and economic burden on the
affected individual and his family as well as on the entire society (Angelis et al. 2015;
Chong et al. 2015). Monogenic disorders have been described mostly in a well-known

genetic catalogue called Online Mendelian Inheritance in Man (OMIM).

The diagnosis of Mendelian disorders by conventional diagnosis tests is not
very successful and many patients remain without a correct diagnosis. In the normal
practice, clinical geneticists rely upon clinical, radiographic and biopsy results along
with this some additional tests such as metabolic tests, karyotyping and candidate-
gene tests (Chong et al. 2015). This insufficiency in an accurate diagnosis can
adversely affect patients, including the failure of potential treatment identification,
failure to estimate the recurrence risk in subsequent pregnancies and failure to provide
preventive guidance and prognosis. However, next generation sequencing and robust

computational approaches together have revolutionized the discovery of rare variants
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underlying genetic disorders. Now we are able to perform the task of disease variant

detection with a much faster speed and in a more accurate way (Biesecker, 2010).

The identification of a disease-causing mutation not only helps in connecting
clinical phenotype with genotype for a correct diagnosis but also gives a
straightforward way to study altered proteins and their functions. Thus, we can get a
deep understanding of the basic biological pathways and we can apply this knowledge
to understand the development of the disease, which helps in the subsequent
management of the disorder. The investigation of rare causal variants of Mendelian
phenotypes has shown a basic relationship between human phenotypes and gene

function (Chong et al. 2015).

Another advantage of identification of genes responsible for monogenic
disorders is that we can apply this knowledge to find the biological pathways that are
shared in Mendelian and common disorders. In some common disorders such as
hypertension, diabetes and autism, a small portion of subjects has, in fact, monogenic
diseases that share the phenotype with a common, complex disease. Causative genetic
variants in such a small subset of patients are often helpful in understanding the
general mechanisms that are involved in the development of those diseases. Many
drugs for common disorder fail in the clinical trials, and the development of new
drugs is limited due to a lack of knowledge about the basic, relevant biological
pathway. Thus, studying families with rare Mendelian diseases caused by mutations
with broad effects that intensify or lessen the risk of related common disorders can
straightforwardly tell us about the fundamental relationship among genes, pathways,

and common diseases. In this way, it is beneficial for the identification of targets that
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likely cause more favorable effects and slighter adverse effects in therapeutics (Chong
et al. 2015).

Pakistan has a high prevalence of hereditary diseases compared to the rest of
the world. The most likely reason for this high prevalence is the common practice of
consanguineous marriages, overlapping generations, marriage at young ages, large
families, and well-adapted communities that present multigenerational family trees
with a variety of rare hereditary disorders (Wahab and Ahmad, 1996; Peltonen et al.

2000).

The present research is intended to report various genetic disorders we detected in
our population, to investigate their inheritance patterns, to characterize their
phenotypes by common clinical procedures, to identify the disease gene loci by using
SNP linkage analysis, and to find the causative mutations in each family by either
candidate gene approach or exome sequencing. Our ultimate goals are to effectively
use our research findings for the improvement of clinical diagnosis by using
molecular analysis and to give genetic counseling for suffering families. A brief
review of the literature on the anomalous conditions investigated and the molecular

genetic techniques used in the study are presented below.
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1.1  Family A: Intellectual Disability with Speech Problem and
Dysmorphic Facial Features (IDSD)

Intellectual disability (ID), also frequently referred as early-onset cognitive
impairment or mental retardation, has a great socio-economic burden (Ropers, 2010).
Its distinguishing features include significantly impaired intellect and adaptive
behavior with onset during developmental periods. Adaptive skills are reduced in
three main domains, i.e., conceptual, social and practical abilities (APA, 2013). Based
on severity levels, ID is classified as mild, moderate, severe and profound. Another
classification of ID is syndromic and non-syndromic. In the syndromic entity, ID is
accompanied by other clinical features, and in the non-syndromic form ID is the only
clinical presentation. However, there is no straightforward way to classify into
syndromic and non-syndromic as ID can accompany a variety of psychiatric
behavioral and neurological disorders (Kaufman et al. 2010; Chiurazzi and Pirozzi,

2016).

Gene defects are a very common cause of ID, but their dissection is difficult
due to the vast clinical and genetic heterogeneity. In the recent years, many genes
responsible for ID have been discovered due to the progress in SNP-based
genotyping, next-generation sequencing and functional studies. This has not only
made family-based studies more fruitful but also shed light on biological pathways
and diagnosis of such disorders, and offered possible therapeutic means (Vissers et al.

2016).
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About 2,000 genetic factors underlying ID have been documented in the
OMIM database. Even though autosomal genes make up the vast majority of those
genes, the X-linked types have been studied most extensively, mainly due to robust
dissection of inheritance pattern and genetic linkage. In Western populations, it
appears that autosomal dominant (AD) types are more frequent than autosomal
recessive (AR) types, whereas in the Muslim communities AR entities are common,
due to the high frequency of parental consanguinity (Najmabadi et al. 2011). Several
studies have reported mutations in numerous different genes in families with ID.
However, due to the heterogeneous nature of ID, it is expected that a large number of

loci and genes remain to be elucidated (Ropers, 2010).

We studied three Pakistani siblings and their cousin afflicted with a severe
syndrome manifesting with ID, speech problem and dysmorphic facial features which
we abbreviate as “IDSD”. Through linkage mapping and exome sequencing we
identified a homozygous missense PDIA3 mutation in the patients. Previously,
Gonzalez-Perez et al. (2015) showed that heterozygous PDIA3 mutations cause
amyotrophic lateral sclerosis (ALS), a neurodegenerative disorder. To the best of our
knowledge, the present work is the first report of a neurodevelopment disorder caused

by PDIA3 mutation.
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1.2 Family B: Autosomal Recessive Primary Microcephaly
(MCPH)

Autosomal recessive primary microcephaly (MCPH) is a rare inherited
disorder. It affects the development of the brain and is clinically diagnosed by an
obvious small head size (< -2 SD) and non-progressive 1D as compared to the average
for age, sex, and ethnicity. However, the architecture of the brain remains normal
(Kaindl 2014; Woods and Basto, 2014). Primary microcephaly is distinguished from
secondary microcephaly, as former occurs during the prenatal period of life while the
later develops after birth either due to an environmental insult or a genetic factor that
affects postnatal life (Woods and Parker, 2013). In the development of MCPH genetic

etiology plays an important role.

An underlying genetic heterogeneity is clearly evident by various studies, and
mutations in various genes on different chromosomes have been reported in MCPH.
However, according to Hu et al. (2014) mutations were not found in a large number of
families suffering from MCPH that indicates further genetic heterogeneity. To date
pathogenic mutations were observed in 17 genes, namely, microcephalin 1 (MCPH1;
OMIM 607117), WD-repeat-containing protein 62 (WDR62; OMIM 613583), cyclin-
dependent kinase 5 regulatory subunit-associated protein 2 (CDK5RAP2; OMIM
608201), cancer susceptibility candidate 5 (CASC5; OMIM 609173), centromeric
protein J (CENPJ; OMIM 609279), abnormal spindle-like microcephaly-associated
protein (ASPM, OMIM 605481), SCL/TALI-interrupting locus (STIL; OMIM

181590), centrosomal protein 152 kD (CEP152; OMIM 613529), centrosomal protein
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135 kD (CEP135; OMIM 611423), polyhomeotic-like 1 (PHC1; OMIM 602978),
zinc finger protein 335 (ZNF335; OMIM 610827), cyclin-dependent kinase 6 (CDK®;
OMIM 603368), SAS-6 centriolar assembly protein (SASS6; OMIM 609321),
centromere protein E (CENPE; OMIM 117143), and major facilitator superfamily
domain containing 2A (MFSD2A; OMIM 614397) (Table 1.1). According to recent
studies, in the majority of cases, mitotic events are disrupted in neuronal precursor

cells that lead to a decrease in the number of neurons (Faheem et al. 2015).

In the family investigated in this study all patients had microcephaly that
manifested at birth and ID running in the family in an autosomal recessive fashion. In
the light of these symptoms, autosomal recessive primary microcephaly was
diagnosed. We performed linkage analysis, and subsequently, the disease locus was
found as the locus on chromosome 1 for primary microcephaly ASPM gene. Since
ASPM is a very large gene (27 exons) and many mutations have been reported in this
gene with the majority from the Pakistani population, we decided not to continue with

the study. We shall try sequencing this large gene in the future.
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Table 1.1. Genetic heterogeneity in primary microcephaly.

OMIM Type* Locus Genes Reference
251200 MCPH1 8p23.1 MCPH1 Jackson et al. 2002
604317 MCPH2 19q13.1- WDR62 Nicholas et al. 2010
13.2
604804 MCPH3 9qg33.2 CDK5RAP2 Guernsey et al. 2010
604321 MCPH4 15q15-g21 CEP152 Jamieson et al.1999
608716 MCPH5 1g31.3 ASPM Bond et al. 2002
608393 MCPH6 13qg12.12 CENPJ Bond et al. 2005
612703 MCPH7  1p33 STIL Kumar et al. 2009
614673 MCPH8 4ql2 CEP135 Hussain et al. 2012
614852 MCPH9 15¢21.1 CEP152 Guernsey et al. 2010
615095 MCPH10 20qg13.12 ZNF335 Yang et al. 2012
615414 MCPH11 12p13.31 PHC1 Awad et al. 2013
616080 MCPH12 7qg21.2 CDK6 Hussain et al. 2013
616051 MCPH13 4q24 CENPE Mirzaa et al. 2014
616402 MCPH14 1p21.2 SASS6 Khan et al. 2014
616486 MCPH15 1p34.2 MFSD2A Alakbarzade et al. 2015
616681 MCPH16 12qg24.33 ANKLE2 Yamamoto et al. 2014
617090 MCPH17 12qg24.23 CIT Shaheen et al. 2016

* all types are autosomal recessive
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1.3 Family C: Microcephaly, Intellectual Disability, Short Stature
and Brachydactyly (MIDSB)

Primary microcephaly is generally an isolated entity. However, in a few
instances, it is witnessed with other abnormalities where it is called as a syndrome. In
Seckel syndrome 2 (OMIM 606744), a sub-type primordial dwarfism, microcephaly is
associated with proportionate dwarfism manifesting at birth, bird-like facial
appearance, intellectual disability, minor hand deformities, cardiac murmurs and birth
spots (Borglum et al. 2001). Another similar condition is Jawad syndrome (OMIM
251255), which has been described in a consanguineous Pakistani family and
autosomal recessive inheritance. Its cardinal features include microcephaly, mental
retardation, and hand and nail deformities. Both Seckel syndrome 2 and Jawad
syndrome were localized at 18p11.31-q11.2 and pathogenic mutations were found in
RBBP8 (Hassan et al. 2008; Qvist et al. 2011). Further, together with a heterozygous
deletion in NRXNL1, it was proposed that another homozygous mutation caused a
complex microcephaly syndrome characterized by microcephaly, mental retardation,
epilepsy and diabetes (Agha et al. 2014). Several other microcephaly syndromes are
known. For example, in Filippi syndrome (OMIM 272440) microcephaly occurs with
skeletal anomalies, intellectual impairment, convulsions, and hair and testicular
problems, and the underlying mutation was found in CKAP2L at 2913 (Hussain et al.
2014). In the case of severe combined immunodeficiency with microcephaly, growth
retardation, and sensitivity to ionizing radiation (SCID; OMIM 611291),

microcephaly occurs together with severe combined immunodeficiency along with



Introduction

other congenital defects in a group of patients, and the causative mutations are in

NHEJ1 located at 2935 (Buck et al. 2006).

As exemplified by the above-mentioned syndromes, microcephaly often
occurs together with various other abnormalities. Molecular genetic studies have
revealed different loci and pathogenic mutations in different genes in those

syndromes. This demonstrates the clinical and genetic heterogeneity.

We present a consanguineous Pakistani family afflicted with yet another
syndrome, microcephaly and a unique combination of skeletal, limb and
dermatological abnormities. We mapped the disease gene locus to 18gll.2 and
detected the same RBBP8 mutation as in the Jawad syndrome family. The family is

the fifth family with the recessive RBBP8 mutation.

1.4  Family D: Autosomal Dominant Postaxial Polydactyly,
Camptodactyly and Zygodactyly (ADPCZ)

Limb and digit anomalies have a prevalence of approximately six in 10,000
live births, and upper limbs are more often affected than lower limbs. Isolated
polydactyly (OMIM 603596) is a frequently occurring digit anomaly. Usually, it
appears as preaxial wherein the extra digit is attached to hallux, and postaxial means
the extra digit is attached to the fifth toe. A less frequent polydactyly type is

mesoaxial which is the presence of the extra digit in three central digits (Malik, 2014;

10
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Malik et al. 2014). Sporadic polydactyly cases, mostly unilateral, are more common

as compared to familial bilateral cases (Orioli and Castilla, 1999).

Polydactyly has a high phenotypic variability. As in the postaxial polydactyly
type A (OMIM 174200), the extra digit is more developed as compared to type B in
which extra digit is just a small rudimentary nubbin (Temtamy and McKusick, 1978;

Malik, 2014).

Genetic heterogeneity is also evident in polydactyly, as genetic mapping
studies have identified different loci in different affected families. For instance,
Zguricas et al. (1999) localized preaxial polydactyly 11 at 7936 (OMIM 174500), and
postaxial polydactyly was located at 13q (OMIM 60208) by Akarsu et al. (1997) and
at 19p (OMIM 607324) by Zhao et al. (2002). In other studies, postaxial types were
mapped to 7pl4 (OMIM 174200) and causal mutations were identified in GLI3
(glioma-associated oncogene family zinc) (Radhakrishna et al. 1997; Wieczorek et al.

2010).

A large Pakistani family with a highly variable polydactyly phenotype was
investigated in this study. We were anticipating a new condition since the postaxial
polydactyly manifested with a combination of synpolydactyly | or syndactyly type Il
(OMIM 186000). Eventually, a novel mutation was discovered in GLI3 by linkage

analysis and whole-exome sequencing (WES).

11
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1.5 Family E: Tooth Agenesis Manifesting as
Oligodontia/Hypodontia (TAOH)

Tooth agenesis is the congenital absence of one or more permanent teeth
(Pemberton et al. 2005). Selective tooth agenesis without associated systemic
disorders (OMIM 106600) is divided into two types: hypodontia, the agenesis of
fewer than 6 teeth, and oligodontia, the agenesis of six or more permanent teeth. In

both cases, third molars (wisdom teeth) are not included.

Tooth agenesis is the most common developmental anomaly of the human
dentition occurring in ~25% of the population (Garib et al. 2009). The most affected
tooth is the third molar with a prevalence of agenesis of 20.7% (Garib et al. 2009).
Excluding third molars, the prevalence of tooth agenesis is ~ 4.3-7.8%, and the most
frequently missing teeth are mandibular second premolars, followed by the maxillary
lateral incisors and maxillary second premolars. It has been noticed that only one or
two permanent teeth are missing in the majority of patients (76-83%) with tooth
agenesis (Polder et al. 2004). Song et al. (2009) has reported that the prevalence
becomes progressively smaller as the number of missing teeth increases. Agenesis of
more than two teeth occurs in ~1% of the population (Polder et al. 2004). Oligodontia
(OMIM 604625) affects ~0.1-0.3% of the population (Polder et al. 2004). It is
important to draw attention to the ethnical differences in the prevalence of tooth
agenesis. Epidemiological studies have demonstrated a lower prevalence of agenesis
in African Americans as compare to European Americans, while the Asians have a

high prevalence of agenesis. There is also gender bias in the prevalence of tooth

12
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agenesis; in general, women have more severe phenotypes than men (Polder et al.

2004).

Genetics probably represents the primary etiological factor of tooth agenesis
(Garib et al. 2010), as the prevalence of agenesis is higher in families of affected
patients (Mossey, 1999). So far, many gene defects have been reported that cause
tooth agenesis either as an isolated anomaly (non-syndromic) or as a part of multiple
congenital anomalies (syndromic) (Song et al. 2009). Non-syndromic tooth agenesis
has wide phenotypic heterogeneity and is classified as sporadic and familial, which
can be inherited in an autosomal dominant, autosomal recessive, or X-linked fashion
(Burzynski and Escobar, 1983). Both hypodontia and oligodontia exhibit incomplete

penetrance and variable expressivity.

Dominant mutations in different genes such as MSX1, PAX9 and AXIN2 have
been found in families with non-syndromic tooth agenesis (Vastardis et al. 1996;
Stockton et al. 2000; Lammi et al. 2004) (Table 1.2). However, mutations in these
genes were detected in only a few affected individuals suggesting that there may be
other unidentified genes responsible for this group of diseases (Scarel et al. 2000;

Frazier-Bowers et al. 2002).
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Table 1.2. Hereditary conditions with tooth agenesis (STHAG).

OMIM Type ;:Egm Cardinal features Locus Gene Reference

106600 STHAG1 AD Agenesis of third molars, upper lateral incisors or 4pl6.2 MSX1 Vastardis et al.
lower second premolars 1996

602639 STHAG2 AR Agenesis of third molars, upper lateral incisors or 16913.3 - Ahmad et al.
lower second premolars 1998

604625 STHAG3 AD Agenesis of maxillary, mandible 2" premolars and 14912 PAX9 Stockton et al.
mandibular central incisors 2000

150400 STHAG4  AD Absence of premolar and pegged or missing maxillary  2g35 WNT10A Nieminen et al.
lateral and upper lateral incisors 1995

610926 STHAG5 AD Oligodontia 10g11.2-g21 - Liu et al. 2001

613097 STHAG6 AR Absence of 6 or more teeth including third molars 11912 LTBP3 Noor et al. 2009

616724 STHAG7  AD Oligodontia 12p13.2 LRP6 Massink et al.

2015
617073 STHAG8 AD Oligodontia 12913.12 WNT10B Yuetal 2016
313500 STHAG XI XD Oligodontia or hypodontia Xqgl2-g13.1 EDA Han et al. 2008

AD=Autosomal dominant; AR=Autosomal recessive; XD= X-linked dominant.
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A large Pakistani family with tooth agenesis was studied. The phenotype in
this family was highly variable and was segregating in an autosomal dominant
fashion. SNP genotyping and subsequent model-based linkage analyses were
performed in order to localize the responsible gene. A few potential candidate regions
were identified. In one of the candidate intervals encompassing 2935 locus

(STHAGA4), sequence analyses of WNT10A did not yield any pathogenic variant.
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1.6 Family F: Seckel-like Syndrome (SLYS)

Seckel syndrome (OMIM 210600) is an extremely rare inherited disorder
reported by Seckel in 1960. He described this novel disease on the basis of two cases
he had studied in Chicago as well as 13 cases on nanocephalic dwarfs reported in the
literature over a 200-year period (Seckel, 1960). The disorder is characterized by
growth delay prior to birth resulting in low birth weight. Growth delay continues after
birth resulting in proportionate short stature, microcephaly and mental retardation.
This syndrome is associated with an unusual "beak-like™ protrusion of nose. Other
facial features may include abnormally large eyes, a narrow face, malformed ears and

an unusually small jaw.

In 1967 McKusick and colleagues documented this condition in three out
of 11 siblings in a family and suggested that inheritance was autosomal recessive.
Goodship et al. (2000) studied two consanguineous families with Seckel syndrome
from the same village in Pakistan who were not known to be related to each other.
They allocated the first Seckel syndrome (SCKL1) gene. Other loci for Seckel
syndrome have been mapped on different chromosomes (Table 1.3). This confirms
the genetic heterogeneity of Seckel syndrome. In addition, a number of Seckel-like
syndromes have been identified, particularly microcephalic osteodysplastic primordial
dwarfism (MOPD) types I-Ill (Bass et al. 1975; Majewski and Spranger, 1976;

Majewski and Goecke, 1982; Majewski et al. 1982a, 1982b). These anomalies can be
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differentiated from Seckel syndrome on the clinical and radiographic grounds (Table

1.3).

In the present study, a family with Seckel-like syndrome was investigated.
The clinical presentation in the affected subjects was concordant with bird-headed
dwarfism and Seckel syndrome but with additional skeletal abnormalities. SNP
genotyping and linkage analyses revealed that this condition does not map to the
already known loci for Seckel syndrome or bird-headed dwarfism, and there is yet an

unknown locus for the malformation segregating in this family.
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Table 1.3. Seckel syndrome and its differential diagnosis.

OMIM Type* Phenotype Locus Gene Reference

210600 SCKL1 Proportionate short stature, growth retardation, microcephaly,  3922-g24  ATR Goodship et al. 2000
mental retardation, craniofacial anomalies

606744 SCKL2 Proportionate short stature, growth retardation, microcephaly,  18p11-q11 RBBPS8 Quist et al. 2011
mental retardation, craniofacial anomalies, 11 pairs of ribs

608664 SCKL3 Proportionate short stature, microcephaly with mental 14q - Kilinc et al. 2003
retardation

613676 SCKL4 Proportionate short stature, growth retardation, microcephaly,  13qg12 CENPJ Al-Dosari et al. 2010
craniofacial anomalies, 11 pairs of ribs

613823 SCKL5 Microcephaly, high nasal bridge, beaked nose, retrognathia 15¢21.1 CEP152 Kalay et al. 2011

614728 SCKL6 Microcephaly, speech delay, cognitive delay, short stature 3022.2 CEP63 Siretal. 2011

614851 SCKL7 severe pre- and postnatal growth retardation, microcephaly, 14g22.1 NIN Dauber et al. 2012
developmental delay

615807 SCKLS8 Short stature, characteristic facial features, severe 10g21.3 DNA2 Shaheen et al. 2014
microcephaly, global developmental delay, intellectual
disability

616777 SCKL9 Intrauterine growth retardation, microcephaly, beaked nose, 3p21.31 TRAIP Harley et al. 2016
failure to thrive, early death

210710 MOPDI Disproportionate Short stature with short limbs, growth 2914.2- RNU4AT  Leutenegger et al.
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retardation, microcephaly with mental retardation, carniofacial
anomalies

210720 MOPDII  Disproportionate short stature, delayed bone age, growth
retardation, microcephaly with mental retardation, craniofacial
anomalies, truncal obesity

210730 MOPDIII  Proportionate dwarfism, protruded sternum and ribs, growth
retardation, microcephaly with mental retardation, craniofacial
anomalies

q14.3

21q22.3

AC

PCNT

2006

Rauch et al. 2008

Majewski et al.
1982b

MOPD = microcephalic osteodysplastic primordial dwarfism
* all types are autosomal recessive
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1.7 Families G and H: Syndactyly type IX, Mesoaxial Synostotic
Syndactyly (MSSD)

Syndactyly type IX, mesoaxial synostotic syndactyly (MSSD; Malik-Percin
type; OMIM 609432) is an extremely rare autosomal recessive non-syndromic digit
anomaly (Percin et al. 1998; Malik et al. 2005b). Of the nine well-characterized non-
syndromic syndactylies it is the only recessive type except for Cenani-Lenz
syndactyly (syndactyly type VII; OMIM 212780) (Malik et al. 2005a; Malik, 2012).
The type IX syndactyly demonstrates a distinctive combination of clinical features
which include mesoaxial osseous synostosis at the metacarpal level, reduction of one
or more phalanges, hypoplasia of distal phalanges of preaxial and postaxial digits,
clinodactyly of 5™ fingers and preaxial fusion of toes (Malik et al. 2004). The

heterozygous carriers do not show any symptoms.

It has been previously established that syndactyly type IX is genetically
distinct from other well-characterized syndactyly types and through autozygosity
mapping a novel locus on chromosome 17p13.3 has been identified (Malik et al.
2005b). However, the underlying gene and the causative mutation remain to be
elucidated. In addition, any similar phenotype with known genetic etiology has not
been reported in model organisms. It is speculated that a key developmental gene with
a pivotal role in the late stages of limb morphogenesis, particularly in digit

development and separation might be involved in this anomaly.
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We studied two families (in a pool of six families) of Pakistani origin with
type IX syndactyly phenotype. In these families, linkage analyses resulted in a
significant reduction of the MSSD locus at 17p13.3 and mutations were detected in
BHLHA9, encoding a bHLH protein. Two different BHLHA9 mutations were
identified in the present two families. These results were part of the data published in

Malik et al. (2014).
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1.8  Genetic approaches to families with hereditary anomalies

1.8.1 Linkage analysis

Genome-wide linkage mapping has been tremendously successful in the
identification of the causative genes for highly penetrant monogenic diseases
(Jimenze-Sanchez, 2001). Linkage is the tendency of two loci on the same
chromosome to be inherited together. Two loci on the same chromosome that are
close enough to each other will segregate together; otherwise, crossing over in
meiosis takes place often between homologous chromosomes and new combinations
of alleles are created. Recombination frequency (theta; 0) represents the frequency of
a single crossover between two loci in a meiosis event. The probability of a
recombination to take place increases as the distance between two loci increases. The
maximum value for 0 is 0.5, which denotes that the two loci are so far apart that they

behave as if they are on different chromosomes.

The recombination events can be observed using various types of genetic
markers, including restriction fragment length polymorphisms (RFLPS),
microsatellites or short tandem repeats (STRs), variable number of tandem repeats
(VNTRs), and single nucleotide polymorphisms (SNPs). SNP arrays have improved
information content as it can be processed with higher throughput. Cost-effectiveness

of SNP genotyping arrays with high marker density and accessibility of information
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about genetic markers through online databases facilitate mapping of recombination
events and localization of disease genes with high efficiency. Hence, it is an

outstanding tool for linkage analysis (Middeldrop et al. 2007).

Linkage analysis can be either nonparametric (model-free) or parametric
(model-based). Nonparametric linkage analysis is applied to studies on complex traits
which are due to interactions of two or more genes and may also be affected by
environmental factors. A nonparametric method searches a shared haplotype in
affected individuals presumably harboring the disease gene and is identical by descent
from a common ancestor, regardless of the mode of inheritance. A parametric method
uses the genetic information about the disease-allele frequency, penetrance, and
mutation rates to assess the mode of inheritance. The statistical test that is used in
parametric linkage analysis is LOD (logarithm of odds) score analysis (Ott et al.

2015).

1.8.2 LOD score calculations

LOD score analysis discriminates between the null hypothesis of no linkage (6
= 0.5) and the alternative hypothesis of linkage (6<0.5) (Terwilliger and Ott, 1994). In
other words, it compares the likelihood of two loci being actually linked with the
likelihood of observing the same event purely by chance. Odds ratio denotes the ratio
of the probability of observing the distribution of two traits in a pedigree under
linkage at 0, to the probability of observing it under the hypothesis of no linkage (6 =

0.5) (Risch, 1992). The logarithm of odds ratio Z (0) is calculated for a range of 6
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values, and the value that gives the maximum LOD score is reported as the maximum
likelihood estimate. A LOD score of 3 is the threshold used in human linkage analysis
to accept linkage. The linkage is excluded for -2 LOD score and LOD score values
between -2 and +3 are considered inconclusive (Terwilliger and Ott, 1994; Strachan

and Read, 2004).

LOD score analysis is either two-point or multipoint. Two-point LOD score
analysis calculates the co-segregation of each marker with the disease locus, whereas
multipoint LOD score analysis calculates co-segregation of each marker with more
than two loci at a time and outputs LOD scores for all possible positions on a given
map of genetic markers. Several open source softwares for two-point and multipoint
LOD score calculations are available for computerized linkage analysis. Different
softwares require different commands and input formats, and easyLINKAGE package
converts all input information into a standard form to create a more user-friendly

platform (Hoffman and Lindner, 2005).

1.8.3 Homozygosity mapping

Homozygosity mapping is based on the fact that affected individuals in a
consanguineous family or inbred population are likely to receive a shared haplotype
that has descended from a common ancestor, in the homozygous state (Lander and
Botstein, 1987). This method is very efficient for mapping autosomal recessive
diseases in consanguineous families. Usually, the frequency of such a disease is so

low that it can only arise from inbreeding, and affected individuals in the family are
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homozygous. This method is also part of the parametric linkage analysis and is widely
used in gene localization studies in consanguineous families with two or more
affected sibs. Linkage softwares are employed on the genotype data with an aim to
detect homozygous intervals possibly identical by descent (IBD). A segment of a
chromosome is IBD if it is inherited it from a common ancestor without

recombination.

1.8.4 Next generation sequencing

In the past few years, Next Generation Sequencing (NGS) technologies have
revolutionized research in the field of genomics with the aim to provide faster,
cheaper and more accurate genomic sequencing information (von Bubnoff 2008;
Behjati and Tarpey 2013; Sener et al. 2016). Traditional Sanger sequencing is
performed by DNA amplification, and the final sequence obtained represents a
population of DNA templates (Sener et al. 2016). However, NGS has the power to
sequence single DNA molecules. Short sequence copies (40-400 bp), called reads, are
generated in billions in a very short time (Pettersson et al. 2009). This increase in
throughput pays off with the compromised accuracy of each short read generated by
NGS, which is very low compared to Sanger sequencing. Therefore, multiple reads
are generated for the same region, a concept called sequencing depth, with the aim of
obtaining more reliable sequence information. The more deeply covered a region is,
the more accurate the sequence is. Although deep coverage conveys most of the
information on a region, validation via Sanger sequencing of the strong candidate

variants or mutations reported in the NGS results is necessary (Ku et al. 2012). NGS
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technologies have a very broad field of application. In addition to the sequencing of a
whole genome and whole exome, NGS platforms can analyze whole transcriptomes
(RNA-seq), genome-wide profiles of epigenetic marks (methyl-seq), chromatin
immunoprecipitation assays (ChlP-seq) and mitochondrial genome sequence (Pareek

et al. 2011).

1.8.5 Whole exome sequencing

For sequencing of genomic DNA, the region to be analyzed can be restricted
as in exome sequencing by custom designed targeted capture sequencing. Whole-
exome sequencing (WES) is a strategy in which coding sequences of a genome are
selectively sequenced. Exons, flanking regions as well as UTR sequences are captured
with probes in either liquid or solid phases and subjected to next generation
sequencing platforms (Warr et al. 2015). Recently, a reduction in the cost and an
enhancement in the accuracy of WES have made it a powerful technique to identify
all known protein-coding genes for sequence-level mutations that have accelerated
mutation detection. Since around 85 percent of causative mutations reside in protein
coding regions, it is worthwhile to investigate mutations in Mendelian disorder
through WES (Choi et al. 2009). In addition, WES is considered as an efficient tool in
diseases with genetic heterogeneity (Biesecker, 2010). So far, WES has been

successfully used to find causative variants of several rare diseases.
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An important challenge in WES is the evaluation of the raw data to find the
causative mutation. Alignment of exome sequencing reads to the reference genome
and subsequent variant calling generates a large number of variants differing from the
reference genome. This is particularly challenging as many benign missense and
nonsense variants leading to protein truncation are estimated to be present and also for
many variants information is absent in databases such as dbSNP, HapMap and 1000
genomes (Lalonde et al. 2010, Ng et al. 2010). In order to fulfill this deficiency,
several filters need to be applied in the evaluation of the candidate variants. A recent
database, EXAC (Exome Aggregation Consortium) reports the frequency of rare
variants in various populations across the globe. At this point, linkage analysis
provides great help by assigning certain regions as candidate loci. Thus, it helps in the
narrowing down the target regions. In addition, the candidate gene should be involved
in a pathway related to the pathogenesis of the disease and should be expressed in the
relevant tissues. The overview of approaches used to confer candidate variants

generated by exome sequencing data are given in Fig. 1.1.
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Figure 1.1. The overview of strategy in disease gene hunt used in the study.
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1.9 A need for improvement in the diagnosis and genetic studies
for heritable diseases in Pakistan

In spite of a high prevalence of genetic disorders in Pakistan, the area of
medical genetics is still deficient in the deserved attention. This for instance,
necessitates establishing new Medical Genetics Departments in teaching hospitals and
medical colleges. It will enhance future progress for the diagnosis and management of
these disorders. In addition, highly prevalent genetic disorders such as intellectual
disability, Down syndrome, neural tube defects, thalassemia and muscular dystrophies

need to be included in the community control programs.
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2 AIMS AND OBJECTIVES

The study was intended to identify disease loci and causative mutations in
families suffering from inherited diseases. Neurological diseases such as intellectual
disability, autosomal recessive primary microcephaly, and microcephaly with a
combination of skeletal and ectodermal defects are rare autosomal recessive disorders,
whereas polydactyly is an autosomal dominant disease with a relatively high
frequency in all populations. In all families, the purpose was first to map the disease
loci via linkage analysis using genotyping data generated by SNP genome scan. After
the identification of the loci, the aim was to identify the disease genes by evaluating
the variants listed in the exome sequencing file within the candidate loci and

validating them by Sanger sequencing.
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3 SUBJECTS

Eight Pakistani families with congenital inherited disorders of skeletal, skin or
intellectual disability were recruited after obtaining written informed consent for all
participating members of the study families. Research protocol approval was obtained
from the Institutional Review Board (IRB) of Quaid-i-Azam University, Islamabad
and Bogazigi University Institutional Review Board for Research with Human
Participants. The families were afflicted with different heritable diseases and were

studied with the aim of identifying disease loci and causative mutations.

3.1 Family A: Intellectual Disability with Speech Problem and
Dysmorphic Facial Features (IDSD)

This family is large with two branches; in one branch two sibs are affected and
in the other four sibs are affected (Fig. 3.1). Peripheral blood samples were obtained
from 4 affected and 12 unaffected members of the family. For clinical evaluations, all
participants underwent physical and neurological examination by a local physician.

MRI of one affected subject was obtained.

31



Subjects

o
//j
7 s
} p -

! O T4

<

AN \|*
@-
-
()L

Figure 3.1. Pedigree of IDSD Family A. Circles represent females, squares males,
black filled symbols patients, and white symbols unaffected subjects. The index case
is indicated with an arrow. Asterisks (*) denote DNA availability, and plus signs (+)

indicate DNA samples subjected to SNP genotyping. Subjects physically examined

are indicated with a horizontal line above the symbol.
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3.2 Family B: Autosomal Recessive Primary Microcephaly
(MCPH)

In this consanguineous family, a total of four subjects (2 males and 2 females)
are afflicted with primary microcephaly. They were photographed, and physical
examination and behavioral attributes were assessed with the help of local physicians.

Blood samples of four affected individuals and two unaffected subjects were

obtained in EDTA tubes (Fig. 3.2).
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Figure 3.2. Pedigree of MCPH Family with Microcephaly. DNA samples subjected

to SNP genotyping are indicated with +, and DNA availability is indicated with *.

Subjects physically examined are indicated with a horizontal line above the symbol.
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3.3 Family C: Microcephaly, Intellectual Disability, Short Stature
and Brachydactyly (MIDSB)

The consanguineous family was afflicted with microcephaly combined with
skeletal and skin problems. According to family elders 7 individuals were affected (3
males and 4 females) in two branches of the family (Fig. 3.3). All affected subjects
were born to consanguineous parents. Clinical examinations of affected sibs were
performed with the help of local physicians. Peripheral blood samples were obtained
from four affected and two unaffected sibs and the parents in one branch of the
family. One affected individual underwent X-ray imaging and cranial computed

tomography (CT) scanning.
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Figure 3.3. Pedigree diagram for MIDSB Family with Syndromic Microcephaly.
DNA samples subjected to SNP genotyping are indicated with +, and DNA
availability is indicated with *. Subjects physically examined are indicated with a

horizontal line above the symbol.
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3.4 Family D: Autosomal Dominant Postaxial Polydactyly,
Camptodactyly and Zygodactyly (ADPCZ)

The large family was afflicted with variable polydactyly. The pedigree of the
family containing four generations was drawn with the help of senior family members
(Fig. 3.4). A total of 21 affected relatives, 14 males and 7 females, were known, and
the anomaly was known to run in three generations. There was no skip generation,
and all affected subjects had at least one affected parent, strongly suggesting an
autosomal dominant mode of inheritance. The available affected and unaffected
subjects underwent a thorough physical examination with the help of a local

physician, and clinical information including photographs and X-rays were obtained.

Peripheral blood samples were obtained from 9 affected and 5 unaffected

members of the family.
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Figure 3.4. Pedigree of the Family with Polydactyly. DNA samples subjected to genome scan are indicated with +, and DNA

availability is indicated with *. Subjects physically examined are indicated with a horizontal line above the symbol.
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3.5 Family E: Tooth Agenesis Manifesting as Oligodontia/
Hypodontia (TAOH)

A large family from the suburbs of Islamabad was studied. The field visits
were coordinated with the help of a coworker. A detailed pedigree was constructed in
several visits to the family. All the information was checked and rechecked by
interviewing various family members particularly the elders of the family. A few
branches of the family were settled in Khyber Pakhtunkhwa. They were visited in the
respective towns to obtain information. Nine affected and ten unaffected subjects
were physically examined. There was a hereditary dental problem in several
generations. Standard oral examination was conducted and dental scheme/dentition
was recorded. Oropantomograms (OPG) and cephalometric radiographs (Ceph) were

obtained for four affected and two unaffected subjects.

The affected individuals had several missing teeth in both the upper and lower
jaws causing wide spaces between the existing ones, i.e., diastema. It was mainly an
aesthetic problem and became apparent when they talk. Some of the affected subjects
had artificial teeth put in for cosmetic purposes. They had otherwise no problem in
eating and chewing. Additionally, no other associated abnormality of hair, nail and
skin was observed in the affected subjects. All the affected individuals were of

normal intelligence and productive members of the society.
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The pedigree comprised five generations. All the marriages in pedigree were
non-consanguineous (Fig. 3.5). Thirteen subjects (6F, 7M) were found to be affected
in five consecutive generations. In all sibships, the affected subjects had at least one
affected parent (I-1 x 1-2; 11-1 x 11-2). This situation strongly suggested an autosomal

dominant mode of inheritance.
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Figure 3.5. Pedigree of the Family with tooth agenesis. DNA samples subjected to genome scan are indicated with +, and

DNA availability is indicated with *. Subjects physically examined are indicated with a horizontal line above the symbol.
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3.6 Family F: Seckel-like Syndrome (SLS)

The family is settled in Federal Capital Islamabad. A detailed pedigree was
constructed with the help of elders of the family and all the information was
confirmed by interviewing various family subjects belonging to different loops of the
pedigree. All the phenotypic information and clinical detail were recorded on standard
data sheets. Photographs of three affected and one unaffected subject were obtained.

Radiographs were obtained from one affected male and one normal female subject.

The pedigree comprised four generations. The affected subjects were observed
to have a skeletal anomaly affecting the limbs, thorax and skull (Fig. 3.6). Three sibs
were afflicted with this anomaly. Generally, the affected subjects had a thin build and
weak physique but were otherwise self-confident and were relatively independent in
their daily activities. All three affected individuals had normal intelligence and were
getting formal education. The transmission pattern of this abnormality was consistent
with an autosomal recessive mode of inheritance. One of the female sib in the family
was deaf and mute while another sib had a curvature of backbone (kyphoscoliosis),
but without any typical symptoms of Seckel syndrome. Hence, both of the latter two

subjects were considered unaffected for the Seckel-like syndrome.
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Figure 3.6. Pedigree of the Family with Seckel-like syndrome. DNA samples
subjected to genome scan are indicated with +, DNA availability is indicated with *,
and subjects underwent physical examination are indicated by a horizontal bar above

symbols.
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3.7 Family G and H: Syndactyly type IX, Mesoaxial Synostotic
Syndactyly (MSSD)

Family G originates from southern Pakistan. The parents were first-cousins,
and the single affected female was the first in a sibship of five (Fig. 3.7A). There was
no previous history of limb or any other anomaly in the family. The pedigree was
suggestive of autosomal recessive inheritance. The clinical data of the subject was
obtained with the help of a local physician. The family was not willing to provide
photographs, hence, line-drawing of the hands was obtained. Peripheral blood

samples of the affected subject and her father were obtained for the molecular study.

Family H originates from northern part of Pakistan. The pedigree was
constructed with the help of the elderly family members. There were two affected
subjects (one female, one male) in the fourth generation, and the female had been
deceased (Fig. 3.7B). The male affected subject underwent a clinical examination
with the help of local physicians. Blood sample of only the affected subject was

available for molecular study.
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Figure 3.7. Pedigrees of the MSSD Families. A. Family G. B. Family H. Individuals
subjected to molecular analyses are indicated with *. Subjects physically examined are
indicated with a horizontal line above the symbol.
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3.2 Chemicals

For this study, all liquid and solid chemicals were purchased from Sigma (USA),

Merck (Germany), Carlo Erba (Italy), Riedel-de-Haen (Germany) or Biochar (Germany).

3.3 Solutions and buffers

3.3.1 Processing of peripheral blood samples for DNA extraction

Solutions Reagents

Cell Lysis Buffer 10 mM KHCO3 155 mM NH4CI, 0.1 mM
Na,EDTA (pH 7.4)

Nucleus Lysis Buffer 400 mM NaCl, 2 mM Na,EDTA, 10 mM
Tris (pH 8.2)

Proteinase K Enzyme 20 mg/ml Proteinase K in dH,0O
(Sigma, USA)

Ammonium Acetate 7.5 M CH3;COONHy, in dH,0

Sodium dodecylsulfate (SDS) 10% SDS (w/v) in dH,0O
Ethanol Absolute Ethanol

TE buffer 20 mM Tris-HCI, 1 mM EDTA (pH 8.0)
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3.2.2 Polymerase Chain Reaction (PCR)

Solutions

Reagents

Agarose

10X TBE Buffer

6 X Loading Buffer

Ethidium Bromide

2% Agarose (Sigma, USA) in 0.5 X TBE
buffer

20 mM EDTA, 0.89 M Boric Acid, 0.89
M Trizma base (pH 8.3)

10 mM Tris-HCI (pH 7.6), 50% Glycerol,
60 mM EDTA, 2.5 mg/ml Bromophenol
Blue

10 mg/ml in dH,O

3.3.3 Agarose gel electrophoresis

Solutions

Reagents

Agarose

10X TBE Buffer

6 X Loading Buffer

Ethidium Bromide

2% Agarose (Sigma, USA) in 0.5 X TBE
buffer

20 mM EDTA, 0.89 M Boric Acid, 0.89
M Trizma base (pH 8.3)

10 mM Tris-HCI (pH 7.6), 50% Glycerol,
60 mM EDTA, 2.5 mg/ml Bromophenol
Blue

10 mg/ml in dH,0O
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3.3.4 Single Strand Conformational Polymorphism (SSCP) analysis

Solutions

Reagents

40% Acrylamide
8% Acrylamide

Glycerol
APS

TEMED
10X Sample Buffer

40% Acrylamide-bisacrylamide (37.5:1)
(Stock) in dH,0

8 or 10% Acrylamide-bisacrylamide (37.5:1,
non-denaturing) in 0.6 X TBE buffer

8% Glycerol in gel solution
10% Ammonium Peroxydisulfate
N,N,N,N-tetramethylethylenediamine

95 per cent formamide, 20 mM EDTA,
0.05% xylene cyanol, 0.05 per cent
bromophenol blue
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3.3.5 Silver staining

Solutions Reagents

Staining Buffer 0.1% AgNOs3 in dH,0

Developing Buffer 1.5% NaOH, 0.01% NaBH, 0.015%
formaldehyde in dH,O

34 Enzyme

Taq DNA polymerase was purchased from Roche (Germany) or Fermantas,
Dream Tag (Lithuania) supplied with PCR buffer.

3.5 Oligonucleotide primers

Primer3 software was used for oligonucleotide primer designing, and
OligoCalc was used for evaluation of secondary structures and self-annealing sites
(Table 3.1). Primers were purchased from Macrogen. Lyophilized primers were
liquefied in 1 ml distilled H,O, and 10 uM dilutions were prepared to use in PCR

reactions.
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3.6 DNA molecular weight markers and commercial kits

Name Company
Lambda DNA/HindlIl marker Fermentas
pUC19 DNA/Mspl marker Fermentas
GC-Rich PCR System Roche
Dream Tag PCR kit Fermentas
Gel Extraction kit Qiagen
PCR Purification kit Qiagen
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3.7 Equipment and apparatus

Item Company
Electronic Balance Precisa
AMBA430T Autoclave Astell
MiniSpin Plus Centrifuge Eppendorf
Universal 16R Centrifuge Hettich

Allegra X-22R Centrifuge
J2-MC Centrifuge
-20°C Deep Freezer

-80°C Ultra Freezer

Beckman Coulter

Beckman Coulter

Arcelik

Thermo Scientific

Gel Doc Documentation System BioRad
Horizontal DNA Electrophoresis BioRad
Equipment

DCode Universal Mutation Detection BioRad
System

Orbital Incubator Gallenkamp
MR3001 Magnetic Stirrer Heidolph
Micropipettes Gilson
Rotamax 120 Minishaker Heidolph
KD 200 Oven Nuve
Fotoforce 250 Electrophoresis Power Fotodyne

Supply

49



Equipments

P250A Power Supply

Power Pac Model 3000

NanoDrop 1000 Spectrophotometer
PTC-200 Thermal Cycler

T100 ThermalCycler

480 LightCycler

Reax vortex mixer

Lab Dancer Vario Vortex

Grant LTD 6G Thermostatic Water Bath

Ultra-Pure Water Purification system

Sigma-Aldrich
BioRad

Thermo Scientific
MJ Research
BioRad

Roche

Heidolph

Roth

Grant

Hach-Lange
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3.8 Electronic databases

Table 3.1. Electronic databases and tools used in the study.

Name

Description

Homepage

Online Mendelian Inheritance In
Man (OMIM)

NCBI Genome Resources

UCSC Genome Browser
ENSEMBL

NCBI UniGene

UniProt (Universal Protein
Resource)

Gene Cards

Polymorphism Phenotyping

A database of human diseases and traits, and human genes.

A database of sequences and maps of reference genomes.

A database of sequences and maps of a large number of reference
genomes.

A database of sequences and maps of a large number of reference
genomes.

Expression data of a wide collection of genes in various tissues.

A comprehensive resource of protein sequence and functional
information.

A database unifying the information about human genes on
genomic, proteomic and functional level.

Predicts the structural and functional effects of amino acid

http://www.ncbi.nlm.nih.gov/Omim/

http://www.ncbi.nlm.nih.gov/genome/

http://genome.ucsc.edu/

http://www.ensembl.org/

http://www.ncbi.nlm.nih.gov/unigene/

http://www.uniprot.org/

http://www.genecards.org

http://genetics.bwh.harvard.edu/pph2/
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(PolyPhen-2)
SIFT (Sorting Intolerant From
Tolerant)

Molecular Modelling &
Bioinformatics (MMB)

SNPs3D
Biology Workbench
OligoCalc (Oligonucleotide

Properties Calculator)

Human Splicing Finder 2.4.1

Database of Genomic Variants
(DGV)

substitutions on human proteins.

Calculates position specific scores for amino acids. The scores
range from 0 to 1, which represents the effect from damaging to
neutral

Predicts the pathological effects of nonsynonymous mutations.
Mutations with scores greater that 0.5 are pathological.

Uses structure and sequence analysis to assess functional effects
of non-synonymous SNPs.

An online tool package for storing and analyzing DNA
sequences. Contains Primer3 software.

Calculates the melting properties and predicts potential hairpin
structures or self-annealing sites of primers.

An online tool that calculates consensus values of potential splice
sites and searches for branch points in given sequences. It also
predicts the effect of a sequence change on pre-mRNA splicing.

A database collecting structural variations in the human genome.
Genomic alterations affecting fragments of DNA that are larger
than 1kb are annotated as structural variations. Alterations in
100bp-1kb in size are annotated as InDels.

http://sift.jcvi.org/

http://mmb2.pcb.ub.es:8080/PMut

http://www.snps3d.org/

http://workbench.sdsc.edu

http://www.basic.northwestern.edu/
biotools/oligocalc.html

http://www.umd.be/HSF/

http://projects.tcag.ca/variation/
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3.9

Bioinformatics tools

For analysis of exome sequencing data, quite a few bioinformatics programs

were used that are listed in Table 3.2. These programs are open source and easily

accessible on the internet.

Table 3.2. Bioinformatics tools employed to analyze exome sequencing data.

Name Description Home page
BWA (Burrows- A program for aligning short http://bio-
Wheeler nucleotide sequences against a bwa.sourceforge.net/
Aligner) reference sequence, such as the
human genome.
SAMTools A program for manipulating http://samtools.sourceforge.n
alignments in the SAM et/
(Sequence Alignment/Map)
format, including sorting,
indexing, and variant calling.
GATK (Genome A software library of next- http://www.broadinstitute.org
Analysis Tool generation sequencing data /gsa/wiki/index.php/The_Gen
Kit) analysis tools, including depth of  ome_Analysis_Toolkit
coverage analysis, SNP/indel
calling and local realignment.
ANNOVAR A program performing functional http://www.openbioinformati
annotations of genetic variants cs.org/annovar/
obtained from next-generation
sequencing data. The annotations
can be gene-based, region-based
or filter-based.
Picard A program comprising of Java- http://picard.sourceforge.net/
based command-line utilities for
manipulating SAM files.
BEDTools A suite of utilities for comparing  http://code.google.com/p/bedt

genomic features such as finding
feature overlaps and computing

ools/
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BamView

cnvPartition

coverage in next-generation
sequencing data.

An interactive program for
visualizing read alignments in
BAM files.

cnvPartition was developed by
Illumina and is available as a
plug-in in the Beadstudio
software. We used default
parameters of cnvPartition; i.e.,
gen call threshold =0.15; call rate
>95%:; confidence threshold 35;
minimum probe count 3.

http://bamview.sourceforge.n
et/

https://www.illumina.com/do
cuments/products/technotes/t
echnote_cnv_algorithms.pdf

CNVision

A program for merging,
annotating and visualizing CNVs,
using SNP genotyping data
obtained from Illumina
GenomeStudio.

http://futo.cs.yale.edu/mw/in
dex.php/
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4 METHODS

4.1  Processing of human peripheral blood samples for genomic
DNA extraction

For the extraction of genomic DNA, peripheral blood samples in sterile
K,EDTA tubes were processed. Pre-chilled 30 ml cell lysis buffer was poured
onto 10 ml of blood and mixed by gently inverting the tube several times. This
mixture was kept at 4°C for 10 minutes (min) to ensure osmotic swelling and cell
lysis. After this incubation, the tube was centrifuged at 5,000 revolutions per
minute (rpm) at 4°C. For harvesting the pellet of white blood cell nuclei, the
supernatant was carefully thrown away. The pellet was suspended in cold 10 ml
of cell lysis buffer and subjected to centrifugation at 4°C for 10 min, and the
subsequent supernatant was poured out. The pellet was again suspended in 0.3 ml
nucleus lysis buffer per ml of initial blood volume (i.e., 3 ml for 10 ml blood), and
the tube was vortexed gently to entirely dissolve the pellet. To digest the residual
proteins, 50 ul of Proteinase K (25 mg/ml) and 80 ul of 10% SDS were added,
and the sample was mixed by gentle inversion. This mixture was kept in an
incubator at 37°C overnight. After incubation, 2.8 ml of NH;Ac (0.5 M) was
added and mixed by vigorous shaking. Centrifugation was done at 12,000 rpm for
20 min at 4°C to separate the precipitated proteins in the form of a pellet. The
supernatant was poured into a 50 ml tube, and two volumes of ice-cold ethanol

were added. DNA was precipitated out by gentle mixing. The floating white
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thread of DNA was fished out with a micropipette tip and transferred to a clean
tube. The tube was left open until the ethanol evaporated. DNA was dissolved by

adding TE buffer (400 ul) and stored in the freezer.

4.2  Linkage analysis

Linkage analysis is a statistical test that associates disease genes with a
locus by calculating LOD (logarithm of odds) scores. For performing parametric
linkage analysis, the family pedigree, the SNP genome scan data of family
members included in the study and the genetic map of the markers used are

required. The analyses performed for each family are described below.

4.2.1 SNP genotyping

A genome scan was performed at Macrogen Inc (South Korea) with
[llumina Human OmniExpress-24 BeadChip including 713, 014 SNP markers at a
median marker spacing of 4.5 kb. For handling genotyping data, Illumina Genome
Studio v.1.02 was used. In IDSD family (Family A), a genome scan was
performed for three affected (1 brother and 2 sisters) and an unaffected sister and
one unaffected parent. In the second family (Family B) with Autosomal Recessive
Primary Microcephaly (MCPH), a genome scan was performed for one parent and
four affected sibs. In the third family (Family C) with Syndromic Microcephaly, a
genome scan was performed for four affected (2 brothers and 2 sisters) and an
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unaffected brother. In the fourth family (Family D) with polydactyly, a genome
scan was carried out on 10 subjects (8 affected and 2 unaffected). In the fifth
family (Family E) with tooth agenesis, a genome scan was carried out on five
affected and four unaffected subjects. In the sixth family (Family F) with the
Seckel-like syndrome, a genome scan was carried out on two affected and two
unaffected subjects. In the seventh and eights families (Family G, Family H),

direct Sanger sequencing was performed.
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4.2.2 Parametric linkage analysis, homozygosity mapping and haplotype
analysis

For parametric LOD score calculations, easyLINKAGE package version
5.08 was used for all families. This package is an open source GUI (graphical user

interface) that comprises the programs shown in Table 4.1.

Table 4.1. The programs included in easyLINKAGE software.

Program Description

Detects genotyping errors and checks the pedigree file for

PedCheck Mendelian incompatibilities.

Calculates parametric LOD scores and constructs haplotypes
SimWalk2 for any size of pedigree, including complex families (bit size
> 19).

SuperLink Calculates two-point parametric LOD scores.

Calculates both two-point and multipoint parametric LOD
Allegro scores in small pedigrees (bit size <19) and constructs
haplotypes.

Calculates multipoint parametric LOD scores and constructs

GeneHunter — paplotypes in small pedigrees (bit size <19).

Performs linkage analysis using affected sib pairs, with the

SPLink method of maximum likelihood.

easyLINKAGE package is available at:

(http://nephrologie.uniklinikum-leipzig.de/nephrologie.site,postext,easylinkage,a_id,372.html)

Homozygosity mapping was performed in autosomal recessive families by
Homozygosity Mapper (http://www.homozygositymapper.org) and homozygous

regions >100 kb in patients were detected. For the identification of homozygous
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regions identical by descent (IBD), haplotypes were constructed by ALLEGRO.
In addition, Homozygosity Comparison in Excel (HCIiE) that was developed in
the Turkish laboratory was also used (Cetinkaya, 2010). HCIiE is an MS Excel
macro, in which three different SNP genotypes (AA, BB or AB) in the subjects
are differently colored, and the markers are sorted in the order of their locations.
This allows the user to detect shared homozygosity among the affected
individuals as well as to observe whether the subjects carry the same genotype
within the homozygous regions. In the case of dominant inheritance, haplotypes
are constructed to detect shared chromosomal intervals segregating in the affected

individuals.

Multipoint LOD score calculations were performed via program
ALLEGRO, GeneHunter and Marline. In the case of families with autosomal
recessive inheritance, disease frequency was set to 0.0001 and full penetrance was
assumed. Markers were selected at 0.01 cM spacing and used in sets of 30. The
physical and genetic maps of markers were provided by MacroGen Inc.
Haplotypes were constructed using program ALLEGRO. Homozygosity was
confirmed at the candidate loci by HCIE (Cetinkaya, 2010). In the case of
polydactyly, an autosomal dominant model with a disease allele frequency of
0.001 and a penetrance of 99% were assumed. Multipoint LOD score calculations
were performed with a marker window size of 30 and 70. The LOD score
intervals with >2.0 scores were examined more closely and re-evaluated with
iterated models of reduced penetrance and varying marker window sizes.
Haplotypes were constructed to identify shared chromosomal intervals

segregating in the affected individuals.
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4.3 Copy number variation (CNV) analysis

It is possible to detect copy number variations (CNVs) using high-density
SNP arrays (McCarroll et al. 2008). Based on this finding a PERL based program
called Combined_CNV has been developed by Chris Mason and Stephan Sander
at the State Lab, Yale University and provided to our laboratory of Dr. Tolun. We
used this program for our study families to detect duplication and deletions.
Combined_CNV (http://futo.cs.yale.edu) uses three CNV detection algorithms,
namely, PennCNV (Wang et al. 2007), QuantiSNP (Colella et al. 2007) and
GNOSIS, for investigating high-density SNP genotyping data. CNV detection
relies on the LogR ratio values, which is logarithm (base 2) ratio of the
normalized intensity (R value) for the SNP tested, divided by the expected
normalized intensity. Combined_CNV program takes Final Reports generated by
[llumina GenomeStudio as input files and outputs annotated files containing the
genomic locations and flanking SNPs of CNVs. The program also annotates

CNVs previously reported in Database of Genomic Variants (DGV).
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4.4  Whole exome sequencing

4.4.1 Targeted exome capture

Exome sequencing was performed at MacroGen Inc (South Korea) or Yale

Center for Genome Analysis as a paid service. DNA sample of only one affected

subject from each family was subjected to exome capture with Illumina TruSeq

Exome Capture kit (Illumina, USA), followed by massively parallel paired-end

sequencing with Illumina HiSeq 2000 (Illumina, USA). The features of TruSeq

Exome Capture kit are given in Table 4.2.

Table 4.2. Features of Illumina TruSeq Exome Capture Kit.

Features No.
Capture target 62 Mb
Number of target genes 20,794
Number of target exons 201,121
Number of probes 340,427
Size of probes 95 bp
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Obtaining sequence information from exome sequencing occurs in various
steps that generate a list of variants within or near the coding regions of the
genome. First, lllumina TruSeq DNA Sample Preparation kit (Illumina, USA)
was used for the preparation of a sample library. For this procedure, 5-10 pg of
genomic DNA was used as starting material. The aim of this step is the generation
of multiplexed paired-end sequencing libraries by adding adapter sequences to the
DNA fragments. In this step, firstly the genomic DNA is sheared and overhangs
are converted to blunt ends to obtain double stranded DNA fragments of an
average of 300-400 bp in size. In order to prevent ligation of blunt fragments to
one another, the 3’ ends are sealed with a single “A” nucleotide. Multiple
indexing adapters having a “T” nucleotide at the 3’ end are used for ligation of
blunt fragments. After the ligation of the adapters, biotinylated capture probes of
targeted regions are hybridized with blunt fragments, and unbound fragments are
washed off. Streptavidin beads pull out the biotinylated capture target, and the
fragments are hybridized onto the flow cell, which is a solid surface containing
forward and reverse primers in spatially separated clusters. With these primers,
the captured target is amplified by bridge PCR in clusters, and subsequent

sequencing reaction takes place.
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4.4.2 Analysis of the exome sequencing file

Macrogen service included bioinformatics analysis of exome sequencing
data with standard parameters by using programs such as BWA and SAMTools.
An annotated list of variants was obtained from the company in an MS Excel file.
However, we also performed bioinformatics analysis with more relaxed
parameters to elude false negative calls. Paired-end “.fastq” files of raw data

produced after sequencing was obtained from the company.

Human reference genome sequence (assembly GRCh37/hgl9) was
downloaded from UCSC Genome Bioinformatics Site (described in Table 3.1).
Individually assembled chromosomes were concatenated to each other and
indexed. Paired-end reads were aligned to the reference genome with program
BWA and the final alignment was generated in SAM (Sequence Alignment/Map)
format. The SAM file was converted to BAM (Binary Alignment/Map) format
using SAMTools. The resulting file was sorted, indexed and subjected to SNP
calling with SAMTools, which outputs a list of nucleotides that were different
from the reference genome. The list of variants were annotated with ANNOVAR,
which denotes chromosomal location, dbSNP 1D, the type of the region of the
nucleotide change (exonic, intronic, UTR, non-coding RNA or intergenic) and the
type of the exonic nucleotide change (synonymous, non-synonymous, frameshift,

stopgain or stoploss) and whether a nucleotide change is a splicing mutation. For
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visualizing the alignment, BamView program was used. The command lines for

the steps are given in Table 4.3.
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Table 4.3. Command lines used in bioinformatics analysis of exome sequencing data
and their purposes.

Purpose

Command

Concatenating all chromosomes

of the reference genome

Indexing the reference genome

Aligning paired-end reads to
reference genome (performed for

each .fastq file separately)

Generating alignment in the SAM
(Sequence Alignment/Map)

format

Converting SAM to BAM
(Binary Alignment/Map) format

Sorting the BAM file

Indexing the BAM file

SNP calling

Converting the file to a format
compatible with ANNOVAR

Region based annotation

cat *.fa > all_chr.fasta

bwa index —a bwtsw all_chr.fasta

bwa aln —n 0.01 —t 8 all_chr.fasta filel.fastq

> filel.sai

bwa sampe all_chr.fasta filel.sai file2.sai

filel.fastq file2.fastq > file.sam

samtools view —bS file.sam > file.bam

samtools sort file.bam

samtools index file.sorted.bam

samtools pileup —vcf all_chr.fasta
file.sorted.bam > file.pileup.txt

convert2annovarl.pl file.pileup.txt —outfile

file_annovar.pileup.txt

annotate_variation.pl —buildver hg19
file_annovar.pileup.txt humandb
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Filter based annotation annotate_variation.pl —filter —dbtype snp131

file_annovar.pileup.txt

Visualization of the alignment java -mx152m —jar BamView_v1.1.8.jar —a

file.sorted.bam —r all_chr.fasta

Computing the coverage for each bamToBed —i file.bam > file.bed

exon included in the target

) coverageBed —a file.bed —b
capture using BEDTools

targetedRegions.bed > file_coverage.txt
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4.5 Candidate genes and mutation screening

Among the variants detected by exome sequence analysis, the mutations
within loci that stood out as the best candidates were selected. In selecting the
candidate mutations, the variants that had high coverage and high-quality scores
as well as predicted adverse effect of the mutation on the protein were considered
with priority. The threshold for sufficient coverage was assumed as four reads,
and the minimum quality score accepted was 40. Variants not fitting into these
conditions were regarded more likely as false positives. Nonetheless, all variants
were taken into consideration. The variants that were reported in EXAC database
were eliminated if their frequency is equal to or more than 0.005, and the
remaining rare and novel variants were prioritized with respect to severity of the
mutation, expression in relevant tissues, gene function and indication in animal

models.

Upon identifying a rare deleterious mutation in the exome sequencing
results, the candidate mutation was validated by Sanger sequencing. Mutation
screening for the entire family and for at least 200 controls was carried out by

either Sanger sequencing or single-strand conformation polymorphism (SSCP).
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45.1 PCR amplifications

Sites of all strong candidate variants resulting from the exome sequence
filtering were subjected to PCR amplification in relevant individuals for
subsequent DNA sequencing. PCR for each primer pair was carried out using 1X
PCR buffer, 0.2 uM of each dNTP, 0.4 uM of each primer, 30 ng genomic DNA,
0.2 U Tag DNA polymerase and water adding up to a total volume of 25 ul. PCR

conditions and primer sequences are given in Table 4.4.
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Table 4.4. Sequences, PCR product sizes and PCR conditions for primer pairs
amplifying the candidate variants obtained from exome sequence results.

Product

. Buffer Annealing

Gene / Region
Primer Sequence (5°— 3°) Size and Temperatu
(bp) additives re (°C)

PDIA3 (IDSD Family)
Exon 2 F: GGAAGTGTCTACTAGCTCAAAGG | 272 Buffer A | 60
(c.170G>A) R: CCATGTAACAAAGCTGAGACAAC
RBBP8 (MCPH Microcephaly Family)
Exon 11 F: GGAATGCATCATCCTTCAGC 245 Buffer A | 58
(c.1808_1809d | R: GCTCATGAGAACCAGCACTCT
elTA)
GLI3 (ADPCZ Polydactyly Family)
Exon 15 F: GCCTTACAGGGCTGTTCAT 236 Buffer A | 59
(c.3635delG) R: TCCTCCTCCAAGCTCAAGT
BHLHA9 (MSSD Syndactyly Type IX Family)
Exon 1 F:GAGGGAGATGGATGGACGGGA 970 Buffer A | 60
(c.218G>C; R:GCAGTCCCGGGTTTTATAGTC
c.211A>G)
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4.5.2 Analysis of PCR products

For all PCR reactions, the efficiency of amplification and the size of the
products were checked on agarose gels. PCR product (5 pl) was mixed with
loading dye (1 pl) and loaded on a 2% agarose gel containing ethidium bromide.
For electrophoresis 0.5X TBE was used as running buffer at 10 volts/cm for 20
minutes. To visualize DNA fragments, UV light was used in BIORAD Universal

Hood Il and Quantity One 4.6.9 software.

4.5.3 DNA sequence analysis

All regions to be analyzed with Sanger sequencing were amplified by PCR
in 50-pl reactions. Total volume per sample was 50-200 ul, depending on the
efficiency of the reaction. These samples were sent to MacroGen Inc. (South

Korea), where the sequence analysis was performed for all our projects.

45.4 SSCP analysis for mutation screening

Polyacrylamide gels with crosslinking ratios of 2%, with or without 8%

glycerol, were prepared. Glass plates of sizes 20 cm x 20 cm were assembled

70



Methods

using 0.75 mm spacers. Six ml of 40% acrylamide:bisacrylamide stock (37.5:1)
was mixed with 1.8 ml of 10 X TBE, and the volume was adjusted to 30 ml by
dH20. For gels with glycerol, 2.4 ml of glycerol was added and volume was
adjusted to 30 ml. Then, 10% APS (250 ul) and TEMED (25 pl) were added and
were gently mixed, and the solution was poured between the glass plates. A comb
with 20-well comb was inserted into the gel, and the gel was left to polymerize for
at least one hour. After polymerization, the gel was cooled at 4°C for at least half
an hour before use. In Table 4.4, the sequences of the primers used in PCR
amplifications are given. PCR products and sample buffer were mixed with equal
volumes, and DNA was denatured at 95°C for 5 min. Then it was immediately
placed on ice. Appropriate volume (7-12 pl) of all samples were loaded onto the
gel and subjected to electrophoresis at a constant power of 10 to 30 Watts in 0.6X
TBE buffer at 4°C in BioRad DCode Universal Mutation detection system. The
duration of the electrophoresis was adjusted according to the length of the PCR
product. After electrophoresis, silver nitrate was used for staining gels and
visualizing DNA. Samples with aberrant migration patterns were subjected to

Sanger sequencing.

4.5.5 Silver staining

Glass gel plates were gently separated, letting the gel remain on one of
them. The gel was detached from the glass by lifting with a piece of filter paper
and transferred to a tray containing 300 ml of staining buffer. After incubation in

staining buffer for 10 minutes, the gel was soaked in development buffer until
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bands appeared (Kavaslar et al. 2000). In the case of inefficient staining, the
procedure was repeated with an extensive washing step in between. Lastly, the
images of gels were taken with a scanner, and the gel was stored between

protector sheets.
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5 RESULTS

In this section, clinical description and results of the genetic analyses are

presented.

5.1 Family A: Intellectual Disability with Speech Problem and
Dysmorphic Facial Features (IDSD)

5.1.1 Clinical description

Four affected and 14 unaffected subjects were examined in this family. The
patients had severe mental retardation and were unable to perform simple daily life
tasks and self-care. Learning abilities were too severely impaired to allow attending
school. Language was poorly developed, and only the parents could understand their
speech and signs. The affected subject V-1 had somewhat better verbal skills. Early
milestones were delayed including crawling and walking. The patients also had
attention deficit, self-stimulating behavior, poor eye contact, enuresis, and encopresis.
Occasionally, they exhibited aggressive behavior in the presence of strangers but
remained peaceful with the family members. According to the physiologist, mental
retardation was severe to profound. The patients had no ataxia or epileptic behavior.
Dysmorphic features observed in the affected subjects included large and protruding
ears and micrognathia (Fig. 5.1). They had remarkable dermatoglyphics with several

missing palmer creases and straight distal and proximal creases.

According to the family, the patients had uneventful birth histories. MRI of

patient V-2, a 14-year old female, revealed normal brain structures. There was no

73



Results

evidence of intra-/extra-axial mass, hemorrhage, or recent or remote infract was
observed. Gray and white matter distribution was normal. The ventricular system was
unremarkable. No abnormal enhancement was evident on post-gadolinium images.
Both hippocampi appeared normal and symmetrical. The optic chiasm and pituitary
gland were normal. The 7th and 8th nerve complexes were normal and symmetrical,
bilaterally. Basilar cisterns appeared normal. No signal abnormality was seen in the
skull base, and there were no cervico-medullary junction abnormalities. Major intra-
cranial vessels showed normal flow void. Hence, a normal brain MRI was concluded.

Patient photographs and the MRI image are given in Fig. 5.1.

Figure 5.1. Photos of three affected subjects, dermatoglyphics and the MRI of one

affected subject.
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5.1.2 Multipoint linkage analysis and haplotype examination

SNP genome scan data of five family members were subjected to linkage
analysis, and multipoint LOD scores were calculated under an autosomal recessive
disease model with full penetrance. A maximum LOD score of 2.5 was obtained in
various regions in many chromosomes. Multipoint LOD score graphics for all
chromosomes are given in Fig. 5.2. The LOD score did not reach the critical value of
3 due to the small size of the family. The loci with LOD scores of 2.5 and >1-Mb size
were selected as the strongest candidates. The locations and sizes of the candidate loci
are given in Table 5.1. The four large intervals and other small regions were subjected
to haplotype inspection, and the majority of regions were eliminated because the
shared homozygosity in the patients was not due to haplotypes that were identical by
descent. These analyses led to two strong homozygous regions, one at 6p25.2-p24.3
(nucleotides 2,687,729-7,557,048) with 4,869,319 bp and the other at 15921.1-26.3
(nucleotides 43,336,670-45,095,902) with 1,759,232 bp. The haplotypes at the two
loci are given in Tables 5.2 and 5.3. It was hypothesized that the causative mutation

resided in one of these regions.
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Figure 5.2. Multipoint LOD score results for autosomal recessive Intellectual
Disability for all autosomal chromosomes and PAR regions.
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Table 5.1. Candidate loci >1 Mb obtained by various linkage programs in the IDSD Family.

Chr Flanking  Start Stop Length LOD ALLEGRO GENEHUNTER MERLIN IBD
SNPs (bp) Score

5 rs1400794 3,974,744 9,209,831 5,235,087 25 Yes No No

6 rs2126243 2,687,729 7,557,048 4,869,319 25 Yes Yes Yes

11 rs7124891 46,245,361 54,794,237 8,548,876 2.5 Yes Yes No

15 rs6493076 43,336,670 45,095,902 1,759,232 25 Yes Yes Yes
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Table 5.2. Haplotypes constructed with selected SNP markers at 6p25.2-p24.3 for
IDSD Family. The genotypes of the father were deduced by the linkage software.

Marker [0 Pazition Affected Affected Affected son Unaffected | Unatfected | Unaffected
[ME) daughter1 | daughter 2 daughter F ather Mather

r=G 73035 25

r=6315505 281

rsd 3823355 2.7

rsd 05616 2,84

rs3S0537TS 305

rs13206421 315

rs43532355 3.36
rs340564 7 357
rs12212080 3.68
r=653653 378
rs63538645 4.Mm
rsdB05323 415
r=3373554 423

r=359185 4.4
rs 12206701 4.62
r=3812133 4.72
rs12138622 4,36
r=1246936 5.06

r=GS04616 5.4z
rs1124 3016 5.52
r=3504543 5.84
rs10455030 5.95
rs3502336 6.05
r=1333554 B.23
rs121364 70 6.33
r=1535705 G.43

L L I o N e 1 [ A Y % TR % Y % T Tl S I Y [ T
0 = P D 2 P IO P 2 P R a0 P e P P R R [
1 1 o o e 1 S i T L5 Y % T |l S 0 (R 5 [ B S
e T B e L e L L O e R B L B " I % Y Y S B ' B % B i B A |
1 1 o L e 1 [ T L5 Y T | T Ol R 1 (Y S [ T
0 = P D 2 P IO P 2 P R a0 P e P P R R [

RS % TN E o N S O S i L LT N T e o L N e B L R
N T T T T e o T % T L R S L B T B i T i T i T o B L B L P LN
RS % TN E o N S O S i L LT N T e o L N e B L R
N T T T T e o T % T L R S L B T B i T i T i T o B L B L P LN
3 M3 = 3 B = 3 ) 3 ) =2 = B = P = B PR R 2 PR R R
T L N T L L I S o T L T L L R I T " I T i T i T (% B L B L P RN

r=115560 6.63
r=28 701 .4
r=3S0Z516 531
rea 33TV T.06
rs7 763554 T.3T

rs 17562357 747
r=3 731321 757
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Table 5.3. Haplotypes constructed with selected SNP markers at 15921.33 for
IDSD Family. The genotypes of the father were deduced through the software.

Marker [D Position | Affected | Affected | Affected | Unaffected | Unaftected | Unaffected

(LB  |daughter 1 |danghter 2 gon daughter Father Ilother
rsll97547 42.91 1 2 1 2 1 2 11 1 2 2 1
rs12594551 4293 2 2 2 2 2 2 1 2 1 2 2 2
rs1e9s7063 4295 1 1 1 1 1 1 11 1 1 1 1
rs12594483 43.02 2 2 2 2 2 2 1 2 1 2 2 2
rsl0220718 4310 2 2 2 2 2 2 2 2 2 2 2 2
rs3o03341 4324 2 2 2 2 2 2 2 2 2 2 2 2
rs2412752 4334 2 2 2 2 2 2 1 2 1 2 1 2
rso13071 4345 1 1 1 1 1 1 11 1 1 1 1
rs=2=001 43.55 2 2 2 2 2 2 2 2 2 2 2 2
rs1549525 43.63 1 1 1 1 1 1 11 1 1 1 1
rego026e2 43.70 2 2 2 2 2 2 2 2 2 2 2 2
rsedoo3l 43.82 1 1 1 1 1 1 1 2 2 1 2 1
rs2027071 4302 1 1 1 1 1 1 11 2 1 1 1
rs5040336 4405 1 1 1 1 1 1 2 2 2 1 2 1
rs11855713 4410 2 2 2 2 2 2 2 2 2 2 2 2
rs50235038 4415 1 1 1 1 1 1 11 1 1 1 1
rsl077421 44 24 2 2 2 2 2 2 2 2 1 2 2 2
rs12910556 44 46 1 1 1 1 1 1 11 1 1 1 1
rs26l5258 4450 1 1 1 1 1 1 2 2 2 1 2 1
rs2o0a039 44 53 2 2 2 2 2 2 2 2 2 2 2 2
rsa02446l 44 58 1 1 1 1 1 1 1 2 2 1 1 1
rs17586255 44 73 1 1 1 1 1 1 1 2 2 1 2 1
rs2o56e560 44 52 1 1 1 1 1 1 1 2 2 1 1 1
rs2o56e5658 44 55 1 1 1 1 1 1 1 2 2 1 1 1
rs7165146 44 95 1 1 1 1 1 1 1 2 2 1 1 1
rs1201530 45.01 2 2 2 2 2 2 1 2 1 2 2 2
rs2167595 45.02 1 1 1 1 1 1 1 2 2 1 1 1
rs2470908 4503 2 2 2 2 2 2 1 2 1 2 2 2
rs2444004 45.04 1 1 1 1 1 1 2 2 2 1 2 1
rs3100139 45.05 1 1 1 1 1 1 1 2 2 1 1 1
rs2444009 45.05 2 2 2 2 2 2 1 2 1 2 2 2
rs2462043 45.07 1 1 1 1 1 1 2 2 2 1 2 1
rs2049333 45.09 2 2 2 2 2 2 1 2 1 2 2 2
rs17518970 45.10 1 2 1 2 1 2 1 2 2 1 2 1
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5.1.3 CNV analysis

SNP genotyping data were subjected to deletion and duplication analysis
by using cnvPartition (v3.2.0) CNV Analysis Plug-in for GenomeStudio. Default
parameters were used. No deletion or duplication was detected within the

candidate loci.

5.1.4 Exome sequencing and evaluation of the variants

Exome sequencing was performed for affected individual V-2 (Table 5.4).
The resultant file with sequencing data obtained from the commercial exome
service was subjected to bioinformatics analysis for detecting rare variants in the

candidate genes.

Table 5.4. Exome sequencing analysis summary in IDSD Family in subject V-2.

Exome sequence file features No

Read length (bp) 101.0
Target regions (bp) 51,189,318
% coverage of target regions (more than 1X) 99%
% coverage of target regions (more than 10X) 96.8%
Mean read depth of target regions 59.3
Number of total SNPs found 65,445
Number of coding SNPs found 19442
Number of indels found 6030
Number of coding indels found 485
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First, the deleterious mutations listed in the exome sequence results in the
two strongest candidate regions were investigated. No known gene involved in
nonsyndromic or syndromic intellectual disability was seen in either of the
regions. Instead, a strong candidate exonic variant c.G170A (p.C57Y) in exon 2
of PDIA3 was found at 15021.1-26.3 (GRCh37/hg19) (Table 5.5). No other
exonic or splicing variant was detected in the candidate regions fitting the criteria
of candidate mutation. As evident in Tables 5.5 and 5.6, all other exonic, splicing
and even UTR variants had high frequencies. However, intronic variants in
MYLK4 and UBR1 with no reported frequency were observed in the candidate
regions, but both were eliminated because they were intronic. The candidate
variant at Chrl15: 44046024 in PDIA3 was a G to A transition that led to the
substitution of cysteine for tyrosine, a missense nonsynonymous change. The
variant was not found in dbSNP or EVS, or in the South Asian samples in EXAC
database that contains many Pakistani exomes. It was also absent in other exome
files in our laboratory. Further analysis of the candidate variant was done by
realignment of the raw reads to the reference genome (hg19/GRCh37 assembly),
allowing approximately 2% base-pair mismatch in read alignments. The
alignments were visualized and validated via program BamView. Sanger
sequencing was performed to validate the variant and ascertain its segregation
with the disease in the family members. Affected sibs were homozygous and
mother heterozygous for the variant, whereas unaffected sib and cousins were
wild type (Fig. 5.3). A total of 200 Pakistani control samples were screened for

the PDIA3 mutation and the mutation was not found in any of them.
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Table 5.5. Variants in the exome sequence output in the candidate homozygous

region 15921.1-26.3 (nucleotides 43,336,670-45,095,902).

Ref Obs | Hom SNP | Total SNP 1000G
Location Region Gene
Base | Base | Het :igtl;a Depth ID Freq
43330175 A T hom 86 20 intronic UBR1 rs7166596 0.965
43352041 G A hom 192 35 intronic UBR1 rs4924704 0.806
43398108 A - hom 214 25 intronic UBR1
43453056 C G hom 124 21 intronic TMEM62 rs11070392 0.321
43478113 G C hom 222 68 intronic CCNDBP1 rs540587 0.733
43478511 C T hom 222 79 intronic CCNDBP1 rs530118 0.432
43483537 T C hom 51 8 intronic CCNDBP1 rs495286 0.840
43568999 C T hom 175 8 intronic TGM7 rs530683 0.515
43784000 C T hom 144 68 intronic TP53BP1 rs555252 0.957
43821766 G C hom 222 75 intronic MAP1A rs117078346  0.005
43897729 T C hom 187 16 intronic STRC rs139626815  0.003
43931245 A T hom 221 52 intronic CATSPER2 rs555127142  0.0006
43941125 G C hom 122 17 upstream  CATSPER2 rs2470122 0.974
44038899 C T hom 159 36 exonic PDIA3 rs2411284 0.518
44046024 G A hom 222 36 exonic PDIA3
44053617 C T hom 130 24 intronic PDIA3 rs8040336 0.335
44061802 C T hom 215 68 exonic PDIA3 rs1053492 0.444
44068160 C G hom 222 74 intronic ELL3 rs3844075 0.843
44089259 A G hom 183 43 ncRNA  SERFZ- (5116954300  0.002
C150RF63 '
44090854 T C hom 222 32 ncRNA SERF2- rs654276 0.837
C150RF63 '
44091351 A T hom 222 114  ncRNA  SCRFZ s656473 0.968
C150RF63 ’
44120559 T G hom 222 70 exonic WDR76 rs678084 0.818
44903285 C A hom 313 5 intronic SPG11 rs12909507 0.978
44961828 A G hom 222 48 intronic PATL2 rs527998052  0.0004
44966389 T C hom 222 37 exonic PATL2 rs8026845 0.985
45028710 T C hom 198 36 UTR5 TRIM69 rs2470908 0.902
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45047134

45047573

45048757

45059390

45060014

hom

hom

hom

hom

hom

222

222

202

56.1

61

109

51

31

18

exonic

exonic

intronic

intronic

UTR3

TRIM69

TRIM69;TRI
M69

TRIM69

TRIM69

TRIM69

rs2470911

rs3100139

rs3759881

rs6493127

rs3100143

0.647

0.779

0.947

0.954

0.836
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Table 5.6: Variants in the exome sequence of the candidate homozygous region
6p25.2-p24.3 (nucleotides 2,687,729-7,557,048).

Ref Obs | Hom SNP Total SNP 1000G
Location Base Base | Het Quiality Eept Region Gene ID Freq
2685904 T o het 29 10 Intronic MYLK4 rs10498657 0.264
2692874 ééA - hom 6.36 2 intronic MYLK4
2766144 T C hom 222 11 exonic WRNIP1 rs17851692  0.286
2766465 T C hom 222 13 exonic WRNIP1 rs8333 0.400
2766727 A G hom 100 14 intronic WRNIP1 rs3757094 0.277
2766779 G A Hom 18.8 2 intronic WRNIP1 rs3757093 0.241
2784571 G A Hom 222 32 exonic WRNIP1 rs160703 0.160
2833739 A G Hom 36.3 5 UTR3 SERPINB1 rs15286 0.728
2834265 Cc T Hom 155 12 intronic SERPINB1 rs386915 0.686
2836266 T A Hom 173 104 intronic SERPINB1 rs385955 0.523
2838046 A G Hom 177 60 intronic SERPINB1 rs316339 0.680
2838102 G A Hom 222 114 intronic SERPINB1 rs316340 0.414
2838248 G A Hom 31 10 intronic SERPINB1 rs316341 0.664
2854367 G A Hom 222 33 upstream MIR4645 rs412303 0.321
2890283 A G Hom 411 6 UTR3 SERPINB9 rs318486 0.646
3077141 T C Hom 195 69 exonic RIPK1 rs2272990 0.853
3085477 A C Hom 191 52 intronic RIPK1 rs909966 0.079
3118947 A G Hom 222 40 UTRS5 BPHL rs2231355 0.985
3138194 T C Hom 213 34 intronic BPHL rs1534998 0.724
3152822 C G Hom 222 98 UTR3 BPHL rs2231371 0.066
3157798 G A Hom 101 7 upstream TUBB2A rs909964 0.613
3157809 C T Hom 90 8 upstream TUBB2A rs909965 0.571
3255327 G A Hom 214 93 intergenic -II\-AUGiBZB‘PS rs9503497 0.701
3255340 A C Hom 200 90 intergenic IAL:;ZBZB’PS rs9503498 0.695
3259463 G T Hom 42.1 7 intronic PSMG4 rs9501962 0.713
3264101 A G Hom 222 70 intronic PSMG4 rs4959785 0.632
3264487 T C Hom 222 60 exonic PSMG4 rs4959786 0.638
3264502 G C Hom 222 65 exonic PSMG4 rs4959787 0.635
3264582 G A Hom 222 58 intronic PSMG4 rs11757564  0.644
3264671 T C Hom 108 11 intronic PSMG4 rs13193012  0.717
3267710 T C Hom 174 105 intronic PSMG4 rs9328157 0.814
3285286 A G Hom 170 42 intronic SLC22A23 rs10793841  0.563
3287118 T C Hom 222 20 exonic SLC22A23 rs6910086 0.870
3439598 - A Hom 214 30 intronic SLC22A23 rs58636652
3738271 c - Hom 214 38 intronic PXDC1 rs3215783
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3739193 T C Hom 63 3 intronic PXDC1 rs4959871 0.365
4020528 A G Hom 150 32 intergenic EﬁZABSOB'PR rs11751316  0.024
4021554 A G Hom 222 26 upstream PRPF4B rs11752006  0.999
4033065 A G Hom 154 14 intronic PRPF4B rs6924389 0.898
4068716 A C Hom 7.59 2 UTR3 Cé6orfl146 rs593291 0.612
4069166 C T Hom 222 121 exonic Cé6orfl146 rs595413 0.555
4936074 T G Hom 181 26 intronic CDYL rs1539004 0.960
4999193 A G Hom 204 10 intronic RPP40 rs396839 0.564
5003952 T C hom 69.1 7 intronic RPP40 rs4960056 0.949
5086070 A G hom 222 17 exonic PPP1R3G rs667752 1.000
5086211 G o hom 445 4 exonic PPP1R3G rs584962 1.000
5139012 c A hom 165 28 intronic LYRM4 rs463054 1.000
5260936 A o hom 222 30 exonic LYRM4 rs2224391 0.369
5261136 G A hom 222 66 UTR5 LYRM4 rs2224392 0.234
5431340 A G hom 219 56 exonic FARS2 rs11243011  0.177
5545654 c T hom 62.1 6 intronic FARS2 rs7749599 0.924
5999464 C G hom 171 28 intronic NRN1 rs3749860 0.540
6145692 C T hom 212 13 UTR3 F13A1 rs1050783 0.140
6145726 A G hom 119 25 UTR3 F13A1 rs1050782 0.506
6152007 C T hom 63 8 intronic F13A1 rs5980 0.177
6152137 c G hom 222 37 exonic F13A1 rs5988 0.174
6152211 C G hom 214 27 intronic F13A1 1s2274394 0.173
6167621 G A hom 222 29 intronic F13A1 rs435048 0.981
6174786 G C hom 52 3 intronic F13A1 rs380058 0.978
6305477 Cc A hom 222 58 intronic F13A1 rs2295753 0.313
6320808 T G hom 111 37 intronic F13A1 rs2815822 0.908
6321128 T C hom 169 53 upstream F13A1 rs1024231 0.760
6588881 A C hom 125 18 ncRNA LY86-AS1 rs977785 0.699
6649980 - g‘G hom 214 33 intronic LY86 rs3062400 0.800
7211751 G A hom 180 32 intronic RREB1 rs1334577 0.242
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Figure 5.3. Chromatograms showing mutation PDIA3 c.G170A in an

affected subject and the heterozygous mother, and the reference sequence

of an unaffected sibling.

At the protein level, c.G170A mutation causes the substitution of cysteine

with tyrosine at position 57 (p.Cys57Tyr). Online mutation prediction tools

(PolyPhen2, SIFT and MutationTaster) predicted the variant as pathogenic. The

outputs of online tools are given in Table 5.7. At the protein level, the substitution

of cysteine for tyrosine would be expected to change the protein structure, as

cysteine is involved in disulfide bond formation that is important in maintaining

the 3-D structure of the protein. Gene Homology showed that the residue is in a

region of 40 amino acids that are totally conserved across species. A high

expression of this gene was found in many tissues including the brain. Besides

this, cysteine at position 57 lies in a stretch of seven amino acids that are highly

conserved in mammals (Figs. 5.4, 5.5).
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Table 5.7. Prediction of the effect of PDIA3 ¢.170G>A (p.C57Y) mutation by

online tools.

Online Tool Score Prediction
Polyphen2 0.995/1.00 Probably damaging
MutPred 0.995/1.00 Deleterious
MutationTaster Model: simple_aae, Disease causing
prob: 1
Ch.15
|cnr15 LGN 013 IR 15p11 .2 1. 2] T FECIEl T8l CEavEeEE ¢ . [ ] [28. 1] =
PDIA3
- e AT
R P . e g
44,046, 059| 44,046, 108|

UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAsS & Comparative Genomics)
HES K IREL IBEF IENY EENA N A B R SN K BN I B P Bl A B

chr15:44046024 GtoA
(PDIA3:NM_005313:exon2:c.G170A:p.C57Y)

Figure 5.4. Genomic organization and location of mutation of PDIA3 at Chr.
15q15.3.
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H.sapiens 39
P.troglodytes 39
M.mulatta 39
C.lupus 39
B.taurus 39
M.musculus 39
R.norvegicus 39
G.gallus 39
D.rerio 32
D.melanogaster 36
A.gambiae 36
C.elegans 34
X.tropicalis 37

Poorly Average Conserved V.con

[ T T T

ISDTGSAGILMLVEFFAP CERLAPEYEAAATRLKGIVP———LAKVDC
ISDTGSAGLMLVEFFAP CERLAPEYEAAATRLKGIVP——LAKVDC
VSDTGSAGLMLVEFFAP CERLAPEYEAAATRLKGIVP———LAKVDC
ISDTGSAGLMLVEFFAP CKRLAPEYEAAATRLEKGIVP———LAKVDC
ITDTGSSGLMLVEFFAP CEFLAPEYEAAATRLEKGIVP———LAKVDC
VSDTGSAGIMLVEFFAP CERLAPEYEARATRLEGIVP———-LAKVDC
VSDTGSAGLMLVEFFAP CERLAPEYEARATRLEGIVP———LAKVDC
LAE--RPGLVLVEFFAP CERLAPEYEAAATRL.EKGIVP———LVEVDC
IGD-—-HDLILVEFFAP CERLAPEYEAAATRLKGIVP———LAKVDC
LEQ-——HETTLVMEYAP CERLEPEYAKAAE IVEDDDPPIKLAKVDC
VAE-—-TETTLVMEYAP CERFLEPEYAKAARTLLRGEDPPIALAKVDC
IQT-—-HDIALVEEYAP CERETAPEYERAAPFLASNDP PVALVEVDC
V3Q-—-HSILLVEEFAP CRFLAPEYETAATKLEGTLS ———LAKVDC

85
85
85
85
85
B85
85
23

82
82
80
80

Figure 5.5. Multiple sequence alignment of partial PDIA3 amino acid sequence across
13 species. Residue Cys57 is boxed.

In summary, we found two candidate loci for IDSD in the present family,

and exome sequencing revealed a novel candidate variant in PDIA3. The variant

was assessed as the only very strong candidate because it was novel, residing in a

highly conserved protein region and assessed as pathogenic by online mutation

prediction tools. It was validated by Sanger sequencing and was suggested as the

disease-causing mutation by population screening of 200 controls. The variant

was not found in the EXAC database. No homozygous deletion or duplication was

found within the candidate loci by CNV analysis.
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5.2 Family B: Autosomal Recessive Primary Microcephaly
(MCPH)

5.2.1 Clinical description

Four affected and two unaffected subjects were examined in this family.
The patients have primary microcephaly with mild intellectual disability (ID). A
total of four subjects (2 males and 2 females) were affected with the
malformation. No other associated anomaly was observed in any affected

individual.

The subjects had small skulls (Fig. 5.6). The condition was congenital and
non-progressive. The affected subjects were able to perform routine activities.
The male affected subjects were attending a shop with their father and helped him
in day-to-day activities. They had a good understanding of money. They had
normal speech and hearing but had no formal schooling. The family denied the
presence of any features like seizures, developmental delay, ataxia, problems with

movement and balance, vision problem, or hearing problems.

96



Results

Figure 5.6. The affected subjects V-2 and V-3 (left to right) in the

Family with MCPH.
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5.2.2 Multipoint linkage analysis

Genome scan data obtained by SNP genotyping was subjected to linkage
analysis, and multipoint LOD scores were calculated assuming an autosomal
recessive inheritance model with full penetrance. Multipoint LOD score graphics
for all chromosomes are given in Fig. 5.7. A maximal LOD score of 3 was
obtained at many loci, but only two were >1 Mb. After haplotype inspection, the
strongest candidate turned out to be at 1925.3-932.1 (nucleotides 185,518,666-
204,614,475), 19.10 Mb in size (Fig. 5.8). This region was investigated by UCSC
genome browser and MapViewer. It harbors one very important gene ASPM
(OMIM 60816) (nucleotides 197,053,256-197,115,823) with a total of 28 exons,
and more than 39 mutations have been reported in this gene in families afflicted
with microcephaly. Most likely it is the gene responsible for the disease in the
family. Therefore, the study was terminated and no attempt was made to further

check ASPM for mutation.
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Figure 5.8. Genotypes of the sibs based on SNP markers at 1g31 constructed by

Homozygosity Comparison in Excel (HCIE) for microcephaly Family. First four

columns are for four affected sibs and the last column is for an unaffected sib. White
bands are heterozygous genotypes.
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5.3 Family C: Microcephaly with Intellectual Disability, Short
Stature, and Brachydactyly (MIDSB)

5.3.1 Clinical description

Four affected and three unaffected subjects were examined in this family.
In this kindred, microcephaly accompanied intellectual disability, skeletal
anomalies, and skin phenotypes. Microcephaly and intellectual disability are the
major features while nail dystrophy and minor bone anomalies are minor features.
Microcephaly was congenial and non-progressive. Intellectual disability was mild
in nature and the subjects could perform simple tasks, undertake self-care, and
were good at communication. However, their learning abilities were
compromised, so they were not able to attend school. The physical assessment
showed disproportionate short stature, and skeletal, limb and skin anomalies
(Table 5.8). Anthropometric and physical measurements are presented in Table
5.9. The propositus 1V-7 (Fig. 5.9) was a jolly fellow of 20 years of age. He used
to wander the streets with his affected younger brother (IV-8 in Fig. 5.9). His
radiographic evaluation showed reduced skull diameter, protruding maxilla,
prominent nose, and malocclusion of teeth (Fig. 5.9, d). A CT scan of the brain
depicted diffuse thickening of skull bones, which was suggestive of hyperostosis.
However, white—gray matter differentiation was unremarkable (Fig. 5.9, e,f).
Limbs were short with a marked reduction of zeugopods (Fig. 5.9, g,h). In the
upper limbs, there was bowing of radii and reduced spaces between the radii and
ulnae. Further, bilateral crowding of carpals, short and hypoplastic metacarpals

and fusion of the middle carpals was also observed. The middle segments of the
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phalanges were short (brachydactyly A1/B1) (Fig. 5.9). Dermatological findings
included atrophy of finger nails but not toe nails. In lower limbs, the tibiae and
fibulae were short. In the left foot, severe clubbing was evident (Fig. 5.9). There

were scars on the finger knuckles.

Figure 5.9. Pedigree (a) and phenotype (b-k) of the MIDSB Family. (b, c)
Photographs of affected individuals 1V-7 and 1V-8. (d—f) Skull radiograph and CT

scan of IV-7. (g—k). Photographs and roentgenograms of the limbs of IV-7.
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Table 5.8. Summary of the clinical features in the affected siblings.

Parameter Individual

V-7 V-8 V-9 IV-10
Gender, age M, 22 M, 20 F, 17 F, 15
Structural defects
Microcephaly + + + +
Disproportionate short stature + + + +
Protruding upper jaw + + + +
Prominent nose + + + +
Anonychia + + + +
Brachydactyly, swelling of the + + + +
phalangeal joints
Knuckle pads ++ ++ + +
Talipes + - - -
Behavioral and intellectual
features
Mild intellectual disability + + + +
Psychosis + + + +
Slow developmental history ++ + ++ +
Attention deficit + + + +
Mood instability + + + +
Friendly behaviour with strangers ++ ++ + +
No sense of social responsibility ++ ++ ++ ++
Strong imaginative power ++ ++ + +
Aggressive behaviour ++ + + -
Temper tantrums ++ + + +
Roentgenographic observations
Narrow spaces between vertebrae + NI NI NI
Crowding/missing carpals + NI NI NI
Short and narrowly spaced + NI NI NI
radii/ulnae and tibiae/fibulae
Short middle phalanges in hands + NI NI NI
Short metacarpals + NI NI NI

+= present; ++= severe phenotype; —= absent; NI= no radiographic investigation.
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Table 5.9. Anthropometric measurements of affected individuals.

. . Individual
Variable (in cm) V-7 V8 V9 IV-10
Head circumference 48 42 40 42
Neck circumference 30 27 26 28
Chest circumference 74 69 69 68
Standing height 152 137 134 139
Sitting height 84 76 74 77
Arm span 142 126 122 128
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5.3.2 Multipoint linkage analysis and haplotype examination

Multipoint linkage analysis was carried out using SNP genome scan data.
An autosomal recessive model with a disease allele frequency of 0.0001 was
assumed. Homozygosity Mapper was employed to detect shared homozygosity
regions >100 kb in the affected sibs. The data were aligned in MS-Excel to
confirm shared homozygosity among the affected sibs and to detect homozygous
intervals possibly identical by descent (IBD). IBD regions were further confirmed
by constructing haplotypes by ALLEGRO. Linkage analysis showed 3 large
regions of shared homozygosity across the whole genome, all yielding LOD
scores >3.0: approximately 4 Mb at 13913.3-32.2 (nucleotides 94,799,057-
98,832,895), 7.5 Mb at 18p11.21-9g11.2 (nucleotides 13,271,319-20,796,658), and
5.8 Mb at 18921.33-22.1 (nucleotides 59,414,200-65,193,147) (Fig. 5.10). These
regions were also detected as long stretches of shared homozygosity among the
affected individuals but not in their unaffected sib. In these regions, the
homozygous genotypes were validated as IBD by haplotype inspection (Figs.

5.11-5.13).
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Figure 5.11. The haplotype of SNP markers at 13913.3-32.2 by Homozygosity
Comparison in Excel (HCIE) for syndromic microcephaly Family. First four
columns are for 4 affected sibs and the last column is for the unaffected mother.

White bands are heterozygous genotypes.
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5.3.3 CNV analysis

SNP genotyping data were used to search for deletions and duplications by
using cnvPartition (v3.2.0) CNV Analysis Plug-in for GenomeStudio (default
parameters were used). No deletion or duplication was detected within the candidate

regions.

5.3.4 Exome sequencing and evaluation of the variants

DNA sample of one patient (V-2) was exome sequenced (summary in Table
5.10). We obtained a resultant file of bioinformatics analysis of sequencing data from

the company and then repeated the analysis.

Table 5.10. Summary of exome sequencing analysis of subject V-2 from the MIDSB

Family with syndromic microcephaly.

Feature No.

Read length (bp) 101.0
Target regions (bp) 51,189,318
% Coverage of target regions (more than 1X) 99.1
% Coverage of target regions (more than 10X) 97.5
Mean read depth of target regions 58.3
Number of total SNPs found 66,049
Number of coding SNPs found 19,576
Number of indels found 6,204
Number of coding indels found 470
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The data for the regions of shared homozygosity were evaluated first for
deleterious mutations. No candidate variant was found in intervals 13913.3-32.2 and
187921.33-22.1 (Tables 5.11, 5.12). In the third region (18pl11.21-gq11.2)
(GRCh37/hg19), a two-base pair deletion in RBBP8 exon 11 (c.1808_1809delTA)
was detected and validated by Sanger sequencing (Fig. 5.14; Table 5.13). In order not
to overlook a possible second homozygous pathogenic mutation, all of the rare/novel
possibly deleterious mutations in the whole genome were filtered but none was in a
region of homozygosity shared by the affected siblings. Thus, the possibility that the
unusual features of the syndrome could be due to a recessive mutation in another gene
was eliminated. No other exonic or splicing variant was detected in the candidate
regions fitting the criteria of mutation. As evident in Tables 5.11-5.13, all other
exonic and splicing even UTR variants were observed with high frequency. However,
intronic variants were found without any reported frequencies in candidate regions;
but, they were eliminated because they were intronic. Candidate Variant at
Chr1:20573598 in RBBP8 was a two-base pair deleterious frame-shift mutation
(p.1le603Lysfs*7). It was also absent in other exome files generated simultaneously in
our lab. Further analysis of the candidate variant was done by realignment of the raw
reads to the reference genome (hg19/GRCh37 assembly), allowing approximately 2%
base-pair mismatch in read alignments. The alignments were visualized and validated
via program BamView. Sanger sequencing was performed to validate the variant in
the family members. Affected individuals were homozygous and carrier mother
heterozygous for the variant whereas unaffected sib and cousins were wild type (Fig.

5.3). None of the 100 Pakistani control samples tested carried this mutation.
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Table 5.11. Variants in the exome sequence variant list in the candidate homozygous
region 13913.3-32.2 (nucleotides 94,799,057-98,832,895).

Location Ref Obs Hom SNP Total SNP 1000G
Region Gene

Base Base Het Quality Depth ID Freq.
92796964 G A hom 515 4 intronic GPC5 rs12429836 0.34
95034763 G A hom 222 32 exonic GPC6 1s2274020 0.14
95096505 G A hom 38 8 intronic DCT rs7339198  0.67
95097956 C T hom 159 68 intronic DCT rs755684 0.63
95118735 T C hom 110 9 intronic DCT rs12864325 0.13
95118741 C T hom 105 10 intronic DCT rs12877849 0.13
95227126 GAC - het 85.5 10 intronic TGDS
95230877 G A hom 123 52 intronic TGDS rs16949940 0.27
95254382 A G hom 66.3 5 intronic GPR180 rs9556404  0.62
95275576 C G hom 154 29 intronic GPR180 rs4296139 0.57
95363884 G C hom 122 11 exonic SOX21 rs9556411  0.19
95364337 T G hom 222 61 UTR5 SOX21 rs2253604 0.81
95673791 A C hom 169 72 UTR3 ABCC4 rs3742106  0.40
95673939 A G hom 140 24 intronic ABCC4 rs9524765 0.93
95714976 C T hom 157 32 exonic ABCC4 rs57270423 0.78
95715152 GAAA - hom 129 11 intronic ABCC4
95726541 A G hom 222 79 exonic ABCC4 rs1189466 0.89
95727780 T C hom 222 47 exonic ABCC4 rs1678339  0.88
95768362 T C hom 203 15 intronic ABCC4 rs2296652  0.06
95829870 T C hom 138 8 intronic ABCC4 rs1751005  0.79
95847020 A G hom 130 29 intronic ABCC4 rs2274403 0.51
95861804 A G hom 135 17 exonic ABCC4 rs899494 0.82
95862896 A G hom 4.61 2 intronic ABCC4 rs899496 0.73
95863143 A G hom 145 12 intronic ABCC4 rs899497 0.73
95899354 A G hom 222 49 intronic ABCC4 rs4148437 0.24
95900071 C T hom 203 34 intronic ABCC4 rs9556466  0.24
96205359 A C hom 12.2 3 intronic CLDN10 . 0.99
96258386 Cc T hom 185 19 intronic DzZIP1 rs9556491 0.11
96285672 C T hom 117 10 intronic DzIP1 rs3742151 0.12
96294267 G T het 4.13 11 exonic DzZIP1
96506664 A G hom 175 53 exonic UGGT2 rs11070154 0.34
96529383 GCCT - hom 157 5 intronic UGGT2
96540019 C T hom 23.2 6 intronic UGGT2 rs12871416 0.13
96540141 T C hom 170 28 intronic UGGT2 rs9525075  0.97
96540143 T C hom 169 28 intronic UGGT2 rs9525076 0.97
96540204 T G hom 181 22 exonic UGGT2 rs12876018 0.36
96555149 C T hom 222 86 exonic UGGT2 rs33949518 0.13
96599271 C T hom 222 24 intronic UGGT2 rs7986005  0.38
96599433 A C hom 111 39 intronic UGGT2 rs9556512 0.36
96599445 C T hom 222 37 intronic UGGT2 rs9556513  0.38
96636170 G C hom 222 44 intronic UGGT2 rs9562008 0.34
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Table 5.12. Variants in the exome sequence variant list in the candidate homozygous
region 18921.33-g22.1 (nucleotides 59,414,200- 65,193,147).

Ref Obs Hom SNP Total SNP 1000G
Location Base Beas Het Qu;lit Df]pt Region Gene D Freq.
59780393 T A hom 132 33 exonic PIGN rs3862712 0.08
59807617 - T hom 11.8 33 intronic PIGN
59814324 G C hom 174 37 exonic PIGN rs9320001 0.83
59929009 G A hom 725 4 intronic KIAA1468 rs9945414 0.15
59947118 G A hom 219 68 intronic KIAA1468 rs2980981 0.71
59958678 G A hom 78 11 intronic KIAA1468 rs2980983 0.36
60021761 Cc T hom 222 41 exonic TNFRSF11A  rs35211496 0.08
60025472 TT - hom 53.5 49 intronic TNFRSF11A
60027149 T A hom 209 32 intronic TNFRSF11A rs6567271 0.61
60027171 C T hom 219 38 intronic TNFRSF11A 1s6567272 0.61
60027241 Cc T hom 222 41 exonic TNFRSF11A rs1805034 0.61
60027361 G A hom 133 5 intronic TNFRSF11A rs9653064 0.57
60034074 - C het 515 10 intronic TNFRSF11A
60036083 A G hom 222 79 exonic TNFRSF11A  rs8092336 0.98
60051941 C T hom 128 9 intronic TNFRSF11A  rs56231704 0.12
60191428 G A hom 203 94 exonic ZCCHC2 rs7229802 0.72
60206800 G T hom 38 3 intronic ZCCHC2 rs55722786 0.14
60232405 Cc T hom 143 23 intronic ZCCHC2 rs4940561 0.99
60237388 A G hom 211 53 exonic ZCCHC2 rs8096750 0.82
60241732 C T hom 222 173 exonic ZCCHC2 rs3744926 0.46
60243876 G A hom 123 17 UTR3 ZCCHC2 rs11557713 0.35
60562298 A T hom 222 50 exonic PHLPP1 rs624821 0.50
60572448 T - hom 415 63 intronic PHLPP1 rs3217528
60985879 T C hom 209 140 exonic BCL2 rs1801018 0.28
61022634 T C hom 222 95 intronic KDSR rs1809319 0.57
61022791 C T hom 222 77 exonic KDSR rs2003149 0.56
61060873 G A hom 42.3 5 intronic VPS4B rs898890 0.61
61066463 A G hom 222 61 intronic VPS4B rs2276317 0.61
61067959 T C hom 222 33 intronic VPS4B rs952245 0.52
61170467 G A hom 39.3 5 intronic SERPINB5S rs1840557 0.53
61170500 T C hom 110 13 intronic SERPINBS rs1455557 0.55
61170721 T C hom 222 58 exonic SERPINB5 rs1455556 0.58
61170782 A G hom 222 59 exonic SERPINB5 rs1455555 0.40
61170925 T C hom 222 105 exonic SERPINB5S rs8093128 1.00
61259508 C T hom 155 16 intronic SERPINB13 rs78722153 0.02
61262367 o T hom 174 16 exonic SERPINB13 rs17071357 0.05
61309139 G A hom 86 13 intronic SERPINB4 rs2518060 0.12
61326505 T A hom 156 23 intronic SERPINB3 rs8089032 0.97
61326597 A C hom 222 27 intronic SERPINB3 rs8085479 0.99
61326602 A G hom 163 28 intronic SERPINB3 rs8085482 0.99
61326609 T G hom 198 28 intronic SERPINB3 rs8089201 0.99
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Table 5.13. Variants in the exome sequence variant list in the candidate homozygous
region 18p11.21-q11.2 (nucleotides 13,271,319- 20,796,658).

Location Ref Obs Hom SNP Total Region Gene SNP 1000G
Base | Base Het Quality | Depth ID Fre
13643179 C A hom 156 21 intronic C18orfl rs11080665 0.57
13666768 A G hom 62.1 7 intronic FAM210A rs1149356 0.64
13732053 A G hom 152 11 intronic RNMT rs4797806 0.88
13732059 C T hom 331 7 intronic RNMT rs4797807 0.88
13762011 C A hom 222 46 UTR3 RNMT rs4461147 0.91
14105923 T C hom 106 35 exonic ZNF519 rs2159940 0.98
14779969 C G hom 141 54 exonic ANKRD30B s9675365 0.46
14837178 T - hom 48.5 41 intronic ANKRD30B s56391489
18539976 A G hom 222 61 intronic ROCK1
18983766 Cc T hom 222 31 intronic GREBI1L rs2117317 0.55
19020160 G A hom 188 26 intronic GREBI1L rs9948725 0.42
19024150 T G hom 90 15 intronic GREBI1L rs4368249 0.39
19034556 T C hom 170 26 intronic GREBIL rs3794938 0.36
19048666 A G hom 222 30 intronic GREBI1L rs8083036 0.36
19075808 Cc T hom 75 9 intronic GREBI1L rs3764502 0.28
19079537 A G hom 63.1 6 intronic GREBI1L rs8087553 0.99
19079853 A G Hom 222 83 exonic GREBIL rs4800747 0.99
19100517 T C Hom 103 5 intronic GREBIL rs1395251 0.99
19100762 - CTT Hom 201 9 exonic GREBIL rs10654340
19110466 T - Het 67.7 6 intronic ESCO1
19119801 Cc T Hom 98 20 intronic ESCO1 rs1818274 0.87
19119992 TA - Hom 160 19 intronic ESCO1 rs58118596
19153494 C T Hom 222 98 exonic ESCO1 rs973730 0.87
19154143 G A Hom 222 73 exonic ESCO1 rs13381941 0.52
19192255 C T Hom 164 37 upstream  SNRPD1 152850556 0.54
19208851 A G Hom 66 11 intronic SNRPD1 1s2847117 0.54
19282519 - GTTTT Hom 139 5 intronic ABHD3 1$61602023
19408950 C T Hom 151 17 intronic MIB1 rs9989532 0.94
19423964 T - Hom 214 27 intronic MIB1 rs3216119
20555219 T C Hom 175 31 intronic RBBP8 152336916 0.92
20564808 CAT - Hom 196 12 intronic RBBP8 rs34354995
20573598 TA - Hom 214 89 exonic RBBPS8
20964769 A G hom 151 10 intronic TMEM241 rs8094375 0.982
20965034 G A het 57 36 intronic TMEM241 1$62095860 0.198
21017836 T C hom 200 24 UTR5 TMEM241 rs7226498 0.924
21043106 T C het 225 52 intronic RIOK3 s72884533 0.350
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Figure 5.14. Electrophoretograms showing RBBP8 ¢.1808 1809delTA.
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Figure 5.15. Genomic organization and location of mutation of RBBP8 at chr18q11.2.

In conclusion, an inbred Pakistani family with homozygous RBBP8 mutation
€.1808 1809delTA (p.lle603Lysfs*7) and afflicted with microcephaly, mild
intellectual disability and a different combination of skeletal, limb and dermatological

defects is presented.
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The results obtained in this family have been published in Am J Med Genet:

Mumtaz S, Yildiz E, Jabeen S, Khan A, Tolun S, Malik S. Expanding the
Spectrum of RBBP8 Morphopathies: Microcephaly, Intellectual Disability, Short
Stature, Brachydactyly and Talipes. Am J Med Genet A. 167A(12):3148-52,
2015. doi:10.1002/ajmg.a.37299.
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54 Family D: Autosomal Dominant Postaxial Polydactyly,
Camptodactyly and Zygodactyly (ADPCZ)

5.4.1 Clinical description

In the present family, 21 members (14 males, 7 females) were found to be
afflicted with postaxial polydactyly (Fig. 5.16). Twelve affected and seven
unaffected subjects were examined. The phenotype was bilateral in most of the
subjects and both hands and feet were involved. The additional digits at the
postaxial axis of the autopods were completely developed in the majority of the
affected subjects, hence, compatible with postaxial type A phenotype. In a few of
the subjects, the extra digit was only evident as a small knob (Fig. 5.16).
Therefore, both postaxial type A and type B phenotypes were seen in the family.
Additionally, the affected subjects had various other digital anomalies such as
camptodactyly of certain fingers, wide-spaced 1st and 2nd toes, and webbing of
postaxial toes. Three of the subjects exhibited hypoplasia of the third toe. Four of
the latter symptoms, i.e., camptodactyly of certain fingers, wide-spaced 1st and
2nd toes, webbing of postaxial toes, and hypoplasia of the third toe, are not
characteristics of postaxial polydactyly and overlap with polydactyly type Il or
polysyndactyly. The supernumerary digits were inconvenient for the majority of
subjects as they cause hindrance while performing daily activities such as putting
on clothes. The summary of the clinical findings in the family are presented in

Table 5.14.
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Figure 5.16. Photographs and radiographs of the affected members of ADPCZ
Family with postaxial polydactyly.
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Table 5.14. Phenotypic features of members of ADPCZ Family with polydactyly.

Variable/ V-6 IV-13 -4 IvV-15  [1I-12 V-2 IV-16  IV-4 -2 IV-17  Concordance

features

Gender, age M, 2 F, 20 F, 25 M,15 M, 50 M, 9 M, 2 M, 5 M, 38 F, 7

Polydactylyin B B, minor B, minor A B, minor A A B A A 10/10

right hand protuberance protuberance protuberance

Polydactyly in A B, minor A A B, minor A A B - A 9/10

left hand protuberance protuberance

Polydactyly in - A A A - A A A A A 8/10

right foot

Polydactyly in - A A A A A A A A A 9/10

left foot

Camptodactyly 2-3 Fifth fingers - Fifth - Fifth Fifth 4-5" Fifth Fifth 8/10
fingers fingers fingers fingers  fingers fingers fingers

Wide space - Yes Yes Yes Yes - Yes - Yes - 6/10

between hallux
and second toe

Zygodactyly - Partial - - - Nearly - - Nearly - 3/10
complete complete
Third toe - - Right - Bilateral - - - Bilateral - 3/10
hypoplastic
Other features  Bifid 6" toe larger Fusion of 5-  Fusion over-
fifth than 5" 6 toes (left)  of 3-6 riding
finger toes last toe

A= postaxial type A; B= postaxial type B; ++ = predominant feature; + = minor feature
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5.4.2 Multipoint linkage analysis and haplotype examination

On the SNP genome scan data of 10 (8 affected, 2 normal) family members,
linkage analysis were implemented and multipoint LOD scores were calculated with
an autosomal dominant disease model by assuming disease allele frequency of 0.001
and a penetrance of 99%. The LOD score calculations were performed in several
rounds. At the beginning, modified pedigree with fewer subjects were used for
linkage analyses due to computational restrictions. The marker window sizes of 40, 50
and 100 were used. All the genotyped individuals were included in the subsequent
rounds of calculations and a marker window size of 30 and 70 was adopted. The LOD
scores intervals with >2.0 scores were examined more closely and re-evaluated with
iterated models of reduced penetrances and varying marker window sizes. Haplotypes
were constructed to identify shared chromosomal intervals segregating in the affected

individuals.

There were many regions with LOD scores >2. The regions emerging with
scores >2 repeatedly in different models were evaluated critically. There were two
regions >1 Mb yielding LOD scores >2: on chromosomes 6 and 7 which were further
evaluated by constructing haplotypes to assess whether the haplotype shared by the

affected subjects was possibly identical by descent (IBD) from a common ancestor.

A region on chromosome 6 was evident at 127 ¢cM and yielded a maximum

LOD score of 2.63 (Fig. 5.17). Haplotypes were constructed at this locus in order to
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observe any shared chromosomal interval among the affected subjects. However, we
could not witness any common interval segregating in the affected subjects at this

interval.

On chromosome 7, an interval between 40 and 50 cM showed significant
maximal LOD scores in different rounds of analyses. Haplotype construction showed
a common haplotype amongst all the affected individuals and in none of the normal

subjects.
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Figure 5.17. Multipoint LOD score calculations for autosomes and PAR regions in
polydactyly Family.
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5.4.3 CNV analysis

SNP genotyping data were subjected to deletion and duplication analysis by
using cnvPartition (v3.2.0) CNV Analysis Plug-in for GenomeStudio. No deletion or

duplication was detected within the candidate loci.

5.4.4 Exome sequencing and evaluation of the variants

Affected individual 1V-1 was subjected to exome sequencing with Illumina
TruSeq Exome Capture. Alignment of the reads, variant calling and annotation of the

variants were performed with standard parameters in the lab.

The strongest candidate region obtained on chromosome 7pl14.1 via linkage
analysis and haplotype segregation was investigated for the regions of the candidate
variants. All coding or splice variants were analyzed on the priority that was
compatible with an autosomal dominant mode of inheritance and change seen should
be pathological. The variations were filtered through the 1000 Genomes, EXAC, and
EVS databases to exclude mutations already observed in the population. A unique
frameshift mutation at position ¢.3635delG (p.Gly1212Alafs*18) in GLI3 was
observed in the region in the heterozygous state (Table 5.15). It was not found in 1000
Genomes, EXAC or EVS databases. It was validated by Sanger sequencing (Fig.
5.18). SSCP analysis showed the segregation of this variation in all the affected

subjects and none of the unaffected individuals in the family. This variation was not
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observed in 100 control individuals from the Pakistani population (Fig. 5.19). The
online prediction tools showed that this candidate variant leads to a truncated protein
(p.Gly1212Alafs*18) (Figs. 5.20, 5.21). The mutant protein was deduced to lack 342

of the 1570 native amino acids.

Another novel exonic variant, GLI3 ¢.3630delT (location 42005041) was also

found in the region in the heterozygous state. However, it was incompatible with

autosomal dominant mode of inheritance of the disease (Table 5.15).
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Table 5.15. Variants in the exome sequence variant list in the candidate region
7p14.1-p12.3 (nucleotides 40,085,765-49,983,829).

Ref Obs Hom | SNP Tot SNP 1000G
. al .

Location _ Dep Region Gene

Base Base Het Quality th ID Fre
40085765 C T het 67 5 intronic CDK13 rs9639817 0.166
40104400 CC - het 32 2 intronic CDK13
40127711 T - het 257 18 intronic CDK13
40220412 T C het 27 15 intronic C7orf10 rs7778061 0.544
40220507 C G het 161 23 intronic C7orf10 rs2036041 0.481
40228024 C T het 29 12 intronic C7orfl0
40228033 - AA het 83 13 intronic C7orf10
40229072 G A het 45 70 intronic C7orf10 rs75765039 0.442
40229114 AT het 102 110 intronic C7orf10
40356551 CAG - het 90 8 intronic C7orfl0
40416727 CC - het 81 3 intronic C7orf10 rs61619065
40416729 - TT het 29 3 intronic C7orf10
40416803 T - het 33 3 intronic C7orf10
40487846 CCT - het 32 2 intronic C7orfl0
41739535 - C het 154 13 ncRNA LOC285954
41739539 CCT - het 178 14  ncRNA LOC285954
41739538 - T het 114 14 ncRNA LOC285954
41739541 - TG het 203 14 ncRNA LOC285954
41739543 - T het 54 14 ncRNA LOC285954
41739544 - A het 90 13 ncRNA LOC285954
41739545 - A het 170 13 ncRNA LOC285954
41739546 - A het 146 13  ncRNA LOC285954
41739553 - T het 23 13 ncRNA LOC285954
41739557 - A het 47 15 ncRNA LOC285954
41739560 A - het 67 17  ncRNA LOC285954
41790055 GT - het 32 2 ncRNA LOC285954
42005036 C - het 337 20  exonic GLI3
42005041 A - het 87 18 exonic GLI3
42153343 C T het 87 12 intronic GLI3 rs6463090 0.152
42187740 CACACA - het 245 7 intronic GLI3
42187772 A - het 67 16 intronic GLI3
42187777  ACAG - het 215 17  intronic GLI3 0.0664
42187777 AG - het 207 19 intronic GLI3
42187781 CT - het 175 21 intronic GLI3
42212210 C T het 62 22 intronic GLI3 rs76999720 0.047

exonic;splici C7orf25;C7orf

42951515 G A het 79 18 ng 25 rs647117 0.713
43190479 T G het 87 32 intronic HECW1 rs12702015 0.468
43287362 AG - het 29 3 intronic HECW1 0.7131
43287397 AGG - het 26 4 intronic HECW1
43287610 AGAG - het 23 5 intronic HECW1 0.0581
43356366 TT - het 105 3 intronic HECW1
43356401 CTC - het 29 3 intronic HECW1
43400652 - TT het 90 8 intronic HECW1
43470378 - TA het 32 2 intronic HECW1
43484310 T C het 133 53  exonic HECW1 rs73098706 0.283
43495878 - T het 353 26 intronic HECW1 rs3214631 0.431
43496138 T C het 44 17  intronic HECW1 rs2304331 0.167
43505626 G - het 20 3 intronic HECW1
43505631 AGG - het 105 3 intronic HECW1
43506015 C A het 56 14  intronic HECW1 rs2304330 0.425
43506158 T C het 127 9 exonic HECW1 rs2304328 0.432
43519174 C A het 54 15 intronic HECW1
43527943 GA - het 172 6 intronic HECW1
43540513 A G het 28 9 intronic HECW1 rs78224160 0.09
43540887 A C het 183 26 exonic HECW1 rs17339479 0.107
43548516 C T het 36 26 intronic HECW1 rs2304323
43548832 T C het 31 11 intronic HECW1 rs74368380 0.16
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43622940
43731021
43731066
43804380
43827704
43843205

43908866
43961766
43998387
44003598
44033938
44033944
44033967
44033971
44033985
44034007
44034017
44034050
44035069
44056177
44080507
44080531
44080617
44080619
44115310
44115316
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Figure 5.18. Chromatograms showing mutation GLI3 ¢.3635delG in an

affected heterozygous subject and the reference sequence of the unaffected

subject.

Figure 5.19. SSCP results of polydactyly Family and population screen of GLI3
€.3635delG in 8 Affected (A), 5 normal (N) individuals and 4 control (C).

representatives from the population.
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Figure 5.20. The sequence reads around the mutation as visualized with IGV
(Integrative Genome Viewer).
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Figure 5.21. Genomic organization and location of mutation of GLI3 at chr7p14.1.
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The results obtained in polydactyly famiy have been compiled and the manuscript is
submitted in Eur J Med Genet:

Mumtaz S, Yildiz E, Lal K, Tolun A, Malik S. Complex Postaxial Polydactyly
Type A/B with Camptodactyly, Hypoplastic Third Toe, Zygodactyly and Other
Digit Anomalies Caused by a Novel GLI3 Mutation. Eur J Med Genet. 2017,
60(5):268-274. doi: 10.1016/j.ejmg.2017.03.004
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5.5 Family E: Tooth Agenesis Manifesting as
Oligodontia/Hypodontia (TAOH)

55.1 Clinical description

Ten affected and 11 unaffected subjects were physically examined. In this
family, the affected subjects had several missing teeth in maxilla and mandible.
Generally, lateral incisors and first premolars were absent in both upper and lower
jaws. The existing teeth were malformed, disfigured, misaligned and depicted
remarkable diastema. For instance, the central incisors were peg shaped; labial frenum
was extraordinarily grown, and there was prominent median diastema. Diastema was
also significant in lateral incisors and canines. Other rare finding was rampant carries
which was present in several teeth in one subject (I\VV-7), while one other subject ( 1V-
6) had carries in lower first molars (clinical manifestations are presented in Table

5.16).

The existing teeth had normal enamel, colour, and no signs of
hypominearalization. Additionally, there was no history of pain, sensitivity or erosion.
The eruption time was normal for both deciduous and permanent teeth. There was no
other facio-cephalic abnormality and the occlusion appeared normal. Temporo-
mandibular joint (TMJ) was normal. The affected subjects had no difficulty in eating

and chewing, and they were good at all sorts of food.
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Table 5.16. Features of the members of TAOH Family with tooth agenesis.

Features/variable V-7 V-4 V-5 V-3 I1-2 -2 I1-3 -1 V-6 V-2 V-1
Affection status A A A A A A A A A A A
Age (year) / gender 6 12 13 16 35 56 35 45 7 18 20
Nails: texture, shape, color N N N N N N N N N
Skin: texture, elasticity N N N N N N N N N N N
Excessive sweating on palms + - - - - - - - - - -
Palmoplentor dermatoglypics N N N N N N N N N N N
Thinning of scalp hair - - - - + + - - - - -
Dentition N Ab Ab Ab N N N N N N N
Dental carries - - - - - - - - -
Associated anomaly - - - - Ba-ck - Ba-ck - - - Ba-ck
pain pain pain

A= Affected; N = Normal; + = feature present; - = feature absent; Ab = Abnormal,
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5.5.2 Clinical features of selected affected subjects

Affected subject 111-2. Upper laterals were missing. Lower dentition was
normal in number and alignment. In the Ceph (cephalometric) radiographs, there was

normal occlusion and normal bite in the anterior and posterior teeth.

Affected subject IVV-3. Lateral incisors were absent in the upper jaw. In the
lower jaw, there were deciduous laterals and the canines were missing. There was
remarkable median diastema in the lower jaws (Fig. 5.22 A, B). Labial franum was
well-developed particularly in the upper jaw. Lower central incisors were peg shaped.
In the OPG, the lateral canine was evident in the right upper jaw which was impacted
and failed to erupt/exfoliate. Both upper and lower incisors were gross and
hypertrophic. The incisors appeared distinct in the occlusion line and might have

over-grown due to the absence of opposing tooth in the occlusion.

Affected subject 1V-4

There was mixed dentition. Laterals were missing in upper and lower jaws.
Additionally, upper premolars were missing. OPG and the Ceph radiographs revealed
impacted upper permanent canines which failed to erupt. In the lower jaw, the right
canine was impacted but the left erupted. Additionally, lower left premolar also
appeared impacted. Occlusion was normal and the posterior teeth showed well
occluded. However, anterior teeth depicted overbite. Facial symmetry appeared

unremarkable.
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Affected subject 1V-5

There was mixed dentition with four missing teeth in upper and lower jaws.
OPG revealed that lateral incisors and deciduous and permanent canines were missing
in the upper jaw (Fig. 5.22 C, D). Frenum was remarkably grown. Likewise, lateral
incisors and permanent canines were missing in the lower jaw. The remaining incisors
were peg shaped. In the Ceph radiograph, occlusion and facial symmetry appeared
normal. However, upper incisors were protruding and there was a sign of overbite in
the anterior teeth. The detail of dentition and missing teeth of the selected affected

subjects is presented in Table 5.17.

Figure 5.22. Photograph and OPG of affected subjects 1V-3 (A-B) and V-5 (C-
D). A-B. Peg shaped incisors and a remarkable diastema. Lateral incisors and canines
are missing. Canine in the right upper jaw is impacted. C-D. Peg shaped incisors and

prominent diastema. Mixed dentition and missing of lateral incisors and canines in

upper jaw, and missing lateral incisors and canines in the lower jaw.
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Table 5.17. Clinical features in the subjects of TAOH Family.

Subject
ID

Age (yn)

Status

Dentition

Present dentition

Missing teeth

111-02

V-3

V-4

V-5

V-7

35

16

13

12

Affected

Affected

Affected

Affected

Normal

Permanent

Mixed

Mixed

Mixed

Deciduous

~

159



Results

The literature survey and the review of reported cases in the OMIM database
showed that the clinical symptoms in this family were consistent with selective tooth
agenesis (OMIM 106600). The phenotypic presentation in the family was suggestive
of the presence of two subtypes of tooth agenesis: a) hypodontia with agenesis of

fewer than 6 teeth; and b) oligodontia with agenesis of six or more permanent teeth.

5.5.3 Targeted sequencing of WNT10A

Since STHAG4 locus accounts for most of the dominantly segregating
tooth agenesis types, we initially selected WNT10A (OMIM 606268) for mutation
analysis through direct Sanger sequencing. However, sequence analyses of
WNT10A did not yield any pathogenic variant segregating with the phenotype in

this family. We therefore, launched SNP genotyping.

5.5.4 Multipoint linkage analysis and haplotype examination

The SNP genome scan data of five affected and four unaffected family
members were subjected to linkage analysis. Multipoint LOD scores were
calculated under an autosomal dominant disease model with 90% penetrance. Due
to the computational constraints of the linkage software, the pedigree was
analyzed in two parts. The analyses were iterated to reach a plausible model.
Large intervals with a LOD score of >1.2 were further scrutinized under various

penetrance estimates. These analyses yielded several intervals co-segregating with
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the phenotype. Among those, the following regions were important: chromosome
2p16.1-q14.2 (60-120 Mb; LOD=1.25), 6p22-p21.1 (25-45 Mb; LOD=2.0),
10926.11-26.3 (120-140 Mb; LOD=2.0) and 12q21.1-21.31 (75-85 Mb;
LOD=1.2), and 15912-13.3 (27-33 Mb; LOD=1.25). Other regions also prominent
in these analyses were on chromosome 5g11.2 (52-58 Mb; LOD=1.25), 11912.1-
13.3 (58-70 Mb; LOD=1.3), 15q12-13.3 (27-33 Mb; LOD=1.25), and 17q23.1-
24.1 (58-63 Mb; LOD 1.25). Multipoint LOD score graphics generated with a
pedigree structure comprising four affected and two unaffected subjects are given

in Fig. 5.23.
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Figure 5.23. Multipoint LOD score calculations for autosomes and X-

chromosome in Oligodontia/Hypodontia Family.
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The multipoint LOD score analyses revealed that the anomaly in the present
family did not link to any known locus for tooth agenesis. The candidate regions were
scrutinized through genome databases for the presence of putative genes with
involvement in tooth/ectodermal development. It was observed that in one of those
regions, locus 2p16.1-ql4.2 harbored EDAR (ectodysplasin A receptor) which is
known to be implicated in ectodermal dysplasia 10B hypohydrotic/hair/tooth type
(ECTD10B; OMIM 224900). However, this condition segregates as an autosomal
recessive condition. This region also encompassed FBLN7 (fibulin 7) which is known
to be involved in skin development. Furthermore, the locus on chromosome 6p22-
p21.1 harbored TNF (tumor necrosis factor), which in addition to cancer, is also know
to be involved in tooth genesis. Exome sequence data of affected subject V-3 was
available. However, no pathogenic variant was detected in the candidate genes present
in the candidate intervals. SNP genotyping data were subjected to deletion/duplication
analysis by using cnvPartition (v3.2.0) CNV Analysis Plug-in for GenomeStudio. No

deletion or duplication was detected within the candidate loci.

In this family, even though we did not reach a threshold of LOD score of 3.0,
several potentially interesting regions appeared as large blocks segregating with the
phenotype. Due to the computational constraints, we could not incorporate the data of
all genotyped subjects in the linkage calculations. It was concluded that there is still

an uncharacterized gene on the candidate locus segregating with the phenotype.
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5.6 Family F: Seckel-like Syndrome (SLS)

5.6.1 Clinical description, anthropometric measurements

Six sibs and their unaffected mother were physically examined in this kindred.
The three affected siblings had a unique skeletal anomaly affecting the limbs, trunk
and the skull. The limbs were disproportionate with small proximal and medial
segments, but almost normal distal segments (hands, feet) (Fig. 5.24). Thinning of
bones and joint dislocation were also noticeable. Others features included craniofacial
abnormality such as large bulging eyes, beak-like protrusion of the nose, malformed
ears, tooth deformity, unusually small jaw (micrognathia), and narrow face (Fig. 5.24
a,b). In addition, muscle wasting was evident in all (Fig. 5.24d). Siblings V-1 and 1V-
2 had fragile bone and had undergone multiple surgical corrections after traumatic
limb fractures (Fig. 5.25). According to their mother, they had intra-uterine growth
retardation, were very small with low birth weight and had severe disproportionate
short stature (summary of clinical finding in Table 5.18). Anthropometric

measurements of the affected subjects are presented in Table 5.19.
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Figure 5.24. Photographs of affected subjects in SLS Family. a: Front view of
subject 1V-2 showing narrow face, low-set ears and small jaw. b: Lateral view of
subject V-1 showing protruding nose, small jaw and thinning of hair. c: Right arm of
subject V-1 showing normal distal segment but short middle segment, and abnormal
elbow joint. d: Legs of subject 1\V-1 showing abnormality in knee joints, prominent
veins, and muscle wasting.
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Figure 5.25. Radiographs of subject IV-11 in SLS Family. a: In hand, cylindrical
phalangeal elements are evident. There is lack of maturity in the digital elements and
low bone age. b: Arm showing malformation in the distal head of humerus and
dislocation of proximal radial head. c: Lower limbs with thin tibiae (surgical
manipulation is evident in the right), and hypoplastic fibulae with marked
decalcification. d: Left foot with crowding of tarsal bones and decalcification of
phalangeal bones.
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Table 5.18. Features of the members of SLS Family.

Subject ID

V-1

1V-2

V-4

V-5 V-6

Phenotype/variables

Seckel-
like

Seckel-
like

Seckel-
like

Deaf Back
and  bone
mute problem

Growth
Short stature, disproportionate

Intrauterine growth
retardation
Slow postnatal growth

Thin and lean physique

+

+

+

Cranio-facial
Longitudinal skull

Dysplastic ear
Prominent eyes

Sparse eyebrows and
eyelashes
Nose: pointed, large

Irregular dentition
High pitch voice

+ o+ + + o+

—+

+ o+ + + o+

—+

+ o+ + + o+

—+

Skeletal/limbs
Prominent sternum

Dysplastic joints
Weak long bones
Muscles wasting
Limb shortening
Delayed bone age

+ + + + + +

+ + + + + +

+ + + + + +

Ectodermal

Thin dermis with prominent
veins

Thinning of scalpal hair

Transverse palmer creases

+= feature present; - = feature absent
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Table 5.19. Anthropometric measurements of subjects in SLS Family.

Subject ID V-1 1V-2 V-4 V-5 V-6
Seckel-like Seckel-like Seckel-like Deaf and mute  Backbone
Phenotype/variable curvature

(kyphoscoliosis)

Age (yrs)

Weight (kg)

Standing height (cm)
Sitting height (cm)

Arm span (cm)

Head circumference (cm)
Neck circumference (cm)
Chest circumference (cm)

Leg length (cm) R/L

22 21 16 15
20 26 16 44
113 137.2 99 152.5
61 70 68.6 52.5
126.5 135 119.5 161.7
48.2 48.8 49 54.8
30.8 28.5 24.8 32.5
71 69.5 61.5 81.2
50.3/49.5 78.7/77.5 52.7/54.5 90.5/90.5

10
16
111.7
49
125.3
47.7
26.5
5.4

61.5/63

* values in bold-face show significantly low estimate, when compared to controls for age and gender.
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5.6.2 SNP genotyping and haplotype examination

SNP genome scan data of two affected (IV-1, IV-2) and two unaffected (111-1
and 1V-6) subjects were available. Given the small family size and only two affected
genotyped individuals, the LOD score calculations were not fruitful. Genotype data
were aligned through Excel and the haplotypes were visually inspected in order to
identify large stretches of homozygous regions (=1 Mb) unique to the affected
subjects. These analyses revealed that in this family there were a total of 51 regions
across the genome that depicted homozygosity in stretches of >1 Mb. However, only
10 regions demonstrated homozygosity shared by only the affected subjects (Table
5.20). These regions did not overlap with any of the known locus implicated in Seckel
syndrome or Seckel-like syndromes (Table 1.3). Five of these candidate regions
harbored genes that are known to be involved in skeletal/dwarfism or microcephalic

phenotypes (Table 5.20).

In order to identify putative pathogenic variant, the affected subject V-1 was
subjected to whole exome analyses. However, no potentially pathogenic variant could
be detected among the genes harbored in the candidate loci. It was concluded that the
potential gene might be present in the currently uncharacterized area within the

candidate intervals, or there is yet a gene with unknown function.

176



Results

Table 5.20. Homozygous regions segregating among the affected subjects in SLS Family.

Start End Interval Candidate genes in the interval
Chr. Start SNP  End SNP  nucleotide  nucleotide  size (Mb)

FH; fumarate hydratase;

1 rs16834780 rs472967 237,227,726 244,150,083 6.92 AKT3; v-akt murine thymoma viral oncogene homolog 3
RAB3GAP1;

2 rs1592 rs749873 135,722,143 136,817,088 1.09 Warburg Micro Syndrome 1; WARBM1

4 157695536  rs3919827 57,955,234 67,067,806 9.11
PSPH; phosphoserine phosphatase;
KCTD7; potassium channel tetramerization domain
containing 7; AUTS2; autism susceptibility candidate 2;
POR, P450 (cytochrome) oxidoreductase;
PCLO, piccolo presynaptic cytomatrix protein;
PEX1, peroxisomal biogenesis factor 1;

7 15964823 rs1557658 54,621,134 93,966,036 39.34 CDKS®, cyclin-dependent kinase 6
FANCC, Fanconi anemig;
ERCC6L2, excision repair cross-complementation group 6-

9 rs3802386 rs1687392 95,879,087 117,099,956 21.22 like 2; FKTN, fukutin,

10 rs16930755 rs4746237 75,379,685 76,551,502 1.17

12 rs1795963 rs11060180 122,281,575 123,303,586 1.02

16 rs17215447 rs12933371 6,214,147 8,256,357 2.04
PALB2; TUFM; TBX6, T-box 6;
ORCS®, origin recognition complex, subunit 6;
SALL1, spalt-like transcription factor 1,

16 rs152745 rs7187187 23,366,422 59,427,237 36.06 COQ9, coenzyme Q9,

X rs5942915 rs11152658 109,549,026 110,620,035 1.07
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5.7 Family G and H: Syndactyly type IX, Mesoaxial Synostotic
Syndactyly (MSSD)

5.7.1 Clinical description

The affected subjects in both families had remarkable phenotypic similarities,
i.e., they had four fingers, bilaterally. In both hands, 3 and 4™ fingers were replaced
by a single thick digit. The fifth fingers had clinodactyly. In the feet there was

variable cutaneous webbing of toes 1-4.

Family G: One affected subject and her unaffected father were physically
examined. Affected subject (I1-1) was 24-years of age at the time of examination. She
was a university student. There was no other anomaly except the involvement of
upper autopods. She had four digits in both hands, i.e., the mesoaxial digits were
missing, bilaterally (Fig. 5.26 A,B). In both hands and particularly in the right, there
was a wide gap between second and “fourth” fingers, giving an evidence of absent
third digit. The existing fingers were relatively short, hypoplastic and gave an
impression of radial deviation. The fifth fingers were demonstrating clinodactyly,
more pronounced in the left hand. Fingertips were tapering with hypoplastic nail
plates. In the second and fourth digits the nails were reduced to small islands. The feet

were unremarkable.
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Family H: There were two affected subjects in this kindred (1M, IF), of which
one had been deceased. The available affected subject and his unaffected father were
physically examined. The index subject was a 23 years old male (IV-4), who was a
university student. The subject was third in the sibship of five and his parental
marriage type was ‘first-cousin-once-removed.” The index subject was observed to
have four digits in both hands and one of the mesoaxial digit was omitted, bilaterally
(Fig. 5.26 C,D). The thumbs were short and the index fingers depicted valgus
deviations at their terminal phalanx. Additionally, the left index finger had
symphalangism. The third and fourth fingers were replaced by a single digit, which
demonstrated broad proximal phalanx, hypoplastic and club shaped terminal phalanx,
and reduced nail, bilaterally. The fifth fingers were dysplastic and exhibited
clinodactyly. At the palmer side, characteristic dermatoglyphic changes were evident,
i.e., triradii was grossly distorted and inter-digital flexion creases were less
remarkable. The phenotype in the feet was characterized by hallux varus, partial
zygodactyly between second and third toes, and shortening of fourth toes, bilaterally.
Generally, the nails of digits 2-4 were hypoplastic. There was no anomaly of any

other organ-system in the subject.
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Figure 5.26. Phenotype of the index subjects in Family G (A-B, line drawing) and

Family H (C-D).
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5.7.2 Sequencing of BHLHA9

Owing to the remarkable similarity of the phenotypes segregating in these
families with type 1X syndactyly (MSSD), we decided to directly conduct mutation
screening of BHLHA9. To screen for pathogenic mutation in the coding sequences of
BHLHA9 (NM_001164405.1) all the exons and their boundaries were PCR amplified.

The index subjects in both families were subjected to mutation screening.

In Family G, a homozygous substitution ¢.218G>C (p.R73P) was detected in
exon 1. In Family H, a homozygous substitution c.211A>G (p.N71D) in exon 1 was
detected in the affected subject (Fig. 5.27). Both these variants were absent in the
control panel and were not reported in the EXAC and 1000-genome databases. Exon 1
of BHLHA9 determines a highly conserved basic helix-loop-helix protein. Two of the
mutations observed in these families are positioned in close neighborhood and
exchange critical, conserved amino acids of the DNA-binding region of the basic

domain (Fig. 5.28).

These variants were predicted to be pathogenic and disease causing by the
online prediction tools (Table 5.21). For instance, both of these variants were
predicted to be damaging by SIFT online tool. PolyPhen-2 predicted them as probably
damaging (N71D: score 0.998; sensitivity: 0.27; specificity: 0.99; R73P: score 0.999;
sensitivity: 0.14; specificity: 0.99). MutationTaster predicted both variants as disease
causing. In MutPred, the probability of deleterious mutation was 0.766 and 0.831 for

N71D and R73P, respectively (Table 5.21).
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Figure 5.27. Chromatograms showing mutation ¢.218G>C in Family G and ¢.211A>G in Family H.
Mutant amino acids are depicted in Red.
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Chr17:17:1270774; ¢.211A=G; SNP rs672601337; (NM_001164405.1; p.Asn71Asp)
Chr17:1270781;¢.218G>C; SNP rs672601338; (NM_001164405.1; p.Arg73Pro)

Figure 5.28. (A) Genomic organization and location of mutation of BHLHA9 at chr17p13.1. BHLHA9 has a single exon. (B) Model of the
human BHLHAQ protein. (C) Mapping of MSSD-causing missense mutations to the basic nucleic acid binding site enclosing the E-box
specificity site DNA-binding region of BHLHAY, projected onto an amino acid sequence alignment of orthologous Bhlha9 sequences from
various vertebrates (Mmus = Mus musculus, Btau = Bos taurus, Ggal = Gallus gallus, Drer = Danio rerio).
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Table 5.21. Consequences of the missense mutations in the first exon of BHLHAOY, as depicted by the computational tools.

Famil Mutatio Prediction tools
y n
SIFT: PolyPhen2 MutationTaster  MutPred MutPred
G c.218G> DAMAGING - PROBABLY disease causing Probability of  Gain of ubiquitination at K76 (P =
C; Low confidence DAMAGING with deleterious 0.0303)
predictions with  a score of 0.999 mutation ‘o (D =
Median (sensitivity: 0.14; 0.831 LO?S of helix (P 9'0558)
p. R73P  conservation specificity: 0.99) Gain of glycosylation at R73 (P =
above 3.25 0.0591)
Loss of MoRF binding (P = 0.0921)
Gain of methylation at K76 (P =
0.1203)
H c.211A> DAMAGING - PROBABLY disease causing Probability of ~ Gain of ubiquitination at K76 (P =
G; Low confidence DAMAGING with deleterious 0.0314)
predictions with  a score of 0.998 mutation : _
Median (sensitivity: 0.27; 0.766 Lossoog8rgi';hylatlon atRe7 (P
p. N71D  conservation specificity: 0.99) '

above 3.25

Gain of helix (P =0.132)
Loss of loop (P =0.2897)
Loss of stability (P = 0.3857)

SIFT (http://sift.jevi.org/www/SIFT _enst_submit.html), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), MutationTaster

(http://www.mutationtaster.org/), MutPred (http://mutpred.mutdb.org/)
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The results obtained in families G and H have been published in Am J Hum Genet:

Malik S, Percin FE, Bornholdt D, Albrecht B, Percesepe A, Koch MC, Landi A,
Fritz B, Khan R, Mumtaz S, Akarsu NA, Grzeschik KH. Mutations affecting the
BHLHA9 DNA-binding domain cause MSSD, mesoaxial synostotic syndactyly
with phalangeal reduction, Malik-Percin type. Am J Hum Genet. 95(6):649-59,
2014. doi: 10.1016/j.ajhg.2014.10.012
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6 DISCUSSION

In this thesis, high-density SNP genotyping arrays and exome sequencing
were applied to solve the genetic basis of monogenic familial disorders by identifying
the disease loci, genes, and mutations. These robust techniques have accelerated the
field of genetics by decreasing the cost and increasing the efficiency in disease gene
identification to the extent that now these have replaced traditional methods of the
disease gene hunt using microsatellite-based genotyping, screening of known disease
genes for mutations (candidate gene approach), exclusion mapping, and SSCP, even
in clinical settings. Whole genome scan (SNP genotyping) in family members can be
used to detect a haplotype that may be harboring the disease gene. In addition, it is
possible to analyze copy number variations (CNVs) with this approach that further
reduces the cost of additional molecular tests. The majority of scientific reports have
shown that mutations responsible for most of the genetic disorders are in the coding
regions of the genome. Hence, after the identification of disease gene locus, exome

sequencing is the method of choice.

In the present research, | employed linkage analyses and mutation screening in
eight Pakistani families afflicted with different monogenic disorders. In all families,
first linkage analysis was performed on whole genome scan SNP data and candidate
loci were identified. Model-based LOD score analyses were performed in order to
detect the loci segregating with the phenotypes in these families. In the next step, in

three families, whole exome sequencing was performed for one affected family
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member to find the underlying mutation(s). Generally, a subject with most severe
phenotype in the family was selected for exome sequencing. The exome data were
analyzed and mutations were found in all of the three families. Variants generated by
exome sequencing were prioritized by their chromosomal location, population
frequency, predicted effect on protein function, and expression of the gene in relevant
tissues. In the fourth family, a very strong candidate gene at the identified locus was

hypothesized to be responsible for the disease and thus the study was terminated.

6.1 Family A: Intellectual Disability with Speech Problem and
Dysmorphic Facial Features (IDSD)

Family A was afflicted with a recessive intellectual disability, language
problem, and dysmorphic facial features. A total of six family members were
diagnosed with the disease. The disease gene locus was identified at 15¢021.1-26.3,
and exome sequencing revealed that the disease-causing mutation is the novel,
homozygous missense mutation PDIA3 p.Cys57Tyr. The mutation was validated by
Sanger sequencing and was found to be segregating with the disease. The substitution
of a cysteine residue (a sulfur-containing amino acid involved in disulfide bond
formation that is important for the folding and stability of proteins) with tyrosine (an
aromatic, partially hydrophobic amino acid remains buried in protein hydrophobic

cores) is predicted to adversely affect the protein structure by the online prediction
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tools employed. Online tools such as Mutation Taster, SIFT, PolyPhen2 and MutPred

predicted the variant as damaging.

We also investigated the conservation of the protein sequence across species.
All 505 amino acids showed absolute identity (100%) in human and chimpanzee and
99% in human and rhesus monkey which had 504 amino acids. The mutated residue
Cys57 is within a stretch of eight amino acids that are fully conserved in all
eukaryotic organisms explored and within a stretch of 19 amino acids that are
conserved in full in bird (jungle fowl) and mammals including human, chimpanzee,
rhesus monkey, wolf, house mouse and rat except cattle that differs in one amino acid

which is similar to the organisms of lower phyla.

Protein disulfide-isomerase A3 (PDIA3) encodes ERp57, a 505-amino acid
disulfide that is an isomerase enzyme. This endoplasmic reticulum protein interacts
with other proteins for modulating the folding of recently synthesized proteins
(Santana-Codina et al. 2013). It has also been demonstrated that due to its disulfide
isomerase activity, the protein enhances disulfide bond formation in the glycoprotein

substrates. The gene is highly expressed in many tissues including the brain.

The role of PDIA3 is evident in the late onset nervous system disorder
amyotrophic lateral sclerosis (ALS), a neurodegenerative disorder. Gonzalez-Perez et
al. (2015) reported rare, heterozygous gene variants in ALS patients. However, to the

best of our knowledge, no studies were published to show a role of PDIA3 in a
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neurodevelopmental disorder. To find out the role of PDIA3 in the nervous system,
Castillo et al. (2015) conducted a study in which they produced transgenic mice with
overexpression of PDIA3 in the nervous system and found that the protein has a role
in axonal regeneration after an induced injury. The authors claimed a functional role

of the protein in axonal regeneration and an effect on peripheral nerve regeneration.

In addition, the role of PDIA3 has been established by studying the mouse
model in the assembling process of the peptide-loading complex of major
histocompatibility complex (MHC). In PDIA3-deficient cells, the interaction between
MHC class | molecules and the loading complex was found to be short-lived (Garbi et

al. 2006). It is also a candidate protein for a variety of cancers (Dihazi et al. 2013).

Here, we propose that alteration of conserved residue Cys57 may decrease the
activity of this protein and impair its role in the early stage of axon development that
may lead to ID. Therefore, it was concluded that the PDIA3 mutation detected
underlies the ID in the presented family. The next target of our research team is to
generate animal and cell models for this mutation to find its effect at the cellular and

biochemical levels.
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6.2 Family B: Autosomal Recessive Primary Microcephaly
(MCPH)

Family B was afflicted with autosomal recessive primary microcephaly
(MCPH). In the family, four sibs were diagnosed as MCPH. DNA samples of four
affected and one unaffected family members were subjected to whole genome scan.
The strongest locus found by linkage analysis was 10925.3-q32.1 that harbors ASPM
(OMIM 60816) with 28 exons, and more than 39 reported mutations. Since this gene
has been reported previously with several mutations in Pakistani MCPH families as
well, we concluded that this is the most likely gene responsible for the disease in the
family and it would not be possible to publish this work. So the DNA of an affected
family member was not subjected to exome sequencing or Sanger sequencing for the

gene, and the study was terminated.

In MCPH, a significant cognitive decline occurs and brain size develops only
to one-third of the adult size. The disease exhibits high genetic heterogeneity, and
studies have suggested that it is possibly a primary disorder of neurogenic mitosis
(Faheem et al. 2015). With the advancement in new generation genetic technologies,
there is an improvement in gene identification and discovery of new genes involved
also in MCPH. It is very helpful to detect the recurrence of the disorder by prenatal
testing, to perform a differential diagnosis of the disorder by postnatal testing, and by
carrier testing to provide help in decision making for consanguineous families that are

suffering from the disorder for generations (in which the disease is known to occur).
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That would eventually enable us to reduce the incidence of MCPH in highly
consanguineous populations. These discoveries along with good neuroimaging
techniques also facilitated the establishment of exact genotype-phenotype correlations
(Faheem et al. 2015). Those studies have increased our understanding of the
underlying cellular mechanism as each new gene discovery helps to uncover one
relevant cellular pathway. Therefore, with the study of more families afflicted with
MCPH, we would be able to discover new genes that will help in resolving
fundamental cellular pathways involved in neuronal production which would

eventually increase our knowledge of disease mechanisms.

6.3 Family C: Microcephaly, Intellectual Disability, Short Stature
and Brachydactyly (MIDSB)

In Family C, genetic analyses led to the conclusion that RBBP8 mutation
underlies the disease. The work has been published in the American Journal of
Medical Genetics (Mumtaz et al. Am J Med Genet A. 167A (12):3148-52, 2015) with
the title “RBBP8 syndrome with microcephaly, intellectual disability, short stature
and brachydactyly”. In the literature, there were four families reported with
homozygous mutations in RBBP8. The family we studied is thus the fifth family

reported with RBBP8 mutation. Therefore, due to the rarity of this malformation, it is
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still not possible to establish a phenotype—genotype correlation for RBBP8 mutations.
The homozygous truncating mutation detected in this kindred was previously reported
in a family with Jawad syndrome with clinical features of microcephaly, learning
disability, anonychia congenita, syndactyly and polydactyly (Hassan et al. 2008).
Other families reported with RBBP8 mutation also had diverse phenotypes (Table
6.1). The SCKL2 patients had intellectual disability, microcephaly, and short stature
along with cardiac and other problems (Quvist et al. 2011). SCKL2 and Jawad type
manifest with intellectual disability, microcephaly, anonychia, minor facial anomalies,
epilepsy, and diabetes mellitus, but the latter two symptoms had been attributed to a
heterozygous deletion in NRXN1 (Agha et al. 2014). The patients in the fourth family
with RBBP8 mutation had the major clinical findings of primordial dwarfism and
cranio-facial anomalies but without ID (Shaheen et al. 2014). The clinical features of
the patients in the present family partly overlap with all four aforementioned
conditions, yet the syndrome we studied is distinct from those. As in the other RBBP8
mutation disorders, our patients have intellectual disability, microcephaly,
developmental delay and facial anomalies. They also have short stature as in SCKL2
but the appendicular skeleton is more affected in our family and dwarfism is of
disproportionate type. Other dissimilarities include anomalies of limbs and cervical
vertebrae (Table 6.1). Similarly, the new disorder is distinct from Jawad syndrome
where there is no short stature or brachydactyly but instead polydactyly or syndactyly,
which are not in the present family. It can be said that, unlike in SCKL2 and Jawad,
our patients do not have epilepsy, diabetes mellitus, high-pitched voice or
hyperhidrosis. Hence, this syndrome can be referred as an atypical SCKL2. Our

findings allow all these entities to be grouped as “RBBP8 syndromes”. The
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phenotypic similarities in all these families establish that RBBP8 mutation plays a role

in the disease development.

RBBP8 encodes retinoblastoma-binding protein 8 that is mainly nuclear. This
protein is among a group of proteins that interact with retinoblastoma protein, which
controls cell division. Studies have shown that the protein interacts with BRCA1
during regulation of transcription, cell cycle checkpoint and DNA repair mechanisms.
It is also thought that this protein may act directly as a tumor suppressor (Sartori et al.
2007). To test this hypothesis, an experiment was conducted by Qvist et al. (2011) on
cell lines derived from SCKL2 patients. Their results showed that at the cellular level
the mutation causes the impairment of mechanisms involved in DNA damage.
However, the detailed mechanisms through which RBBP8 may affect brain

morphogenesis and the development of other organ-systems remain to be elucidated.
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Table 6.1. Clinical manifestation of RBBP8 mutation.

Malformation SCKL2 Jawad Complex Primordial  Present
microcephal dwarfism  family
y*
OMIM 606744 251255 - — —
Family origin  Iraq Pakistan Pakistan Saudi Pakistan
Arabia
No. of 4 7 2 1 7
affected
individuals
Cardinal features
Microcephaly  Yes Yes Yes No Yes
Short stature Proportiona No Mild Proportion  Disproportion
te type ate type ate type
Intellectual Yes Yes Yes - Yes
disability
Minor facial Yes Yes Yes Yes Yes
anomalies
Prominent nose Yes Yes Yes No Yes
Short anterior ~ Yes — - Yes Yes
cranial base
and maxillary
length
High-pitched Yes No Yes — No
voice
Cardiac Yes - No - No
murmur
Birth spots Yes No No - No
Hyperhidrosis  No - Yes - No
Epilepsy* No - Yes - No
Obesity/diabete No No Yes - No

S*
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Hyperhidrosis -

Developmental Yes
delay

Limb anomalies

Pigmented No
spots on
hands/feet
skin

Polydactyly No
Syndactyly No
Clinodactyly  Yes
Brachydactyly No

Slender Yes
extremities

Anonychia No

Swelling over  Yes
the
phalangeal
joints

Absent Yes
ossification
centers of
distal/middle
epiphyses in
5th finger

Mutation c.T234745
3G

Reference (2

Yes

Yes

Yes
Yes
Yes
No

No

Yes

Yes

c.1808_18
09 delTA

(4)

Yes

Yes

Yes

No
No
No
No

No

Yes

No

c.A919G;
deletion in
NRXN1

(5)

Yes

c.C298T

(6)

No

Yes

Only on
hands

No
No
No
Yes

No

Yes

Yes

No

€.1808_1809
delTA

Present study

—, not reported.

*Features attributed to NRXN1 deletion mutation.
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6.4 Family D: Autosomal Dominant Postaxial Polydactyly,
Camptodactyly and Zygodactyly (ADPCZ)

Family D was diagnosed with postaxial polydactyly. However, there were
some additional finding in the family such as camptodactyly and zygodactyly that are
typically seen in syndactyly type Il or synpolydactyly (SPD; OMIM-186000) (Malik
and Grzeschik, 2008; Malik, 2014). Due to these overlapping clinical manifestations,
it is suspected that the causative mutation could be in one of the synpolydactyly
(2931, 22913.31, and 14911.2-q12) or polydactyly (7p14.1, 7936, 13g21-32 and
19.p13.1-13.2) loci. So, linkage analysis was performed in search of the disease locus.
The locus was identified as 7pl4.1 that harbors a large candidate gene GLI3
responsible for preaxial and postaxial A1l and B polydactyly. We proceed for exome
sequencing in order to search for a mutation in this gene and also possibly in any
other gene at the candidate loci yielding LOD scores >2.5. Exome analysis revealed a
novel mutation in GLI3; however, no other variant fitting the criteria of mutation was
found in any linked region. Our manuscript “Complex Postaxial Polydactyly Type
A/B with Camptodactyly, Hypoplastic Third Toe, Zygodactyly and Other Digit
Anomalies Caused by a Novel GLI3 Mutation” has been submitted in Am J Med

Genet.

GLI3 (GLI family zinc finger 3; OMIM 165240) encodes a zinc finger
transcription factor that binds directly to the target gene’s promotor region and directs

its activity (Vortkamp et al. 1995). Its role is also evident in sonic hedgehog pathway.
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Various mutations in GLI3 in syndromic and non-syndromic digital abnormalities
including polydactyly called GLI3 morphopathies have been reported (Radhakrishna
et al. 1999). From the literature review, it is evident that mutations in GLI3 mostly
cause Pallister-Hall syndrome (PHS), Greig cephalopolysyndactyly syndrome (GCPS)
and isolated polydactyly, either postaxial type A/B (MIM 174200) or crossed

polydactyly type 1 (MIM174700) (Radhakrishna et al. 1999; Cheng et al. 2011).

We attempted to investigate a genotype-phenotype correlation for GLI3
diseases by considering also the reported mutations. Jamsheer et al. (2012) proposed
that GCPS and PHS syndromes are produced by mutations in the first and second
third part of the GLI3 protein, respectively. However, we observed that the mutations
leading to polydactyly type I were mostly in the central part of GLI3 protein and
while in postaxial polydactyly type A/B the first third of GLI3 protein was found to

be harboring the majority of mutations (Fig. 6. 1).

For example, mutation p.Arg643* in an Indian with postaxial polydactyly
Al/B, fusion of toes and zygodactyly (Radhakrishna et al. 1999), was also found in a
Chinese family with crossed polydactyly type I, preaxial polydactyly, preaxial
webbing and broad hallux (Wang et al. 2014). It was proposed that different
manifestations of the same mutation may be attributed to a modifier gene (Cheng et
al. 2006). In order to investigate for any modifier variants in the presented family, all
regions with LOD scores >2.5 were analyzed for a second gene having a deleterious
variant fitting the criteria of mutation, but no such variant was found. Findings in the

present study are also contradictory to those described by Johnston et al. (2005). The
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authors proposed that mutations from nucleotides 1998 to 3481 in GLI3 lead primarily
to PHS. However, in the presented family, GLI3 mutation was in ¢.2884delG but
without any clinical overlap with PHS. For instance, features like hypothalamic
hamartoma, imperforate anus, and deformed laryngeal cleft are found in PHS but not
found in any member of this family. Thus, our findings do not agree with the

proposed phenotype-genotype correlation for GLI3 limb-specific mutations.

In conclusion, a novel GLI3 mutation was identified in the presented family
with a variable phenotype that further expands the phenotypic spectrum of GLI3

mutation.
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GCPS
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PHS
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GCPS

TAl

TA2

Glu147a*

Arg1381Glyfs* 38

Met1286HisfsX18
Glyl1236Glufs* 46
Leul216Profs™ 31

Gly1212Alafs* 18 (this study)

Aspli28Alafs* 78

Aspo262ivietfs* 41

Arg792*
Gly727Arg

Argbd3*
Argbd3*

His601Arg, His601Arg
Arg.359 Thrfs*12

types AL/B are in black, and mutations causing crossed polydactyly type | are in red.

Figure 6.1. Schematic representation of GLI3 domains and mutations causing isolated limb malformations. Mutations causing postaxial
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6.5 Family E: Tooth Agenesis Manifesting as
Oligodontia/Hypodontia (TAOH)

The pedigree of this family provided a convincing evidence for an autosomal
dominant mode of inheritance. The most commonly reported mode of inheritance for
this anomaly is autosomal dominant, but also autosomal recessive, X-linked,
polygenic or multifactorial models of inheritances have been reported (Suarez and

Spence, 1974; Brook, 1984; Peck et al. 1993).

In this family, the mean number of missing teeth in the five affected
individuals was five (range 2-8 teeth), which is less than the mean number of missing
teeth described in other studies. For instance, in the study by Song et al. (2009) the
mean number of missing teeth was 14 with a range of 8-18. In another study by
Lexner et al. (2007) the mean number of missing teeth was 22 with a range of 14-28.
The four affected individuals in the present family had missing central or lateral
incisors. This observation is consistent with the phenotype reported in four patients by
Song et al. (2009). It was noticeable that two of the participants had congenitally
missing maxillary and mandibular canines, which is very rare in isolated oligodontia
with other genetic defects (Kim et al. 2006). In addition, first premolars were
observed to be absent in only one subject which was also present in patients reported

by Song et al. (2009).

In this family shapes and positions of the existing teeth were also abnormal in

association with missing teeth. In the previous studies different types of tooth
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agenesis were seen to be frequently associated with other dental anomalies, including
microdontia (Garn and Lewis, 1970), ectopias and infraocclusion of deciduous molars
(Baccetti, 1998; Garib et al. 2009), delayed dental development (Baba-Kawano et al.
2002), conical and tapered incisors (Lexner et al. 2007), and generalized enamel
hypoplasia (Baccetti, 1998). The most likely explanation is that it may be due to same
underlying genetic defect, i.e., clinical variability by a single gene which results in
more than one dental anomaly but genetic heterogeneity cannot be excluded.
Additionally, Song et al. (2009) reported cases in which the missing teeth were
distributed extensively in both dentitions but the shapes and the sizes of the residual

teeth were observed to be normal.

Genetic analyses in this family yielded several interesting regions which
segregated among the affected subjects, however, a LOD score of 3.00 was not
obtained on any chromosome due to the small number of individuals included in the
calculations. Due to time and computational constraints, the linkage software are
restricted to execute the data of 5-6 genotyped subjects. Adding more non-founders
and genotyped subjects increases the computational time on an exponential scale
which makes the analyses more trivial. It is quite likely that adding three additional
genotyped subjects (IV-9, IV-10, 1V-11) as a part of secondary pedigree in the linkage
calculations would improve the results. The exome data analyses did not reveal any
potential pathogenic variant in a known gene in the candidate intervals. It is quite
likely that there is still an uncharacterized gene on the candidate locus segregating

with the phenotype.
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6.6 Family F: Seckel-like Syndrome (SLS)

The family presented here exhibited a severe skeletal disorder. The subjects
were born to consanguineous parents. The anomaly was running in an autosomal
recessive inheritance pattern. All the cases of Seckel and Seckel-like syndromes

reported to date had the same mode of inheritance (OMIM 210600).

Typical manifestations of Seckel syndrome are a profound prenatal and
postnatal growth retardation, bird-headed profile with a beaked nose, micrognatia,
lobeless ears, crowded teeth, delayed bone age and elbow dislocation (Seckel 1960).
Additionally, microcephaly with mental retardation, proportionate short stature with
the normal ratio between the upper and lower body, have also been observed. The
later mentioned features were absent in the studied family. Conversely, muscle
wasting is not a feature of Seckel syndrome but was observed in the family under
study. Another Seckel-like syndrome called Majewski osteodysplastic primordial
dwarfism type 11 (MOPD I1) is characterized by the absence of mental retardation and
disproportionate growth retardation (Majewski et al. 1982a). But its features include
shortening of the distal and middle limb segments, which was not observed in the
family we studied. Instead, disproportionate short stature was unique, as all the
affected persons had normal hands and feet while all other long bones were short.

Thus, many clinical features in this family were not similar with the reported families.
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SNP genotyping revealed that this condition does not map to any of the
already known loci for Seckel syndrome or bird-headed dwarfism and there is yet an
unknown locus for the malformation in this family. We could not detect any
potentially pathogenic variant among the genes present at the candidate loci. It was
concluded that the putative gene might be residing in a region within the candidate

intervals not analyzed or in a genomic region whose sequence is yet unknown.

6.7 Family G and H: Syndactyly type IX, Mesoaxial Synostotic
Syndactyly (MSSD)

Syndactyly type IX or MSSD demonstrates a distinctive combination of
features in hands and feet and is unique among the syndactyly types in its
characteristic clinical presentation and autosomal recessive inheritance. Hand and foot
abnormalities may include hypoplastic thumbs, clinodactyly of second and fifth
fingers, syndactyly, and shortened or absent middle phalanges (Malik et al. 2004).
The phenotypic features in the affected families suggest a developmental anomaly in
which a gene is likely involved in the reduction of the mesoaxial fingers in the hands.
Mapping studies by our group had revealed that the MSSD locus is at 17p13.3 (Malik

et al. 2005). The study of the present two families (among six families) showed that
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homozygous missense mutations in BHLHA9 are associated with syndactyly type 1X

(MSSD).

BHLHA9 contains a single exon. BHLHA9 belongs to the basic helix-loop-
helix (bHLH) proteins which act as transcription factors and regulate embryonic
development. These proteins are characterized by a basic domain that binds to E-box
DNA and a helix-loop-helix domain that facilitates interactions with other protein
subunits. BHLHAQ further belongs to class F bHLH transcription factors and have an
additional COE (collier/OLF/EBF) domain that contributes to dimerization and DNA
binding (Jones, 2004). Amino acids N71 and R73, which were mutated in the studied
two families, are identical in the BHLHAZ9 orthologues in vertebrates. This region of
the transcription factor is highly conserved in evolution. With a sequence of 235
amino acids, BHLHA9 is small and contains in addition to the bHLH domain a

potentially functionally relevant proline-rich carboxyl terminus.

Schatz et al. (2014) observed that human and mouse BHLHA9 proteins
contained 235 and 231 amino acids, respectively. In the embryonic stages of the
mouse, they observed that BHLHA9 was expressed in the limb buds in day 9.5. Also,
the expression started as a crescent in the distal hand and foot plates and narrowed

down towards the distal-most regions covering the developing digits.

Mutations in BHLHA9 are known to cause other hereditary conditions besides

MSSD. For instance, Klopocki et al. (2012) reported a family with split-hand/foot

204


https://www.omim.org/entry/615416?search=BHLHA9&highlight=bhlha9#1

Discussion

malformation characterized by severe malformations of the distal limbs affecting the
central rays of hands and/or feet. The affected subjects also had a long bone
deficiency. Through high-resolution array comparative genomic hybridization,
microduplications at 17p13.3 encompassing BHLHA9 was detected. The authors
concluded that genomic duplications encompassing BHLHA9 are associated with
SHFLD and non-Mendelian inheritance characterized by a high degree of non-
penetrance with sex bias. Further, in a consanguineous Indian family with complex
camptosynpolydactyly, Phadke et al. (2016) identified a homozygous missense
mutation in BHLHA9 that segregated with the phenotype. This mutation was not

observed in the variant databases or ethnically matched control subjects.

In conclusion, the identification of mutations in these families verifies the
crucial role of BHLHA9 in limb development. These data would be useful for the

respective families in genetic counseling and risk estimation for future pregnancies.
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6.8 Conclusion

The summary of the scientific findings of this study is presented in Table 6.2.

In the present study, several families with various inherited genetic disorders
were identified. In the consanguineous families, a mutation is a common recent
ancestor has been inherited in a homozygous fashion because the mutation is likely
not new The mutation could arise spontaneously or could be a cause of environmental
insult in germ cells that was transferred to next generation. Latest molecular genetic
techniques such as SNP genotyping and exome sequencing were found useful for the
identification of the pathogenic mutations in these families. So, it is concluded that

these techniques could help in the diagnosis of such disorders.
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Table 6.2. Summary of the scientific findings of this study.

Family Malformation Inheritance Localization Mutation  Conclusion
detected
Family A Intellectual Disability with AR 15q15.3 PDIA3 PDIAS3 is known to be involved in certain
Speech Problem and types of cancers. Hence, functional assays are
Dysmorphic Facial Features required to prove the genetic data.
(IDSD)
Family B Autosomal Recessive Primary AR Several loci - ASPM is a likely candidate. Many mutations
Microcephaly (MCPH) including are known in this gene. Study was terminated
1925.3-932.1
Family C  Microcephaly, Intellectual AR 18q11.2 RBBP8 Results published in Am J Med Genet.
Disability, Short Stature and
Brachydactyly (MIDSB)
Family D  Autosomal Dominant AD 7pl4.1 GLI3 Manuscript submitted in Eur J Med Genet.
Postaxial Polydactyly,
Camptodactyly and
Zygodactyly (ADPCZ)
Family E  Tooth agenesis manifestedas AR Several regions - Mutation analyses in WNT10A did not yield
Oligodontia/Hypodontia including 2935 any pathogenic variant. There might be an
(TAOH) (STHAG4) unidentified mutation in a candidate region or
uncharacterized region.
Family F  Seckel-like syndrome (SLS) AR Several regions - No mutation was detected in the gene present
were in the candidate regions
homozygous
Family G Syndactyly type IX (MSSD) AR - BHLHA9 Results published in Am J Hum Genet.
Family H Syndactyly type IX (MSSD) AR - BHLHA9
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6.9 Future direction

A high prevalence of genetic disorders causes a great socioeconomic burden
on the individual families and also as a whole on the entire economy of the country.
Because a large percentage of the population live below the poverty line, the majority
of suffering families are unable to afford costly treatment and rehabilitation of
affected family members, and complete recovery is usually not possible. The subjects
with severe types of genetic disorders remain highly disadvantaged in the society and
have meager opportunities of health care, schooling, and personal development. For
the betterment of those families, it is suggested that Health Department of the
Ministry of Health should initiate immediate measures to prevent the recurrence of

genetic disorders, such as:

= By print and electronic media special programs should be initiated for the
awareness of public about the association of consanguineous marriages

and hereditary genetic defects/disorders.

= Free prenatal diagnosis and screening should be provided to citizens in
state hospitals by trained medical geneticists to avoid the recurrence of a

disorder in the future generation.
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= There are very few research institutions conducting relevant research in the
country. More institution and funding should be allocated for planned
research in this area. Every institution should be monitored periodically
(on a yearly basis) to show that its output is directly beneficial to our

public.

= At the same time, there should be international collaborations to conduct
research at an advanced level so that it can be possible in the near future to

establish NGS technologies in the country.
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