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ABSTRACT

Skeletal dysplasias are a broad and varied group of diseases, many of which
cause serious disabilities or significantly impact the quality of life. Fewer than 500
distinct abnormalities have been identified; however, they collectively afflict about
three out of every 10,000 people. While other organ systems may also be affected,
bone and cartilage are the primary targets of skeletal dysplasias. Clinical diagnosis
of skeletal dysplasias has relied on rigorous phenotypic characterization, skeletal
radiography, and genetic testing. Next-generation sequencing (NGS) technologies,
such as whole exome and whole genome sequencing, have dramatically improved
molecular diagnosis. Proper genetic and molecular diagnosis provides
opportunities for targeted treatment, involvement in clinical trials, and customized

medical follow-up.

Here, in this dissertation, eight consanguineous families with skeletal
deformities were characterized clinically and genetically. After the families
expressed their consent, pedigrees were constructed, blood samples were taken and
detailed clinical examination was performed. Whole-exome sequencing (WES)
was performed on multiple members of each family. WES data was filtered and
likely pathogenic variants were shortlisted. Primers were designed for the variants
of interest, and Sanger sequencing was performed for all affected and unaffected
individuals to validate the segregation of the variant in accordance with the disease
phenotype and mode of inheritance. In silico tools were used to assess the

pathogenicity of shortlisted variants. Protein modeling and docking studies were
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also carried out in selected families to study putative impact of variant on the

structure and function of protein.

Novel pathogenic variants identified in this study include DCC variant in
HGPPS-2, EVC variant in EvC Syndrome, CUL?7 variant in 3M Syndrome, FLNB
variant in spondylocarpotarsal synostosis syndrome, DLL3 variant in
spondylocostal dyostosis and LMBR! variant in non-syndromic polydactyly;
whereas, known variants in two different genes FLNA and FGFR3 were identified
in two families segregating otopalatodigital syndrome-2 and achondroplasia

respectively.

Together, the research findings broaden the genetic and phenotypic range
of skeletal dysplasias, and show that using whole-exome sequencing technology in
conjunction with thorough phenotyping is an effective way to identify disease-

causing variations in people with congenital skeletal diseases.
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Chapter 1 Introduction

INTRODUCTION

Skeletal dysplasia is the collective name given to more than 450 genetically
heterogeneous abnormalities of the skeletal system. These are primarily bone and
cartilage growth and remodeling disorders. Prevalence of this disease is estimated
to be 3-4 out of every 10,000 births (Cassart, 2010). The patients display
abnormalities in differentiation, linear growth and maintenance of their
appendicular and axial skeleton. The phenotypic spectrum can vary from death of
newborn to only mild growth retardation in adults (Parnell and Phillips, 2012).
Skeletal dysplasias are difficult to diagnose in utero, especially when there is no

family history or molecular diagnostic marker (Dighe et al., 2008).

Skeletal dysplasias generally manifest as abnormalities in growth, integrity and
shape of bones. Other organ systems may also be affected concomitantly. Mode of
inheritance of skeletal dysplasias may be X-linked or autosomal, recessive or
dominant. Many of the genetic variations, pathways and molecular mechanisms
causing skeletal dysplasias have been identified. However, there are still many gaps
in the literature regarding the genetic basis of several kinds of skeletal dysplasias

(Kim et al., 2021).

The International Skeletal Dysplasia Society (ISDS) was founded in 1999 to
ensure that the numerous diverse entities grouped together as skeletal dysplasias
were properly characterised using clinical, genetic, and radiological data. This

society formulated the International Nomenclature of Bone Constitutional Diseases

(INCDB). (Mortier et al., 2001).
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In 2019, the International Skeletal Dysplasia Society's Nosology Committee
reviewed and updated the tenth and most recent version of the Nosology and
Classification of Genetic Skeletal Disorders. The latest Nosology includes 461
disorders divided into 42 groups on the basis of clinical, radiographic, and/or
genetic characteristics (Table 1.1). Interestingly, pathogenic mutations impacting
437 distinct genes were discovered in 425/461 (92%) of these illnesses (Mortier et

al., 2019).

The Nosology groups 1-8 are based on a shared underlying mechanism or gene.
The radiographic alterations to specific bone structures or the affected segment are
localised in groups 9—17. Macroscopic criteria in combination with clinical aspects
define groups 18-20. Mineralization aspects are considered in groups 21-25 and
28. Group 27 refers to a vast group of lysosomal illnesses that affect the skeleton.
Exostoses, ecnhondromas, and ectopic calcification are examples of illnesses with
so-called aberrant skeletal component development. Several unique molecular
pathways causing hypophosphatemic rickets have been discovered by Group 26.
Group 30 illnesses are overgrowth syndromes with a skeletal component that forms
the diagnostic criteria for a specific disease. Inflammation and bone involvement
are characteristics of Group 31 diseases. Finally, dysostoses are studied in groups
32-42, which include anatomical criteria as well as embryonic development

principles (Warman et al., 2011; Mortier et al., 2019).

Individually, skeletal dysplasias are rare but almost always severe disorders.
Affected individuals usually manifest with major complications affecting their
quality of life. Loss of normal structural cartilage also affects motility.
Understanding the underlying genetic interplay and expected complications is vital

to provide the best care to patients (Zelzer & Olsen, 2003).

&8
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In the last few decades, positional cloning and linkage analysis have helped to
identify the genes for skeletal dysplasia in more than 150 diseases. This information
has led to improved prenatal and postnatal diagnosis. However, in several cases, the
causative genes remain unidentified. Filling the missing gaps will improve the
quality of life of patients, by improving treatment and diagnosis (Bonafe et al.,

2015).

In the last few decades, NGS has become the tool of choice to identify causative
variants. NGS is a high-throughput method of DNA sequencing that can be used to
identify pathogenic variants (Hodges et al., 2007; Schuster, 2008; Parla et al.,
2011). Generally, NGS includes three steps: library preparation, amplification, and
sequencing (Turner et al., 2009). Through NGS, we can sequence whole genomic
DNA called whole genome sequencing (WGS) as well as only the coding regions
(exome) called whole exome sequencing (WES). Coding regions comprise almost
1 percent of genomic DNA. Among hereditary disorders, almost 85 percent are
caused by variations in coding regions. Therefore, sequence analysis only of coding
regions of the genome can reveal causative genes in most of the cases (Ku et al.,

2012).

Relative cost-effectiveness, and ease of data analysis has made WES the
foremost platform for analyzing human genetics. Millions of variants can be
detected in an individual’s genome, and then filtered to identify the variants of

interest (Boycott et al., 2013, Vassy et al., 2017).

This study will help clinicians in the diagnosis of genetic skeletal disorders. At
clinical level, some of the skeletal disorders can be treated by surgical intervention

and physical therapy with the help of pediatricians, orthopedists, and physical
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therapists. For example, extra digit in polydactyly patients is surgically removed.
Similarly, some abnormalities of spinal curvature may be treated by surgical
intervention followed by exercise and physical therapy (Umair et al, 2019).
Findings of present study would be helpful for geneticists in establishing genotype-
phenotype correlation. Families having history of genetic skeletal disorders can take
benefit from the present study through genetic counseling and prenatal testing. This
study will bring awareness among people where consanguineous marriages are

common to prevent recessive genetic disorders.
Aims and objectives

The main aim of the study is to search for the genes causing different types of

skeletal dysplasias and their associated pathogenic mutations with the following

objectives:

a- ldentification and recruitment of families segregating hereditary skeletal
dysplasia from different regions of Pakistan.

b- Clinical Examination of the affected members in each sampled family

c- To determine the genotypic and phenotypic variation in skeletal dysplasia in

Pakistani families.

d- To identify the novel genetic mutations involved in the pathogenesis of

clinically diverse Pakistani families affected with skeletal deformities.
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LITERATURE REVIEW

2.1 Human Skeleton

All vertebrates have an internal skeleton. The human skeleton is a very complex
and advanced structural framework. It performs a range of important functions in the
human body (Rimoin et al., 2007). The skeletal system consists of three types of cells
(osteoblast, osteoclast and chondrocyte), and two types of tissues (cartilage and bone).
Skeletal dysplasias are caused by any kind of abnormality in any one or more of these

components (Rimoin et al., 2007).

The skeletal system of human is composed of 270 bones at birth, which gradually
fuse such that there remain a total of 206 bones at adulthood (Figure 2.1). These 206
bones in an adult skeleton include 126 appendicular bones, 74 axial, and 6 ossicles
(Savarirayan and Rimoin, 2002; Ross et al., 2006). The skeleton is divided into
appendicular and axial skeleton. Upper and lower limbs, pectoral girdle and the pelvic
girdle comprise the appendicular skeleton. Appendicular skeleton supports the body
weight and allows and aids locomotion. Skull, spinal column, ribs and all associated

bones form the upright axial skeleton which supports the body (Helms & Schneider,

2003).

Some of the functions of the skeletal system include: movement, support, protection
of vital internal organs (brain, spinal cord, lungs, heart and blood vessels), production
of blood cells, storage of calcium and iron, and regulation of blood sugar, via a hormone

called osteocalcin (Blottner et al., 2006; Clarke, 2008).
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Figure 2.1 Bones of the human skeleton (britannica.com/science/human- skeleton)

2.1.1 Bone

Bone is made up of osteoblasts, osteoclasts, blood vessels, hematopoietic cells,
and stroma, which is a living and growing connective tissue (Kini & Nandeesh, 2012).
It is a rigid and hard structure which can regenerate. Up to 99 percent of total body
calcium is found in the bone matrix. Collagens, proteoglycans, hyaluronic acid, and
minerals and ions such as sodium, potassium, bicarbonates and phosphates are present
in the bone. Bone cells (osteocytes) are involved in bone formation and resorption, as

well as blood production (hematopoietic cells) and immunology (Artner, 2003).

Bone can be divided into five classes based on their morphology: long bones,
short bones, irregular bones, flat bones, and sesamoid bones. All these bones perform

specific functions in the body, and are shaped accordingly (Clarke, 2008).
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Long bones have a diaphysis (a central cylindrical shaft) and an epiphysis (a
hollow region housing the medullary cavity) (Figure 2.2). The epiphyseal plate is the
region where diaphysis meets the epiphysis (Laurin et al., 2011). Periosteum covers the
outer surface of the bone and attaches it to ligaments and tendons, while endosteum

lines and protects the inner surface (Kini & Nandeesh, 2012).

|

e ’

-

Figure 2.2 Structure of a long bone (Source: en.wikipedia.org/wiki/Long_bone)

2.1.2 Cartilage

Cartilage is an avascular resilient tissue with a high water content. It is
composed of an extracellular matrix and chondrocytes. It is covered by the

perichondrium which is a protective layer of connective tissue. Perichondrium

R e e e
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maintains the shape of the cartilage, while providing it nutrition as per its requirement
(Duynstee et al., 2002). The embryonic skeleton initially appears as a cartilage
template. This is replaced by bone during the embryonic period, except at specific areas
where the elasticity of cartilage is required (Geister & Camper, 2015). Cartilage is

divided into three categories based on histology:

- Hyaline cartilage: This type of cartilage can be found near the ends of long bones and
ribs. It is made up mostly of tiny collagen fibres. It is gradually replaced by bone in
childhood and growing age (Umlauf et al., 2010).

- Fibrocartilage is a type of cartilage that can be found in the vertebral discs and joint
capsules. It has strong collagen fibres and provide mechanical support (Umlauf et al.,
2010).

- Elastic cartilage: It is made up of multiple elastic fibres and is found in the external
ear, auditory tube, and epiglottis (Umlauf et a/., 2010)

2.2 Bone Formation

Bone is a hard, living connective tissue that makes up the skeleton of
vertebrates. Skeletogenesis begin at the embryonic stage when the ectoderm and
endoderm give rise to multipotent mesenchymal stem cells (MSCs), which move to
specific areas, and become predestined to achieve their skeletal fate. After
condensation, these mesenchymal cells divide into cartilage cells (chondrocytes) and
bone cells (osteoblasts). Skeletogenic cells initiate osteogenesis by intramembranous
ossification and endochondral ossification. After birth, the skeleton continues to
undergo a dynamic process of growth and remodeling (Zelzer and Olsen, 2003).
Skeletal abnormalities can result from defects at any stage of skeletal development or

growth (Mariani & Martin et al., 2003).

Mapping of Genes Involved in Hereditary Skeletal Dysplasia in Pakistani Families 8



Chapter 2 Literature Review

2.2.1 Skeletal Patterning

Skeletal patterning is the process in which the size, shape and number of
individual parts of the skeleton are defined. Patterning factors are the factors involved
in this definition. This process involves the migration of cells from three different
embryonic lineages i.e. lateral plate mesoderm, somites and neural crest. These cells
migrate to their final sites to build the craniofacial skeleton, axial skeleton, and
appendicular skeletons, respectively, throughout this phase (Koosha & Eames et al,

2022).

Cells travel to the region of future skeletogenesis, where they first condense,
and then differentiate into chondrocytes (which form the cartilage) or osteoblasts

(which form the bone) (Bi ef al., 1999).
2.2.2 Bone Development and Growth

The first step in bone development and growth is the condensation of
mesenchymal stem cells from the neural crest or mesoderm. The condensed
mesenchyme can then follow the routes of endochondral or intramembranous
ossification.

1- Endochondral ossification (chondrogenesis of condensed mesenchyme and then its
conversion into mineralized bones) (Lefebvre and Bhattaram, 2010)
2- Intramembranous ossification (development of condensed mesenchyme directly into

osteoblasts) (Lefebvre and Bhattaram, 2010)

Intramembranous ossification forms the bones of the craniofacial skeleton and
sections of the clavicle, while endochondral ossification leads to the formation of all

other bones including long bones (Karsenty et al., 2009).

2 e e e e e e e A3
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2.2.2.1 Intramembranous Ossification

Skeletal cells develop to prehypertrophic chondrocytes and concentrate in
growth plate perichondrium and potential cranial bone locations during
intramembranous ossification (Karsenty ez al., 2009). These cells now develop into
either endothelial cells or osteoblastic cells. These initiate the formation of the
extracellular matrix (Figure 2.3). Ossification centres form in the centre of each future
bone. They start producing bony spicules in a circular pattern to begin extracellular
matrix calcification. Sutures are fibrous and elastic bone development regions that
occur between growing bones of the cranium. They harbor active, undifferentiated
osteogenic cells, allowing them to create new bone cells necessary for bone
development. At the age of two, they vanish and the skull bones fuse together.

(Lefebvre & Bhattaram, 2010).

Figure 2.3 Intramembranous Ossification

Mesenchymal cells derived from the mesoderm migrate to the site where they will
form future bone, and condense to form the osteoblasts. Osteoblasts produce un-calcified
bone matrix (osteoid) and mineralize the bone matrix. Osteocytes are born from osteoblasts

that remain trapped in osteoid matrix. Osteoblasts continue to line the surfaces of developing

bones to produce bone matrix (source: https:/www.ncbi.nlm.nih.gov/books/NBK 10056/).

e e e
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2.2.2.2 Endochondral Ossification

Endochondral ossification, in which cartilage analgen are created initially and

then replaced by bone, forms the majority of the skeleton (Erlebacher et al., 1995).

Endochondral ossification requires the formation of a growth plate. It is required
for prenatal bone formation throughout early development, and also for postnatal

development until the end of puberty.

Through a series of maturation processes, chondrocytes in the growth plate are
organised into four layers: resting, proliferating, prehypertrophic, and hypertrophic
chondrocytes (Figure 2.4). Hypertrophic chondrocytes produce a collagen X- rich
extracellular matrix into which they deposit various factors such as the angiogenic
factor and the vascular endothelial growth factor (VEGF) (Iyama et al., 1991). The
VEGF promotes blood vessel development from the perichondrium (Gerber et al.,

1999).

After migrating to the diaphysis, osteoblasts, osteoclasts, and hematopoietic
cells create the major ossification centres as blood vessels invade the cartilage matrix.
Hypertrophic chondrocytes die, osteoclasts breakdown cartilage matrix, while
osteoblasts lay deposit bone matrix. Bone marrow is produced by hematopoietic cells,
and the perichondrium develops into a bone collar within these centres. Postnatally,
secondary ossification centres form in the epiphyses, forming a cartilage plate between

the epiphyses (Florencio-Silve et al., 2015; Chen et al., 2018).

L e
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Figure 2.4 Endochondral ossification
Endochondral ossification begins with the formation of a cartilage template as
mesenchymal cells condense and differentiate into chondrocytes (A, B). Primary
ossification centres develop in the long bone shafts as a result of chondrocyte death
and hypertrophy, which causes blood capillaries to invade (C). Osteoblasts replace
cartilage with bone matrix and calcify it when the cartilage template is vascularized (D,
E). The invasion of blood capillaries causes the formation of secondary ossification
centres at the extremities of long bones, and the formation of growth plates occurs at
the edges of long bones (F-H). The chondrocytes in growth plates, which are important
for bone growth and creation, are organised into separate layers of resting,
proliferating, and hypertrophic chondrocytes (Source:

https://www.ncbi.nlm.nih.gov/books/NBK 10056).

2.2.3 Bone Remodeling

When exposed to mechanical pressures or changing metabolic needs, a bone has
the capacity to maintain its total bulk and undergo continual remodeling. The process
of remodeling entails the removal of old bone and the formation of new bone through
the coordinated action of osteoclasts and osteoblasts, respectively. Bone loss

(osteoporosis) or excess bone buildup (osteopetrosis) are both caused by disruptions in

e —
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remodeling. Components of the canonical Wnt signalling pathway are required for
appropriate coupling of osteoblastic and osteoclastic activity (Issack et al., 2008;

Kamer et al., 2017).

Several cytokines, growth factors, and intercellular signals, such as
Wingless/Integrated (Wnt), Sonic hedgehog (SHH), Indian hedgehog (IHH), Notch,
and TGF-, tightly regulate skeletal patterning, condensation and differentiation of
mesenchymal stem cells into chondrocytes, osteoblasts, and osteoclasts, and bone and
cartilage growth and remodelling. Inherited skeletal conditions are caused by genetic
differences in cytokines and growth factors (Lefebvre and Bhattaram, 2010; Long and

Ornitz, 2013).

2.3 Genes Involved in Skeletal Dysplasias

Skeletal development processes and pathways are under specific and complex
genetic control, and abnormalities of these pathways give rise to the various skeletal
dysplasias. Various transcription factors, growth factors, and hormones are involved
in the pathways of skeletal formation, growth and development. Skeletal anomalies
may arise as a result of defects in any of the steps of skeletal development or growth

(Karsenty and Wagner, 2002).

HOX genes, IHH, COL2A1, FGFR3, and COL10A1 are some of the well-known
transcription factors that are known to be a key player in bone development. Homeobox
genes (HOXA11, HOXA13 and HOXDI3) guide the patterning of the appendicular
skeleton (McGinnis & Krumlauf, 1992). Fetal cartilage formation is initiated by SOX35,
SOX6 and SOX9. RUNX2 expressed by chondrocytes induces hypertrophy of
chondrocytes and bone calcification (Long & Omnitz, 2013). COLI0Aland osterix

(OSX) also have a vital role to play in these processes. ATF4 (activating transcription

o e e
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factor-4) regulates the maturation of osteoblasts (Wang et al., 2009). Endochondral
ossification depends on the proper activity of these growth factors, their receptors, cell
matrix proteins and other associated genes. (Lefebvre & Bhattaram, 2010; de

Crombrugghe et al., 2001).

SOX9 is a key regulator of chondrocyte differentiation from condensed cells.
The Indian hedgehog (/HH), a hedgehog family member positively regulates
chondrocyte proliferation (Bitgood and McMahon, 1995). It also controls the
expression of parathyroid hormone—related peptide (PTHrP) in perichondrial cells.
When the PTHrP/IHH pathway is disturbed, it produces a variety of skeletal

abnormalities (Vortkamp et al., 1996; Chen et al., 2008).

The FGF pathway was one of the first to be linked to skeletal dysplasias. It is
made up of 22 FGFs which signal via four FGF receptors. Components of the FGF
pathway play key roles in suture closure in the skull and in limb development (Du et

al, 2012).

Fibroblast growth factors play vital functions in the entire process of
skeletogenesis (De Crombrugghe et al., 2001). Upon ligand binding, FGFR3activates
the Statl transcription factor and the MAPK pathway, inhibiting chondrocyte
proliferation and speeding up hypertrophy (Ornitz, 2005). Wnt, retinoic acid, TGF beta
and C-type natriuretic peptide (CNP) all are key regulators of the growth plate before
and after birth (Adams et al, 2007; Mackie et al., 2011). FGFI signalling through
FGFR1/2 has been shown to modulate the processes of development of osteoblast and
formation of bone (Wilkie, 2005). Excess and reduced FGF signalling have been linked
to a variety of skeletal diseases. Gain of function mutations in FGFR3 cause

constitutive activation of the protein (Naski er al, 1996), which disrupts cartilage

e e
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function during the linear formation of bone (Trujillo-Tiebas et al, 2009).
Achondroplasia (ACH; MIM 100800) is the most common form of dwarfism associated

with excessive FGF signaling, as well as other related diseases (Hurst ef al., 2005).

2.4 Kinds of Skeletal Dysplasia in this Study

Rare skeletal dysplasias and underlying genetic causes diagnosed in the families

recruited for this study are presented below.

2.4.1 Horizontal Gaze Palsy with Progressive Scoliosis 2 caused by DCC Mutations

Homozygous loss-of-function mutations in the axon guidance receptor DCC
gene cause horizontal gaze palsy with progressive scoliosis (HGPPS-2), also known as
developmental-split brain syndrome (DSBS) (OMIM 617542). Jamuar et al. (2017)
were the first to describe it as a new syndrome. They reported two different
homozygous intragenic deletions in the DCC gene in three HGPPS2 patients from two
unrelated families. Premature termination and functional null alleles were the outcome

of both mutations. (Jamuar et al., 2017; Marsh ef al., 2017)

The absence of cerebral commissures, hypoplasia of the pons and midbrain,
butterfly-shaped medulla, horizontal gaze palsy, and progressive kyphoscoliosis since
childhood are the major hallmarks of HGPPS-2. Restrictive lung disease can develop
in certain persons with severe scoliosis. This may necessitate spine surgery. Walking
and talking are common developmental milestones that are delayed, and intellectual
development might be abnormal. Mirror movements are also possible. The gait may be
uneven, but it is not abnormal (Jamuar et al., 2017; Zaka et al., 2020). Only two DCC
gene variants have been found worldwide in HGPPS-2 patients so far (Jamuar et al.,

2017).
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The netrin-1 receptor protein is encoded by the DCC (deleted in colorectal
cancer) gene. It belongs to the immunoglobulin superfamily of cell adhesion molecules
and is a single-pass transmembrane glycoprotein (Keino-Masu, et al, 1996).
Originally, the DCC gene was assumed to serve as a tumour suppressor. The activity
of DCC as a tumour suppressor is still debated because it has yet to be confirmed in
vivo (Fearon et al., 1990; Llambi ez al., 2001; Williams et al., 2006; Bin et al., 2015).
DCC, on the other hand, has been proven to play a role in the development of the
central nervous system (Keino-Masu et al., 1996; Fazeli et al., 1997; Srour et al., 2009;
Jamuar et al., 2017; Marsh et al., 2017).

Congenital mirror motions and/or corpus callosum agenesis have previously
been linked to heterozygous truncating variations in the DCC gene (Marsh et al., 2017;
Bierhals et al., 2018; Vosberg, et al., 2019). Patients with HGPPS-2 (OMIM 617542),
a "split-brain" condition characterised by the absence of cerebral commissures and
clinical characteristics of scoliosis, horizontal gaze palsy, and intellectual development,
have biallelic loss of function mutations in the DCC. It is similar to the HGPPS
phenotype generated by a recessive ROBO2 mutation (Jamuar et al.,, 2017; Marsh et

al., 2018).

Two boys and an unrelated girl were characterised by Jamuar et al. (2017) as
having the same phenotype of developmental delays, intellectual disability, horizontal
gaze palsy, and early-onset progressive scoliosis. They were all born into
consanguineous Mexican and Arabian families. Brain imaging revealed the following
conditions: agenesis of the corpus callosum (ACC), absence of the anterior and
hippocampal commissures, hypoplasia of the pons and midbrain, and a butterfly-shaped

medulla caused by a midline cleft through the brain. Mirror movements were absent in
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Mapping of Genes Involved in Hereditary Skeletal Dysplasia in Pakistani Families 16



Chapter 2 Literature Review

the parents of the affected patients, implying variable or insufficient penetrance

(Jamuar et al., 2017).

2.4.2 Ellis van-Creveld Syndrome caused by EVC Mutations

Ellis-van Creveld syndrome (OMIM #225500) is an autosomal recessive
chondroectodermal dysplasia with skeletal and extraskeletal characteristics, including
ectodermal and congenital cardiac abnormalities. Short ribs and limbs
(chondrodystrophy), dysplastic teeth and nails (ectodermal dysplasia), and postaxial
polydactyly are all common symptoms. In 60 percent of people, congenital heart
abnormalities or circulatory anomalies are discovered. (Nguyen et al., 2016). Pérez-
Andreu et al. 2015 estimated that 50 percent of those affected die in infancy due to

cardiorespiratory issues.

The most common cause of this condition is mutations in the £VC and EVC2
genes (Tompson et al., 2007). The bulk of the mutations create a premature termination
codon, which is likely to result in protein truncation and loss of function. (Aziz ef al.,

2016; D’Asdia et al., 2013).

EvC syndrome is a very rare condition, with only about 300 instances reported
worldwide. Although the actual prevalence of the illness is unknown, it is expected to
affect seven out of every million people (Al-Fardan & Al-Qattan, 2017). The Amish
group has reported the majority of the instances (Baujat & Le Merrer, 2007). Even
within the same family and with the same mutation, there has been significant
heterogeneity in the severity and illness characteristics. It is well recognised that not
every patient with EvC syndrome exhibits all of the symptoms. The existence or
absence of a cardiac abnormality, as well as polydactyly of the feet, are common

distinctions among patients. Syndactyly has been documented as well (Ibarra-Ramirez
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et al., 2017; Rao et al., 2017). Clinical and skeletal radiography examinations are

frequently used to make the final diagnosis.

EVC is a 992 amino acid protein that is encoded by a 103 kb region on
chrdp16.2. The EVC gene product is involved in skeletogenesis, as well as control and
differentiation signalling between ectodermal and mesodermal derivatives (Caparros-
Martin et al., 2013; Valencia et al., 2009). It has also been linked to cardiogenesis (Liu

et al., 2018; Ruiz Perez & Goodship, 2009).

EVC and EVC2 proteins are both essential for maintaining normal levels,
according to knockout animal models. Both proteins form a complex that binds to
primary cilia and influences the Hedgehog signalling pathway in a favourable way
(Caparros-Martin et al., 2013, Louie et al., 2020). An abnormal response to Hedgehog
signalling has been shown to cause chondrodysplasias in cell cultures and animal

models (Louie et al., 2020).
2.4.3 3M Syndrome caused by CUL7 Mutations

3M syndrome (OMIM 273750) is a rare autosomal recessive syndrome that
presents with characteristic features of intrauterine and postnatal growth retardation,
facial dysmorphism, skeletal abnormalities and normal intelligence (Miller et al., 1975,
van der Wal ef al., 2001; Temtamy et al., 2006). 3M syndrome has multigenic,
autosomal recessive inheritance pattern. Mutations in Cullin 7 (CUL?7), coiled-coil
domain-containing protein 8 (CCDC8) and obscurin-like 1 (OBSLI) are known to

cause 3M syndrome (Huber et al., 2005; Hanson et al., 2009).

3M syndrome is characterized by low birth weight, severely retarded postnatal
growth, and short stature. The affected individual has very distinctive facial features,

including a triangular shaped face, fleshy tipped nose, anteverted nares, midface
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hypoplasia, dolichocephaly, full lips, prominent ears, pointed chin and frontal bossing.
These features are more prominent in childhood, and become less pronounced in
adults, which makes 3M Syndrome more difficult to diagnose in adults (van der Waal

et al., 2001; Temtamy et al., 2006).

Radiological abnormalities are variable and also tend to become less
pronounced with age. Reported anomalies include slender long bones, tall vertebral
bodies, short thorax and hypoplastic ribs. Abnormalities of the bone are found to be
less common in 3M syndrome in patients with CUL7 mutations, as compared to

patients with OBSLI and CCDC8 mutations (Maksimova et al., 2007).

As opposed to most other genetic growth disorders, intelligence of 3M
syndrome patients remains normal. There is no reported delav in developmental
milestones either. In some cases, in utero deaths of affected fetuses have also been

reported (Huber et al., 2009).

Mutations in the CUL7 gene (MIM 609577) have been reported as the causative
factor in more than three-quarters of 3M syndrome patients (Huber ef al., 2005). The
CUL?7 gene encodes the cullin-7 protein. This protein plays an important role in the
ubiquitin-proteasome system, as it regulates the assembly of the E3 ubiquitin ligase
complex that tags proteins for ubiquitination (Sarikas et al., 2008). CUL7 has been
found to be necessary for growth and development, including chondrogenesis,
endochondral ossification, and lung development. (Tsutsumi et al., 2008).

2.4.4 Spondylocarpotarsal Synestosis caused by FLNB Mutations

Spondylocarpotarsal synostosis syndrome (SCT) (OMIM #272460), commonly

known as congenital synspondylism, is a skeletal abnormality marked by postnatal
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disproportionate short height, scoliosis and lordosis, carpal and tarsal synostosis, and

vertebral fusions (Langer et al., 1975; Krakow et al., 2004).

In 1975, Langer et al. coined the term spondylocarpotarsal synostosis syndrome
to describe the most common radiological and clinical characteristics of the disorder.
The lunate—triquetrum and capitates-hamate bones are generally involved in carpal
synostosis, and tarsal coalitions can cause club feet. Joint laxity, cervical spine
instability, cleft palate, mixed hearing loss, pes planus, dental malformations, enamel
hypoplasia, and facial dysmorphism are some of the other symptoms of this condition

(Krakow et al., 2004).

The filamins A, B, and C are involved in several important processes, including cell
division and motility. They also provide cell structure, enable signal transduction and

facilitate the transport of tiny solutes into and out of the cell (Yang et al., 2017).

Krakow et al., (2004) discovered that SCT patients in four unrelated
spondylocarpotarsal synostosis (SCT) families had nonsense mutations in the FLNB
gene, either in the homozygous or compound heterozygous state. The premature stop
codons were all found within Filamin B repeat domain, hence, Krakow et al., (2004)
reported that SCT is caused by Filamin B truncation or absence. Finb -/- mice were
found to have phenotypic similarities to people with SCT, including short height and

skeletal deformities (Farrington-Rock et al., 2008).

Short height, scoliosis, block vertebrae, symphalangism, and tarsal synostosis
were all signs of SCT in a 45-year-old Pakistani male, according to Assir & Wasim
(2012), who presented the first case from Pakistan. In this investigation, however, no
genetic data was available. Yasin et al. (2021) identified the first

novel FLNB homozygous pathogenic variant in the Pakistani population.
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2.4.5 Otopalatodigital syndrome 2 caused by FLNA Mutations

Otopalatodigital syndrome-2 (OPD) (OMIM #304120) is one of four
congenital otopalatodigital syndromes. The phenotypic range of syndromes also
includes frontometaphyseal dysplasia (FMD1; OMIM #305620), otopalatodigital
syndrome-1 (OPD1; OMIM #311300), and Melnick-Needles syndrome (MNS; OMIM

#309350).

Infants diagnosed with OPD2 have been reported to have characteristic facial
dysmorphism, including hypertelorism, downslanting palpebral fissures, midfacial
hypoplasia, microstomia, micrognathia, malformed and/or apparently low-set ears, and
midfacial hypoplasia. Malformations of the central nervous system, heart (congenital
heart abnormalities), gut, and genitourinary system are examples of extraskeletal
malformations. From normal to modest intellectual disability, psychomotor

development differs (Robertson et al., 2003).

Brewster et al. (1985) reported two infants, a baby boy and his maternal uncle,
with lethal skeletal dysplasia, manifesting as midface hypoplasia, downward-slanting
palpebral fissures, cleft palate, a tiny thorax, and bowed limbs with nonexistent fibulae.
Clinical, radiologic, and histologic data suggested that deficient intramembranous
ossification is a major anomaly in OPD type II, according to Ogata et al., (1990).
Johnson et al, (2008) described a brother and sister with OPD2 who had

tracheomalacia and needed a tracheostomy to ease lower airway blockage.

It has been reported that OPD2 has an X-linked dominant inheritance pattern,
and is caused by gain of function mutations in the gene FLNA (Xq28), which encodes

filamin A (Robertson et al.,2003).
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Robertson et al., (2003) described FLNA mutations that lead to a spectrum of
X-linked syndromes: otopalatodigital syndrome types I and II (OPD1 and OPD2),
frontometaphyseal dysplasia (FMD1), and Melnick-Needles syndrome (MNS). All
mutations were present in the actin-binding domain and repeat domains 3, 10, 14 and

15 of the gene.

Stefanova et al., (2005) discovered heterozygosity for a deletion in the FLNA
in 6 afflicted girls from a 4-generation pedigree with cranial hyperostosis and numerous
skeletal deformities. Male offspring in this family died young as a result of the
condition. Females' phenotypic were varied and modest, bridging the phenotypes of
multiple OPD spectrum disorders. Zenker et al. (2006) proposed that X-inactivation is
a major epigenetic regulator of the phenotype in females with FLNA-related skeletal

dysplasias.

FLNA has 48 exons comprising 26 kb of genomic sequence and a 7.9-kb open
reading frame (Fox et al., 1998). Filamin A is encoded by this gene. Filamin A is a
280-kD actin-binding protein that regulates actin cytoskeleton rearrangement by
interacting with integrins, second messengers and transmembrane proteins. By forming
orthogonal networks of crosslinked actin filaments in the cytoplasm, filaments join
membrane proteins to the actin cytoskeleton. Controlling cell shape and migration

requires the remodelling of the cytoskeleton. (Maestrini et al., 1993; Fox et al., 1998).

2.4.6 Spondylocostal Dyostosis 1 caused by DLL3 Mutations

Spondylocostal dysostosis 1 (OMIM # 277300) is a disorder in which the bones
of the spine and ribs are malformed. Fusion of the vertebrae, hemivertebrae, and rib

fusion with other rib abnormalities are the most common skeletal deformities. A natural
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consequence of these anomalies is a deformity of the chest and spine (severe scoliosis,

kyphoscoliosis, and lordosis), which results in dwarfism (Mortier et al., 1996).

In most cases, autosomal recessive spondylocostal dysostosis is detected in the
neonatal era. This disorder causes infants' chests to be too tiny to expand properly,
resulting in life-threatening breathing issues. Early-life breathing issues can be fatal;
nevertheless, some people with breathing problems live into adulthood (Turnpenny et

al., 1999).

This syndrome was first documented in two siblings by Jarcho and Levin
(1938). Castroviejo et al. (1973) described three Spanish sisters with spondylothoracic
dysplasia. They had a small thorax, a short neck with limited mobility, winged scapulae,

and scoliosis or kyphoscoliosis. There were rib anomalies in both form and quantity.

Turnpenny et al. (1999) used homozygosity mapping to do genome-wide
scanning in families with autosomal recessive spondylocostal dysostosis. A significant
connection to 19ql3 was discovered. To assess human DLL3 as a potential gene,
Bulman et al. (2000) cloned and sequenced it. Mutations were discovered in three
autosomal recessive spondylocostal dyostosis families. These were the first alterations
in a human delta homolog, emphasising the importance of the Notch signalling system

and its components in mammalian axial skeleton patterning.

Notch signalling is involved in somite segmentation, which is the process of
separating future vertebrae and ribs from one another during early development. Somite
segmentation is interrupted when the Notch signalling system is disrupted, leading in
the deformity and fusion of the spine and ribs seen in spondylocostal dysostosis. DLL3
(19q13.2), MESP2 (15q26.1), LENG (7p22.3), and HES7 (17p13.1) are the four genes

found so far that are all implicated in the Notch signalling pathway. Spondylocostal
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dysostosis is caused by mutations in these genes in about 25% of cases. Additional
genes implicated in the Notch signalling system may possibly be linked to the disease

(Penton et al., 2012)

The DLL3 gene codes for the DLL3 (delta-like 3) protein, which aids in the
modulation of the Notch pathway, which is critical for the proper formation of vertebrae
during embryonic development. During early development, the DLL3 protein and the
Notch pathway are implicated in somite segmentation. Although the exact mechanism
of somite segmentation is unknown, it appears to be dependent on the activity of
multiple Notch pathway proteins, including the NOTCHI1 protein, being turned on and
off in a certain thythm (Saga er al, 2001). The DLL3 protein binds to the inactive
NOTCHLI protein and either sequesters it or marks it for degradation, preventing it from

being activated (Bulman et al., 2000).

2.4.7 Polydactyly caused by LMBR1 Mutations

Polydactyly is one of the dysostoses recognized by extra digit in upper and/or
lower limbs (Malik, 2014). The disorder may be unilateral or bilateral, symmetrical or
asymmetrical. On the basis of digit being affected, polydactyly is divided into preaxial
polydactyly (PPD; extra digit located on thumb side), mesoaxial polydactyly
(duplication of middle digits 2-4) and postaxial polydactyly (PAP; when extra digit
locates on the little finger side) (Malik, 2014; Umair et al., 2017b). Postaxial
polydactyly is subdivided into PAP type A (PAPA,; if the extra digit is well-developed)
and type B (PAPB; when the digit is rudimentary). A very rare type of polydactyly is
mirror-image polydactyly characterized by mirror-image duplication of digits.

Polydactyly segregates as autosomal dominant as well as autosomal recessive entity.
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Pre-axial polydactyly segregates in autosomal dominant form and is caused by
heterozygous variants in GLI3 and ZRS/SHH (Radhakrishna et al., 1999; Lettice et al.,
2003; Wieczorek et al., 2010). Five genes (ZNF141, 1QCE, ZRS/SHH, GLI3, GLII),
and three other loci (13q21-32, 13q13.3-21.2, 19p13.1-13.2) have been associated with
nonsyndromic post-axial polydactyly (Radhakrishna et al., 1999; Zhao et al., 2002,
Wieczorek et al, 2010; Umm-e-Kalsoom et al., 2012, 2013; Umair et al., 2017b;

Palencia-Campos et al., 2017).

LMBRI gene, located on 7q36.3, encodes for LMBR1 protein (limb
development membrane protein 1). Another member of the same protein family as
LMBRI1 is known to be to be a lipocalin transmembrane receptor. Within an intron of
this gene 1s a highly conserved, cis-acting regulatory module for the sonic hedgehog
gene. Therefore, interruption of this genic area can change the expression of Sonic
Hedgehog and impact limb patterning, although it is unknown if this gene has a direct

role in limb development (Xu et al., 2020).

According to Clark et al. (2000), Lmbrl expression had an impact on the
growing limbs of Hemimelic extra toes (Hx) mice. The Hx mutation results in preaxial
polydactyly, hemimelia of the radius and tibia, on both forelimbs and hindlimbs
(Knudsen and Kochhar, 1981). Acheiropody, characterized by hand and feet aplasia
and bilateral congenital amputations of the upper and lower extremities is also linked
to chromosome 7q36. Based on the genomic location of the gene and the phenotypic

of Hx mice, LMBR1 could be a candidate for acheiropody. (Escemilla et al., 2000).

Lettice et al. (2003) discovered that point mutations in a Sonic hedgehog (SHH)
regulatory region on chromosome 7q36 cause preaxial polydactyly II. In mice models

of PPD, SHH is expressed in an extra ectopic position at the anterior border, where it
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is normally expressed in the zone of polarising activity (ZPA) posteriorly in the limb
bud. Lettice et al. (2003) discovered an enhancer element in the ZPA that drives normal
SHH expression. The ZPA regulatory sequence (ZRS) is found inside intron 5 of the
LMBRI gene, 1 Mb from the target gene SHH. In three independent families with PPD2
and one family with tibial hypoplasia with polydactyly, as well as in the Hx mouse
mutant, the ZRS included point mutations that segregated with polydactyly (Lettice et

al., 2003).

Gurnett et al. (2007) investigated four families with triphalangeal thumbs and
preaxial polydactyly, finding a mutation near the 5-prime end of the LMBRI ZRS in
two families and a mutation in the ZRS in one. In a three-generation consanguineous
Turkish kindred, Semerci et al. (2009) discovered a heterozygous mutation in the ZRS
region of the LMBRI gene linked to isolated triphalangeal thumb-preaxial polydactyly

syndrome.

2.4.8 Achondroplasia caused by FGFR3 Mutations

The most prevalent primary skeletal dysplasia in humans is achondroplasia, a
rare genetic condition. More than 90% of cases of disproportionately small height,
popularly known as dwarfism, are caused by this type of dysplasia. (Vajo et al,
2000). Every year, around 1: 20,000-30,000 cases are reported worldwide in

newborns (Waller et al., 2008).

Achondroplasia follows an autosomal dominant inheritance pattern. Advanced
paternal age is a recognised risk factor, and more than 80% of instances result from a

spontaneous mutation. The phenotype can be recognised on prenatal
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ultrasonography, and by newborn examination since it clearly differs from other

skeletal dysplasias. (Orioli ez al., 1995; Barbosa-Buck et al., 2012).

Macrocephaly, frontal bossing, midface hypoplasia, short limbs, brachydactyly

and genu varum are among the physical phenotypic characteristics (Pauli, 2019).

Early mortality, issues with the otolaryngology later in childhood, and an
increased risk of obesity into adulthood are all linked to achondroplasia. Spinal stenosis,
joint laxity, and thoracolumbar kyphosis may also appear in those who are affected

(Schkrohowsky et al,  2007).

During embryogenesis, the FGFR3 gene acts as a negative modulator of skeletal
growth and regulates endochondral ossification (Xue et al., 2014). Achondroplasia was
first related to dominant mutations in this gene (Shiang ez al., 1994; Unger et al., 2017).
Hypochondroplasia (HCH; OMIM 146000) and thanatophoric dysplasia (TD; OMIM
187600) types I (TDI) and 11 (TDII) were later linked to mutations in FGFR3 gene. De
novo mutations account for the majority of these autosomal dominant mutations.
Wilkin et al. (1998) also discovered that the achondroplasia mutation G380R is only
found in the paternal allele.

Achondroplasia (ACH), thanatophoric dysplasia types I and II (TD1 and TD2),
and hypochondroplasia (HCH) are all autosomal dominant human skeletal
abnormalities linked to point mutations in different regions of the FGFR3 gene. It is
believed that point mutations linked to these diseases result in constitutively activated
FGFR3, which autophosphorylates in the absence of ligand and is no longer regulated

by FGF binding (Harada et al., 2009; Foldynova-Trantirkova et al., 2012).
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Skeletal dysplasias caused by FGFR3 gene mutations have a wide phenotypic
range. The severity ranges from moderate forms like HCH to deadly forms like TDI or
TDII (Harada et al., 2009; Xue et al., 2014). Clinical diagnosis can be challenging in
some cases due to phenotypic overlap, hence testing for the mutations underlying the

condition is important (Almeida et al., 2009; Xue et al., 2014).

2.5 Skeletal Disorders in Pakistani Population

Cousin marriages are prevalent in the Pakistani society. Rare recessive genetic
variants continue to accumulate and the rare phenotypes manifest as a result of
increased incidence of consanguinity (>60 percent) (Hussain & Bittles, 1998). As a

result, recessive diseases are more prevalent in this population.

In Pakistan, several investigations on the genetics of skeletal dysplasia have
been undertaken. The first study looked at a large cohort of people living in two villages
of Sindh. In many consanguineous marriages, dwarfism affected multiple individuals.
A biallelic variation in GHRHR was discovered after molecular characterisation using

linkage analysis and sequencing (Baumann & Maheshwari, 1997).

Genetic skeletal disorders are a diverse, rare, and distinct group of rare bone
growth abnormalities that result in aberrant skeleton size and shape. In Pakistan, the
prevalence, mutation spectrum, and regional distribution of genetic skeletal illnesses
remain unknown. There have been no reports of disorders from any of the 19 groups
listed in the "Nosology and Classification of Genetic Skeletal Disorders (2015
Revision)" from the Pakistani population. Next-generation sequencing technologies

were used to identify mutations in the majority of instances (Umair et al., 2019).
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Variants in different genes have been discovered as the cause of several kinds
of skeletal dysplasia in Pakistani patients with various inheritance patterns.
Acromesomelic  dysplasia (AMDM, AMDG, AMDH), Polydactyly,
Mucopolysaccharidosis, Split hand/Split foot malformation (SHFM), and
synpolydacyly are the most commonly documented skeletal abnormalities in Pakistan,
accounting for 55.04 percent of all cases. The most common skeletal dysplasias are
acromesomelic dysplasias (Maroteaux type, Grebe type and Hunter-Thompson type)

(Mumtaz et al., 2015; Ullah et al., 2018; Umair et al., 2015; Umair et al., 2019).

Global genetic studies on inherited skeletal dysplasias are needed to better
comprehend the genetic factors underlying the diverse kinds of dwarfism and its
phenotypic expression. Due to the high number of consanguineous marriages and
hence the odds of identifying appropriate families, the Pakistani population holds a lot
of potential for genetic studies of recessive hereditary ilinesses. Because many skeletal
dysplasia syndromes have no known genetic etiology, the search for new genetic

variants continues (Costantini et al., 2021; Tang et al., 2021).

e e . e SR 5 P e LT R - TS v e S
Mapping of Genes Involved in Hereditary Skeletal Dysplasia in Pakistani Families 29



Chapter 3 Materials and Methods

MATERIALS AND METHODS

The research work was approved by the Ethical Review Committee at
International Islamic University, Islamabad. The workflow is illustrated in Figure
3.1

Selection and

recruitment of
families

Whole Exome WES Data
Sequencing (WES) Filtration

Pedigree DNA
Construction Quantification

Sanger Sequencing

L__| Human Genomic
Blood Sampling DNA Isolation from IniSilico Analysis
whole blood

Figure 3.1 Workflow showing the different steps carried out in the study

3.1 Selection and Recruitment of Families

Eight consanguineous Pakistani families, with multiple members affected with
skeletal dysplasia, were selected from different areas of Pakistan, including Punjab,
Sindh, KPK and Azad Kashmir. All the family members taking part in the research
project provided written informed consent for genetic/molecular analysis in

accordance with the Helsinki Declaration (Carlson et al., 2004).

3.2 Pedigree Construction

Pedigrees were created using the method outlined by Bennett et al., (2008)
based on the information provided by knowledgeable elder members of all the

families included in the study.
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In the pedigree, squares represent males and circles represent females. Unfilled
shapes are used for normal individuals, and filled shapes for affected
individuals. Crossed diagonal symbols are used to identify deceased people.
Arabic numbers are used to identify people within a generation. Roman numerals
represent different generations. Marriage is represented by the horizontal line,
consanguinity by the double marriage line, and offspring by the vertical line. The
line traced horizontally from the line of descent was known as the sibship line.
Clinical information, images, radiographs, and thorough medical histories were
gathered from all the affected members of the study's participating families at local
government hospitals and private clinics.

3.3 Blood Sampling

Blood samples were collected from all the available family members, including
both affected and unaffected members. The collected blood samples were stored in
EDTA-coated vacutainer tubes at 4°C at the Genomics Research Lab (GRL),
Department of Biological Sciences, International Islamic University, Islamabad.

Later, DNA was extracted from them.

3.4 Genomic DNA (gDNA) Extraction from Blood

Phenol-chloroform method was used to extract DNA. This is considered the
standard protocol for extraction of genomic DNA extraction (Sambrook et al.,
1989). Commercial kit method was also used to extract DNA from available blood

samples.

3.4.1 DNA Extraction using Phenol-Chloroform Method
From the vacutainer tube, 0.75 ml of blood was taken in an Eppendorf tube.

0.75 ml of solution A (0.32 M Sucrose, 10 mM Tris pH 7.5, 5 mM MgCl,, and 1%
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(v/v) Triton X-100) was added to it and mixed. The tube was centrifuged at 13,000
rpm for 60 seconds. A dense pellet was obtained after discarding the supernatant.
The pellet was resuspended in 400 ul of solution A, and was centrifuged at 13,000
rpm for 60 seconds again. Supernatant was again discarded to obtain the nuclear
pellet. This pellet was resuspended in 400 ul of solution B (10 mM Tris pH 7.5, 400
mM NaCl, 2 mM EDTA pH 8.0). 12 ul of 20% sodium dodecyl sulphate (SDS),

and 5 ul of proteinase K were also added to the Eppendorf tube.

The tube was then incubated at 37°C for 24 hours. 0.5 m] of a freshly prepared
mixture of equal volumes of solution C (400 ul phenol and 10 mM Tris) and
solution D (Chloroform and isoamyl alcohol; 24:1) were then added to it. The
sample was centrifuged at 13,000 rpm for 10 minutes to obtain a distinct separation
of layer. The upper aqueous layer was quantified and transferred to a new tube.

Equal volume of solution D was added to it.

The tube was then centrifuged for a further 10 minutes at 13,000 rpm, and upper
aqueous layer was again quantified and collected in a separate Eppendorf tube.
Equal volume of chilled isopropanol (at -20°C) and 55 ul of 3 M sodium acetate
(pH 6) were added to it. The DNA was then precipitated by repeatedly inverting the
tube. 200 ul of chilled 70% ethanol was used to wash the DNA pellet. The tube was
once more centrifuged for 7 minutes at 13,000 rpm. The tube was then dried for 10
minutes at 45°C in a drying oven. The DNA was dissolved in an appropriate volume
(150-200 ul) of Tris-EDTA (TE) buffer. The sample was incubated in an incubator

at 37°C for 24 hours.
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3.4.2 DNA Extraction using Kit Method

Blood was kept in an EDTA tube at room temperature for 18 to 20 minutes.
Lysis solution C (200 1; GenEluteTM Sigma Aldrich MO, USA), proteinase K
solution (20 ul; 16.8UI), and blood (200ul) were thoroughly vortexed for 10-25
seconds and incubated for 15 minutes at 55-60 °C in a 1.5 ml micro-centrifuge tube
(Axygen Inc., CA, USA). The addition of 220ul of 100% ethanol (BDH,

England) was then followed by a 15-25 second vortex.

Each Gene Elute Miniprep Binding Column received 500 ul of Column
Preparation Solution (CPS), which was then centrifuged for one minute at 10,000
rpm and the supernatant was discarded. After transferring the homogenised mixture
from the incubation step to the prepared column, centrifugation at a speed of 12,000
rpm was performed for 2 minutes. The supernatant was discarded. The column was
washed twice, once with pre-wash solution (500 ul) and once with wash solution
(500 ul). Centrifugation was carried out in both steps for 12 minutes at a speed of
13,000 rpm, and the follow-through was discarded. Elution buffer (EB; 150 ul) was
pre-heated to increase the concentration of DNA, and added to the column;
centrifugation was then carried out for three minutes at 12,500 rpm, and the

extracted DNA was stored at 4 °C.

3.5 DNA Quantification

By using a Nanodrop ND-1000 spectrophotometer (Life Technologies, USA)

quantification of DNA was carried out at an optical density of 260nm.
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3.6 Whole Exome Sequencing (WES)
WES was carried out at Lee Kong Chian School of Medicine, Nanyang

Technological University, Singapore and at Centre for Inherited Diseases, Taibah

University Madinah, Saudi Arabia.

Sonication was used to randomly shear three micrograms of genomic DNA into
100-160 bp fragments (Covaris E220, Woburn, MA, USA). DNA from 1-3
members of each family was analyzed using WES. Using the commercially
available Sure Select XT Human All Exon Agilent SOMb kit, exome enrichment
was carried out. Prior to WES, the Bravo automated platform was employed for
sample enrichment and preparation. On an Illumina HiSeq- 2500/4000 system,

captured DNA fragments were sequenced.

The readings were analysed using Burrows-Wheeler Aligner (BWA)
Enrichment application of Base Space. (Illumina Inc. 5200 Illumina Way, San
Diego, CA, 92122, USA). In order to accomplish alignment, Burrows-Wheeler
Aligner (BWA) was used, and Genome Analysis Toolkit (GATK) was utilised to
call the variants (Li & Durbin, 2009). The entire set of called variants was annotated
using Ilumina Variant Studio v2.2. GRCh37 (Genome Reference Consortium

Human Build 37) was used for data analysis.

3.6.1 Filtration of WES Data

Exome sequencing data was filtered for non-synonymous, homozygous variants
if the disease's mode of heredity was predicted to be autosomal recessive, and non-
synonymous, heterozygous variants if the disease's mode of inheritance was
predicted to be autosomal dominant. Variants were further filtered by searching

through online databases of genetic variations in humans (gnomAD, 1000 Genome,
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dbSNP, ExAc). Only variants with a frequency less than 0.01 were taken into
consideration. To further shortlist pathogenic variants, Mutation Taster (Schwarz
et al., 2014), Polyphen2 (Adzhubei et al., 2010) and SIFT (Sim ef al., 2012) were

utilized.

Following validation of the pathogenicity of variants and their detrimental
impact on the structure and function of proteins using PolyPhen-2, Mutation Taster,
and SIFT, literature review was conducted to shortlist the variants that seemed to
be related closely to the clinical phenotype observed in the affected

individuals. The  filters applied are shown in  Figure 3.2

Total number of variants detected

Filter for variants in coding region

non-sYynonymaous varant:

Filter for ral

gel

Figure 3.2 Workflow showing the different filtration steps carried out during

WES Data Filtration

* For autosomal dominant variants, filtration for heterozygous variants is performed.
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3.7 Sanger Sequencing

Primers were designed, exons of interest were amplified through PCR, and
Sanger sequenced to validate segregation of the variant in all affected and

unaffected members of the family.

3.7.1 Primer Design

Primers for the genes of interest were designed to validate correct segregation
of the shortlisted deleterious variants in affected and unaffected family members.
Primers were designed online using the Primer-3 software. Primer sequences are

listed in Table 3.1.

Table 3.1 List of primers used for candidate gene amplifications

Gene Ex Forward Primer Reverse Primer
on
CUL7 24 | 5’-GAGAGTCTGCTGGCGTTCTC-3’ P ATCCTTTTOCTCOTOAAGGTS
FLNA 3 5’-GGAACCTGAAGCTGATCCTG-3’ 5’-GGCACAGCTGTCCACCAG-3’
DLL3 7 5’-ACTTCTCCGGCCTCGTCT-3’ 5’-TCCTGCGTCCTTAGGTTGTT-3’
FLNB 21 | 5-CCAAAGGAGCTGGTACTGGA-3’ 5’-TGAAGGGAGACCCAGGTATG-3’
EVC 6 5-AGCAAAAGACAAAAATACCATTGA-3" | 5-TTTAAGTTACCTTGAAACATAGGTTGA-3’
DcC 16 | 5’-CCACTGCCACTTTCCTTTCT-3’ 5’-GCATGCATATGTGTGCAAGTA-3’
LMBRI 14 | S-TGATTTGCTTTTCTATGGGCCT-3’ 5’-AACAAGCTCTGCAGTTCTCC-3’
FGFR3 9 5’-GAACGTTCAGCCTATCCACA-3’ 5’-AAGTTCTCGGCAGTCTCCAA-3’
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3.7.2 Polymerase Chain Reaction
3.7.2.1 First Sequencing PCR

100 ng of extracted DNA, 20 pmoles of forward and reverse primer, 200 M
dNTPs, 2.5 units of Taq DNA polymerase, and PCR buffer were included in the
reaction mixture. Thermal cycling was performed under the following conditions:
95 °C for 5 min, then 40 cycles of 95 °C for 1 min, 53-58 °C for 1 min, 72 °C for 1
min, and finally a 10 min extension at 72 °C. The Palm-Cycler gradient thermal

cycler was used to conduct PCR (Corbett Life Science, Australia).

In 0.2 ml PCR tubes, target exons were amplified. 2% agarose gel was prepared
to analyze the PCR results. For purification after the first PCR, ThermoScientific
GeneJET kit was employed, according to the standard instructions provided by the

manufacturer. The purified product was again analyzed on 2% agarose gel.

3.7.2.2 Second Sequencing PCR

Sanger sequencing was carried out in a total volume of 10ul by adding the
following components (1ul sequencing buffer, 1-2ul purified PCR product, 3.5ul

DTCS quick start kit, 1pul of primer (0.1pM), and 2.5-3.5 pl PCR water).

After thoroughly mixing all of the components, the 10 ul reaction mixture was
run on the thermocycler T1 (Biometra, Germany) under the following conditions.
A 50-second initial denaturation stage was followed by three steps with 25
amplification cycles: denaturation at 95°C for 12 seconds, annealing at 57 °C for

12 seconds, and extension of the amplified product at 62°C for 4 minutes.

Following a second successful PCR, the POP6 Protocol for ethanol precipitation

step was used to achieve a second round of purification.
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A fresh stop solution (SS) of 20 mg/ml Glycogen (0.5 ml) and 100 mM Na,EDTA
was added to a fresh Eppendorf tube (2 ml).
Sequencing product was added to it, and it was subsequently centrifuged at 12,500

rpm for 20 minutes.

After discarding the supernatant, 150 ul of 70% ethanol was added to the tubes
They were once more centrifuged for 10 minutes at 12,500 rpm. The samples were

vacuum dried, while the supernatant was castoff.

The pellet was resuspended in sample loading solution (20 pl SLS) by vortexi
ng for 5 to 10 seconds. All of the samples were loaded onto the sample loading t

ray. DNA sequencer was used to perform sequencing (Beckman Coulter, CEQ880

0).

3.7.3 Analysis of Sanger sequencing data
BioEdit software was used to analyze variants and co-segregation in Sanger
sequenced data. Ensembl Gene Sequence view

(http://www.ensembl.org/index.html) was used to obtain the reference sequence of

the gene of interest. The reference sequence was aligned with Sanger sequencing

results in BioEdit software using Clustal W.

3.8 In Silico Analysis
The identified variants were analyzed using online pathogenicity prediction
tools including SIFT, Mutation Taster, PolyPhen-2, MutPred2, PMut, PhD-SNP,

mvPPT, SNAP, Panther, Meta-SNP, LRT, and GERP.

Three dimensional (3D) structure of the wild-type proteins was retrieved from
Alpha fold protein structure database (Jumper et al, 2021; Varadi et al., 2022).

Mutant structures were developed via Pymol (DeLano,2002) and I-Tasser (Yang &

e e e
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Zhang, 2015). In order to remove bad contacts from the modelled structures, protein
structures were energetically minimized via Chimera 1.14 (Pettersen et al., 2004).
Structural evaluation of these energetically minimized models was performed via

PROCHECK Ramachandran plots (Laskowski et al., 1993).

In order to have a clear understanding between the difference in structure of
wild-type and mutant proteins, structural superimposition was performed via USCF
Chimera (Pettersen et al., 2004). PDBsum generate was employed to predict and
compare the change in secondary structure elements of wild-type and mutant

proteins (Laskowski, 2001).

In order to investigate the effect of mutant proteins on molecular interaction and
binding affinity with other interacting proteins, molecular docking of wild-type and

mutant proteins were performed via Cluspro web-server (http://cluspro.bu.edu/)

(Comeau et al., 2007).For visual depiction, Chimera 1.14 (Pettersen et al., 2004)
was employed. LigPlot+ (Laskowski et al., 2011) was utilized to analyze protein-

protein interactions and measure distances between interacting amino acids.

e = =
Mapping of Genes Involved in Hereditary Skeletal Dysplasia in Pakistani Families 39



Chapter 4 Results

RESULTS

In the present study, eight families were investigated for the underlying causes
of prevalent skeletal dysplasias. These families were recruited from their native
towns. Family descriptions are given along with the pedigrees, followed by detailed
phenotypic, clinical and radiological findings of affected individuals. Results of
genetic analysis are given along with the description of biallelic sequence variants

resulting in deleterious mutations.

4.1 Family 1

Family 1 was collected from District Swabi, KPK Province. It comprised of
four affected individuals. One affected individual was deceased at the time of
sample collection. Three affected individuals along with their unaffected siblings,

parents and relatives participated in the study (Figure 4.1).

4.1.1 Clinical Findings

We investigated at a large consanguineous Pakistani family that included three
affected members (IV-1, IV-2, and IV-6) who were diagnosed with scoliosis, which

was slight at birth and gradually increased over time (Figure 4.2).

The affected individuals had lateral curvature, disproportionate shoulders,
unequal hips, and trunk asymmetry in addition to spinal malformation. They
reported pain and discomfort in walking, and their gaits were altered. On
radiographs, the dorso-lumbar spine was clearly kyphoscoliotic, with convexity to
the right side (Figure 4.2). This was linked to early degenerative changes and a
generalized reduction in bone density.
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IV-1 was a 19-vear-old male. He didn't exhibit any obvious developmental
delays. He began to walk and speak at the normal age. He was diagnosed with
moderate intellectual disability and chronic lung disease. He was diagnosed with
horizontal gaze palsy and poor eyesight after an eye exam. There were no mirror
movements observed. Individual TV-2 was 17 years old at the time of examination.
He started walking at the age of 4 years, but was unable to speak properly. He was
assessed to be intellectually normal. Eye examination revealed classic symptoms of

horizontal gaze palsy.

Individual V-6, at the time of the examination, was 9 years old. She met all the
developmental milestones and had a normal intellectual capability. She exhibited

mild horizontal gaze palsy.

Mirror movements were examined in parents, siblings, and both affected and
unaffected children, but were found to be absent. The affected individuals had not
undergone any scoliosis surgery or other corrective treatment. Brain MR1 tests were
performed for the three affected individuals. All three displayed abnormalities such
absence of anterior commissure, hypoplasia, and corpus callosum agenesis (Figure
4.2). The four siblings' phenotypic traits are collected in Table 4.1. Table 4.2
compares the clinical characteristics of the affected individuals between this study

and a prior study by Jamuar et al. (2017).

No apparent phenotypic abnormality was noted in the parents of the affected
siblings. Mirror movements were also absent. MRI and any other radiological tests

could not be performed on them, as they did not give their consent.
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4.1.2 Genetic Findings

Pathogenic mutations were screened for in the variants found following the
exome sequencing of two affected patients (IV-2 and 1V-6) Variants were filtered
according to standard process (Hashmi ez a/., 2019). The non-synonymous variants
in the coding region of the genome were selected. Variants with a frequency larger
than 0.01, in human genetic databases, were excluded. Then, recessive variants that

were predicted to be damaging were selected. (Table 4.3).

After applying the filtration steps, 38 variants were shortlisted. A homozygous
frameshift variation (c.2399dupA, p.(Asn800Lysfs*11)) in exon 16 of the DCC
gene (NM 005215.3) was chosen after thorough investigation since it was
discovered to be strongly associated to the phenotype based on literature studies.
Due to past reports linking DCC gene variants to progressive scoliosis, delayed
intellectual growth, and distinctive radiological findings, the DCC gene variant
(c.2399dupA) found in our family was regarded as the most likely candidate

variant.

Primers were designed for the variant identified in the DCC gene. The region
flanking the DCC gene variant was sequenced in both parents, the affected sibling,
and the unaffected sibling. Analysis of the Sanger reads confirmed that the variant
was fully segregating with disease phenotype in all family members (Figure 4.3).
Sanger sequencing verified that all three patients carried the unique homozygous
mutation; the parents were heterozygous carriers, which is consistent with the

autosomal recessive inheritance pattern.

The variant was not found in 1000 Genomes Database, and Exome

Aggregation Consortium (ExAc).
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4.1.3 In silico Findings

The variant was identified as disease-causing by pathogenicity prediction tools
(Table 4.4). The residues of interest were found to be conserved in orthologues

(Figure 4.4). Comparison of modelled structure of normal and mutated protein

showed that the mutated protein was truneated, as illustrated in Figure 4.5.
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Figure 4.1 Pedigree of Family-01
Pedigree of a family segregating horizontal gaze palsy with progressive scoliosis-
2 in an autosomal recessive manner. Asterisks show individuals available for this

study.
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Figure 4.2 Photographs and radiographs of Family-01

Photographs of affected individuals IV-I (a) and IV-2 (b). Radiographs of an individual
1V-1 showing marked kyphoscoliosis in dorso-lumbar spine (c, d). MRI images of
affected individual TV:1 (e-g). Sagittal image showing absent anterior commissure (i)
and hypoplastic pons (ii). Axial images showing midline medullary cleft and butterfly-

shaped medulla (iii) and agenesis of corpus callosum (iv).
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Table 4.1 Comparison of clinical features of affected individuals in Family-01
| I
Patient 1V-1 Patient 1V-2 Patient 1V-6
Gender Male Male Female
Age 19 yrs 17 yrs 6 yrs
Developmental delays - + -
Intellectual disability + - -
Mirror movements - - -
Scoliosis + + +
~ Agenesis of corpus callosum + + +
Absence of cerebral commissures + + +
Key: (+) = presence of features; (-) = absence of features
~
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Table 4.2 Comparison of clinical features of affected individuals in Family-01

in this study and previous study by Jamuar et al. (2017)

This report Jamuar et al. (2017)
Patient IV-1 Patient IV-2 Patient IV-6 Family 1 Family 1 Family 2
Patient 1 Patient 2 Patient

Ethnicity Pakistani Pakistani Pakistani Mexican Mexican Arab
Consanguinity + + - + + +
Developmental _ + - + + +
Delays
Intellectual + _ - + + _
Disability
Mirror - - 5 + + >
Movements |
Scoliosis + + + + 5 +
Horizontal Gaze + + 1 + + +
Palsy
Agenesis of + + & + + +
corpus callosum
Absence of + + + + + +
cercbral
commissures

Key: (+) = presence of features; (-) = absence of features
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Table 4.3 Filtration steps used to search for the disease-causing variant after

Whole Exome Sequencing (WES) in Family-01

Filtration Steps No. of variants detected
Total number of variants 109,998
Variants in coding region 28,964
Filter for non-synonymous variants 17,229
| Rare variants (less than or equal to 2,792
1%)
Recessive variants (homozygous or 261
compound heterozygous)
Predicted damaging 38
Related to the phenotype based on 1
literature study '

Table 4.4 Pathogenicity prediction of the shortlisted variant in DCC gene using

online tools

! Software Score Prediction | Comments
i = =
: . Frameshift

Mustation 1 Deleterious NMD

Taster

Protein features affected

i T i
| SIFT NA NA - |
| PolyPhen2 | NA NA -

. MutPred2 0.48 Pathogenic ' -
| — .
PMut L 02% Disease |

| causing
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Figure 4.3 Graphical representation of DCC gene, DCC protein and partial

chromatograms of DCC gene

(a) Representation of DCC gene at position 18q21.2 on chromosome 18 (Figure
taken from UCSC Genome Browser)

(b) Representation of exons in DCC gene (NM_005215.3). The mutation
¢.2399dupA lies in the 16™ exon.

(c) Representation of the domains in DCC protein (IG= Immunoglobulin domain;
FN3= Fibronectin domain; TM= Transmembrane domain; NC= Neogenin-C
domain). The mutation lies in the fourth fibronectin domain.

(d-f) Chromatogram showing partial sequence of an exon 16 of the DCC gene.
Homozygous mutant sequence (of individual IV:1) (d). wild-type sequence (of

individual IV:3) (e). heterozygous carrier (of individual I11:4) (f). Arrows mark the
point of mutation.
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Figure 4.4 Multiple Sequence Alignment of DCC Protein
Amino acid sequence comparison of DCC orthologues shows the conservation of the
mutated residues across different species. Conserved residues are shown in green. Residues

which have been mutated in the patients have been shown in red.

(a) (b)
Figure 4.5 Structural models of wild-type and mutated DCC protein

Comparison of wild-type DCC protein model (a) and mutated DCC protein model (b)

demonstrates that the predicted mutated protein is truncated.
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4.2 Family 2

Family 2 was a consanguineous family sampled from Azad Kashmir, Pakistan.
It comprised four affected siblings. One affected individual was deceased at the
time of sample collection. Three affected siblings and their parents participated in

the study (Figure 4.6).
4.2.1 Clinical Findings

Clinical testing revealed that three affected siblings (1i-1, 11-2, and 11-3) had

isolated ulnar polydactyly/syndactyly, which was the initial diagnosis.

The proband II-1 was a 12-year-old female with severe postnatal growth
retardation and developmental abnormalities despite having a normal birth weight
(4 kg, >50th percentile). She weighed 19 kg and measured 105 cm at the time of
the checkup. She was below the first percentile for both height and weight for her
age. She had delayed speech, and also started walking at around 5 years. She had
multiple oral frena, hypoplastic nails, bilateral postaxial polydactyly of the hands
and feet, and malocclusions in her teeth. The extra finger on the left hand was found
to have fused metacarpals that were fused together. Congenital ventricular septal
defect and repeated respiratory infections were both noted in her medical records.
Chest radiograph showed crowding of the ribs. Mild genu valgum was also

observed (Figure 4.7).

Individuals I-2 and 11-3 (9-year old boy and 6-year old boy respectively) both
had hypoplastic nails, crooked teeth, multiple oral frena, abnormal frenal
attachments, and hypoplastic tooth enamel. Bilateral postaxial polydactyly in the
feet only was identified in II-2. Surgery had been performed to remove the sixth toe

on the left foot as it made it difficult for himto walk. II-3 exhibited partial
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syndactyly of 4th and 5th toe of the left foot only (Figure 4.7). Individuals II-2 and

11-3 lacked any further phenotypic traits associated with the EVC syndrome.

A second female sibling, 1I-4, had passed very shortly after birth from
respiratory distress linked to a possible congenital cardiac condition. Additionally,
her hands and feet were found to have bilateral postaxial polydactyly. Parents were
first cousins and phenotypically normal. Phenotypic characteristics of the four

siblings are summarized in Table 4.5.
4.2.2 Genetic Findings

Filtration for pathogenic mutations was performed following the exome
sequencing of two affected patients (11-1 and I1-2). Variants were filtered according
to standard process (Hashmi et al., 2019). The non-synonymous variants in the
coding region were selected. Recessive variants that were projected to be harmful

and had a frequency of less than 0.01 were screened and examined (Table 4.6).

73 shortlisted variants were carefully analyzed, and a homozygous 27bps
deletion variant (c.731_757delITCCTTGACCTTCTTCCTAAAAAGAAGT) in the
EVC gene (NM_153717.2) was identified in both affected individuals. It was
considered the most probable pathogenic variant based on literature study and the

previously reported involvement of EVC gene variants in EvC syndrome.

The inframe deletion of 27 bps in the £VC gene results in the replacement of
causes 10 amino acids by a single proline residue (p. Leu244 Ser253delinsPro) in
the EVC protein. Sanger sequencing data confirmed co-segregation of the variant,
as all three affected siblings were homozygous for the variant, whereas their parents

were heterozygous (Figure 4.8).
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4.2.3 In silico Findings

The variant was identified as disease-causing by prediction tools (Table 4.7).
The deleted residues of EVC protein were found to be conserved in orthologues
(Figure 4.9). The structure of EVC protein was obtained from Alpha-Fold.
Mutations were introduced using PyMol. Chimera was used for energy
minimization of mutated structure. Analysis of secondary structure using PDBsum
Generate, and superimposition of wild-type and mutant 3D structures reveals the

loss of two beta-turns in the mutant EVC protein (Figure 4.10).

. i)
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Figure 4.6 Pedigree of Family-02
Pedigree of a family segregating EVC Syndrome in an autosomal recessive

manner. Asterisks show individuals available for the study
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Figure 4.7 Photographs and radiographs of Family-02

(a.b) Photograph of hands and feet of individual II-1 showing dysplastic nails and
bilateral postaxial polydactyly.

(c, d) Photograph of hand and feet of individual 1I-2 showing hypoplastic nails and
bilateral postaxial polydactyly. 6th toe of right foot was removed by surgery.

(e, f) Photograph of hands and feet showing hypoplastic nails in individual IT-3.
Partial syndactyly of 4th and 5th toe in individual I1-3 is evident.

(g, h) Photograph of teeth showing malocclusions and multiple buccal and labial
frena, and abnormal frenal attachments in individual II-1 and II-2.

(i) Feet x-ray of individual II-2 showing bilateral postaxial polydactyly.

(j) Chest X-ray of II-1 showing normal features except for crowding of right upper
ribs.

(k) Hand and arm x-ray of II-1 showing bilateral postaxial polydactyly and normal

radius and ulna.
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Mapping of Genes Involved in Hereditary Skeletal Dysplasia in Pakistani Families 55



"

Chapter 4

Results

Table 4.5 Comparison of clinical features of affected individuals in Family-02

I1-1 11-2 I1-3 114
Died as a
Age 12yrsold | 9yrsold 6 yrs old newbom
Sex Female Male Male Female
Congenital Heart Highly
+ IS -
Defects suspected
_Postaxxal Polydactyly Bilateral - - Bilateral
in hands
. Unilateral
}’ostanal Polydactyly Bilateral Bilateral Partial Bilateral
in feet
Syndactyly

Capitate-hamitate ) )
fusion i :
Genu valgum + - - Unknown
Nail dystrophy + + ay Unknown
Multiple oral frena + + + Unknown
Dental malocclusions + & + Unknown
Long narrow chest - - - -

Key: (+) = presence of features; (-) = absence of features
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Mapping of Genes Involved in Hereditary Skeletal Dysplasia in Pakistani Families 56



Chapter 4 Results

t

Table 4.6 Filtration steps used to search for the disease-causing variant after

WES in Family-02

Filtration Steps No. of variants detected
Total number of variants 108,067
Variants in coding region 28,585
Filter for non-synonymous variants 17,124
Rare variants (less than or equal to 1%) 2,992
Recessive variants (homozygous or 403

compound heterozygous)

Predicted damaging 73

Related to the phenotype based on 1

literature study

Table 4.7 Pathogenicity prediction of the shortlisted variant in EVC gene using
online tools

Software Score Prediction Comments

) Frameshift
R 0.999 Deleterious NMD r
Taster |

Protein features affected

SIFT NA NA -
PolyPhen-2 NA NA -
MutPred?2 0.57 Pathogenic -
Provean 33 84 Deleterious -
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Figure 4.8 Graphical representation of EV'C gene and EVC protein, and partial

chromatograms of EVC gene
(a) Representation of EVC gene at position 4p16.2 on chromosome 4 (Figure taken from
UCSC Genome Browser)
(b) Representation of exons in EVC gene (NM_153717.2). The mutation lies in the 6
exon.
(c) Representation of the domains in EVC protein (SP=Signal Peptide; TM=

Transmembrane domain)

(d) Chromatogram showing partial sequence of the exon 6 of the EVC gene in a control
individual. A 27bps deletion, identified in this study, is underlined.
(e) Chromatogram showing partial sequence of the exon 6 of the EVC gene in an affected

individual. Position of a 27bps deletion mutation is marked with arrow.

(f) Chromatogram showing partial sequence of exon 6 of the £V'C gene in parents of the

affected individuals (c).
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Figure 4.9 Multiple Sequence Alignment of EVC Protein

Amino acid sequence comparison of EVC protein showing conservation of the mutated
residues across different species. Conserved residues are shown in blue. Unconserved
residues are shown in red. Residues deleted in the mutant protein are represented by

gray shaded squares in the top row.
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Figure 4.10 Structural models of wild-type and mutated EVC protein
(a) Structure of EVC protein (wild-type) on the left in pink color, and mutated EVC

protein on the right in blue colour. (b) Zoomed-in panel shoes the deleted residues
and inserted Proline residue in the mutated EVC protein at position 244. (c)
Superimposition of wild-type (pink colour) and mutated (blue colour) EVC protein

structure shows that 2 beta-folds are missing in the mutated protein

e —
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4.3 Family 3

Family 3 was a consanguineous family collected from Karachi, Sindh Province.
It comprised six affected cousins, three of whom were deceased. All affected and

unaffected siblings and their parents participated in the study (Figure 4.11).

4.3.1 Clinical Findings

The proband IIL:1 is a 13-year-old boy, born to unaffected, consanguineous
parents. His height was measured to be 112cm. According to medical records, he
exhibited prenatal and postnatal growth retardation. Birth weight was 1.8 kg. He
exhibited normal intelligence but had characteristic features of facial dysmorphism
including frontal bossing, hypoplastic midface, prominent mouth and lips, broad
forehead and anteverted nares. He was observed to have short neck, short thorax,

square shoulders, winged scapulae, and lumbar scoliosis (Figure 4.12).

Radiological findings showed spina bifida occulta, and rib hypoplasia evident
by relative thinning of the posterior end of ribs (Figure 4.12). Protruding, fleshy
heels and hyper-extendable thumbs were observed. Growth hormone levels were

within the normal range.

The other sibling I11:4 is a 10-year old girl. Her height was measured to be 90cm.
She was also born as a low birth-weight infant and exhibited postnatal growth
retardation despite normal blood tests for growth hormones. She exhibited normal
intelligence, and also showed facial dysmorphism, similar to her brother. She also
had a short neck and thorax, winged scapulae and a protruding chest. Heels were

fleshy and protruding (Figure 4.12).
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Three male siblings (I1I:2, TI1:6 and TL:7) had died in utero while in the 2nd
trimester due to unknown causes. All three fetuses were diagnosed with severe

prenatal growth retardation.

IT11:8 is a 33-year old male born to unaffected, consanguineous parents with height
of 125 cm. He exhibited short neck, short stature, dislocated hips, lumbar scoliosis,
high square shoulders, and winged scapulae (Figure 4.12). He exhibited normal
intelligence. Characteristic facial dysmorphism was present, but less pronounced
than rest of patients. Details of clinical features in all 3M syndrome affected

members in this family are given in Table 4.8.
4.3.2 Genetic Findings

16 homozygous variants were identified after filtering for non-synonymous,
autosomal recessive, and rare (allele frequency < 1%) variants, that were present in
the coding region and were predicted to be damaging. On the basis of the functions
of the genes in which these 16 candidate variants localized and the previously
reported gene association with 3M Syndrome, CUL7 variant (¢.4493T>C) was

considered as the most probable candidate (Table 4.9).

It was confirmed through Sanger sequencing that parents (11:1-4) of all patients
were heterozygous for the identified variant, whereas the three patients (I1I:1, I11:4
and III:8) carried the homozygous mutation. The variant was absent in the

unaffected siblings (II1:3, I1I:5 and 111:9) (Figure 4.14).

The variant was absent in the exome-sequencing data of 100 individvals of
Pakistani origin. It was also not found in the available population databases,
including ExAC and gnomAD. This novel variant (c.4493T>C) in exon 24 of the

CUL?7 gene was found to segregate perfectly with 3M Syndrome manifestations in
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this family, and therefore, considered as the cause of the syndrome in this family.

The point mutation (c.4493T>C) in exon 24 of CUL7 gene results in a modification

p.Leul498Pro at protein level.
4.3.3 In silico Findings

The variant was predicted to be disease-causing by several online tools (Table
4.10). Both amino acids Leucine and Proline differs in specific size, charge, and
hydrophobicity-value. The wild-type leucine residue is predicted (using the Reprof
software) to be located in an a-helix. Proline, if not located at one of the first three
positions of a-helix, disrupts the helix. The identified mutation disrupts the helix,
producing a significant change in the structure of the protein (Figure 4.13). The
wild-type residue is much conserved in orthologues (Figure 4.11). The mutated
residue is located in cullin homology domain that is important for binding of other

molecules.

The mutant protein structure was modelled by Pymol (16) Fig 3(A and B),
and structural superimposition was performed via Chimera 1.14 (18). Structural
evaluation and validation of the wild type and mutant proteins was performed via
Ramachandran plots created by PROCHECK webserver (19) ) Fig 3(C and D). 3D
model of the wild type protein contains 86.3% residues in the favored region, 12.2%
amino acids in additionally allowed regions, 1.2% residues in generously allowed
regions, and only 0.3% residues in disallowed region. Similarly, 3D structure of
mutant CUL?7 protein modelled via Pymol has 86.3% residues in the favored region,
12.2% amino acids in additionally allowed regions, 1.2% residues in generously
allowed regions, and only 0.3% residues in disallowed region. Similar
Ramachandran plot statistics of normal and mutant protein structures indicates that

our structures are good enough to be employed for molecular interaction studies.
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Molecular docking studies were performed to calculate and analyze the binding
interactions between two molecules. CUL7 belongs to the family of structurally
related proteins Cullins, which share an evolutionarily conserved C-domain. Many
members of Cullin family play a significant role in Ubiquitin dependent proteolysis
(Sarikas ef al., 2011). A published research conducted on CUL7 (formerly known
as KIAA0076) indicates that it interacts with multiple proteins such as ROCI
(RING finger protein) and Skp1-Fbx29 complex to form an SCF-like complex that
plays a significant role in ubiquitination (Dias et al., 2003). In the present study,
effect of mutation on the molecular interactions of CUL7 with ROCI was assessed
by performing protein-protein docking via ClusPro. Figure 4.16 shows the docked
complexes of wild type CUL7 with ROCI protein and mutant CUL7 with ROCI.
From the LigPlot+ interaction diagram it is quite clear that the mutant CUL7 has
increased number of interactions with ROCI protein (Figure 4.17). The 4493T>C
mutation has a significant influence on the protein's normal structure and
conformation, which is clearly proved by the differences in the number and position
of residues involved in both types of docked complexes. This is due to a change in
the interaction site as a result of a mutation that harmed protein-protein interaction.

Residues involved in hydrogen bonding between docked complexes are shown in

Table 4.11.
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Figure 4.11 Pedigree of Family-03
Pedigree of a family segregating 3M Syndrome in an autosomal recessive

manner. Asterisks show individuals available for the study.
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Figure 4.12 Photographs and radiographs of Family-03

a- Heel photograph of affected individual III-1 showing fleshy, protruding heels
b- Chest X-ray of affected individual III-1 showing posterior thinning of ribs and
spina bifida occulta

c- Photograph of affected individual I1I-8 showing scoliosis- Photograph of
affected individual 1114 showing triangular face, frontal bossing, midface
hypoplasia, full fleshy lips, fleshy tipped nose and long philtrum

e- Photograph of affected individual I1I-1 showing dysmorphic facial features
including fleshy tipped nose, anteverted nares, fleshy lips, triangular face,
dolichocephaly, frontal bossing, midface hypoplasia, and long philtrum

f- Photograph of affected individual II1-8 showing dysmorphic facial features:
short neck and thorax, square shoulders and winged scapulae
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Table 4.8 Comparison of clinical features of affected individuals in Family-03

Summary of auxology, radiological and clinical phenotype of three 3-M syndrome
individuals reported in this paper. List of clinical features has been taken from Hanson

et al. (2009).

3M Syndrome
Features

IT1-1

I11-4

II1-8

Gender

Age at initial
presentation (years)

Height SDS at
presentation

Radiological features

Slender long bones

Tall vertebral bodies

Facial Features

Fleshy tipped nose

+

Anteverted nares

Full fleshy lips

Triangular face

+ |+

Dolichocephaly

Frontal bossing

Midface hypoplasia

T8 R [N [N R B

Long philtrum

Pointed chin

|||+ ]+

[+ [+ ]+

+

Prominent ears

Other Features

Short neck

Winged scapulae

Square shoulders

Short thorax

++ [+

+ |+ [+]+

Transverse chest
groove

|

Pectus deformity

Hyperlordosis

Scoliosis

Hypermobility of
joints

Fifth finger
clinodactyly

Prominent heels

NA

Spina bifida occulta

NA

NA

Developmental
dysplasia hip

(+) = Presence of features ; (-) = Absence of features
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Table 4.9 Filtration steps used to search for the disease-causing variant after

Whole Exome Sequencing (WES) in Family-03

Filtration Steps No. of variants detected
Total number of variants 69,317
Variants in coding region 3,512
Filter for non-synonymous variants 1,231
Rare variants (less than or equal to 430
1%)

Recessive variants (homozygous or 21
compound heterozygous)

Predicted damaging 16
Related to the phenotype based on 1
literature study

using online tools.

Table 4.10 Pathogenicity prediction of the shortlisted variant in CUL7 gene

Software Score Prediction Comments
Mutation Taster 0.995 Damaging Splice site affected
PhD-SNP 0.698 Disease -
mvPPT 0833 |  Disease i
‘ causing
SNAP 0.725 Disease
PolyPhen-2 0.999 Damaging -
Panther 0.802 Disease -
Meta-SNP 0.705 Disease
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Figure 4.13 Multiple sequence alignment of CUL7 protein

Amino acid sequence comparison of CUL7 protein conservation of the mutated residues

across different species. Conserved residues are shown in green. Changed residues are

shown in red.

Figure 4.14 Portion of the structural model of CUL7 7 wild-type and mutated

protein

Portion of the CUL7 protein model- Leucine (on the left, in wild-type protein) is
replaced by Proline (on the right, in mutated protein) causing a disruption in the a-

helix, due to missing hydrogen bond. Image generated by HOPE software.
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Wild Type Protein Mutant Protein

Figure 4.15 Predicted 3D structures of wild-type and mutant CUL7
L1498P protein generated by Pymol and their validations by
Ramachandran plots developed by PROCHECK.

a- 2D representation of 3D structure of wild-type CUL7 shown in red along
with Leu1498 represented in blue color.

b- 2D representation of 3D structure of mutant CUL7 shown in yellow color
along with Pro1498 represented in blue color.

c-Ramachandran plot of wild-type CUL7.

d- Ramachandran plot of mutant CUL7.
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Mapping of Genes Involved in Hereditary Skeletal Dysplasia in Pakistani Families 70




“9q

Chapter 4 Results

/ A: Dacked Complex of Wid-Trpe CULY sl ROC] proteia ::Wc-qh.tuuuv-m.me\

- .l -

- A {.

mo: SRS

g B
‘.l\._-. b, .
4.0 S \

A /

Figure 4.16 Docked pose of wild-type CUL7 and mutant CUL7 protein
with ROC1 protein.

a- Docked complex of wild-type CUL7 with ROCI protein. Wild-

type CUL7 is shown in red color with Leucine 1498 residue represented in magenta

color, ROClin orange and interacting residues in medium blue color.

b- Docked complex of mutant CUL7 with ROCI protein. Mutant CUL7 is shown in
yellow color with Proline 1498 residue represented in medium blue color, ROC1 in

forest green shade and interacting residues in magenta color.
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Figure 4.17 Schematic representation of interacting residues and binding

interactions involved in docked complexes.

a- 2D LigPlot+ interaction diagram of wild-type CUL7 with ROC]1 protein. Blue
residues represent binding residues of wild-type CUL7, however binding residues of
ROCI1 are represented in green color.

b- 2D LigPlot+ interaction diagram of wild-type CUL7 with ROCI protein. Blue
residues represent binding residues of wild-type CUL7 and binding residues of

ROCI1 are represented in green color. Olive green line indicates hydrogen bonding
between interacting residues.
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Table 4.11 Hydrogen bonded interactions between CUL7 andROC1 docked

complexes

Hydrogen bonded interactions between Protein-Protein Docked Complex

Wild-type CUL7 Residues ROC1 Residues = Mutant CUL7 Residues ROC1 Residues
Glul107, Argl636, Tyrl06, Ala6l,  Argll90, Glull04,  Hisl08, Lysl05, Glu67,
Argl190, Argl141, His108, Glu67, GIn332, His1102, Tyr106, Arg99, Glu102,

Glul1104, Glu332, His1102,  Lys10S, Ser85, Argl141, Glul107, Ala34, Lys89, Arg91,
Leul130, Ser1129, Lys89, Glu66, Pro343, Ala336, Leu342, Ser85, Arg86, Glu66,

Argl148, Argl133, Pro343, Leu88, GIn92, Metd467, Asp396, Ser1129, Asp36, 1le84, Leu88,

Ser1256, Glu391, Ser416, Arg99, GIn60, Leul130, Glu391, GIn92, Asp 40, GIn60,

Ala336, Ser393, Asp388, Arg86, Glu102, Argl148, Thr468, Ala61, Thro0, Leu52,

Thr468, Metd467, Asp396, Thr90, Argd6, Argl133, Ser416, Ser1256, Asp51, Arg46
Glul198 Asp36, Ala34, Argl636, Trp462,

Asp40, LeuS2, GIn1198, Ser393, Asp388
Arg91, AspSi
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Figure 4.18 Graphical representation of CUL7 gene and CUL7 protein, and

partial chromatograms of CUL7 gene
(a) Representation of CUL7 gene at position 6p12.1 on chromosome 6 (Figure taken
from UCSC Genome Browser)
(b) Representation of exons in CUL7 gene (NM_014780.5). The mutation lies in the
24" exon.
(c) Representation of the domains in CUL?7 protein (CPH= Conserved Domain in
CUL7, PARC and HERC2; DOC= a domain similar to the DOC1 domain of the
anaphase-promoting complex/cyclosome but of unknown function; CH= Cullin
Homology domain). The mutation lies in the Cullin Homology domain.
(d) Chromatogram showing partial sequence of exon 24 of the CUL?7 gene in
homozygous wild-type individual I11-9.
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(e) Chromatogram showing partial sequence of exon 24 of the CUL7 gene in
homozygous affected individual ITI-1.

(f) Chromatogram showing partial sequence of exon 24 of the CUL7 gene in
heterozygous parent II-1.
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4.4 Family 4

Family 4 was collected from Attock, Punjab. It consisted of two affected
brothers and an unaffected sister. The parents were deceased. The unaffected sister
did not agree to participate in the study. However, one of the affected brother’s wife

who was also his first cousin, took part in the study (Figure 4.15).
4.4.1 Clinical Findings

The proband III-1 was a 40-year old male, with height 48 inches and weight
40kg. He was born as a normal birth-weight infant, but exhibited severe post-natal
retardation. He presented with short stature, short neck, winged scapulae, ciub foot,
limited elbow extension, pes planus and protruding abdomen (secondary to
lordosis) (Figure 4.16). Dental examination revealed multiple caries and enamel
hypoplasia. The proband suffered from severe hearing impairment since early

childhood.

Radiographs showed severe kyphoscoliotic deformity of dorsolumbar spine
with convexity to left side in dorsal region and convex to right side in lumbar
region. Segmentation abnormalities were observed in spine. Abnormal angulation
of sacrum, and mild early degenerative changes at the hip joints were observed
bilaterally. Bilateral capitate-hamitate coalition was also observed in both hands
(Figure 4.16). Tarsal synostosis leading to talipes equniovarus was evident in right

foot.

Strikingly similar clinical and radiological abnormalities were observed in the
other affected individual III-3. He was 35 years old with height 46 inches. He also

presented with short stature, short neck, winged scapulae, joint pain, scoliosis, pes

e e e em——
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planus, protruding abdomen (secondary to lordosis), hearing impairment and

enamel hypoplasia (Table 4.12).
4.4.2 Genetic Findings

Variants obtained after exome sequencing of 111-1 were filtered for pathogenic
mutations. Variants with a frequency greater than 0.01 in human genetic variation
databases were filtered out. Eight potentially pathogenic, homozygous, rare variants
in the coding region were shortlisted (Table 4.13). Analysis of the variants led to
the identification of a point mutation (c.3243C>A) in exon 21 of FLNB gene

(NM_001457), resulting in a modification p.Cys1081* at protein level.

Due to previous reports linking FLNB gene variants to the pathology of
spondylocarpotarsal synostosis syndrome, the FLNB gene variant (c.3243C>A)

found in our family was deemed to be the most likely candidate variant.

Primers were constructed for the variant, and the region surrounding the gene
variant was sequenced in affected individuals and an unaffected cousin. Sanger read
analysis confirmed that the variant was fully segregating with disease phenotype.
(Figure 3). Both patients (III-1 and III-3) were homozygous for this variant;
maternal cousin (11I-4) was wild-type for this variant (Figure 4.18). Parents were

deceased; blood of unaffected sister was not available for analysis.

4.4.3 In silico Analysis

The variant was identified as disease causing by in silico prediction tools (Table
4.14). It is predicted to introduce a premature stop codon, resulting in the formation
of a truncated protein with several important conserved repeat domains missing
(Figure 4.17, 4.19). The mutated residues were conserved in orthologues (Figure

4.21)
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PDBsum generate was employed to predict and compare the change in
secondary structure elements of wild-type and mutant FLNB proteins (Laskowski,
2001). From Table 4.15, it is clearly evident that mutant protein has reduced number
of sheets, beta hairpins, strands, helices, helic-helic interacs and beta-turns;
however, there is an increase in the number of beta bulges and gamma turns along

with the formation of a psi-loop which was absent is wild-type protein structure.
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Figure 4.19 Pedigree of Family -04

Pedigree of a consanguineous Pakistani family segregating
spondylocarpotarsal synostosis syndrome in an autosomal recessive manner.
Asterisks represent the individuals whose blood samples were available for

study.

R
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Figuare 4.20 Photographs and radiographs of affected individual III-1 in
Family-04

a- Radiograph showing short segmentation abnormalities and severe scoliotic

deformity

b- Radiograph of hands showing capitate-hamitate fusion

c- Photograph showing short stature, scoliosis, lordosis and winged scapulae

d- Radiograph of pelvis showing scoliotic deformity of lumbar spine, abnormal
sacral angulation, and early degenerative changes of hip joints

e-  Photograph showing protruding abdomen

f- Radiograph of lateral spine showing segmentation abnormalities in spine

—————————

Mapping of Genes Involved in Hereditary Skeletal Dysplasia in Pakistani Families 80



Chapter 4 Results

Table 4.12 Comparison of clinical features in affected individuals of Family-04

Patient ITI-1 Patient III-3
Gender M M
Age 40 35
Dysmorphic facies - -
Anteverted nares - = [
Tooth enamel + +
hypoplasia
Micrognathia - :
Hearing loss + 18
Short neck + -
Short stature + +
Scoliosis + 4
Abnormal vertebral + +
segmentation
Carpal synostosis + +
Decreased elbow + +
extension
Tarsal synostosis + o+
Pes planus + +
Cataracts - ~

(+) = presence of features, (-) = absence of features
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Table 4.13 Filtration steps used to search for the disease-causing variant after
WES in Family-04

Filtration Steps No. of variants detected
Total number of variants 55,161
Variants in coding region 7,003
Filter for non-synonymous variants 2,891
Rare variants (less than or equal to 421
1%)

Recessive variants (homozygous or 55
compound heterozygous)

Predicted damaging 8
Related to the phenotype based on 1
literature study

Table 4.14 Pathogenicity prediction of the shortlisted variant in FLNB gene

using online tools.

Software Score Prediction Comments
Mutation Taster 1 Deleterious NMD
amino acid sequence
changed
protein features
(might be) affected
splice site changes
LRT - Disease- -
causing
GERP 5.66 Disease- -
causing

B
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Figure 4.21 Multiple Sequence Alignment of FLNB Protein

Amino acid sequence comparison of FLNB protein conservation of the mutated residues
across different species. Conserved residues are shown in green. Unconserved residues

are shown in red. Red blanks represent that the mutated truncated protein does not contain

the corresponding residues.

Figure 4.22 Structural models of wild-type and mutated FLNB proteins

Comparison of wild-type FLNB protein model (left side) and mutated FLNB protein

model (right side) demonstrates that the predicted mutated protein is truncated

e e e e e st
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Table 4.15 List of secondary structure elements in normal and mutant FLNB

protein
Secondary Structure Normal FLNB Mutant FLNB
Sheets 49 20
Beta Hairpins 65 42
Psi loop 0 1
Beta bulges 25 27
Strands 220 67
Helices 58 9
Helix-Helix interacs 27 3
Beta Turns 237 143
Gamma turns 26 48
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Figure 4.23 Graphical representation of FLNB gene and FLNB protein, and
partial chromatograms of FLNB gene

(a) Representation of FLNB gene at position 3p14.3 (Fig from UCSC Genome Browser)
(b) Representation of exons in FLNB gene (NM_001457). The mutation lies in exon 21.
(c) Representation of the domains in FLNB protein (AB=Actin-Binding Domain; HR=
Hinge Region). The mutation lies in the 9" Repeat Domain.

(d) Chromatogram showing partial sequence of exon 21 of the FLNB gene in homozygous
mutant individual I1I-1. A red line below A marks homozygous nucleotide substitution.
(e) Chromatogram showing partial wild-type sequence of exon 21 of the FLNB gene in
individual 1114
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4.5 Family 5

Family 5 was collected from Narowal, Punjab. Two affected brothers, along

with their unaffected sister and parents were recruited for the study (Figure 4.20).
4.5.1 Clinical Findings

Affected individuals exhibit symptoms of otopalatodigital syndrome-1 (OPD-1).
The proband II-3 was a 33-year old male, with height 51 inches. He exhibited
prominent facial dysmorphism including hypertelorism, frontal bossing, down-
slanting parpebral fissures and depressed nasal bridge (Figure 4.21). Skull x-rays
showed hypoplastic mandibles and maxillary sinuses with significant peri-oral
sclerosis. Prominent occiput and cleft palate was also observed. Selective tooth
agenesis and impacted teeth were observed in OPG. Chest x-ray showed marked
scoliosis with convexity to the right side. Segmentation abnormalities were noted
in the dorsal spine (Figure 4.22). Fingernails were short, square and dystrophic.
Pectus excavatum, mild scoliosis, narrow pelvis and short stature was observed.

Mild mental retardation was also present.

Strikingly similar clinical and radiological abnormalities were observed in the
other affected individual II-4. He was 38 years old with height 54 inches. He also
presented with facial dysmorphism, short stature, anodontia, scoliosis, and chest

deformities (Table 4.16).
4.5.2 Genetic and In Silico Findings

Variants obtained after exome sequencing of two affected individuals ((IV-2
and IV-6) were filtered using standard for variant filtration (Hashmi et al., 2019).

Non-synonymous variants in the coding region were selected. Variants with a
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frequency more than 0.01 in genetic variation databases were filtered out. Recessive

variants which were predicted deleterious were then selected. (Table 4.17).

16 shortlisted variants were carefully analyzed, a known homozygous point
mutation G>A in the FLNA gene transcript (ENST00000344736) on chromosome
X was identified. This mutation (corresponding to rs137853317) is present on
FLNA gene on chromosome X on position 153596246. It causes amino acid

substitution R196W in the FLNA protein.

Primers were designed for the variant in the FLNA and the region flanking the
variant was Sanger sequenced in all family members. Analysis of the data obtained
confirmed that the variant was segregating in accordance with disease phenotype in
the family (Figure 4.23). The variant was identified as disease-causing by

prediction tools (Table 4.18).
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Figure 4.24 Pedigree of Family-05

Pedigree of a consanguineous Pakistani family segregating otopalatodigital
syndrome-1 in an X-linked recessive manner. Asterisks indicate individuals
who participated in the study.
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Figure 4.25 Photographs of affected individual I1-4 in Family-05

(a, b, c)Photographs of individual 1I-4 showing short stature and distinct
facial features. Facial dysmorphism including hypertelorism., prominent
occiput, cleft palate and frontal bossing were observed. Pectus excavatum,
mild scoliosis, narrow pelvis and short stature can also be seen.

(d, e, f)Photographs of hands and feet of individual II-4 showing short,

square, dystrophic nails
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(a) (b) (©) (d)

(¢) (H

Figure 4.26 Radiographs of affected individual IV-2 in Family-05

(a, b) Skull x-rays showed hypoplastic mandibles and maxillary sinuses with
significant peri-oral sclerosis. Prominent occiput and cleft palate was observed.
(c, d, e, f) Chest x-ray showed marked scoliosis with convexity to the right side.

Segmentation abnormalities were noted in the dorsal spine.
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Table 4.16 Comparison of clinical features in affected individuals of Family-05

II-3 I1-4

M M

Gender
Age 33 38
Hypertelorism + +
Down-slanting Palpebral N n

Fissures
Cleft Palate + +
Deafness - -
Digital anomalies - -
+ -

Chest Deformities
Ophthalmologic Findings - -
Anodontia + +
Depressed Nasal Bridge + + k

Short Stature + +
Mild Mental Retardation + +
Pectus Excavatum g2 +

(+) = presence of features; (-) = absence of features
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Mapping of Genes Involved in Hereditary Skeletal Dysplasia in Pakistani Families 91



Chapter 4 Results

Table 4.17 Filtration steps used to search for the disease-causing variant after

whole exome sequencing (WES) in Family-05

Filtration Steps No. of variants detected
Total number of variants 75,631
Variants in coding region 21,366
Filter for non-synonymous variants 9,545
Rare variants (less than or equal to 2,688
1%)

Recessive variants (homozygous or 439
compound heterozygous)

Predicted damaging 16
Related to the phenotype based on 1
literature study

Table 4.18 Pathogenicity prediction of the shortlisted variant in FLNA gene

using online tools.

Software Score Prediction Comments

Mutation Taster 0.99 Deleterious Knowp IDIBEREE
Mutation

Panther 0.793 Disease -

PhD-SNP 0.746 Disease -

SNAP 0.715 Disease -
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Figure 4.27 Graphical representation of FLNA gene and FLNA protein, and
partial chromatograms of FLNA gene

(a) Representation of FLNA gene at chromosomal position Xp28 (Figure taken
from UCSC Genome Browser)

(b) Representation of exons in FLNA gene. The mutation lies in the 3 exon.

(c) Representation of the domains in FLNA protein (AB=Actin-Binding Domain;
HR= Hinge Region). The mutation lies in the 2nd Actin-binding Domain.

(d) Chromatogram showing partial sequence of exon 3 of the FLNA gene in
heterozygous mutant sequence (of I:2 and 11:2).

(e) Chromatogram showing partial sequence of mutated exon 3 of the FLNA gene
in individual IT-4. Arrows mark the point of mutation.

() Chromatogram showing wild-type sequence of mutated exon 3 of the FLNA
gene in individual I-1.
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4.6 Family 6

A large family with several affected individuals was recruited from Hasan
Abdal, Punjab. However, only two affected and three unaffected individuals

consented to give blood (Figure 4.24).

4.6.1 Clinical Findings

The proband IV-9 was a 30 year old female with short stature (47 inches). She
had a short neck and a broad, bulging chest. Pelvic region was severely displaced,
and there was marked scoliosis in the thoracolumbar spine. Radiographic findings
confirmed missing ribs and segmentation abnormalities (Figure 4.24). The findings

were consistent with the diagnosis of spondylocostal dyostosis.

Individuals III-6, I1I-8 and ITI-10 also had markedly similar physical appearance
and clinical presentation. They did not consent to radiographic testing or blood

sampling.

111-4, the father of the proband had short stature (49 inches). He also had a short
neck and bulging chest. Scoliosis and other radiographic anomalies were much

milder.
4.6.2 Genetic Findings

Variants obtained after exome sequencing of IV:9 were filtered for
pathogenic mutations. There were 28,651 variants in the coding region, out of
which 13,157 were non-synonymous. Further filtration revealed that there were
3,709 rare variants (where the allele frequency was less than 1 percent in human
genetic variation databases (1000 Genome, dbSNP, ExAc, gnomAD). Out of these,

446 variants were consistent with the autosomal recessive mode of inheritance

Mapping of Genes Involved in Hereditary Skeletal Dysplasia in Pakistani Families 94



o

Chapter 4

Results

observed in the family. Out of the 446 variants, 10 were predicted to be damaging
(Table 4.19). Literature study helped to identify a novel homozygous frameshift
deletion (TGGCC)>T, in DLL3 gene as the most likely pathogenic variant. This
mutation (c.1503_1506delGGCC, p.Ala502Argfs*45) is present in exon 7 of the
DLL3 gene on chromosome 19 on position 39998087. DLL3 mutations have

previously been implicated in spondylocostal dyostosis patients.

The variant was absent in 1000 Genomes Database, and Exome Aggregation
Consortium (ExAc). Sanger sequencing revealed that IV:9 had a homozygous
deletion mutation, while unaffected siblings of the proband were homozygous wild
type.

4.6.3 In silico Findings

The variant was identified as disease causing through in silico tools (Table
4.20). The frameshift mutation introduces a premature stop codon, and a truncated
protein with several important domains missing is produced (Figure 4.25). The

missing domains are conserved in DLL3 orthologues (Figure 4.26).
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Figure 4.28 Pedigree of Family-06

Pedigree of a consanguineous family segregating spondylocostal dyostosis in an

autosomal recessive manner. Asterisks represent the individuals available for study.
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(@ (b) (©)

Figure 4.29 Photographs and radiographs of Family-06

a. Photograph of TV-9 showing short neck and broad, bulging chest

b. Pelvic and abdominal X-ray of IV-9 showing displaced pelvic region, scoliosis of
thoracolumbar spine, and segmentation abnormalities in dorso-lumbar spine.

¢. Chest X-ray of IV-9 showing compressed/missing ribs, scoliosis and segmentation

abnormalities in spine.
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Table 4.19 Filtration steps used to search for the disease-causing variant after
WES in Family-06

Filtration Steps No. of variants detected

Total number of variants 85,667

Vanants in coding region 28,651 ;
|
|

Filter for non-synonymous variants 13,157 '

Rare variants (less than or equal to 3,709

1%)

Recessive variants (homozygous or 446

compound heterozygous)

Predicted damaging 10

Related to the phenotype based on 1

literature study

Table 4.20 Pathogenicity prediction of the shortlisted variant in DLL3

gene using online tools.

Software Score Prediction Comments
NMD
Mutation Frameshift
1 Deleterious protein features (might be)
Taster
affected

splice site changes

MutPred 0.4 Disease -
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Figure 4.30 Multiple Sequence Alignment of DLL3 Protein

Amino acid sequence comparison of DLL3 protein conservation of the mutated

residues across different species. Conserved residues are shown in green.

Figure 4.31 Structural models of wild-type and mutated DLL3 protein

Structure of DLL3 protein (wild-type) on the left in pink color, and mutated,
truncated DLL3 protein on the right in blue colour.
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Figure 4.32 Graphical Representation of DLL3 gene andDLL3 protein, and

partial chromatograms of DLL3 gene

(a) Representation of DLL3 gene at chromosomal position 19q13.2 (Figure taken
from UCSC Genome Browser)

(b) Representation of exons in DLL3 gene. The mutation ligs in the 7 exon.

(c) Representation of the domains in DLL3 protein (DSL = Delta/Serrate/LAG-2
domain; TM= Transmembrane domain). The mutation lies in the transmembrane
domain.

(d) Chromatogram showing partial sequence of exon 7 of the DLL3 gene.
Sequence of homozygous deletion mutation in affected individuals [V:9 on the
left, and homozygous wild type in unaffected individuals IV:2, IV:7 and IV:8 on

the right. Mutation site is marked with an arrow.
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4.7 Family 7

A family with two affected siblings and normal parents was recruited from

Chakwal, Punjab (Figure 4.28).
4.7.1 Clinical Findings

Two siblings presented with non-syndromic post-axial polydactyly type A2.
Both had an extra digit on the ulnar side of the left hand (Figure 4.28). Their parents

were phenotypically normal.
4.7.2 Genetic and In silico Findings

Variants obtained after exome sequencing of two affected individuals (IV-4 and
IV-5) were filtered for pathogenic mutations. Standard procedure was used for
variants filtration (Hashmi et al., 2019). Non-synonymous variants in the coding
region were selected. Recessive variants which were predicted deleterious, and had
a frequency of less than 0.01 in human genetic variation databases were filtered and

studied (Table 4.21).

A variant (c.1158G>T, p.Lys386Asn) in the LMBR1 gene (NM_022458.3) was
identified as the most probable pathogenic variant in the family based on the
previous reports of involvement of LMBRI variants in triphalangeal thumb and
polydactyly.

The homozygous variant ¢.1158G>T in LMBRI changes an amino acid Lys to Asn
at codon 386 in exon 14. It has not been reported in the large population cohorts
(GenomAD). This variant is potentially damaging to the protein structure, function,
or protein-protein interaction, according to a variety of lines of computational

evidence (Table 4.22). In accordance with the recommendations of the American

R ]
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College of Medical Genetics/Association for Molecular Pathology (ACMG/AMP),
this variant is categorized as having uncertain significance. The mutated residue is

highly conserved in orthologues (Figure 4.29).

The data from Sanger sequencing revealed that both parents are heterozygous

and both affected siblings are homozygous for the variant (Figure 4.30).
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Figure 4.33 Pedigree of Family-07

Pedigree of a consanguineous family segregating non-syndromic polydactyly in an
autosomal recessive manner. Asterisks mark the family members who participated
in the study.
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(a) (b)

Figure 4.34 Photographs of Family-07

a. Photograph of left hand of IV-4 showing an extra digit
b. Photograph of left hand of IV-5 showing an extra digit
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Table 4.21 Filtration steps used to search for the disease-causing variant after

whole-exome sequencing (WES) in Family-07.

Filtration Steps

No. of variants detected

Total number of variants 109,998
Variants in coding region 28,964
Filter for non-synonymous variants 17,229
Rare variants (less than or equal to 2,792
1%)

Recessive variants (homozygous or 261
compound heterozygous)

Predicted damaging 38

Related to the phenotype based on
literature study

Table 4.22 Pathogenicity prediction of the shortlisted variant in LMBRI gene

using online tools.

Software Score Prediction Comments
Mutation ) Beni i

Taster gn

Panther 0.5 Eosmbl.y o

amaging
Possibly
PolyPhen-2 0.684 Damaging -
SNAP 0.550 Disease =

- . ]
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Figure 4.35 Multiple sequence alignment of LMBR1 protein

Amino acid sequence comparison of LMBR1 protein conservation of the mutated
residues across different species. Conserved residues are shown in green. Lys/Asn at

386 is shown in the rectangle.
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Figure 4.36 Graphical representation and partial chromatograms of LMBRI

gene

(a) Representation of LMBR/! gene at chromosomal position 7q36.3 (Figure taken
from UCSC Genome Browser)

(b) Representation of exons in LMBR/ gene. The mutation lies in the 14™ exon.
(c) Chromatogram showing partial sequence of exon 14 of the LMBRI gene in

heterozygous parents I11:4 and III:5.
(d) Chromatogram showing partial sequence of exon 14 of the LMBRI gene in

affected individuals IV:4 and IV:5. Mutation site is marked with an arrow.
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4.8 Family 8

A large family of Karachi, Sindh Province segregating autosomal dominant
achondroplasia was selected. All eight siblings and their father were affected

(Figure 4.31).
4.8.1 Clinical Findings

All affected individuals had childhood-onset short stature, short long bones and

distinct facial features including broad jaws and midface hypoplasia (Figure 4.31).
4.8.2 Genetic and In silico Analysis

Variants obtained after exome sequencing of two affected individuals (II-7 and II-
8) were filtered for pathogenic mutations. Standard procedure was used for variants
filtration (Hashmi et al., 2019). Non-synonymous variants in the coding region
were selected. Due to dominant mode of inheritance, heterozygous variants which
were predicted deleterious, and had a frequency of less than 0.01 in human genetic

variation databases were filtered and studied (Table 4.23).

A known heterozygous variant (c.1144G>A, p.Gly382Arg) in the FGFR3 gene
(NM_001163213.1) was identified in the family. The segregation of the variant was

confirmed using Sanger Sequencing (Figure 4.32)

Amino acid changes identical to known pathogenic variant has been previously
reported in autosomal dominant achondroplasia with established evidence (ClinVar
ID:16327). The variant is located in a well-established functional domain and/or
exonic hotspot where frequently reported pathogenic variants are present. Multiple

in silico tools predict it to be pathogenic (Table 4.24).
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M1 -2

Figure 4.37 Pedigree of Family-08

Pedigree of a consanguineous Pakistani family segregating autosomal dominant

achondroplasia. Asterisks mark the individuals who participated in the study.
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(b) ©
Figure 4.38 Photographs of Family-08

Photographs of individuals II:3 and II:4 showing distinct facial features including

broad jaws and midface hypoplasia.
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Table 4.23 Filtration steps used to search for the disease-causing variant after

whole exome sequencing (WES) in Family-08

Filtration Steps No. of variants detected
Total number of variants 108,067
Variants in coding region 28,585
Filter for non-synonymous variants 17,124
Rare variants (less than or equal to 2,992
1%)

Recessive variants (homozygous or 403

compound heterozygous)

Predicted damaging 73
Related to the phenotype based on 1
literature study

Table 4.24 Pathogenicity prediction of the shortlisted variant in FGFR3 gene

using online tools.

Software Score Prediction Comments
Mutation ]
0.99 Pathogenic -
Taster
Panther 0.774 Pathogenic -
PhD-SNP 0.921 Pathogenic 3
SNAP 0.550 Pathogenic -

e
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Figure 4.39 Graphical representation of FGFR3 gene and FGFR3 protein,
and partial chromatograms of FGFR3 gene

(a) Representation of FGFR3 gene at chromosomal position 4p15.2 (Figure taken
from UCSC Genome Browser)

(b) Representation of exons in FGFR3 gene. The mutation lies in the 9™ exon.

(c) Representation of the domains in FGFR3 protein (Ig= Immunoglobulin like
domain, TM= Transmembrane domain, TK=Tyrosine Kinase). The mutation lies in
the transmembrane domain.

(d)Chromatogram showing partial sequence of exon 9 of the FGFR3 gene in
affected individuals (I:1, IT:3, II:4, 11:5, 11:7 and 11:8) with heterozygous dominant
mutation

(e) Chromatogram showing partial sequence of wild-type individual II:6.

Arrows mark the point of interest.
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DISCUSSION

After clinical and genetic characterization, novel pathogenic variants
were discovered in six families, whereas known pathogenic variants were
identified in two families. In Family-01, we identify a novel pathogenic variant
in DCC, as the cause of horizontal gaze palsy with progressive scoliosis-2
(HGPPS-2). In Family-02, we show that a novel variant in EVC causes EVC
Syndrome with notable intra-familial phenotypic variations. The study on
Family-03 shows that novel pathogenic variants in CUL7 cause 3M syndrome.
In Family-04, we describe a novel mutation in FLNB causing
spondylocarpotarsal synostosis syndrome in two brothers. In Family-06, we
discovered a novel variant in DLL3 causing spondylocostal dyostosis. In
Family-07, a novel variant in LMBRI1 is believed to cause postaxial
polydactyly. Finally, in Family-05 (otopalatodigital syndrome 2) and Family-
08 (Autosomal dominant achondroplasia), we uncovered known mutations in

FLNA and FGFR3 gene respectively.

Novel homozygous DCC mutations identified in HGPPS-2

Horizontal Gaze Palsy with Progressive Scoliosis-2 with Impaired
Intellectual Development (HGPPS-2) is an autosomal recessive disorder,
characterized by childhood-onset progressive scoliosis and horizontal gaze palsy.
Neurological symptoms include intellectual disability, absent hippocampal
commissure, agenesis of the corpus callosum and delayed psychomotor
development. It is reminiscent of the HGPPS phenotype caused by recessive
mutation n ROBO2 (Marsh et al., 2019).

Jamuar et al. (2017) reported three HGPPS-2 patients from 2 unrelated

consanguineous families. They identified two homozygous intragenic deletions

e e .
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(p-(Prol1Thrfs*15) and p.(Val263Alafs*36)) in the DCC gene, both resulting in

premature termination and functional null alleles. The deletion in the first family

was found by a combination of homozygosity mapping and CNV analysis; the

deletion in the second family was found by targeted sequencing of the DCC gene.

The pattern of inheritance in both the families was autosomal recessive (Jamuar et

al, 2017).

Family 1 in this study also has characteristic features of HGPPS-2. A
comparison of clinical and radiological features present in patients in current study
and previously reported patients having loss-of-function DCC mutations and

HGPPS-2 phenotype is given in the Table 4.2.

We identified a novel biallelic DCC mutation in the affected members of the
family. The identified autosomal recessive frameshift mutation (c.2399dupA,
p.(Asn800Lysfs*11)) is a loss-of-function mutation resulted in premature
truncation of the DCC protein. The mutation lies in a conserved region in the third
firbronectin-3 domain. It results in the formation of a predicted protein that lacks
the remaining fibronectin domains, transmembrane domain and intracellular

Neogenin-C domain.

A netrin-1 receptor protein is encoded by the gene DCC (deleted in colorectal
cancer). Belonging to the immunoglobulin superfamily of cell adhesion molecules,
it is a single-pass transmembrane glycoprotein. The cytoplasmic tail of DCC protein
interacts with the tyrosine kinases Src and focal adhesion kinase PTK2 to facilitate
axon attraction. It has been proven that DCC contributes to the formation of the

central nervous system (Keino-Masu, et al., 1996; Srour, ef al., 2009).
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Previous research has demonstrated the significance of DCC for forebrain and
brainstem midline crossing in the human CNS (Jamuar ef al., 2017). It is believed
that an imbalanced activation of the paraspinal muscles may be the cause of
scoliosis. Spinal interneuronal circuit defects may cause the imbalance. Previous
research has shown that Netrin-1 and DCC-deficient mice have impaired spinal
intermeuronal circuit function (Barallobre et al., 2000). According to studies from
mice with DCC mutations, alterations in the axon-guidance system can also result
in spinal cord miswiring. There may not be adequate muscle innervations to give
the spine the required biomechanical support if the two sides are not properly
coordinated. Tracts in the hindbrain are vital in controlling conjugate horizontal eye
movements, and midline axon guidance defects in them may cause horizontal gaze

palsy in DSBS (Chan et al., 2006; Renier et al., 2010).

Congenital mirror motions and/or corpus callosum agenesis have previously
been linked to heterozygous truncating variations in the DCC gene (Marsh et al.,
2017, Bierhals et al., 2018; Vosberg, ef al., 2019). The heterozygous parents in this
study have normal phenotypes; radiographic information on the parents was not

available.

To comprehend the full developmental ramifications and phenotypic variability
of biallelic mutations in the DCC gene, additional research is required. A better
understanding of DCC mutations can help guide prenatal genetic testing and

counselling of Pakistani families with a history of similar defects.

It is important to note that the DCC gene sequence variant (p.(Asn800Lysfs*11)),
found in the family described here, is a novel and the first account of a mutation

linked to HGPPS-2 in the Pakistani community (Zaka et al., 2020).

e e e
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Novel homozygous EVC mutations identified in EVC Syndrome

Ellis-van Creveld syndrome, often known as EvC Syndrome (OMIM #225500),
is an autosomal recessive chondroectodermal dysplasia characterised by extra-
skeletal traits such ectodermal and congenital cardiac problems as well as skeletal
ones (Nguyen et al., 2016). Most frequently, mutations in the EVC and EVC2 genes
are to blame for this syndrome (Tompson ef al., 2007). The bulk of the mutations
introduce an early termination codon, which is likely to result in protein truncation
and subsequent loss of function. Only 2.6 kb separates the EVC and EVC2 genes
from one another on chromosome 4p16.2 (Umm-e-Kalsoom et al., 2010; D'Asdia

etal., 2013; Aziz et al., 2016).

On chr4pl6.2, the EVC gene spans a 103 kb area and codes for a 992 amino
acid protein. The EVC gene product plays a role in skeletogenesis, ectodermal and
mesodermal differentiation signalling, and control (Caparrés-Martin et al., 2013;
Valencia et al., 2009). Additionally, a function in cardiogenesis has been suggested

(Liu et al., 2018; Ruiz Perez et al., 2009).

A protein complex is formed at the base of the cilia by the direct interaction of
the EVC and EVC2 genes. The EVC/EVC2 complex has been demonstrated to be
involved in the transduction of Sonic hedgehog signalling (Ruiz-Perez & Goodship,

2009; Louie et al., 2020).

In cases of EvC syndrome, more than 80 EVC gene mutations have been
described (Umair et al., 2017; Umair et al., 2019). Premature termination codons
are generated by the bulk of the mutations. There have been very few in-frame
deletions or missense mutations described (Tompson et al. 2007; Huang et al.,

2019).
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In the present study, in Family 2, through exome sequencing, a homozygous 27
bp disruptive inframe deletion mutation has been identified. The 27bps deletion
variation  (¢.731-757delTCCTTGACCTTCTTCCTAAAAAGAAGT), which
results in the deletion of 10 amino acids and the addition of a new proline residue
in the EVC protein, is anticipated to maintain the integrity of the reading frame. It
leads to the loss of 2 beta-turns in a beta-sheet. Loss of EVC/EVC2 interaction or
formation of the unstable complex might lead to the EVC phenotype in this family

(Zaka et al., 2021).

Important characteristics of the reported family include incomplete penetrance
and variable expressivity within individuals with the same genotype. Clinical
heterogeneity within and across families is well-documented in the literature
(Ulucan et al., 2008; Ahluwalia et al., 2009; Kousi & Katsanis, 2015). Our family
stands out in demonstrating the varying expressivity of the EvC phenotype caused
by pathogenic homozygous deletion mutations of the £VC gene in patients from the
same family, when the diagnosis has been supported by genetic testing. The
unstable association of the EVC/EVC2 complex and, as a result, the varied
transduction of downstream Sonic hedgehog signalling may be the cause of the
varying expressivity of phenotypic traits in these patients. The fact that the female
affected participants in this study have more severe clinical characteristics than the
male affected individuals is another crucial finding. While a female affected person
(II-1) demonstrates several important phenotypic traits (polydactyly, genu valgum,
short stature, cardiac abnormalities) of the syndrome, two affected males (II-2 and
1I-3) only displayed polydactyly/syndactyly, nail and dental phenotypic
characteristics of EvC syndrome. Nail hypoplasia in all three siblings was less

severe than it was in people with normal EvC syndrome. Dental abnormalities in
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all three siblings appeared as numerous oral frenula, malocclusion and enamel
hypoplasia. For the individual (II-4) who passed away at the neonatal stage due to
unidentified respiratory difficulties, complete clinical information and blood
samples were not available. She had bilateral postaxial polydactyly similar to
individual II-1. Her death may have been brought on by congenital heart defects
and respiratory problems brought on by a narrow thorax, which are frequently cited

as the leading cause of mortality in EvC infants (Akar et al., 2002).

It is also interesting to note that a homozygous missense mutation in the EVC
gene caused an unusually mild phenotype in a Turkish family (Ulucan et al., 2008),
suggesting a milder clinical manifestation in patients with restricted EVC protein
activity (Rudnik-Schoéneborn et al., 2010). Discovery of a mild clinical subtype of
EvC syndrome, by Piceci-Sparascio et al. (2020), resulting from hypomorphic EVC

gene mutations is also noteworthy.

There are notable differences in phenotype and expressivity among polydactyly
syndromes, including EvC syndrome, according to a number of genetic, molecular,
and embryological investigations (Talamillo et al., 2005; Lange & Muller, 2017).
Several factors, including variations in modifier genes, incomplete penetrance,
environmental impacts, and epigenetic factors, may contribute to the development
of the differential phenotypes (Umair et al., 2018). Additional research would bring
responses to unanswered issues regarding the variable penetrance and expressivity
of mutations, resulting in variable phenotypes between individuals with same
genotype (Ahluwalia et al., 2009; Kousi & Katansis,
2015).

The findings of this study have significance for clinical care and genetic
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counselling and widen the mutation spectrum of EVC. Family 2 presented in this

study is noteworthy for revealing the heterogeneous expressivity of the EvC

phenotype within the same family as a result of the homozygous deletion mutation

in the EVC gene. The hypomorphic character of the mutation or the existence of

additional modifiers could be the reason of the varied expressivity (Cooper et al.,

2013).

CUL7 mutations in 3M Syndrome

3M Syndrome is primarily characterized by prenatal and postnatal growth
retardation. It also presents with other minor anomalies such as characteristic facial

features and fleshy, prominent heels (Clayton et al., 2012).

Mutations in three genes CUL7, OBSL1 and CCDC$§ are known to cause 3M
syndrome. It is hypothesized that all CUL7 gene mutations result in disruption of
the ubiquitination pathway, by preventing the cullin-7 protein from assembling the
various components of the E3 ubiquitin ligase complex. All the genes associated
with 3M syndrome are thought to produce proteins that help regulate other proteins
involved in growth hormone response of the body (Sarikas et al., 2008). 3M
Syndrome can, therefore, be considered as a manifestation of the impaired response
to growth hormones in the body. The exact relationship between CUL7 gene

mutations and the manifestations of 3M syndrome are not clear (Li et al., 2014).

In CUL7, knockout mice models, intra-uterine placental and fetal growth and
development is significantly restricted; and perinatal lethality attributed to
respiratory distress is high (Arai et al., 2003; Tsutsumi et al., 2005). Knockout mice
models highlight the importance of CUL7 in growth regulation. Skeletal changes

associated with prenatal and postnatal growth retardation in 3M syndrome suggest
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the involvement of CUL?7 in the endochondral ossification process (Sarikas et al.,

2008).

We identified a novel CUL7 mutation (c.4493 T>C, p.Leul49Pro) in Family 3
in this study. The point mutation lies in the 24" exon of the CUL7 gene. The mutated
residue lies in the functionally important Cullin homology domain. The mutated
Leucine residue is highly conserved in orthologues. When it is replaced by Proline,

it causes a disruption in the alpha-helix, due to missing hydrogen bond.

Radiological features (such as slender long bones and tall vertebral bodies)
common in 3M Syndrome patients were not present in our family. Characteristic
facial features and prominent, fleshy heels were present. The intra-uterine death of
three siblings in our family supports previous reports of intra-uterine deaths of 3M
syndrome fetuses, though the finding is not conclusive, as genetic data of fetuses
was not available. It is important to mention that the novel sequence variant
(c.4493T>C; p.Leul498Pro) in the CUL7 gene, identified in this family, is only the
third report of a CUL7 mutation implicated in 3M Syndrome in the Pakistani
population. Future studies are needed to shed more light on the developmental

consequences of pathogenic, homozygous mutations in CUL7 gene.

In silico studies also support the fact that L1498P variant in CUL7 is pathogenic
variant, and it alters interactions between proteins involved in ubiquitination

pathways.

Novel FLNB mutation identified in Spondylocarpotarsal Synostosis Syndrome

Short height, fused vertebrae, and fused carpal and tarsal bones are

characteristics of the Spondylocarpotarsal Synostosis Syndrome (SCT).

e s I
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Clinodactyly, brachydactyly, decreased joint mobility, cleft palate, and dysmorphic

facial characteristics are further skeletal defects observed in patients. Hypoplastic

dental enamel and mixed hearing loss may also be seen in SCT individuals. (Yang

et al., 2017; Mangaraj et al., 2017).

SCT can be passed from generation to generation by a MYH3 variation or
primarily through biallelic loss-of-function alleles of FLNB (Yang et al., 2017,
Mangaraj et al., 2017). There are just 20 known families with members who have

FLNB-related SCT (Salian et al., 2018).

FLNB encodes filamin B, a 280 kDa multifunctional cytoplasmic protein. It is
a member of the same protein family as filamins A and C. The modular design of
the three filamins is strikingly similar to one another: 24 filamin repeat domains are
preceded by two calponin homology domains (CHD), and interrupted by two tiny
hinge regions (Figure 5.1). Calponin homology domains are the actin-binding
domains (ABD). The filamins participate in multicellular processes like cell
division and motility as well as signal transduction, small solute transport,
communication between the intracellular and external environment, and supplying
structure to the cell. Filamins control the structure and function of the cytoskeleton
by organising actin into three-dimensional networks. Filamin B is an
important component of cartilage growth and condensation of developing vertebrae

(Mangaraj et al., 2017).
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Figure 5.1 Graphical representation of FLNB protein

(AB = Actin-binding; HR = Hinge Region)

The FLNB variant ¢.3243C>A found in Family 3 introduces premature
stop codon that affects the 9th repeat domain and, if translated, results in a

shortened protein.

The truncation of FLNB in its repeat domains or the loss of function of
protein have both been implicated in the development of SCT in the past.
Previous research has demonstrated that variations in the actin-binding domain
and repeat domain, specifically repeat regions 2, 3, 5, 6, 13, 14, 17, 19, 20, 22,
and 24, are often responsible for SCT (Salian er al., 2018). The fate of most
frameshift FLNB variants has been found to be nonsense-mediated mRNA
degradation. Hence, they result in complete absence of filamin B protein (Yang

et al., 2017).

The majority of affected individuals have short height, a short neck,
scoliosis, and carpal fusion, whereas other disease manifestations are more
diverse. Many of the clinical characteristics connected with SCT were present
in the individuals in the current investigation. They had short necks and trunks,
short statures, a modest form of facial dysmorphism, and gradual hearing loss.
Along with these characteristics, there was scoliosis, lordosis, vertebral fusion,

and synostosis of the carpal and tarsal bones. There was also capitate hamate
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synostosis. Patients in this study also had club foot, cleft palate, and enamel

hypoplasia, which are less common SCT features.

Despite being a widely expressed intracellular protein, the discovery that
a variety of FLNB mutations led to a number of unique skeletal dysplasias
revealed a crucial function for filamin B in skeletal growth and development. It
is still unclear how exactly these mutations cause disease. (Krakow et al.,

2004).

39 genetically defined autosomal recessive SCT patients from 18
families (including those given here) carrying 20 biallelic FLNB mutations have
been identified thus far (Table 5.1). Most of these variants are nonsense or
frameshift variants encoding a premature stop codon.

Table 5.1 Mutations reported in FLNB gene in SCT Syndrome

Exon Variant Reported by ]
| c.28G>T Salian et al., 2018 F
2 c.429delinsCT “Salian et al., 2018

7 c.1204delG Salian et al., 2018

7 c.1243C>T Salian et al., 2018

9-12 c.1346- Fukushima et al., 2012

1372_1941+389del

10 c.1493delA Salian et al., 2018
10 c.1592dup Salian et al., 2018
13 c.1945C>T Krakow et al., 2004
16 c.2452C>T Krakow et al., 2004
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20 ¢.2911dupG Yasin et al., 2021
21-24 c.3127-353_4223- Fukushima ez al., 2012
1836del

21 c.3243C>A Present study

27 c.4671G>A Farrington-Rock et al.,
2007

28 [ c4819C>T Krakow et al., 2004

33 c.5548G>T Farrington-Rock et al.,
2007

36 c.6010C>T Mitter et al., 2008

38 c.6317delC Salian et al., 2018

39 ¢.6408delC Krakow et al., 2004

43 c.7029T>G Krakow et al., 2004

45 ¢.7621dupG Yang et al., 2017

Known FLNA variant identified in Otopalatodigital syndrome 1

This is the first report of otopalatodgital syndrome in a Pakistani family. A
rare collection of X-linked abnormalities known as otopalatodigital spectrum
disorder (OPDSD) is brought on by mutations in the filamin A (FLNA) gene
(Robertson et al., 2007). It is made up of four clinically similar conditions:
frontometaphyseal dysplasia (FMD), OMIM 302620; otopalatodigital syndrome
type I (OPD type I); otopalatodigital syndrome type II (OPD type II); and Melnick-
Needles syndrome (MNS), OMIM 309350. (Robertson et al., 2007; Robertson et

al., 2019). Skeletal dysplasia of varying degree affecting both the axial and

L
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appendicular e%eleton, togeiher with sov in Lawr wcdetal def=uin s the detining

10 e miaest version of the

I~

feature of the~o Jiseases (Robeitson ¢ o
spectrum in boys is OPD1 FMD is more seveie, wita the majority of OPix2 and
MNS patients pass away ‘n utero or in o first few weeks aiter birth. The
phenotypic scverity is relatively quite unpredictabie « females (Robertson ez al,
2003).

The cytoskeletal protein filamin A is cncodeld by the *LNA gene. It is
ubiquitously exoressed in cells and necessary :or membrane iategrity as well as
for signal tranzduction and the regulation ot the actin cytoskeleton. Modulation of
cell shape ana migration relie= ucavily on remodelling of the cytoskeleton. Filamin
A controls the remodelling and integiity of thc actin cytoskeleton through its
interaction witi. transmembranie recepior complexes, integring and second

messengers (Clark ef al., 2009).

Otopalatodigiial cyndrome * 02 cans . Dy <LN4 gene mutaticns (Table 5.2),
which are typ ~elly gain-of-funci.ons altorannsis cieusnd by missense mutations or
miinor deietici: thacdo not char » the reauine Gl o Doberisoir 2 ai, 2003, Clark
et ai., 2009}, The N-termunal acting brachig o nasie of filament A hinds F-actin
(ABD). Twe uighly conserved calponin Licimology domains, CH ¢ and CH2, inake
up the ABO (lark er al,, 200, 1t has been observe § that the mutations causing
OPD type 1 are grouped near e~ch other in the second caiponin homology domain
(CH2 domain) of the FLNA protein (Robertscn er al., 2003). CH2 domain is a
functionally important domain, and mutations in this region are expected to change
the ectivity ot the protein, and disrupt the ‘nteractior of FLNA with F-actin. This
leads to disturbance in signal transducticn and cytosteieton instenility (Clark et al.,

2009).
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The mutation in patients in Family 5 is in the second C'H2 domain at amine acid
position 196, and ceaverts Arg to Trp. Fhis mutation has been previously reported
as a cause of both OPDI and OPD2 (Roberison of 4/, 2003: Kondoh ei al.,
2007). The clinical characteristics of paiients n this study are consistent with

phenotypes described in OPD type 1 patients previously (Table 5.3).

Genotype-phenotype lisik between OPD I and OPD II is not usually obvious,
according to prior reports. Both OPD I and II patients have been known to
have filamin A mutations in the actin-binding domain (Rebertson, 2005). An
Argl196Trp substitution in filamin A was found in patients in a Japanese family
having an OPD type 2 phenotype. Two other patients have been reported to have a
mutation at the same position in FLN as the patient in this study. However, one
patient was classified as having OPD I since they only had cleft palates and
deformed digits-—not short height or bowcd bones (Robertson et al., 2003). Another
patient was identified as having OPD I due tc :« 586C to G mutation that resulted
in an Argl96Gly substitution iu filamin A (Robertson et al., 2003). The patient's
family had four other occurrences of OPD 1, ail with severe symptoms and deaths
occurring between 21 days and 3.5 moriths after delivery, according to the original
report by Andrc et al. (1981). Therefore, 0 the threc OPD patients with a mutation
at 586C in FLNA, the phenotvpe-genotype connection was not discernible. A
family with both OPD I and 11 individuals has also been observed (Horn ef al.,

1995).

Even though OPD 1 and II are causcd by similar or even identical FLNA
mutations, theti phenotypes are significantly distinct from one another. The

pathophysiology of OPD-spectrum illnesses may iuvolve one or more additional
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factors. Clarifying the molecular mechanisms underlying OPD-spectrum disorders

will necessitate further study.

Clinical signs of OPD?2 include abnormally moulded, bowed bones, brain
anomalies in the posterior fossa, omphalocele, and heart problems (Fitch er al.,
1983; Verloes et al., 2000). Compared to males with OPD2, males with OPD1 have
a cleft palate and milder limb and bone abnormalities (Taybi, 1962; Dudding ez a/.,
1967). Female carriers of mutations causing both OPD1 and OPD2 often exhibit a
milder phenotypic spect:ium. Cardiac defects and omphalococle (that arc
characteristic of OPD-2) were absent in this family. The heterozygous carrier
females in this family appeared to be phenotypically normal, and did not display

any of the phenotypic characteristics of OPD-1 and OPD-2.
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Table 5.2 Mutations reported in FLNA gene in OPD Spectrum disorders

Y

e g

Protein cmnge Domain Reference
p-GIn170Pro CH2 Robertson et al., 2003
p.Leul72Phe CH2 Robertson et al., 2003
p.AsEI_STSer CH2 o Moutton et al., 2016
p-Argl96Gly/Trp CH2 Robertson et al., 2003/
Kondoh et al., 2007
p.Cys205Arg CH2 Sankararaman et al.,
2013
p-Pro207Leu CH2 Robertson et al., 2003,
Moutton et 'al., 2016
p-Glu245Lys CH2 "Robertson ef al., 2006
p.Asp253Glu CH2 | Robertson er al., 2006
p-Glu254Lys CH2 Robertson ef al., 2003

p.Ala273Pro Repeat domains Robertson et al., 2003 |
p.Aspl142Val ‘Repeat domains Moutton et al., 2016
p.Prol156Leu Repeat domains Fennell eral., 2015 |
p.Aspl159Ala Repeat domains Robertson et al.; 2006
p.Ser1186L.cu Repeat domains Robertson et al., 2006
p.Prol223Leu Repeat domains "_ Robertson et al., 2006
p.-Val1249Ala Repeat domains Robertson et al., 2006

p.lle1620del

Repeat domains

Robertson er al., 2003

p.Cysl723Trp

" Repeat domains

p.His1840Arg

Repeat domains

Fennell et al., 2015

Mouttonet al., 2016
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Table 5.3 Comparison of clinical features of families with R196W

mutation in FLNA protein

Robertson et Kondoh et al., Present study
al., (2003) (2007)
Sex of proband M M - M
Diagnosis OPDI oPD2 OPDI
Number of 1 | 2
affected ’
individuals in
family
Number of 1 0 2
carrier females
tested
Omphalocele - + =
Perinatal death - - S
Short stature - + +
Bowed bones - + =
Abnormal digits i K + -
Cleft palate s + +
Hearing - + -
Impairment
Congenital - + )
Heart Defects
Characteristic NR + +
Facial Features
Ophthalmologic - + 1 - ]
Findings
DNA c.586C>T ¢.586C>T ¢.586C>T
Exon 3 3 3
Protein R196W R196W R196W

Novel DLL3 mutation identified in Spondylocostal Dyostosis

Reduced stature caused by axial skeletal abnormalities characterizes the group of
vertebral malsegmentation discases known as spondylocostal dysostosis (SD, MIM

277300). Multiple hemivertebrae, rib fusions, deletions, and a non-progressive
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kyphoscoliosis are characteristics of SD. It results from mutations in DLL3 and other

Notch signalling pathway genes (Turnpenny et al., 2007).

There are eight coding exons in the DLL3 gene. There are 24 known pathogenic
mutations in DLL3 that cause spondylocostal dyostosis (Table 5.4). Some of these
variants include frameshift, nonsense, missense, and splicing site variants (Turnpenny
et al., 2007). Ethnic origin of spondylocostal dyostosis families with DLL3 mutations
reported in literature is presented in Table 5.5. The majority of the pathogenic variations
in DLL3 that have been found so far are projected to cause misfolded proteins, truncated
proteins, or no protein at all due to nonsense-mediated decay (Bulman et al,

2000, Bonafé et al., 2003, Turnpenny et al., 2003).

The human DLL3 transcript produces a 618 amino acid protein (NP 058637.1) that is
made up of a transmembrane domain (TM), six epidermal growth factor-like domains,

and the delta-serrate-lag2 region (DSL) (Serth et al., 2015).

The DLL3 protein aids in the regulation of the Notch pathway, which is essential
for the formation of vertebrae. Specifically, early somite segmentation is mediated by
the DLL3 protein and the Notch pathway. Despite the fact that the precise process
governing somite segmentation is still unknown, it appears to call on the activity of
many Notch pathway proteins, including the NOTCH1 protein, to be switched on and
off in a particular manner (Saga et al., 2001). The NOTCHI1 protein is sequestered or

marked for degradation when the DLL3 protein attaches to it. (Bulman et al., 2000)

DLL3 is thought to play a significant part in the cell-signaling mechanisms that
lead to the establishment of somite boundaries in animal models (Dunwoodie et al.,

2002, Kusumi et al., 2004).
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DLL3 is modified in the X-ray-induced mouse mutant pudgy (pu), which has a
variety of vertebrocostal defects that are comparable to SD symptoms (Kusumi et al.,
1993). The first mutations in a human Delta homologue were found by Turnpenny et
al. (1999), highlighting the significance of the Notch signalling cascade and its
components in mammalian axial skeleton patterning.
The mutation in Family 6lies in a conserved region in the transmembrane domain, and
is predicted to result in a truncated protein, lacking the intracellular domain. The clinical
and radiographic abnormalities in the proband, such as short stature, scoliosis, missing
ribs and segmentation abnormalities were consistent with those reported previously in

spondylocostal dyostosis patients.
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Table 5.4 Mutations reported in DLL3 in spondylocostal dyostosis

Mutation Domain Reported by

Protein Truncating Mutations

215del128 N-terminus | Turnpenny et al., 2007
395delG N-terminus Turnpenny et al., 2003
602delG DSL Turnpenny et al., 2003
603ins3 DSL Bulman ef al., 2000
614ins13 DSL Turnpenny et al., 2003 )
615delC DSL Bonafe et al., 2003
C207X DSL Turnpenny et al., 2003 |
712C>T EGFI Bonafe ef al., 2003
868dell 1 EGF2 a Turnpenny ef al., 2003
945delAT EGF3 Bulman et al., 2000
948delTG EGF3 | Tumnpenny et al., 2003
Q360X EGF4 Turnpenny et al., 2007
C362X EGF4 Turnpenny et al., 2003
1256ins18 EGF5 Turnpenny et al., 2003
1285-1301dup17 EGFS5 Bonafe et al., 2003
1365del17 EGF6 Turnpenny et al., 2003
1418delC C-terminus pre TM o '—Tu_rh-penny etal., 2003
1440de1G ™ Whittock et al., 2004
1503delGGCC ™

Missense Mutations -

C309Y EGF2 Sparrow et al., 2002

Mapping of Genes Involved in Hereditary Skeletal Dysplasia in Pakistani Families 132



Chapter 5 Discussion
0 S ST

C309R EGF2 Turnpenny e al., 2007
G325S EGF2 Turmpenny et al., 2007
G385D EGF4 Bulman et al., 2000
G404C EGF4 Turnpenny et al., 2007
G504D ™ Whittock et al., 2004

Table 5.5 Ethnic origin of spondylocostal dyostosis families with DLL3 mutations

reported in literature

Ethnic Origin Number of families
Pakistan 7
| Middle East 4
Turkey 5
= Northern Europe 9
Northern Europe - Turkey ]
Southern Europe ]

ft
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Novel LMBRI mutation identified in Polydactyly

In Family 7, a novel variant in exon 14 has been identified. The family has two
affected siblings, presenting with non-syndromic postaxial polydactyly type A on
the ulnar side of the left hand only. A conserved Lysine residue is changed to

Alanine.

Polydactyly is one of several abnormal limb and digit phenotypes that LMBR1
has frequently been linked to. Given that the open reading frame suggests a protein
with nine predicted transmembrane domains and a coiled-coil domain, this protein
is hypothesized to be a receptor protein in the plasma membrane. (Ianakiev et

al., 2000; Clark et al., 2000)

Within an intron of this gene is a highly conserved, cis-acting regulatory module
for the sonic hedgehog gene. Therefore, interruption of this genic area can change
the expression of sonic hedgehog and impact limb patterning, although it is
unknown if this gene has a direct role in limb development. Acheiropody and
preaxial polydactyly are linked to chromosomal rearrangements and deletions and
mutations in this genic region, which most likely appears to be a result of altered

sonic hedgehog expression.

An autosomal recessive developmental condition called acheiropodia causes
bilateral congenital amputations of the upper and lower extremities as well as hand
and foot aplasia. The gene is located on chromosome 7q36. The acheiropodia
phenotype suggests that the LMBRI gene likely contributes significantly to limb
development (lanakiev et al., 2000). The 7q36 area was also linked to syndactyly

type 1V (SD4) and triphalangeal thumb-polysyndactyly syndrome (TPTPS),

e ]
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however pathogenic mutations in ZRS have not yet been confirmed. (Sun et al.,

2008)
Known FGFR3 mutation identified in Achondroplasia

In Family 8, a large family segregating autosomal dominant achondroplasia, we
have identified a known heterozygous variant (c.1144G>A, p.Gly382Arg) in the
FGFR3 gene (NM_001163213.1). This is the single nucleotide in the human
genome that has been shown to be the most mutable so far. For an autosomal
dominant disease, the homogeneity of the mutations in achondroplasia is
unparalleled. This may also explain the relatively uniform phenotype of the disorder
(Bellus et al, 1995). All affected individuals have the classic phenotypic
appearance of achondroplasia including childhood-onset short stature, short long
bones and distinct facial features including macrocephaly, frontal bossing, broad

jaws and midface hypoplasia.

Though most cases of achondroplasia are sporadic, this condition is inherited as
an autosomal dominant characteristic. A gain-of-function mutation in the fibroblast
growth factor receptor 3 (FGFR3) leads to achondroplasia (ACH). FGFR3 gene
lies on chromosome 4p16.3. The missense mutation p.Gly382Arg lies in a CpG
doublet of the transmembrane domain of the FGFR3 protein. Numerous examples
of achondroplasia have been described, and many of these cases are caused by
recurrent mutations of a single amino acid in the transmembrane region of FGFR3

protein (Rousseau ef al., 1994; Shiang et al., 1994).

Three extracellular immunoglobulin-like domains, a transmembrane
hydrophobic domain, and a cytoplasmic tyrosine kinase domain make up the

FGFR3 protein. The extracellular domains of the receptor bind the ligand and start
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a signalling cascade that regulates cell mitogenesis and differentiation. The
formation of bones is governed by FGFR3, which binds both basic and acidic

fibroblast growth hormone ligands. (Richette ef al., 2008)

By interacting with fibroblast growth factors, the extracellular component sets
off a cascade of downstream signals that have an impact on mitogenesis and
differentiation. Mutations in this gene are also responsible for cranial synostosis

and a number of skeletal dysplasias (Xue et al., 2014).

Lee et al., (2017) generated an ACH mouse model by replacing the mouse
FGFR3gene with human FGFR39*R (FGFR3A¢M") cDNA. The phenotypes seen in
ACH patients, are also seen in homozygous and heterozygous mice expressing
human FGFR3%*® The mouse model provides a method for evaluating
prospective treatments for skéletal dysplasias brought on by over activation of
human FGFR3 as well as for more research into the underlying molecular pathways

(Lec et al, 2017).

Conclusion

The processes of bone formation and remodeling depend on complex networks,
and genetic research on skeletal abnormalities has highlighted the signalling
pathways involved. The majority of skeletal dysplasias are caused by monogenic
mutations, thus they offer a great opportunity to learn more about the individual
genes involved in skeletal development. The specifics of how these genes and their

products interact in intricate networks are still being uncovered.

In this research consanguineous families with skeletal dysplasia were clinically

and genetically characterized. The genetic analyses for all the families under study
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are based on WES technology. The data analysis presented here provided the

evidence for the involvement of eight candidate genes (DCC, EVC, FLNB, DLL,
CUL7, FGFR3, FLNA and LMBR3) in developing distinct forms of bone
deformities. We have identified novel mutations in six genes (DCC, EVC, FLNB,
DLL, CUL7 and LMBR3) and also uncovered known mutations in FGFR3 and

FLNA genes (Table 5.6).

It is evident that whole genome sequencing (WGS) and whole exome
sequencing (WES) can help us to quickly and accurately identify the causal variant
for almost all Mendelian disorders—not just skeletal dysplasias. Technological
advancements are rapidly altering the field of clinical genetics. The WGS strategy
is presently the preferred one as it gradually becomes more cost-effective. An
increase in the number of correctly identified genetic diagnoses will be possible by
the development of new annotation and prediction tools that gather and interpret
the data. The bioinformatic pipelines will be further improved with close
cooperation between doctors, molecular biologists, and bioinformaticians. From the
WGS data, we already have knowledge about structural abnormalities and sequence
variants. It offers details on structural abnormalities and sequence variants together
with evolutionary conservation, allele frequency, and in silico prediction tools to
evaluate the variants in relation to the disease phenotype. Proteomics will also be
important to determine whether genomic variants truly alter splicing and will
contribute to genotype-phenotype correlations. Long-read sequencing is also an

emerging RNA-sequencing technique.

We now know more about the pathophysiology of skeletal dysplasias and the

functions of these genes in healthy skeletal development because of genetic
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research on monogenic illnesses. New research paints a picture of a complex
network and identifies potential new medication targets for illnesses like
osteoporosis, scoliosis, and arthritis as well as rare bone ailments that share the
same or related pathogenetic pathways. The detailed mapping of genetic pathways,
the description of the pathophysiological mechanisms behind skeletal illnesses, and
the search for opportunities to create novel therapeutic approaches are some of the

major areas for the future.

This research has provided selected families with their clinical and genetic
diagnosis and shed light on the genetic basis for several of the skeletal dysplasias.
The data presented here is valuable addition to genetic research and highly
instrumental from both academic and community point of view. The novel clinical
features and novel variants identified in the families allow a better understanding
of underlying disease-associated pathways. It also aids the families in better
understanding of genetic counselling based on the experimental evidence. In the
future, this research will benefit experimental efforts to create and improve skeletal
dysplasia treatments. Functional studies are needed to further elucidate the
pathways involved in disease mechanisms. RNA level experiments and RT-PCR

studies would also strengthen the findings.

o |
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Table 5.6 Summary of pathogenic mutations identified in this thesis

Discussion

Family Gene Mutation Disease Inhe Nature of
ritan Mutation
ce
. Novel mutation in
01 DCC 16(':'53%%%‘1“22; . HGPPS2 AR | novel gene
P- y (Zaka et al., 2020)
4:¢.731_757delTCCTTGACCTTCTTCC Novel mutation in
02 EVC TAAAAAGAAGT, EvC Syndrome AR known gene
p.Leu244_Ser253delinsPro (Zaka et al., 2021)
6:¢.4493T>C, Novel mutation in
b3 BCLT p.Leu1498Pro S Syndrome AR known gene
3:¢.3243C>A, SCT Synostosis Novel mutation in
L A p.Cys1081* Syndrome R known gene
X:c.586C>T, :
05 FLNA p.Arg196Trp OPD-1 XR Known mutation
19:¢.1503_1506delGGCC, Spondylocostal Novel mutation in
te DLLS | Ala502Argfs*45 Dyostosis AR 1 known gene
7:¢.1158G>T, Novel mutation in
07 LMBR1 p.Lys386Asn Polydactyly AR known gene
4:c.1144G>A, ) .
08 FGFR3 p.Gly382Arg Achondroplasia AD Known mutation
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APPENDIX-1

List of Mutatiohs before the last filtration step in Family 1

Supplementary Table 1: Filtered homozygous recessive candidate varants from Patient vl

S ——
krage Allele Frequis| Pathogeri city predictions

[ S—— TUTHTRT RO =
Gene Rei AU | Substitatio| varam | CFostion | 1000 occnl  ser Potyphen2
{Hg19) frenomes
Mosease  FOXCE ¢ T £ FroSer 12092822 141848 080 N& WA NA NA
Sah) T z PVRITENR 1136747 1113290874 LTS Ha DAMAG NG DAMAGING
aic 19 G e EONSI2TCys 12622472 12 40 894,833 Ha na NA NA
PRSE4T  C e Cleuidrval 21747736 1€ 2849 411 00047871 A NA NA
PR c T £ 329TARE 182448 298 A tia DAMAGING DAMAGING
Locdosaes © T ¢ Sec28Pne 21 36334 68 Na NA NA NA
wae a C £ The3dRrs 312648 131 HA Na NA NA
e G G £ MR 312046 128 NA 30 635 NA NA
MUCIA 1 i< pLecdBESec nTITIAZTE T 10080 THE Nt KA KA Na
AUCIA 4 c G argasdter HA 7 160580 768 A NA SA NA
CTAGE1S A G pORQRIGH nA2LEIRD 7 143270 172 Ra MA NA NA
Frameshift AMIL HEAC % pGEEIEE  NA 128871 538 nA Yk NA wA
Y BGOLCCTICHBACE TS TTICT ABGTEE B plesten  NA (26871 sas HA tA N& nA
aprL CAAATIABGCATIA s SPetith N 126671 522 Ha ta NA A
CRZTIE  TOAGCACS T PIAI0ME 1 14331GEAT 124301 94s ya H4 NA NA
opITIE T A £ie320% o ITOETIATO 1243407 802 Na b NA A
ARI12 G a7 [R1 741 157534385 11102738 73 Lt NA NA NA
s T T STy7Es  n370936CSE 11:13838,939  NA A Na A
FANSEA  © CCTGOTGAS £ GIn1asn  fiA 17 seTan 883 & 10 00126 NA [
Fannoes T oA £ Gin1gss  Na 12 50 745 581 N& A NA A
MIC19 Ta T CLysEIiIR 53 112504765 €2 40882 387 HA A NA na
BLANY T TG glewrtl rs 20138544 13 7BJ72 267 HA HA NA NA
RAN ASC & L GInZTSE 5 I5088528 17 1T €57 0S8 & Ha NA Ha
Eym A s SGINMCN 40364l 1T 17697 101 e A NA A
SARM X ac CBLABIN  rnIT4CSedet 17 28708 296 A A NA rA
SARMN 6T Y aOhi3I8 KA 37 26 708 302 HA AB D314: NA HA
oce T A sAsnBOOls  NA 1850912 450 NA A NA HA
UnRF: G 3 Bi3LAT 1 IPTTATALR (2 I854 €79 He A NA kA
PRR2Y ~COTGGGNS < cFrettlig KA 2240982 059 Na WA NA HA
MANL3 o s SGIRSEN 1 173E04002 % 140811082 ra : v
MAL3 TEE TGLTGCTEE T SGinASEhE  S82BTTIY 4 14GAYYOES ik
nonsz TS T pAniSEEh n 140095363 4 158244 407 NA
RS o 34 plapAlth  nISTBRIGIE 4473 HA
HoPTa ¢ <6t SHQI9SK  IBRIESETI £ 175371094 N
GRIFES ) ac CAIBEBE  n38TTEES 7 2545 132 NA 350003 NA Ha
%fl&t sty KRTAP¢ ACBBCAGCASE TIRZATATACS ANGCTIG A 2CmE3 _Argl 71182128 1733 10 798 HA HA HA i
sLceAs G < A B8TEABIEL T 14484229 Nk 50 00100 NA A
Zten9s 7 T Ha nA7E433I ¢ BOIYS hA Na vk ys.
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List of Mutations before the last filtration step in Family 2

Gene Rel ALT

1

A

3 AFAPLZ C [xewr]

4 AGAPY  GICT G

S AR T TGCA

3 Clf1?? GC G

2 C200i136 ¥ 1A

g cocA2 G T

g cocrz T GGG

10 CRPAK G GTGCCCATGTGGAGTRCCCGLCTRE:
Tl CTAGES GTA G
12 DCHS2  TITIG T
13 DGKK A AG
14 e CICCTIRALCTTETICOTARMARGRATT I”

ii5] FOFT1 GTCCCac G
1€ GOLGABM T €]

GRFIN G GC

8 HOMEZ  ACAT A

19 HPNR & CAG
26 IQSECT  GC G
21 KDMEB T TACCACC
22 KRTAP4-1 ACGGCAGCAGCTGGACATACCACAGCTGGGLTGGCAGE A
33 KRTARS-1 ACCACAGICACCETTOGATCOCCTATARGAG A
24 FRTAPS-2 ACCCOCACAGLAGITACAGCCOOCCTTGEAL A
24 FRTAPS-S A AGGCTGTLGCTCC
26 LOC400865 C T
2t LOCA4TISE A G
22 MAFA ATGG A
28 MARPIA  C T
3¢ MaP3K4 CCTG &
3 MIR20SHG TAGLAGCAGCAGC T

AA Substuse Varant Ciw poskion WOOGp ESPES00 SFT  Polyphen

p Leul0dup 15 T492617¢
p Val31LCys32delns
p GinB0dup 3032358
p Arg308ts

53535237
p GlySE3val 511582956
p ProdisBdup
p Cys2s

55487238
p Asr 135505 rsM001I3E
pLeullZs 1571415534

b et _SerZS:e e SZIES
p HisTE_Ser7TTdel  1sT1T11801

p CysdB8Arg 1£1995297(
p AlaSBfs 43975766
p Asp5dSdal 180055,
p Gly2765¢s

183973887

p Pro263_Pro264du 1s6146244;
p CysBI_ArgbSdel  1s7T1E5126
p Se 1L Gly120del

p Ser34_Gly103del (5550644
p Glyd3_Ghdtdup 1571025760

p Set126Phe 15766424

p The72000s 152653966
p HisZ08ded 1519181687
p Ala2527val 155443296
p Ala1133del 1511380138

p.Aladd_AladTdel 153342530
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116,085 784
150,783,919
66.765.158

55,273 635
21125

25360923 0000533 T:0.00%744 00

54,605,318
1,388 350
39.764 004
155.244.401
50.121,46
S 742470 G007
T.668.218
30,908,066
2,515,382
23,744,500
152,185,812
12,942,350
7750177
39,340.795
1,606,120
1,613,172
1851199
35,334 666
66,04,572
144,511,953
43,621,251 0 0002
161,519,350
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List of Mutations before the last filtration step in Family 3

Position  Ref AR
1651393 CCTGTGGIC
93404851 A G
6760707 G A
13002352 C G
54724605 A AATAAC
54778579 A AGAG
54778581 GTT G
54778586 CT [
1.14E408 CA C
10095007 AGT A
1.7¢+08 C G
43006378 A =
75899061 G A
90334235 G C
16 'chr6 90500003 C T
17 ichrX 1.07£+08 YTCCCTTYT
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GeneName
KRTAPS-5

_SLC15A1

SH203A
GCOH
LILRB3
UtRB2
LiLrRB2
LILRB2
11368
GRHL1
SPC2S
cuL?
COL12A1
MDN1
MDN1
COLSAG
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AminoAcid_S. DRSNP130_ID SIFTAGL4_Prediction SNPType Splice_Sit Polyphen2 MutationTaster

NA
MIT
R121¢
$48W
NA

NA

HNA

NA

NA

NA
D38H
114967
T232M
PA279A
V325M
NA

NA

NA

rs149620409
rs578242746
NA

15771433769
s781576541
rs745907042
5758127645
8762229274
rs781700632
HNA

r$20044347%
rs530285469
rs537168884
r$775824038

NA
DELETEKIONIS
NA

DELETERIOUS
NA
NA
NA

NONFRAM No
START_LO Mo
STGP_GAliNo
NONSYNO No
FRAMESHI No
NONFRAM No
FRAMESHI o
FRAMESHI No
FRAMESH Yes
FRAMESHI No
NONSYNO No
NONSYNO Bo
NONSYNO No
NONSYNO No
NONSYNO No
NONFRANM No

NA
B

NA
NA
NA
NA
L0
RA
NA

EUDUUVE

NA
0.993976
11

$E5s%%3

0995182
.95591
0.954324

0.781295
NA
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List of Mutations before the last filtration step in Family 4

i Chr Position Ref Al Transcript Geneld  GenaNam GeneDesc AminodAci DBSNP151 GERP 5IFT4G2.4 SMPType SIFT4G2.4 Splice_Sit AverageA Eur_AF_li
2 dnie 210407 7 ¢ ENSTOODD ENSGOOCE DNAH3  dynein axe Y730 15481237 NA NA NOMSTNC NA f NA NA
3 chrié BAE+GT7 A C ENSTON00 ENSGUUGC ATP2C 2 AT?: se KA76N N ITETIE DA DELETCRRNONSYNT 3035 Mo 0.0012 N&
4 dui? 4E407 G A ENSTOOHG ENSGOOGT KRT33A  xeratan 33 R223* 543778 MA NA STOP_Gat A Yes D.0002 NA
S chet? 3.8E+07 G r ENSIONCO ENSGHOO( £RBB2 eib o2 re Ml £5546880E MNA ULETCRNSTART LG 0 Mo 3.001 NA
o hil? 716407 T ke ENSTOOUN ENSGOGRC SDKZ sidekick e 1765V P 74E0N0S MA GELETTRITBONSYNC 0.2 Mo NA NA
7oohe 32E+07 G A ENSTOON0 ENSQUOUCEZTL E2M tiansz 83 NA A DILETCARNONSYNC D014 fic NA Na
3 liwE G B4 - THeT R L e % s 3 2t} i T HEES
¢ g 14E+08 C T ENSTOOU ENSGOOET KIAAL244 NA 25G¢ NA DELE FERINOMSYNC ¢ Ho NA A
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List of Mutations before the last filtration step in Famil

1 iChr

2 ichil

3 ichit

4 ichsil
5 ichrt0
6 ichri0
7 ichell
8 ichri9
9 ichr2

10 ichrs
1 ichiS
12 iche?
13 ichr7
14 iched
15 fcta9
16 tehrX
17 it X

Position  Ref
166028176 C
231557634 TGGC
85865569 A
89487160 C
133954073 A
59245747 T
49207114 G
114257704 AT
482203 1
149324212 C
5428497 G
77229988 G
86574748 TCTC
46330575 GACACAC
44091744 C

153856246 &

Ak
A
T
G
T

Ganald GanaDasc A
ENSTO000 ENSGOOO( ALE26787 NA VeBL
ENSTO000 ENSGOOOL EGLNT  egl-9 fami NA
ENSTCOO00 ENSGCOO( COHR1  cadherinr D49G
ENSTGOD0 ENSGOOOC PAPSS2  3'-phasph R329*

ACTTGGAENSTGO00 ENSGOOD( JAKMIP2

TACGG
A
A
<
T
A
A
T

[t}
T

ES

ENSTCO00 ENSGO00( OR4D10
ENSTO000 ENSGNOOC FUT2
ENSTCO0O ENSGCOOL FOXD4L 1
ENSTCO00 ENSGEOOC SLCIAY
ENSTCO00 ENSGGOOC PDESA
ENSTO000 ENSGGOOC TNRC18
ENSTCO00 ENSGOMNC PTPN12
ENSTOOON ENSGO0OC REXO1LE

ENSTOO00 ENSGOOOL FAM2701 famil

ENSTCO00 ENSGOOO( £FHC2

GO

tanus kina NA
offactory : NA
fucosyitra GINIR
forkhead iNA
solute car N4760
phosphod VoM
trinucleat: R320C
protein ty: R187H
REXI, RNANA

it NA
EF-hand d E535K

DA Rlagw

o

i DBSNP15I1 GERP

(s577435ENA
NA NA
55749203 NA
£5121908< NA
NA NA
NA NA
rs1342690 NA
r5572529¢ NA
NA NA
(5755922¢ NA
£s754B43: 1962 4
153685158 NA
NA NA
rs7821326 NA
57747552 NA

8 I b W A . i R 0 e e e e e L Bl AT 50

y5

SIFT4G2.4 SNPType SIFT4G2.4 Splica_Sit AveragsA Eur_AF

NA HONSYNC NA No
NA NONFRAN NA No
DELETERN NONSYNC 0.006 No
NA STOP_GAI NA No
NA NONFRAR NA No
NA FRAMESH NA No
DELETERN NONSYNC 0038 No
NA FRAMESH NA No
DELETERI NONSYNC 0,029 No
DELETERN NONSYNC 0.004 No
DELETERIt NONSYNC 0.02 No
DELETER$ NONSYNC 0.006 No
NA NONFRAN NA No
HA FRAMESH NA No
DELETERH NONSYNC 1,046 No
GELETERUHNOCR S RC L8
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0.0009 NA
NA NA
00008 NA
0.0002 NA
NA NA
NA NA
00014 A
0.0022 MA
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
Aia HA
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List of Mutations before the last filtration step in Family 6

1 Chr Pasition Raef Alt Transcript Geneld  GeneNam GanaDesc AmineAci DBSHP15I GERP SIFTAG2.4 SNPType SIFT4G2.4 Splica_Sit AvarageA Eur_AF_1
& cinl L¥t-ug © t ENSTOO00 ENSGOICC THN tensscin PRILELW 15hon/s2:NA CELETERI HONSYNC Bl No 00012 NA
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