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ABSTRACT 

A large number of disease phenotypes of inherited bone disorders are reported among 

more than 6000 documented Mendelian disorders, wherein various genetic factors 

have been elaborated. Among multiple factors that contribute to the spread of genetic 

diseases, the consanguinity is the leading environmental factor creating the hype of 

genetic diseases especially in Pakistan. Lack of diseases knowledge, inappropriate 

diagnosis, unsuitable management, unavailability of supportive treatment and 

financial constraints all promote the dark side of genetic diseases especially inherited 

bone diseases. Further, the comprehension towards these diseases is limited due to 

inadequate genetic research work and research facilities. To understand the genetic 

insight into inherited bone disorders, six Pakistani families associated with diverse 

genetic bone diseases including; osteopetrosis, achondroplasia and multiple hereditary 

exostosis, were selected and enrolled in this study. The genetic basis of these bone 

diseases were elucidated using various molecular biology approaches from traditional 

linkage analysis to high-throughput sequencing methodologies. Various tools of 

emerging bioinformatics field were also implicated to forecast the effects of identified 

genetic variations on proteins involved in the development of disease phenotypes. 

The genetic elucidation of four autosomal recessive osteopetrosis families with 

classical phenotypic features including marble bones, macrocephaly, frontal bossing, 

exophthalmoses and visuals loss, craniofacial abnormalities and hepatosplenomegaly 

revealed novel homozygous substitution and deletion in TCIRG1 gene in 2 families 

while no pathological mutation was identified in other 2 families. The family 1OPT 

revealed novel donor splice site homozygous substitution mutation in intron 10 of 

TCIRG1 gene (c.1165+1G>A). The identified mutation resulted in aberrant splicing; 

therefore it is likely to be pathogenic. 

The family 2OPT showed a novel homozygous deletion c. 624delC in exon 6 of the 

TCIRG1 gene encodes a3 subunit of V-ATPase complex, which resulted in a frame 

shift producing a truncated protein of 208 aa instead of 830 aa. In silico studies have 

also revealed deleterious effects of frame shift mutation that involves a loss of part or 

the entire V-ATPase V0-complex domain. Since subunit a3 plays a key role in bone 

resorption process. The study confirms the role of this pathogenic mutation in 
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infantile osteopetrosis. The TCIRG1 gene was screened in 2 more autosomal recessive 

osteopetrosis families (3OPT and 4OPT) and did not find any pathogenic genetic 

change in affected individuals, suggesting the involvement of some other gene(s) 

responsible for infantile malignant osteopetrosis. 

The identification of a novel deletion mutation not only supports the genetic 

heterogeneity of osteopetrosis but also highlights crucial role of V-ATPase a3 subunit 

of V0- complex domain in bone resorption process. Our findings may provide further 

insight in understanding the disease pathogenesis and help towards the development 

of targeted therapies. 

Similarly, the genetic screening of autosomal dominant achondroplasia family 

(1ACH) with short stature, rhizomelic abnormalities and prominent bowed legs 

exposed a frequently recurrent heterozygous c.1138 G>A (p.G380R) substitution in 

coding exon 8 of FGFR3 gene. Through sequencing, the identified genetic variation 

was confirmed in all affected subjects of the family while healthy individuals and 

controls were negative for this genetic change. Moreover, the findings were validated 

by PCR based RFLP analysis as c.1138 G>A substitution generated a unique 

recognition site for SfcI endonuclease. The substitution inserted adverse effects on 

FGFR3 protein stability, which was predicted by in silico studies of mutant FGFR3 

protein. 

The hereditary multiple exostosis (HME), has an autosomal dominant mode of 

inheritance with almost asymptomatic phenotypes but expresses comprehensive 

clinical manifestation especially in male with more severity. Typical HME symptoms 

include; exostoses, restricted joint movement, knee deformities, short stature, affected 

limb growth, neuropathy, vascular compression and pain during developmental phase. 

The malignant transformation of asymptomatic osteochondroma into 

chondrosarcomas is the most dire and distressing condition. The 1HME family found 

to be associated with EXT1 gene at chromosome 8q24 locus. EXT1 gene screening in 

HME patients, showed an intermittently reported heterozygous deletion in exon 1 of 

EXT1 gene (c.247delC). The deletion not only replaces the arginine with glycine 

amino acid in the protein sequence at position 83 but also resulted in frame shift with 

formation of an early stop codon “TAG” at 135 codon position in protein sequence. 

Consequently, translation of premature truncated EXT1 protein, exostosin-1, with 
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only 134 aa instead of 746 aa is the outcome. Further, an in silico exploration study 

has predicted the translated protein with 134 aa revealed harmful effects of deletion 

that involved in complete or partial decreased stability of protein. Perhaps, the 

mutated EXT1 gene led to impaired polymerase activity that may have caused the 

abnormal biosynthesis and expression of heparan sulfate, leading to disrupted 

signaling in endochondral growth plate. 

The elucidation of recurrent and novel genetic variations in the present study, will 

positively support in rapid, precise and accurate genetic screening as well as pre/ or 

post-natal molecular diagnosis of inherited bone disorders. Although, the 

identification of gene variants has provided significant insight into the disease 

pathogenesis; however, further hidden aspects of disorders, contributing to 

pathogenesis, can be unveiled by making use of recent advancements in the field of 

molecular biology. In this regard gene expression studies by using mammalian cell 

line or genetically modified animals can be of great importance in understanding the 

pathways involved in skeletal development and differentiation. Similarly, comparative 

study of the mutant and wild-type proteins characteristics such as stability, half-lives, 

cellular localization/ accumulation etc. can improve our understanding on disease 

pathogenesis. Findings of such type of studies may provide the basis of future 

treatment of these inherited diseases. At present, the findings of this study can be 

useful in providing genetic counseling and carrier screening to the affected families in 

order to minimize and/ or eradicate the genetic bone disorders in our population. 
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1 INTRODUCTION 

The human skeleton is a metabolically active organ that undergoes continuous 

remodeling during entire life (Hadjidakis and Androulakis 2006). The skeletal system 

is mainly comprised of bones and cartilage that plays variety of vital functions critical 

for normal physiology of a body. Some of the key functions are highlighted below;  

 It provides structural and mechanical support to the body.  

 It protects internal soft vital organs against any damage. 

 It serves as lever for muscles attachment and allows movement and 

locomotion. 

 It maintains calcium homeostasis and acts as a reservoir for phosphate, 

potassium, bicarbonate and magnesium for acid-base balance. 

 It provides a site for bone marrow and hematopoiesis (Taichman 2005; 

Viguet-Carrin et al. 2006). 

The three different germ layers produce human skeleton. The paraxial mesoderm 

produces the axial skeleton (back bone & ribs), the lateral plate mesoderm gives rise 

to the appendicular skeleton (limb skeleton) and the cranial neural crest generates the 

branchial arch and craniofacial bones and cartilage (Gu 2008). At the time of birth, 

the human skeleton comprises of 270 bones; however, during following 

developmental stages, some of the bones are fused together and leaving behind 206 

bones in an adult body. Overall, the human skeleton is divided into two groups: 

appendicular skeleton and axial skeleton. Appendicular skeleton consists of 126 

bones, which supports the body appendages (upper and lower limbs); while axial 

skeleton is made up of 80 bones including 06 auditory ossicle bones and forms the 

central core of the body. The femur is the longest bone, whereas middle ear bone is 

the smallest one in the human body (Krakow and Rimoin 2010). The various 

anatomical and morphological features of a human bone are illustrated in Figure 1. 

Anatomically, bones are categorized into four groups; long bones vs short bones and 

flat vs irregular bones. Morphologically, bones can be divided into cortical (compact) 

and trabecular or cancellous (spongy) bones. Up to 80% of the bones in an adult  
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Figure 1: Anatomical and morphological presentation of a bone 

Source: https://www.pinterest.com/pin/54184001744075495/  

  

https://www.pinterest.com/pin/54184001744075495/
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skeleton are compact bones while remaining 20% are spongy bones (Clarke 2008). 

The cortical bones are mainly associated with mechanical and protective roles and are 

thought metabolically less active, whereas the trabecular bones are implicated in 

metabolic functions (Clarke 2008 2008, Rodan, 1992). The outer surface of cortical 

bones is called periosteal, primarily involved in appositional growth and fracture 

repair (Boyle et al. 2003). Whereas, the inner surface, called endosteal surface, 

communicates with trabecular bone, marrow spaces and blood vessels canals and 

plays significant role in remodeling activities (Clarke 2008).  

The microscopic examination unveiled that both types of bones are arranged in 

structural units called osteons or Haversian system (Fernandez-Tresguerres-

Hernandez-Gil et al. 2006). Each cortical osteon is consisted of concentric layers, or 

lamellae, that surround a central hollow passageway called the Haversian canal. These 

canals are run vertical and connected to each other through oblique channels called 

Volkmann's canals. The branching network of Haversian/Volkmann’s canals allows 

blood vessels and nerves to travel through bones (Atkins et al. 2014; Cowin and 

Cardoso 2015). The same Haversian system in trabecular bone is known as packets 

(Eriksen 1986).  

The cellular portion of bone comprises of osteoblasts, osteocytes, osteoclasts and 

chondrocytes. These cells are mainly involved in the initiation of bone production, 

development, maintenance and modeling process (Florencio-Silva et al. 2015). 

Osteoblasts are terminally undifferentiated cells predominantly present in periosteum 

and endosteum layers (Cohen 2006). They control the regulation of osteoclasts, 

involve in the formation of bone matrix and make up the bone tissue (Gori et al. 2000; 

Mackie 2003). Osteoblasts release matrix that develop into osteoid, a rigid but flexible 

tissue. The osteoid finally hardens on the surface, increasing strength and thickness to 

the bone. Osteoblasts that entrapped in the matrix they secret become the osteocytes 

(Little et al. 2002). In the bone matrix, osteocytes gradually discontinue the release of 

osteoid; however, function as mechano-sensor to direct osteoblasts and osteoclasts in 

bone remodeling (Caetano-Lopes et al. 2007; Kini and Nandeesh 2012). Osteoclasts 

are large multinucleated cells, derived from precursor of monocyte macrophage 

hematopoietic lineage (Boyle et al. 2003). Osteoclasts function in resorption of the 

mineralized tissue on bone surface through its characteristic ruffled border. Hence, 
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osteoclasts play important role in bone remodeling cycle (Kini and Nandeesh 2012). 

Chondroblasts, are the progeny of mesenchymal cells present in cartilage tissue where 

they produce an extracellular substance, the cartilage matrix, type I collagen and 

proteoglycans (Cohen 2006). Following matrix secretion, the chondroblasts attain 

round shape and get embedded as a single cell or in cluster in the matrix’s spaces 

called lacunae. Embedded chondroblasts grow into mature cartilage cells called 

chondrocytes, which switch off the production of type I collagen and start producing 

type II collagen and some other proteins (Karsenty et al. 2009). 

The cellular portion is a key element of bone formation process, osteogenesis, which 

follows two main fashions; intramembranous ossification and endochondral 

ossification. Intramembranous ossification involves conversion of mesenchymal 

tissue directly into bone tissue (Karsenty 2003). Whereas, endochondral ossification 

involves the conversion of mesenchymal tissue into cartilage which subsequently 

replaced by mature bone tissue (Downey and Siegel 2006). The intramembranous 

ossification occurs in initial formation of flat bones of skull and healing of fractures, 

while the endochondral ossification occurs at long bones, the ends of flat and irregular 

bones and at the site of formation of bones where cartilage is present (Kini and 

Nandeesh 2012) . 

Besides cellular portion, bone also contains organic and inorganic matrix components, 

which account for one-third of bone mass (Downey and Siegel 2006; Fogelman et al. 

2012). The collagen type I and proteoglycans are the predominant organic matrix 

components, account for one-third of the bone mass (Downey and Siegel 2006). The 

mineralized components of matrix, constitutes approximately two-thirds of the bone 

dry weight, primarily consists of calcium phosphate minerals accumulated as 

hydroxyapatite crystals on the bone surface to augment its rigidity (Stagi et al. 2013). 

Being a highly specialized supportive and protective framework of the body, the 

skeletal system is itself prone to various pathological conditions (Fan et al. 2009; 

Ortner 2003). Three main risk factors; clinical, environment and genetics, are 

associated with various bone anomalies such as bone infections, injuries, tumors, 

several metabolic conditions as well as inherited disorders (Giampietro et al. 2013). 

These factors contribute either individually or in combination. However, damages to 

the skeleton inflicted by underlying genetic factors are of key interest, as they can not 
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only lead to long-term morbidity including crippling deformities, but also in some 

cases mortality (General 2004; Woolf and Pfleger 2003). The last few decades have 

witnessed tremendous advancement in the field of molecular biology that also has 

benefited the skeletal biology. As a result, we have been succeeded to understand 

genetic basis and biochemical pathways of various inherited bone disorders (Zelzer 

and Olsen 2003). 

1.1 Inherited Bone Disorders 

Inherited bone deformities represent a large group of clinically distinct and 

genetically heterogeneous disorders generally known as skeletal dysplasia (Krakow 

and Rimoin 2010). Traditionally, these disorders are subdivided into two groups; 

dysostoses, described as anomalies of individual bones/ groups of bones, and 

osteochondrodysplasias, characterized by developmental defects of chondro-osseous 

tissue (Kornak and Mundlos 2003). Although inherited bone disorders are 

individually rare; however, collectively they constitute a vast group of clinical 

relevance (Kornak and Mundlos 2003). Annually large numbers of births around the 

world results in congenital bone defects with varying genetic etiology, which could be 

either monogenic (involving single causative gene) or polygenic (involving more than 

one gene) in nature (Duncan and Brown 2008). Furthermore, skeletal dysplasias 

involve mixed pattern of inheritance like autosomal dominant, autosomal recessive or 

X- linked. Some dysplasias may be sporadic and some may be of unknown modes of 

inheritance (Cakan et al. 2012; Duncan and Brown 2008). Monogenic bone diseases 

proved best model in research as compare to investigate multigenic traits. Similarly, 

the information obtained from the genetic elucidations of single gene disorder is of 

great significance to understand cellular and molecular pathways involved in 

polygenic and complex disorders (Chial 2008). 

The advent of polymerase chain reaction (PCR) in 1983, later on accomplishment of 

Human Genome Project in 2003 and further innovations in molecular diagnostic 

approaches along with accessibility to numbers of mega internet databases have 

altogether significantly augmented the gene identification process. Hence, the last two 

decades have observed an incredible advancement towards unveiling the key 

molecular basis of variety of genetic bone disorders (Van Hul 2011). Currently, over 
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6000 Mendelian disorders have been reported so far including more than 400 

disorders purely associated with bones and joints anomalies (Betz et al. 2012; 

McCarthy 2011). Until 2010, approximately 456 skeletal disorders were reported. 

These disorders are further classified into 40 distinct groups on the basis of their 

biochemical, molecular, and/or radiographic characteristics. Of which, 316 were 

reported to be associated with genetic variants of 226 different genes (McCarthy 

2011). However, according to the recent nosology and skeletal disorder classification 

version, overall count of skeletal disorders has reduced from 456 to 436. Contrary to 

this, number of groups have risen to 42 and number of genes identified reached up to 

346 (Bonafe et al. 2015). This implies that skeletal dysplasia holds great potential of 

genetic research with existence of further new loci need to be identified. 

Identification of underlying molecular and genetic basis of such inborn disorders has 

always been of great importance as it not only improves our knowledge on 

biochemical pathways involved but also establishes genotype-phenotype correlation 

(Chong et al. 2015). Likewise, some of the different inborn skeletal disorders are 

made part of this research project to elucidate their molecular basis. The clinico-

genetical features of these diseases are discussed here as a part of this dissertation. 

1.1.1 Osteopetrosis 

Osteopetrosis (OPT) is a rare genetic bone disorder and was first reported by Albers-

Schonberg in early 1904 (Hamdan et al. 2006). Abnormally dense bone mass is a 

characteristic feature of osteopetrosis caused by a defective osteoclastic bone 

resorption (Sobacchi et al. 2013). This incapability of osteoclasts leads to persistent 

accumulation of old bone and hence, an increase in bone density and narrowing of 

internal cavities comprising vital tissues/ organs such as bone marrow and nervous 

system etc. (Del Fattore et al. 2009; Palagano et al. 2015). Four sub-types of OPT are 

described including infantile malignant OPT (OPTB1), adult/ benign OPT, 

intermediate OPT and carbonic anhydrase type II deficiency syndrome (Lam et al. 

2007). However, syndromic forms of osteopetrosis such as carbonic anhydrase II 

deficiency are not considered as classic autosomal recessive osteopetrosis (ARO) due 

to the mild presentation of the bone defect in affected individuals (Sobacchi et al. 

2013). Based on mode of inheritance the disorder is further classified into autosomal 
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dominant and autosomal recessive osteopetrosis (Kumar et al. 2013; Zeng et al. 

2016). However, infantile malignant OPT, also known as autosomal recessive 

osteopetrosis type 1, remains the most common and best identified subtype with an 

average disease frequency of 1/ 250,000 (1/200,000–1/300,000). The highest 

frequencies of infantile malignant OPT has been reported in populations of Costa-

Rica (3.4/100,000) in Central American and Chuvash (1/3879 newborns) in Russia 

owing to a founder effect, high parental consanguinity or geographic isolation 

(Bliznetz et al. 2009; Sobacchi et al. 2013).  

Infantile malignant OPT is associated with intermediate and severe clinical 

phenotypes associated with reduced or complete loss of bone resorption capability of 

osteoclasts (Wilson and Vellodi 2000). Impaired osteoclastic bone resorption leads to 

retention of old bones, hence an increase in bone density and obstruction of internal 

cavities containing vital tissues/organs such as bone marrow, nervous system etc. 

Distinctive symptoms include short stature, bone deformities and pathological 

fractures that may accompanied by severe hematological and neural failures (Del 

Fattore et al. 2009). In comparison with autosomal dominant benign OPT that occurs 

in late ages and with less severe clinical consequences, autosomal recessive infantile 

malignant OPT involves an early onset and lethal outcome (Palagano et al. 2015). The 

mortality rate of ARO is significantly high, as most of patients died during their 

infancy, contrary to heterozygous osteopetrotic patients who pass normal life span. 

Bone marrow failure, visual impairment and profuse infections before the age of three 

months are the major contributing factors to death (Loria-Cortes et al. 1977; Neal and 

Michie 2009; Wilson and Vellodi 2000). 

Bone resorption depends on osteoclast secretion of hydrogen ions (H
+
), chloride ions 

(Cl
−
) and matrix-degrading protease, cathepsin K, into the resorption lacunae. The 

process mainly involves the breakdown of crystalline hydroxyapatite and collagen-

rich organic bone matrix. The breakdown of both components requires acidic 

conditions, because hydroxyapatite is solubilized in acidic solution and the collagen-

degrading protease, cathepsin K, is optimally active at acidic pH. Therefore, the bone 

surface acidic microenvironment beneath the ruffled border is a fundamental and 

crucial step for bone resorption. A continuous expulsion of H
+
 and Cl

−
 through 

combined actions of V-ATPase proton pump and chloride channel in the ruffled 
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border of osteoclasts serves to achieve this acidic microenvironment in resorptive 

lacunae. The degraded bone matrix is endocytosed from the resorption lacunae and 

finally released into the extracellular environment (Qin et al. 2012; Warman et al. 

2011). Different genes tightly regulate the proton pump function of multi-subunit V-

ATPase. Functional variants of these genes are frequently reported in impaired proton 

pump regulation. To date, 11 osteopetrosis genes have been identified including 7 

genes associated with ARO; TCIRG1, CLCN7, OSTM1, SNX10, TNFSFR11A, 

TNFSF11 and PLEKHM1 (Sobacchi et al. 2013; Zeng et al. 2016). Four of the known 

ARO genes, TCIRG1, CLCN7, OSTM1 and SNX10 are significantly expressed in 

ruffled border of mature osteoclasts and are largely known for their involvement in 

autosomal recessive osteopetrosis. Specific proteins encoded by these genes are part 

of the osteoclast-specific enzymatic system that significantly contributes in bone 

dissolution process. The TCIRG1 encodes a3 subunit of proton pump, is the most 

frequently mutated gene responsible for >50% of ARO cases. The CLCN7 gene 

encodes chloride channel (CLC-7) to provide electro-neutrality during acidification 

process, account for approximately 13-16% of ARO cases. Mutations in a recently 

cloned OSTM1 gene, which encode transmembrane protein 1, lead to severe 

phenotypes and account for 2-6% ARO cases. Whereas, SNX10 gene encodes sorting 

nexin 10, is accounting for almost 4% ARO cases. Overall, approximately >70% 

malignant infantile osteopetrosis cases emerge from mutations in these four genes. 

The remaining 3 gene are less frequently described in ARO patients with TNFSFR11A 

in <1-4% of cases, TNFSF11 in <1-3% of cases and only 2 cases of PLEKHM1 have 

been reported in the literature so far (Sobacchi et al. 2013). 

Structurally, the mammalian V-ATPase proton pump (V-ATPase) is well-studied and 

well defined multi-subunit enzyme with complex macromolecular structure organized 

into two functional domains; a V1 ATP hydrolytic domain and a V0 transmembrane 

proton channel domain. Both main domains are made up of at least 14 subunits (Yuan 

et al. 2011). The V1 domain is 570-kd peripheral protein comprised of eight subunits 

(A to H) including tissue-specific B, C, E, and G subunit isoforms. The subunits A-H 

forms the peripheral ATP hydrolytic domain which is involved in ATP hydrolysis 

(Maher et al. 2009). The energy generated from ATP hydrolysis is used in the rotation 

of V0 domain and to translocate the proton across the membrane (Kawasaki-Nishi et 

al. 2003). The V1 domain contains three copies of A and B subunits involved in 
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catalytic activity, three copies of E and G subunits involved in the formation of the 

stator, and a copy of C and H regulatory subunits. Additionally, the subunits D and F 

of V1 domain constructs a middle rotor axle of V-ATPase pump (Kitagawa et al. 

2008). 

The V0 domain of V-ATPase pump comprises the subunits a, c, cʹʹ, d and e, which 

constitute the transmembrane proton channel. The ‘a’ subunit is a 100kDa 

transmembrane glycoprotein having cytoplasmic N-terminal hydrophilic domain and 

C-terminal hydrophobic domain comprising eight putative transmembrane helices 

(Taranta et al. 2003; Toei et al. 2010). To date four isoforms of “subunit a” are 

reported (a1, a2, a3 and a4). The isoform a3 is an osteoclast-specific, encoded by 

TCIRG1, involves in osteoclast resorptive activity (Cotter et al. 2016; Hinton et al. 

2009). The expression of a3 subunit is induced as the formation of osteoclasts starts 

and is observed much higher in osteoclasts than any other cell types (Toyomura et al. 

2003). The subunit a3 is restricted to the ruffled boarder of osteoclasts and during 

bone resorption process; the V-ATPases with a3 subunit are engaged for extracellular 

acidification (Li et al. 1996; Manolson et al. 2003; Ochotny et al. 2011; Toyomura et 

al. 2003). The subunits c and cʹʹ are highly hydrophobic proteins and form a ring like 

structure in lipid bi-layer (Forgac 2007; Jefferies et al. 2008; Toei et al. 2010). 

Analogous proteins to human TCIRG1 or a3 subunit have been reported in other 

eukaryotes with varying percentage of similarity; e.g. in chimpanzee with 99.8%, 

house mouse with 84.3% and zebrafish with 59.0% similarities 

(www.ncbi.nlm.nih.gov). 

1.1.2 Achondroplasia 

Achondroplasia (ACH) is inherited as an autosomal dominant trait of skeletal 

dysplasia with 100% penetrance (Henderson et al. 2000; Trujillo-Tiebas et al. 2009; 

Wang et al. 2013). ACH is well-known nonlethal form of skeletal dysplasia (Carter et 

al. 2007) known to be the most common cause of dwarfism characterized by short 

stature that particularly affects the appendicular skeleton (upper and lower limbs) and 

to the less extent axial skeleton (skull, vertebrae, ribs) of the body (Krakow and 

Rimoin 2010; Panda et al. 2014; Shiang et al. 1994). There are four distribution 

patterns of dwarfism in the human, may be categorized on the basis of involvement of 
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appendicular skeleton, as rhizomelic (proximal involvement) or mesomelic (middle 

skeletal involvement) or the acromelic (distal involvement) or micromelic (shortening 

of entire limb) (Panda et al. 2014) . Spranger categorized the achondroplasia under a 

group of skeletal dysplasia comprising less severe form hypochondroplasia and fatal 

thanatophoric dysplasia (Spranger 1988). Globally, approximated frequency of 

achondroplasia is calculated to range from about 1 in 15,000 to 1 in 77,000 (Murdoch 

et al. 1970; Oberklaid et al. 1979; Stoll et al. 1989; Wang et al. 2013). In 

achondroplasia, the de novo mutations are associated with advanced paternal age in 

sporadic cases (Stoll et al. 1989) and worked out 80-90 % of all cases (Murdoch et al. 

1970) and 10-20 % newborn achondroplasia babies have familial history (Hung et al. 

2008; Martinez-Frias et al. 2010; Patil et al. 2009). Primarily, achondroplasia is a 

defect of cartilage bone that affects the whole skeleton. At birth, the features of 

achondroplasia are apparent that usually make the diagnosis unambiguous. The 

distinguishing clinical features in affected individuals include exaggerated lumbar 

lordosis, limitation of elbow extension, genu varum, and trident hand (Francomano et 

al. 1994). ACH patients may represent one of the three patterns of dwarfism; 

mesomelic, rhizomelic and acromelic but the rhizomelic pattern is most common 

(Cohen 2006; Ho et al. 2004; Krakow and Rimoin 2010; Panda et al. 2014). 

The achondroplasia men acquire average height of 131±5.6 cm whereas women 

acquire 124±5.9 cm (Carter et al. 2007). ACH people most commonly have very 

typical appearance with a large head-to-body size, characteristic facial features, 

frontal bossing and mid-face retrusion or hypoplasia. During infancy, hypotonia is the 

most prominent characteristic resulted from delayed and abnormal development of 

motor milestone (Trotter et al. 2005; Wang et al. 2013). The craniocervical junction 

compression contributes to death rate during infancy (Ho et al. 2004; Pauli et al. 1995; 

Trotter et al. 2005). Despite all these clinical manifestations, individuals with ACH 

have normal life span and intelligence factor until and unless have hydrocephalus or 

any of the central nervous system abnormality (Krakow and Rimoin 2010; Richette et 

al. 2008; Yuan et al. 2016). Clinically, hypochondroplasia is less severe than 

achondroplasia while thanatophoric dysplasia is the life threatening form of skeletal 

dysplasia (Vajo et al. 2000). The homozygous achondroplasia is less common and 

most severe form in which both mutant alleles of FGFR3 are segregated from both of 

the affected parents to offspring (Pehlivan et al. 2003; Satiroglu-Tufan et al. 2006). 
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The clinical manifestation of homozygous achondroplasia is different from 

heterozygous achondroplasia. Respiratory failure, the consequences of cervico-

medullary stenosis and inappropriate sized thoracic cage, which is the major cause of 

death in homozygous ACH patients (Panda et al. 2014).  

Although, achondroplasia is related to bone deformities but many medical conditions 

are allied with ACH phenotype that play critical role on the life of such patients. It 

may include neurological complications, delayed motor milestone, hypotonia, obesity, 

joint pain and cardiovascular complications (Hecht et al. 1988; Kopits 1988). The 

megalencephaly (Horton et al. 1978), non-obstructive hydrocephalus, cervico-

medullary compression, apnea, recurrent sinusitis and otitis media (Sisk et al. 1999; 

Waters et al. 1995), hearing loss (Berkowitz et al. 1991), spinal stenosis, damage to 

respiratory control centers and various orthopedic problems (Nelson et al. 1988; Pauli 

et al. 1995) are also observed. Death usually results secondary to respiratory 

compromise or from cervical cord compression in these patients (Carter et al. 2007). 

In human, FGFRs belong to family of tyrosine kinase proteins and are classified into 

four types: FGFR1, FGFR2, FGFR3 and FGFR4. All types possess indistinguishable 

structural feature including three extra cellular immunoglobin like domains (IgI, IgII, 

IgIII), a transmembrane domain and split tyrosine kinase domain (Johnson and 

Williams 1993). The immunoglobin like domains predominantly involved in the 

activation of FGFRs, possessing the binding sites for variety of FGFs (Traynis et al. 

2012). FGFR3 gene from human and mouse model (mus musculus) has recently been 

characterized comprising 19 exons with 18 introns and span around 16.5kb and 15kb 

on genome respectively (Perez-Castro et al. 1995; Wuchner et al. 1997). The 

translation initiation and termination sites in both species are positioned in exon 2 and 

19, respectively (Perez-Castro et al. 1997). There was 88.49% similarity of sequences 

was observed between human and mouse indicating gene evolution from a common 

ancestral origin. Similarly, human FGFR3 shows varying percentage of similarity 

with its analogous proteins in other eukaryotes; e.g. in chimpanzee 95.8%, in house 

mouse 93.4%, in zebrafish 77.6%, in common fruit fly or drosophila melanogaster 

45.7% similarities (www.ncbi.nlm.nih.gov). 

The molecular bases of skeletal dysplasias have recently been established while 

hunting genetic reasons for Huntington disease that mapped to chromosome 4p16.3 
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(Francomano et al. 1994; Le Merrer et al. 1994). The key genetic factor leading to the 

development of ACH is the heterozygous dominant gain-of-function mutations in a 

gene, FGFR3, resided in this region (Francomano et al. 1994; Shiang et al. 1994). 

Over the last two decades, dominant gain-of-function mutations in the specific site of 

FGFR3 have been shown implicated in human skeletal dysplasias affecting the bone 

development by endochondral ossification process, including achondroplasia (ACH), 

hypochondroplasia (HCH), thanatophoric dysplasia (Volynsky et al.) and severe 

achondroplasia, with developmental delay and acanthosis nigricans (SADDAN) 

(Shiang et al. 1994; Su et al. 2014).  

The FGFR3, a member of  fibroblast growth factor receptor (FGFR) family, differs 

from other FGFRs in its ligand binding affinity and tissue distribution as it mainly 

expressed in cartilage and brain (Kelleher et al. 2013; Su et al. 2014). The cell surface 

heparan sulfate (HS) are essential for ligand-receptor complex to form, because, 

FGF/FGFR binding is critical for dimerization of FGFRs monomers (Schlessinger et 

al. 1995). The FGFR3 dimerization contributes key role in subsequent signaling 

pathways involved in skeletal differentiation (Green et al. 1996). Fibroblast growth 

factor (FGF) binds to an extracellular ligand-binding domain to initiate FGF/FGFR 

signaling that induces the expression of cell cycle suppression genes, hence negatively 

regulate bone development. However, mutations in FGFR3 gene lead to a constitutive 

activation of the FGFR3 protein. As a result, a cascade of uncontrollable signal 

transduction allows an aberrant expression of the suppression genes, hence the 

development of short stature pathology (Su et al. 2014).  

Almost 98% of the ACH cases are caused by variation in FGFR3 at nucleotide 

position 1138, with 97% involving a c.1138 G>A transition mutation and 1% 

involving a c.1138 G>C transversion mutation (He et al. 2012; Hung et al. 2008). 

Both mutations substitute glycine with arginine (p.G380R) in the transmembrane 

domain of FGFR3 protein that leads to gain-of-function (Rousseau et al. 1994; Shiang 

et al. 1994). Mostly these mutations are de novo (sporadic) as more than 80% of ACH 

cases are born to their average-statured parents (Igwegbe et al. 2012). Advanced 

paternal age is one of the major reasons that significantly contribute to de-novo 

mutations in the germ cells because of large number of cell divisions during 

spermatogenesis (Toriello et al. 2008). Moreover, the presence of guanine at 
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nucleotide position 1138, which is a part of CpG dinucleotide island and the most 

mutable site in the human genome, can also explain the high incidence of spontaneous 

mutations in FGFR3 (Bellus et al. 1995). Other less frequent mutations are also 

identified in FGFR3 but are mainly associated with hypochondroplasia and 

thanatophoric dysplasia type I and II (Xue et al. 2014). Hence, in comparison to other 

genetic diseases, ACH is a genetically and phenotypically homogenous where very 

few rather than hundreds of mutations are responsible (Matsui et al. 1998; Patil et al. 

2009). Further the c.1138 G>A and c.1138 G>C mutations generate novel restriction 

sites for SfcI and MspI endonucleases respectively, which are used to screen the 

genetic status of ACH patients (Bellus et al. 1995; Wang et al. 2013). 

1.1.3 Hereditary Multiple Exostoses 

Hereditary multiple exostoses (HME) is a skeletal benign tumor inherited as an 

autosomal dominant trait with 96 to 100% penetrance (Sarrion et al. 2013; Schmale et 

al. 1994). According to WHO, the exostoses are the extension and outgrowth of bones 

capped by cartilage on the peripheral surfaces of long bones (Fletcher et al. 2002). 

The under lying bone continues to develop enclosed bony protuberances that are 

capped by cartilage onto the external surface of the bone (Wuyts et al. 1996). These 

exostoses are common, asymptomatic and a type of benign neoplasm (Silve and 

Juppner 2006). Anatomically, exostoses are described as pedunculated or sessile. A 

pedicle is present between the lesion and cortex tissue in pedunculated type while in 

sessile form, the exostosis lesion is broad-based and directly attached with the cortex 

tissue (Bovee 2008). The exostoses usually appear in the metaphyseal and diaphyseal 

portion of long and short bones of limbs, particularly hands and feet (Solomon 1963). 

Moreover, the number of exostoses varies among patients even within and between 

families (Pannier and Legeai-Mallet 2008). In some instances, transformation of 

benign exostoses into malignant chondrosarcomas is also observed (Hameetman et al. 

2004).  

There is no unified data or source about the prevalence of hereditary multiple 

exostoses available. However,  HME is reported in Caucasian population as well as to 

lesser degree among Asian population (Hennekam 1991). Yet, other ethnic groups 

around the globe could not be excluded. The HME has a wide range of prevalence 
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between 0.9–1.4 in 100000  to 100 in 100000 in European and Chamorros of Guam 

populations respectively (Stieber et al. 2001). The statistical data from western 

population showed disease frequency of 1:50000 (Duncan et al. 2001; Sarrion et al. 

2013). The milder form of disease phenotype is present among females, which is 

usually overlooked that probably has certain impact on prevalence difference. 

Additionally, the disease incidence is higher in male population than female with a 

ratio of 1.5 – 1 (Legeai-Mallet et al. 1997; Wicklund et al. 1995). 

Clinically, the disease appears at the time of birth but diagnosis required critical 

examination on newborns having the familial history of the disease. The disease 

phenotype becomes prominent and progressive from early childhood (2–4 years) to 

puberty though maximum number of affected individuals develops disease phenotype 

by the age of 12 years (Pannier and Legeai-Mallet 2008; Voutsinas and Wynne-

Davies 1983). However HME manifestation is demonstrated by various skeletal 

deformities like reduced skeletal growth, deformed bones, limited joint movement, 

short stature, shortening and bowing of forearm and tibia and peripheral nerve 

compression (Wuyts and Van Hul 2000). About 80% individuals are diagnosed by the 

presence of exostosis on the most noticeable site like tibia or scapula, in the early 10 

years of life (Solomon 1963). However, other prominent sites where exostoses appear 

are the metaphyseal area of long bones such as femur, tibia, humerus, radius and ulna. 

Conversely, shoulders, knees and ankles are less affected sites (Milgram 1983; 

Pannier and Legeai-Mallet 2008). Exostosis lesion effects the longitudinal growth of 

long bones (Hennekam 1991). Broad and flat exostoses may develop near the anterior 

cartilaginous ends of ribs, flat bones and vertebrae (Robbins et al. 1996). Not but 

occasionally, carpal, tarsal and calcaneus bones are involved (Farrett et al. 1998; 

Koplay et al. 2009). Surprisingly, no lesions or exostoses are described on any of the 

facial bones however only single case on skull bones is reported (Hennekam 1991).  

Although the disease is benign but results in variety of associated problems including 

deformed and short skeleton, fractures and cosmetic deformities, valgus deformity of 

ankle and clinically significant limb-length discrepancies are frequently reported 

issues (Schmale et al. 1994; Wicklund et al. 1995). These associated issues contribute 

to the overall impression of abnormal growth and development of skeleton in HME 

individuals (Porter and Simpson 1999). Additionally, pain and irritation of overlying 
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soft tissues, nerves, vessels or tendons are remarkably experienced by majority of 

HME patients (Beltrami et al. 2016). The spinal cord and nerves compression are less 

common but well defined as serious complication in HME patients (Ergun et al. 1997; 

Solomon 1963). Despite numbers of medical complications, patients with HME pass 

their normal life span (Bovee 2008). 

The most frightful and alarming complication is the conversion of exostosis into low-

grade chondrosarcomas, a malignant transformation (Bovee 2008; Hameetman et al. 

2004; Pannier and Legeai-Mallet 2008). The scientific literature provides the evidence 

of malignant transformation in HME patients that varies from 0.5% – 25% (Garrison 

et al. 1982; Stieber et al. 2001; Voutsinas and Wynne-Davies 1983). Usually exostotic 

lesions growth become dormant or stopped with the completion of skeletal growth 

except very few that might propagate more aggressively and result into 

chondrosarcomas (Hecht et al. 1995; Pannier and Legeai-Mallet 2008). The exostosis 

lesion growth after the cessation of skeletal development absolutely augments the 

doubt of malignancy. However, the development of malignant degeneration scarcely 

occurs in the first or after the fifth decade of life (Stieber et al. 2001). Risk variations 

of malignant transformation were observed among HME families presenting genetic 

heterogeneity predispose to malignant degeneration (Schmale et al. 1994). For this 

reason, HME patients with familial history should go through regular medical 

checkups to have a look for early detection of any transformation of exostosis into 

chondrosarcomas. Furthermore, it was observed that HME is allied with other genetic 

syndrome like Langer-Giedon Syndrome (LGS), tricho-rhino phalangeal syndrome 

type II (TRPII) and DEFECT 11 syndrome (Langer et al. 1984). 

Numbers of studies have been conducted to characterize HME or multiple 

osteochondroma genetically with an output of disease causing mutations in EXT gene 

family. The mutations in at least two distinct genes; EXT1 and EXT2 of exostosin 

gene family are responsible for the development of HME phenotype (Bovee 2008; 

Philippe et al. 1997; Wuyts and Van Hul 2000). Through linkage analysis, EXT1 and 

EXT2 were mapped on chromosome 8q23-q24 (Cook et al. 1993) and chromosome 

11p11-p12 (Wuyts et al. 1996) respectively. The EXT1 gene consists of 11 exons 

spanning approximately 350kb on chromosome 8q24.11–q24.13 (Ludecke et al. 1997) 

while EXT2 comprises 16 exons spanning almost 108kb on chromosome 11p11–p11.2 
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(Clines et al. 1997). The EXT1 and EXT2 genes are glycosyltransferases which are 

ubiquitously expressed in musculoskeletal system and translate proteins of 746 and 

718 amino acids respectively (Busse-Wicher et al. 2014). Both proteins show 

homology to each other, especially at the C terminal portion of protein sequence 

(Stickens et al. 1996). Likewise, EXT1 and EXT2 share sequence similarities with 

other analogous proteins in different species; e.g. in chimpanzee 99.9% and 99.5 %, in 

house mouse 99.3% and 93.0 %, in zebrafish 84.5% and 83.4 %, in drosophila 56.9% 

and 49.5 % similarities respectively. (www. ensembl.org) 

In certain defined population, linkage and mutation data analysis revealed that one 

half and one third cases of multiple hereditary exostoses are probably developed by 

EXT1 and EXT2 genes mutations respectively (Philippe et al. 1997). However, nearly 

10% HME patients carry de novo mutations (Sarrion et al. 2013). The HME families 

or patients with no mutation in both EXT genes are suggestive of the involvement of 

some other gene(s). In 70-94% HME patients, loss of function mutations have been 

reported in EXT1 and EXT2 glycosyltransferases with a higher incidence in EXT1 

gene (Jennes et al. 2009) and resulted in premature truncations of transcript and 

dropped off  in biological activity (Clines et al. 1997). It is clear from different studies 

that more severe phenotypes of HME patients are coupled with EXT1 mutations rather 

than EXT2 (Ohkuma et al. 2011). The germline mutations of EXT1 and EXT2 were 

first reported in 1995 & 1996 respectively (Ahn et al. 1995; Stickens et al. 1996; 

Wuyts et al. 1996). To date more than 400 mutation of EXT1 and around 200 

mutation of EXT2 gene have been deposited in multiple osteochondromas mutation 

database. The majority (80%) of these mutations is nonsense, frame-shift and splice-

site mutations, ensuing in a premature translation termination, or associated with 

complete or partial loss of the gene (Sarrion et al. 2013).  

The loss of function of EXT1 or EXT2 or both genes predominantly induces the 

manifestation of multiple exostoses as well as the malignancies of cartilage and bone 

tissues (Heinritz et al. 2009). Furthermore, both EXT1 and EXT2 genes probably 

implicated in tumor suppressor activities as loss of heterozygosity in both of the genes 

was observed in chondrosarcomas. Thus, a tumor suppressor role of these genes has 

been suggested (Hecht et al. 1997; Raskind et al. 1995; Stickens et al. 2005). 

Exostosin-1 and exostosin-2 are the transmembrane proteins encoded by EXT1 and 
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EXT2 genes respectively, involved in catalysis of polymerization of heparan sulfate 

(Cheung et al. 2001). Upon over expression, both proteins become localized 

predominantly in endoplasmic reticulum (ER) (Hameetman et al. 2004; Senay et al. 

2000). Subsequently, EXT1 and EXT2 combine in the ER and form hetero-oligomeric 

EXT-1/2 complex, which is then moved to the Golgi apparatus (Duncan et al. 2001; 

McCormick et al. 2000). However, the mechanism by which the complex is formed is 

not known. In addition, the biological activity of EXT1 is modulated to HS 

polymerase (Busse et al. 2007). For the reason the EXT-1/2 complex is believed the 

functional HS co-polymerase with its utmost polymerase activity in Golgi apparatus 

(McCormick et al. 2000; Okada et al. 2010). The EXT-1/2 complex polymerase 

activity catalyzes the biosynthesis of heparan sulfates chains in the Golgi apparatus 

(Busse et al. 2007). 

The polymerization of heparan sulfate proteoglycans (HSPGs) is specifically started 

by the addition of an N-acetylglucosamine residue (GlcNAc) to tetrasaccharide 

heparan sulfate linker forming the initial polymerization, which is a prerequisite for 

subsequent heparan sulfate elongation (Koziel et al. 2004). This step is carried out by 

the N-acetylglucosamine-transferase I (GlcNAc-TI) encoded by EXTL2 gene (Busse 

et al. 2007; Okada et al. 2010). Following, the HS co-polymerase (HS-Pol) of EXT-

1/2 complex recruits the alternating glucuronic acid (GlcA) and GlcNAc residues to 

elongate the nascent HSPGs chain (Lin et al. 2000; Stickens et al. 2005). The mature 

HSPGs polymerized chains moved towards the cell surface and reside either on cell 

surface or in extra cellular matrix (Stickens et al. 2005). These HSPGs play a major 

role in ligand binding of signaling molecules central to skeletal development such as 

Indian Hedgehog (Ihh), Fibroblast Growth Factors (FGFs), Bone Morphogenetic 

Proteins (BMPs) and members of Wnts family (Bovee 2008). The Ihh is an important 

regulator of chondrocyte proliferation and differentiation in the growth plate 

(Bellaiche et al. 1998). The HSPGs function as co-receptors as well as influence the 

distribution, range of action, stability, and action of these molecules on target cells 

(Duncan et al. 2001). This ligand binding carries out the variety of subsequent 

signaling processes like cell proliferation, cell adhesion and growth factor signaling 

(Pansuriya et al. 2010).  
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Usually, the HME-associated phenotypes are believed to arise from abnormal 

synthesis and deficient supply of heparan sulfates to various tissues and skeleton due 

to genetic change in EXT1 or EXT2 genes (Bernfield et al. 1999). The impaired HS 

synthesis leads to disrupted binding pattern to Ihh signaling molecule, crucial for 

normal chondrocytes proliferation process (Sarrion et al. 2013; Stieber et al. 2001), 

inhibiting the normal signaling pathway and hence the aberrant chondrocytes 

differentiation and maturation instead of proliferation at growth plate of developing 

bone (Bernfield et al. 1999).  

1.2 Inherited Bone Disorders in Pakistan 

There is no human society documented to which genetic diseases are not reported. 

However, the prevalence, nature and distribution of genetic disorders vary in different 

areas and populations around the world. Moreover, the fundamental role of various 

genetic factors could not be ignored in the occurrence of inherited genetic disorders in 

any population. Although, most of these factors are still unclear and need to be 

elucidate. The skeletal dysplasia is an assorted group of over 450 anomalies 

frequently associated with bone complications and varying degrees of short stature 

(Krakow 2015). The advancement in the field of genetic technologies in last few 

decades opened the mystery of over 350 genetic bone disorders. In Pakistan, a country 

of highly conserved ethnic groups, the situation of genetic disorders including 

inherited bone diseases is dreadful and alarming. According to one study, significant 

portion of Pakistani population (Approx. 72%) is suffering from bone disorders, out 

of which 55% are women (Arshad and Ashiq 2016). This statistics include genetic as 

well as non-genetic bone disorders.  

Non-genetic bone issues can be raised because of many socio-economic elements, 

affecting overall health standard of our population. These factors may include lack of 

education, knowledge on disease management, poor and unhealthy diets, proper 

diagnosis/ treatment etc.; all contributing in health related issues. Whereas, one of the 

most common, salient and frightening factors contributing towards the genetic bone 

disorders is high frequency of consanguinity in our population. (Bittles 2001; 

Kingston 2002). The Pakistan is a mixture of various ethnicities where 80% marriages 

are cousin marriages, which is the highest percentage reported in the world (Khan et 
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al. 2016). Regardless of this bitter reality and frightening situation of genetic diseases 

in families, no appreciable measures have been taken towards this issue. Majority of 

Pakistani families are bound to do marriages within the families due to their tribal 

customs and culture. Therefore, the same gene pool is being concentrating in families 

causing increase in genetic disorders.  

There are many reasons creating hurdles to gather significant reliable data about the 

genetic diseases in Pakistan. One of the major problems is the occurrence of genetic 

diseases in people living in faraway and isolated areas of the country. Though, less 

number of cases of genetic diseases is reported from urban areas compare to rural 

areas where even the basic health facilities are merely available. Moreover, the 

families affected with any genetic disease feel hesitation and fear to share the disease 

information to any person even health professionals. This causes the breakage of 

deposition of information to national genetic database pool. Conversely, from the 

discussion with various orthopedic consultants and surgeons, it was concluded that 

achondroplasia, osteopetrosis, osteoporosis, hereditary multiple exostoses, 

dyschondrosteosis, arthritis etc. are the most prevalent and existing genetic bone 

diseases in Pakistani families. Some of these diseases are life threatening while most 

of them cause significant morbidity in patients and acute distress for families. The life 

style of such a bad luck family is adversely affected due to genetic diseases. 

Sometime, situation becomes worse particularly in case of a female patient, who 

remains completely dependent on her parents until her marriage. Therefore, these 

circumstances put a patient and her family in a mentally disturbed state of living.  

Fortunately, some research groups are doing efforts on finding the genetic causes of 

various rare and severe inherited bone disorders to elucidate the pathogenicity of a 

disease for improved treatment that probably can give comfort to patients. In this 

regard, there are a few publications also available on genetic bone disorders in 

Pakistan but still the burden of genetic bone diseases in Pakistani population requires 

lots of work to be carried out. Therefore, grasping the prevailing situation, six 

Pakistani families affected with different genetic bone disorders including 

osteopetrosis, achondroplasia and hereditary multiple exostoses were enrolled as part 

of this work having aims and objectives mentioned below.  
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1.3 Objectives of the Study 

 Identification and elucidation of genetic factors from clinically evaluated 

families suffering from bone diseases among Pakistani population employed 

for this study. 

 To enhance the understanding of molecular mechanisms involved in 

pathological abnormalities of bone and its appendages. 

 Study of possible interactions of different genes involved in bone formation. 

 Improvement and expansion of genetic research in Pakistan through network 

between hospitals and research institutes.  

 Make available genetic carrier screening and counseling to the extent possible 

in order to diminish further transmission of disease to the next generations.



 

 

MATERIALS AND METHODS 
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2 MATERIALS AND METHODS 

The addition of high-throughput technologies (microarray, next generation 

sequencing, whole exome sequencing), accessibility of too many online genomic 

repositories/ databases and bioinformatics tools have enabled the researchers to 

discover the most appropriate underlying genetic targets and the association between 

allelic variants of genes with several bone disorders. Shortly, genetic culprits for most 

of the bone diseases have been exposed while a list of genetic bone diseases still 

waiting the uncovering of critical genetic variants. The discoveries of genetic makeup 

of inherited disorders provide immense and valuable insight towards the molecular 

stories behind the pathological presentations of bone, cartilage and its processes. 

Consequently, designing of the present study was aimed to explicate and characterize 

the underlying molecular and genetic basis of several prevalent bone diseases in 

Pakistan by manipulating and applying the variety of molecular biology approaches. 

The Advance Studies and Research Board (AS&RB), Quaid-i-Azam University, 

Islamabad, Pakistan, (Ref. No. QAU/AS&RB/S-19/Meeting-305/16) and Ethical 

Committee of Institute of Biomedical and Genetic Engineering, Islamabad, Pakistan, 

(Ref. No. IBGE/IEC/18/01/16), both have reviewed and approved the study. The 

study conforms to the principles of the declaration of Helsinki. Informed written 

consents from participants, in the case of children from their parents, were obtained 

on institutional consent form. 

2.1 Recruitment of Families with Inherited Bone 

Disorders 

The indexed families for this work belong to remote areas of the country where the 

health facilities are insufficient for the people living there. While sophisticated, State-

of-the-art technology and highly experienced medical consultants and orthopedic 

doctors in hospitals and clinics of twin cities (Islamabad/ Rawalpindi) facilitate the 

patients to approach for their medical problems specially bone diseases. We identified 

and registered multiple families suffering from various inherited bone disorders for 

their molecular genetic characterization. Highly skilled and experienced medical 
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consultants and orthopedic doctors carried out comprehensive clinical examination of 

all affected individuals, their phenotypically normal / carrier parents and siblings. 

After detailed clinical evaluation and substantial diagnosis, we selected following six 

affected families with different bone disorders for current study. 

1- Four families of Osteopetrosis (OPT), labeled as 1OPT, 2OPT, 3OPT and 

4OPT 

2- One family of Achondroplasia (ACH), labeled as 1ACH 

3- One family of Hereditary Multiple Exostosis (HME), labeled as 1HME 

Ignoring the far away residences of all recruited families, efforts were made to visit 

them personally in view to collect as much information from maximum family 

members. Different clarification about the relationship particularly the consanguinity 

status (if any) of the affected individuals was confirmed during interviews with elder 

members of the families. Moreover, clinical notes, pathological investigation reports, 

information of disease origin, onset, severity, involvement of body parts and treatment 

taken (if any) were also obtained during individual inspection to the best of our 

knowledge. Additionally, photographs of involved affected parts of body as well as 

blood samples were collected along with informed written consents and mutual 

understanding. 

2.1.1 Pedigree Drawing 

Using the information collected from individual family, the pedigree for each family 

was drawn to define the genetic status of each family member, relationship, sib-ship, 

consanguinity, and the mode of inheritance of a disease in the family. For this 

purpose, Cyrillic v2.1.3 software (Cherwell Scientific Publishing Ltd, Oxford, UK) 

was used. In the pedigrees, male and female individuals were symbolized with 

squares and circles respectively. Affected individuals were shown with filled symbols 

while healthy were unfilled. Deceased persons were represented by crossed symbols. 

Consanguinity status was displayed by double horizontal line between partners. Each 

generation was numbered by Roman numerals while family members were denoted 

by Roman: Arabic numerals. Arrow sign below the genetic symbol shows a person 

(proband), who mainly provided the family disease status, history and related 
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information. The pattern of inheritance was predicted by evaluating pedigrees and 

segregation mode of a disease within a family.  

2.1.2 Phlebotomy 

All individuals of each affected family enrolled for this work underwent phlebotomy 

procedure and the venous blood (5-10 ml) was drawn in an appropriately labeled 

ACD vaccutainers (Becton DickinsonVacutainer® ACD Solution A, Franklin Lakes 

NJ, USA). Ethnically matched but unrelated 100 healthy individuals were also 

selected as control and blood samples were drawn for validation of disease associated 

variation(s) and allelic frequency calculation. Until the processing for DNA 

extraction, these anti-coagulated blood samples were kept at refrigeration (2-8°C) 

temperature. 

2.2 Genomic DNA Extraction 

All collected blood samples were processed for genomic DNA extraction by using 

following methods; 

2.2.1 Phenol-Chloroform DNA Extraction (Organic Method) 

The standard phenol-chloroform DNA extraction protocol (Sambrook et al. 1989) was 

selected and used for genomic DNA extraction from all collected blood samples. The 

method comprises multiple steps including red cell lysis, white blood cells lysis, 

protein extraction by phenol, lipids and carbohydrate extraction by chloroform 

isoamyl alcohol, DNA precipitation, washing, drying and rehydration. 

On first day of DNA extraction procedure, initially three volume of red cell lysis 

buffer (0.32 M sucrose, 10 mM Tris-HCl, 5 mM MgCl2 and 1 % v/v Triton X100) 

was added to one volume of blood samples for red cell lysis. Gently mixed the 

samples and then placed on ice for 30 minutes followed by centrifugation at 1200 rpm 

for 10 minutes at 4°C. The supernatant, red cell lysate, was discarded carefully. The 

white cell pellet obtained from lysis of 5-8 ml blood was re-suspended in 4.75 ml of 

STE buffer (100 mM NaCl, 50 mM Tris, pH 8.0, 1 mM EDTA, pH 8.0). White cell 

lysis and cellular proteins were digested by adding 250 µl of 10% SDS (sodium 
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dodecyl sulfate), 10 µl of proteinase-K (20 mg/ml) and the whole mixture was 

incubated overnight at 55°C in shaker water bath.  

On next day, 5 ml of equilibrated phenol (pH 8.0) was added to each sample mixture 

in 1:1 ratio, mixed and shaken gently while putting on ice for 10 minutes. Samples 

were then extracted by centrifugation at 3200 rpm for 30 minutes at 4°C. The upper 

aqueous layer containing nucleic acids was transferred carefully in separate 

appropriately labeled tubes. The second extraction was done with equal volume of 

chilled chloroform-isoamylalcohol (24:1 v/v) by centrifugation at 3200 rpm for 30 

minutes at 4°C. The upper aqueous layer containing nucleic acids was again carefully 

collected in separate tubes. The RNA degradation was done by adding 10 µl of RNase 

(10 mg/ml) and tubes were incubated at 37°C for 2 hours in shaker water bath. The 

degraded RNA and leftover proteins were removed with 10% SDS and proteinase-K 

followed by phenol/ chloroform extraction as defined above. Afterward, DNA 

precipitation was carried out by adding 500 µl (1/10 volume of aqueous solution) of 

10 M ammonium acetate and chilled isopropanol (1:1 ratio to aqueous layer) and 

stored for 24 hours at -20°C. 

On following day, precipitated DNA was pelleted by centrifugation at 3200 rpm for 

60 minutes at 4°C. The washing step was performed by adding 70% ethanol to the 

pellets followed by centrifugation at 3200 rpm for 40 minutes at 4°C. Supernatant was 

discarded and pellets were air-dried. To each dried pellet, 300-500 µl of TE buffer (10 

mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0) was added to re-suspend the pellets 

according to their sizes. For complete re-suspension, contents were transferred in 1.5 

ml eppendorf tubes and stored at 4°C.  

2.2.2 DNA Extraction by QIAamp® Mini Kit Method 

The kit method for DNA extraction is fast, easy as well as the DNA obtained by this 

method is highly pure and of good quality than obtained by any other method. 

However, the quantity of DNA is significantly less as compare to organic method. 

The procedure involved the use of spin-column and few buffers for specimens with 

little volumes. No phenol or chloroform was used in this method. Initially, in 1.5 ml 

eppendorf tubes, 100 µl of whole blood was mixed with equal volume of lysis buffer 

(AL buffer) and 10 µl of proteinase-K followed by 10 minutes incubation at 55°C in a 
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shaker water bath. In the next step, 100 µl of absolute ethanol was added to precipitate 

the DNA and the whole mixture was then transferred to appropriately labeled spin-

column. A brief spun at 8000 rpm for 1 minute was done to remove the debris while 

nucleic acid was allowed to stick with the filter in the column. A collected waste was 

discarded and the columns holding the nucleic acid (DNA) were washed twice with 

350 µl of each wash buffer; AW1 and AW2 by centrifugation at 8000 rpm for 1 

minute. This step removed the chemicals/ substances from DNA that inhibit the PCR 

such as divalent cations and proteins. For complete removal of the residual wash 

buffers, columns were re-spun at 14000 rpm for 1 minute. Finally, 100 µl of elution 

buffer (buffer AE) was added to each column and kept at room temperature for 2-5 

minutes. DNA samples were eluted out by centrifugation at 8000 rpm for 1 minute. 

Eluted DNA samples were kept at 4°C for subsequent analysis. Manufacturer’s 

instructions were followed during the whole procedure (Qiagen, GmbH, Hilden, 

Germany). 

2.2.3 DNA Extraction from Excised Gel (QIAquick Kit 

Method)   

Specific amplified DNA products were subjected to gel excision method. A heat 

dissolution step was carried out by adding a buffer containing pH indicator, allowing 

easy determination of optimal pH for DNA binding, to each excised gel slices and 

kept at 50°C in the water bath. Once the gels were dissolved, 100 µl of absolute 

ethanol was added and the whole mixture containing nucleic acid was passed through 

the QIAquick spin-column and saved the column for washing steps. The subsequent 

steps of nucleic acid extraction from gel were same as QIAamp® DNA Blood Mini 

Kit Method described before. Positively charged silica membrane is present in the 

column to which nucleic acid binds under high salt conditions whereas impurities 

such as unused primers, nucleotides, salts, enzymes, ethidium bromide, mineral oil, 

agarose etc were washed in washing steps. Next, the pure DNA was eluted with low 

salt buffer. Procedural steps were performed as directed by the manufacturer 

(Qiagen). 
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2.2.4 DNA Quantification by Nano-Drop 2000C 

(Spectrophotometer) 

The quantification of all extracted DNA samples were carried out on Nano-Drop 

2000C Spectrophotometer (Thermo scientific, DE, USA). The software of this 

instrument automatically measures the optical densities ratios of DNA and proteins at 

260 nm and 280 nm respectively then calculates the amount of DNA concentration in 

different units as per user requirements. 

2.3 Candidate Disease Gene Identification 

To explore and find the candidate genes associated with pathophysiology of various 

inherited bone deformities, conventional and standard linkage analysis, next-

generation sequencing based (NGS) whole exome sequencing (Balemans et al.) and 

SNP array approaches were adopted. 

2.3.1 Genotyping by Genetic Linkage Analysis 

The genetic linkage analysis was implicated for hunting the disease associated gene 

localization in affected families. The methodology worked on the principle that two 

loci are physically present close to each other on the same chromosome with less 

chances of recombination between both of them during meiosis, therefore they will 

co-segregate into descending generations.  This statement opens the ways to discover 

the approximate position of mutated gene relative to another DNA sequence called a 

genetic marker, which has its position already known. Microsatellite markers have 

proved the useful determinants for several human disease mapping studies (Broman et 

al. 1998; Dib et al. 1996). So, the microsatellite markers, highly polymorphic with 

average heterozygosity more than 70% were used for linkage analysis (ABI Prism 

Linkage Mapping Sets version 2 by Applied Biosystems, CA, USA and Weber 

Human Screening Set Version 8/8aRG by Research Genetics Inc., AL, USA). 

Therefore, under-mentioned databases were explored to gather the information about 

microsatellite markers relevant to gene location on chromosomes, cytogenetic and 

physical locations of microsatellite markers and length of amplified products; 
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 National Centre for Biotechnology Information; NCBI 

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

 LDB Genetic Maps 

(http://www.bli.uzh.ch/BLI/Projects/genetics/maps/cedar.html) 

 Comprehensive human genetic maps-Mammalian Genotyping Service (MGS) 

(http://research.marshfieldclinic.org/genetics/GeneticResearch/compMaps.asp) 

The genotypic data of each family member was obtained by initial genomic DNA 

amplification through PCR using the genetic microsatellite markers followed by the 

analysis of amplified products via non-denaturing polyacrylamide gel electrophoresis.  

2.3.1.1 Polymerase Chain Reaction (PCR) 

For genomic DNA amplification, standard PCR recipe (Table 1) was adopted. PCR 

strip tubes (Axygen, CA, USA) of 0.2 ml were used to carry out PCR reactions. The 

concentration of 40-80 ng of genomic DNA was used in 10 µl PCR reaction mix 

containing Taq DNA Polymerase (Fermentas, Life Sciences, UK). PCR recipe and 

thermal cycling conditions are summarized in Table 1 and Figure 2, respectively. 

Table 1: PCR reaction recipe 

Reagents Final concentration Volume per reaction (μl) 

Water - 4.7 

10X PCR buffer 1X 1 

MgCl2 1.5 mM 0.6 

dNTPs 200 μM 0.8 

Taq DNA polymerase (5 U/μl) 1.5 U 0.3 

Primer Forward (20 μM) 0.6 μM 0.3 

Primer Reverse (20 μM) 0.6 μM 0.3 

Genomic DNA 40-80 ng 1-2 

Total volume  10.0 

http://www.ncbi.nlm.nih.gov/
http://www.bli.uzh.ch/BLI/Projects/genetics/maps/cedar.html
http://research.marshfieldclinic.org/genetics/GeneticResearch/compMaps.asp
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Figure 2: PCR thermal cycling parameters 

The PCR was performed in Multi Block System-0.2S Thermo Hybaid thermal cycler 

(Thermo electron corporation, MA, USA). The amplified PCR products were resolved 

through vertical gel electrophoresis using 10% non-denaturing polyacrylamide gel.  

2.3.1.2 Gel Electrophoresis (Non-Denaturing Polyacrylamide) 

The alleles amplified by polymorphic microsatellite markers were resolved by 

polyacrylamide gel electrophoresis using Sequi Gen® GT Nucleic Acid 

Electrophoresis Cell (Bio-Rad Laboratories, CA, USA). 

2.3.1.2.1 Preparation of Non-Denaturing Polyacrylamide Gel (10% V/V) 

To prepare a gel of 0.75 mm thickness, 62 ml of 40% acrylamide (Sigma-Aldrich®, 

MO, USA) stock solution (389.6 g/L acrylamide, 10.4 g/L N, N’-methylene bis-

acrylamide), 25 ml of 10X TBE buffer, pH 8.0 (0.89M Tris, 0.88M boric acid, 0.02M 

EDTA), 850 μl of 25% ammonium persulfate (APS), 150 μl tetra methyl ethylene 

diamine (TEMED) were mixed. The volume was raised to 250 ml by adding de-

ionized water. The gel solution was poured into the assembled plates and wells for 

sample loading were formed by inserting the comb between plates. The poured gel 

was left for 4-5 hours to polymerize. Upon gel polymerization, 1X TBE running 

buffer was dispensed into plates as well as base tank of electrophoresis assembly. The 

gel was pre-run for 10 minutes, comb was removed and amplified PCR products 

mixed with 5 µl of 6X loading dye (0.01% bromophenol blue, 0.01% xylene cyanol, 

15% Ficol) were loaded into the wells along with DNA ladder in the first lane. 

Finally, vertical gel electrophoresis was executed for ~3-4 hours at 100 watts current 
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according to manufacturer’s instructions. At the end of electrophoresis, gel was 

stained in 0.5 µg/ml solution of ethidium bromide to visualize amplified DNA 

fragments by using SYNGENE gel documentation system (SYNGENE, Cambridge, 

UK). 

2.3.1.3 Genotype and Haplotype Analysis 

From the results of polyacrylamide gel electrophoresis, alleles were assigned to 

individuals using gel banding pattern. Subsequently, genotypic data was recorded to 

find the microsatellite markers co-segregating with the disease gene in affected 

family. Afterward, haplotypes were constructed to ascertain the ancestral disease-

segregating chromosomal location and associated recombination events in a family. 

For the construction of haplotype; a linear, ordered arrangement of alleles on a 

chromosome, Cyrillic v2.1.3 software was used. Before proceeding to whole genome 

search, initially the enrolled families were scanned for formerly reported known 

disease associated genes with the objective to exclude these known loci and genes. 

For this purpose, the strongly linked genes with disease were sequenced to find out 

the pathogenic mutation or any genomic change responsible for disease phenotype in 

the family.  

2.3.2 Next-Generation Whole Exome Sequencing 

During the last 20 years, Sanger sequencing has extensively been employed in various 

genetic studies for the identification and confirmation of a wide range of recurrent as 

well as novel genetic variations. However, it is not considered as a high-throughput 

sequencing strategy due to some restriction especially in gene discovery for novel 

and/or reported phenotypes as well as for rare Mendelian disorders, which often 

involve whole genome sequencing (WGS). Sanger sequencing for whole genome is 

not only time consuming but also costly and provide limited information on subject 

individual, which have narrowed down its application in gene discovery. In recent 

years, the arrival of next generation sequencing (NGS) technologies and high-

performance computational soft wares has revolutionized the genomic research. It has 

brought down the cost of WGS by many folds offering a rapid availability of 

maximum genetic information of an organism that otherwise was not possible with 

traditional Sanger sequencing. Currently it has become a platform of choice for 
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geneticist due to its potential of detection nearly all types of genetic variation in a 

single step  (Stapley et al. 2010).  

The fact that 85% of disease associated mutations are present in exonic regions 

(Rabbani et al. 2014), has shifted the concept of whole genome sequencing (WGS) to 

whole exome sequencing (Balemans et al.) approach for gene discovery. WES is a 

rapid, high-throughput and cost effective approach and generates sequencing data 

many fold less as compare to WGS  (Kaname et al. 2014).  

In the present study WES was performed on DNA isolated from blood samples. In 

short the process involves; the genomic DNA shearing and fragmentation, preparation 

of bar-coded libraries, capturing and enrichment of exome and finally massively 

parallel sequencing. Capture was performed using Roche EzExome V2 probes. Paired 

end sequencing (75 base pair reads) was performed on Illumina HiSeq2000. Sequence 

was aligned to the human genome reference (UCSC Genome Browser, hg19) with the 

Burrows-Wheeler Aligner (BWA-MEM). Reads were then trimmed and PCR 

duplicates removed with Picard, 21 and resultant BAM files were calibrated with 

GATK. Processing of aligned reads was performed in accordance to GATK best 

practices.  

The WES identifies large numbers of genetic variations within the genome, so a 

vigilant analysis of data is necessary to find a particular causative pathogenic 

mutation. Primarily, the mode of inheritance of a disease is considered for filtration of 

WES data. Therefore, homozygous or compound heterozygous alleles will be 

potential candidates for recessive mode of inheritance while, a heterozygous allele 

variants could be possible disease causing agent in dominant disorders. Further 

filtration is carried out to find the mutation in coding as well as exon-intron 

boundaries (missense, nonsense, splice site mutations and indels), because 85% 

pathological mutations are present in coding and splice site junctions. Additional 

screening can be done for variants those account less than 0.5% in different public 

databases such as 1000 Genome Project or dbSNPs. If failed to find strong candidate, 

filtration conditions may be set lenient to include intronic variants. The potential 

identified disease causing agent is then confirmed through Sanger sequencing in all 

affected family members. To validate the results, various functional biological 

approaches can be implicated.  
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2.3.3 SNP Genotyping 

During the last two decades single nucleotide polymorphisms (SNPs) has gained 

much attention in the field of molecular biology for their role as genetic markers to 

understand genomic abnormalities and associated disorders (Bell 2002; Gregersen and 

Olsson 2009). To date, millions of SNPs in the human genome has been reported in 

dbSNP database (https://www.ncbi.nlm.nih.gov/projects/SNP/). These SNPs explain 

over 90% of all variations between unrelated individuals; therefore, they provide a big 

resource of genetic variations and hold great potential for population based studies 

and genome mapping (Bell 2002; Salem et al. 2012). At present, large number of high 

throughput platforms offer SNPs genotyping with unique combination of parameters 

like scale, accuracy throughput and cost (Gabriel et al. 2009).  The technique is a 

convergence of DNA hybridization; fluorescence microscopy and solid surface DNA 

capture techniques. Immobilized allele-specific oligonucleotide (ASO) probes 

hybridize to fluorescently labeled polynucleotide sequences in a biological sample, 

hence generate signals that are detected, recorded and interpreted by a detection 

system. In the present project, DNA samples were genotyped on the Illumina 

OmniExpress v1.1 BeadChip array for 712,526 genetic markers. After removal of 

single nucleotide polymorphisms (SNPs) that were non-polymorphic or failed 

genotyping in at least one sample within the pedigree, remaining SNPs were further 

analysed. We confirmed the reported familial relationships among genotyped samples 

using identity-by-descent analysis on PLINK (Purcell et al. 2007). To identify 

homozygous segments (>1Mb in length) that are shared between the affected 

individuals but not with any unaffected individual, homozygosity mapping was 

conducted using PLINK v1.07 and Homozygosity Mapper using the default settings 

(http://homozygositymapper.org/). 

2.4 Mutation Screening 

After finding the disease associated gene in various bone disorders under study, each 

gene was subjected to sequencing for mutation screening. For this purpose, a series of 

steps were performed to accomplish the gene screening. All reference sequences 

(genes, mRNA and cDNA) were retrieved from different databases such as Ensembl, 

NCBI and UCSC genome browser. The SNPmasker 1.1, an online tool 
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(http://bioinfo.ebc.ee/snpmasker/) was selected to get the SNP sequences. Intronic and 

exonic primers were designed through online Primer3 software 

(http://bioinfo.ut.ee/primer3-0.4.0) to amplify the coding exons along with flanking 

sequences of genes (Rozen and Skaletsky 2000). For primer designing, ideal 

characteristics such as GC contents, annealing temperatures, sizes of amplified 

products, secondary structures and complementarities were also considered. DNA 

sequence analysis software, Sequencher v.4.10.1, (Gene Codes Corporation, MI, 

USA; http://www.genecodes.com) was used to verify the position and sequence of 

each primer and exclusion of SNP with the reference sequences retrieved from 

various databases. In current study, all the primers used to screen the genes for any 

variation associated with bone diseases were commercially synthesized. Mutation 

analysis was achieved by direct DNA sequencing, allele specific PCR, RFLP analysis 

and in silico characterization via various bioinformatics tools. 

2.4.1 Sanger DNA Sequencing of Candidate Genes 

Through linkage analysis, next generation sequencing or SNP array analysis the 

disease linked region and identified deleterious genomic changes in patients with 

inherited bone disorders were subjected to Sanger sequencing for confirmation of 

mutation in associated genes. Various steps were adopted before running the samples 

for sequencing on ABI 3130 genetic analyzer (Applied Biosystems, Foster City, CA, 

USA). 

2.4.1.1 PCR Amplification for Sequencing 

Appropriately designed gene specific primer pairs were used in PCR to amplify the 

untranslated regions, coding sequences and splice-junction sites of the candidate 

genes. A standard PCR protocol (Table 1) was taken on to amplify the 80 ng of 

genomic DNA in a 25 μl final reaction volume. The thermal cycling conditions used 

for amplification are summarized in Figure 3. 

To ensure amplification, products sizes, specificity and quality, a volume of 05 μl 

amplified products were checked on 2% agarose gel along with 100 bp DNA ladder as 

size marker and subsequently visualized by UV trans-illuminator (SYNGENE).  

http://bioinfo.ebc.ee/snpmasker/
http://bioinfo.ut.ee/primer3-0.4.0
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Figure 3: Thermal cycling parameters for sequencing PCR 

2.4.1.2 Agarose Gel Electrophoresis 

Agarose gel electrophoresis was carried out to confirm the specific PCR 

amplification. The 2% agarose gel was prepared in 1X Tris-Borate EDTA (TBE) 

buffer, pH 8.0. To visualize the PCR amplification, 0.5 µg/ml final concentration of 

ethidium bromide was added to melted gel solution. The 6X loading dye (0.01% 

bromophenol blue, 7.50% Ficol) was added to each PCR product and the mixture of 

PCR products and dye was loaded into the wells of solidified agarose gel. The 100 bp 

DNA ladder was run in first lane to estimate the sizes of amplified PCR products. The 

electrophoresis was executed by using 1X TBE running buffer at 130 volts for 1 hour 

in a horizontal gel electrophoresis system (Maxi cell TM EC360M gel electrophoretic 

system, E-C Apparatus Corporation, FL, USA). The gels were visualized under UV in 

SYNGENE gel documentation system and photographed for subsequent analysis.  

2.4.1.3 Purification of PCR Products 

After agarose check gel results, the optimized PCR products were selected for 

purification by using QIAquick PCR purification kit (Qiagen). The purification 

procedure was based on bind-wash-elute principle. The optimized products were 

mixed with binding buffer and isopropanol in 1:1 ratio. The whole mixture was 

passed through the QIAquick column having silica-based membrane. The column 

containing the mixture was spun at 14000 rpm for 1 minute for selective adsorption of 

amplified DNA to the silica-based membrane. Flow through was discarded. In the 

next step, 500 µl of wash buffer was added to the column to get rid of unused primers, 
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nucleotides, enzyme, salts and other impurities. For complete removal of 

contaminants, samples were re-spun at 14000 rpm for 1 minute. Collected supernatant 

was discarded and column was placed in fresh collecting tube and spun the columns at 

14000 rpm for 1 minute without adding any buffer (Dry Spin). This step removed the 

wash buffer. The columns were placed into appropriately labeled 1.5 ml eppendorf 

tubes; 20-30 µl preheated (at 65°C) low-salt elution buffer was added to each tube and 

allowed to stand for 2-3 minutes at room temperature. Finally, purified DNA was 

eluted out by centrifugation the tubes at 8000 rpm for 1 minute and tubes containing 

purified DNA were kept at -20°C. 

2.4.1.4 Sequencing Reaction 

For mutation screening, sequencing reaction of 10 µl volume were completed with 

single primer (forward/ or reverse) by using BigDye®Terminator v3.1 cycle 

sequencing Kit (Applied Biosystems, CA, USA). Reaction recipe (Table 2) and 

thermal cycling conditions (Fig. 4) were adopted as optimized in the laboratory. 

Table 2: Sequencing PCR reaction mix  

Reagents 

  

Volume per reaction (μl) 

BigDye®Terminator v3.1 cycle sequencing standard                     4.0 

Purified PCR product                                                                       5.0 

Primer (Forward or Reverse, 20uM)                                                1.0 

Total Volume                                                                                   10.0 

 

Figure 4: Thermal cyclic conditions for sequencing PCR 
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2.4.1.5 Purification of Sequencing Reaction Products 

Purification of sequencing reaction products was critical step to get rid of unwanted 

substances and to get purified product to be run on genetic analyzer. In this step, 2.5 

μl of 125 mM EDTA and 30 μl of absolute (100%) ethanol were added to each of 10 

µl volume sequencing reaction in 1.5 ml eppendorf tube. The tubes containing the 

mixture were allowed to stand on ice for 15-20 minutes followed by centrifugation at 

a speed of 14000 rpm for 20 minutes. Supernatant was removed by gentle inversion of 

tubes and tiny pellets were re-suspended in 30 μl of 70% ethanol by gentle pulse 

vortexing for 15 seconds. A next cycle of centrifugation was done at 14,000 rpm for 

10 minutes; supernatant decanted and pellets were air or vacuum dried. Purified 

sequencing reaction products were subjected to sequence run on genetic analyzer or 

stored at -20°C till subsequent running step.   

2.4.1.6 DNA Sequence Run on Genetic Analyzer (ABI 3130) 

A sample sheet was prepared in sequencing software on genetic analyzer by filling up 

all necessary information about the samples to be run. The air-dried sequencing 

products were taken out from storage temperature and re-suspended with 10 µl of Hi-

Di formamide (Applied Biosystems). Gently mixed by tapping and transferred into 

optical 96-wells reaction plate. Samples were denatured at 96°C for 3 minute 

followed by immediate cooling at 4°C or placing on ice for 3-5 minutes. The optical 

96-well plate was then loaded on genetic analyzer ABI 3130 (Applied Biosystems) 

and initially prepared sample sheet was linked with sample plate and run through 

software. The data generated through bidirectional sequencing was used to identify 

the disease-associated mutation in all family members and ethnically matched 100 

control samples. 

2.4.2 Allele Specific PCR 

To study the pathogenic mutations, another strategy, allele specific PCR amplification 

is a valuable technique (Newton et al. 1989; Ye et al. 1992). To further validate the 

identified deletion mutation in exon 6 of TCIRG1 (Family ID: 2OPT), two allele 

specific inner primers (5′-GCAGCCGCTGGAGCACCCC-3′ and 5 ′-

ccagctgctcacCGTCACG-3 ′) were designed. The two outer primers (5′-
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tgcccaattgcccgattgc-3′ and 5′-tggggaggagtcacgatagg-3′) and one inner primer 

were used in a single reaction to amplify the candidate region. Amplification was 

achieved in a 25 µl final reaction volume containing 200 ng genomic DNA, 1 unit of 

Taq DNA polymerase and 0.6 µM of each primer. Amplification was performed with 

an initial denaturation at 95°C for 5 min, followed by 35 cycles of denaturation at 

95°C for 45 sec, primer-specific annealing temperature for 45 sec, and extension at 

72°C for 45 sec. The final extension was done at 72°C for 10 min. Amplified products 

were separated on 2% agarose gel and genotypes were called by visual inspection. 

2.4.3 RFLP-PCR Analysis  

To further validate the identified mutation in coding exon 8 of FGFR3 (Family ID: 

1ACH), genomic DNA from affected heterozygous individuals, genotypically normal 

family members and controls was amplified by using mutation specific primers. 

Amplified products were purified to get rid of PCR mixture that may interfere with 

the restriction enzyme activity. Purified DNA from PCR products was rehydrated by 

dissolving in DNase free water. Quantification of DNA was done by Nano-Drop 

method and a volume of 1 µl (0.5–2.0 µg/µl DNA) was used for digestion. The 

enzymatic digestion was carried out at 37°C for 16 hrs according to manufacturer’s 

instruction (Thermo scientific, DE, USA). The digested products were then 

electrophoresed on 3% agarose gel for 2 hrs at 100 volts. The resultant gel was 

visualized under UV and genotypes were called by visual inspection. 

2.5 In Silico Analysis Tools 

In silico characterization was carried out to explain impact of identified mutations on 

normal structure and function of wild type and mutant proteins. It also added useful 

computational analysis through predicting functional interacting partners for target 

and docking analysis for both wild type and mutant forms. This can be analyzed 

through differences in residues and their positions, involved in both types of docking 

interactions that how structure, conformation and active site got changed after even 

point mutation and effects interaction of protein with ligand. Several bioinformatics 

tools were used for in silico studies to assess the impact of identified genetic changes 

on protein structure and function. To predict secondary structure features and three 

dimensional (3D) structures of wild type and mutant proteins, Psipred and I-Tasser 
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bioinformatics tools were used respectively (McGuffin et al. 2000; Roy et al. 2010; 

Zhang 2008). Protein 3D models reliability was checked using RAMPAGE server and 

visualized through ViewerLite v5.0 (Lovell et al. 2003). STITCH4 database was used 

to predict functional protein partners (Kuhn et al. 2012). Pockets/ interaction sites on 

3-D structures of protein were identified using Computed Atlas of Surface 

Topography of proteins (CASTp) (Binkowski et al. 2003; Dundas et al. 2006). 

Docking analysis was carried out using PatchDock server (Duhovny et al. 2002; 

Schneidman-Duhovny et al. 2005). The refinement of first 10 docked complexes, 

obtained through PatchDock, was carried out using FireDock (Andrusier et al. 2007; 

Mashiach et al. 2008). Representations (2-Dimensional) and analysis of protein-ligand 

interaction complexes was done using LIGPLOT (Wallace et al. 1995). Meta SNP 

(Capriotti et al. 2013) and I-Mutant2.0 (Capriotti et al. 2005), PREDICT SNP (Bendl 

et al. 2014) were utilized to estimate effect of mutation on stability of protein and to 

determine whether the mutation has an impact on normal function of protein or not. 

ExPASy Translate tool (Artimo et al. 2012) was used to determined alternative open 

reading frames (ORFs) in EXT1_c.247delC and predicted functional domains on 

selected ORFs using Interproscan (Jones et al. 2014). The I-TASSER (Zhang 2008) 

was used to predict protein 3D structures and super positioned the resulting models in 

pymol (Schrödinger 2010). RMSDs of predicted structures were calculated using 

SuperPose (Maiti et al. 2004). 
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2.6 Chemicals and Reagents Suppliers 

All chemicals/kits used in this study were of molecular biology grade and purchased 

from the following different international companies. 

 Applied Biosystems, CA, USA. 

 Bio-Rad Laboratories, CA, USA. 

 Sigma-Aldrich®, MO, USA. 

Kits  

 BD Biosciences, CA, USA 

 Fermentas, Life Sciences, UK.  

 Qiagen, GmbH, Hilden, Germany 

 Thermo scientific, DE, USA  

Primers  

 Applied Biosystems, CA, USA  

 Integrated DNA Technologies (IDT), IA, USA. 

 Research Genetics Inc., AL, USA.  
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3 RESULTS AND DISCUSSION 

In the present study, different Pakistani families suffering from inherited bone 

disorders including osteopetrosis, achondroplasia and hereditary multiple exostosis 

were studied. Genetic findings of different families with above-mentioned clinical 

phenotypes are discussed below. 

3.1 Osteopetrosis (OPT) 

The “Osteopetrosis” also known as “marble bone disease” has inheritance pattern of 

autosomal dominant, autosomal recessive and X-linked. However, autosomal 

recessive (infantile osteopetrosis) form is predominantly the most prevalent in 

different population (Balemans et al. 2005; Del Fattore et al. 2009; Phadke et al. 

1999). Osteopetrosis is diagnosed by clinical presentation in addition to radiographic 

assessment and confirmed through genetic testing if needed (Stark and Savarirayan 

2009). The genetic testing based on identification of mutations in a pool of at least 11 

genes documented to date (Zeng et al. 2016), aggregating 70% of all reported cases of 

osteopetrosis, have been recognized as causative genetic factors in humans. TCIRG1 

gene has shown strong association with autosomal recessive osteopetrosis while 

CLCN7 is responsible for autosomal dominant cases (Pang et al. 2016; Zeng et al. 

2016). In Pakistan, extraordinary rise in intra-family marriages leads to wide range of 

genetic disorders including osteopetrosis in our society. However, no significant 

statistical data on genetic aspects of osteopetrosis in Pakistani population is available. 

This settles the fact that little research work has been conducted to date to find the 

molecular and genetic causes of osteopetrosis in Pakistani population. Therefore, 

various osteopetrosis Pakistani families were enrolled in present study aiming to 

establish the genetic basis of the disease. Families were assigned the identification 

code 1OPT, 2OPT, 3OPT and 4OPT. 

3.1.1 Pedigrees Analysis of OPT Families 

The pedigree analysis of all recruited multi-generation consanguineous Pakistani 

families of osteopetrosis, (1OPT, 2OPT, 3OPT and 4OPT), were strongly expressive 

of autosomal recessive pattern of Mendelian inheritance. This presumed the 
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homozygous state of diseased alleles in all individuals presenting the disease 

phenotypes while the heterozygous state of affected allele in phenotypically normal 

individuals including both parents. With respect to disease, the phenotypic data and 

other details of families’ members, including patients, carrier parents and first degree 

healthy siblings, who partook in the study, are as follow; 

 Family 1OPT: belongs to Punjabi ethnic backgrounds; seven members were 

alive, but only three members (VI:1, VI:2 and V:2) participated in this study 

work. The patient (V:2) died at the age of 1 year (Fig. 5 & 6). 

 Family 2OPT: belongs to Rajput ethnic group, only five members willingly 

participated in this study including phenotypically normal/ carrier father 

(III:1), mother (III:2) and two affected brothers (IV:1 and IV:3) and one 

normal sibling (IV:2). One affected brother (IV:3) died after participation in 

this research work (Fig. 7-9). 

 Family 3OPT: belongs to Raja (Pothohar) ethnic group, three members 

including phenotypically normal parents (III:1 & III:2) and their affected 

daughter (IV:1) of this family participated in this study. Patient died at the age 

of 5.5 months (Fig. 10 & 11). 

 Family 4OPT: belongs to Pothohar region from Raja ethnicity, three 

members including phenotypically healthy parents (III:1 & III:2) and their 

affected son (IV:1) participated in this study. The son died just after 5 days of 

sample collection at the age of 45 days (Fig. 12 & 13). 

All-inclusive, four osteopetrosis families showing high ratio of consanguinity, have 

seven affected individuals. Only one affected (1OPT_V:1) was not registered due to 

very early death. So, in a total, six patients from unmatched ethnic families were 

under taken for this research. Almost, all patients possessed most of the characteristic 

signs and symptoms of osteopetrosis but with varying degree of severity. The ages of 

all patients ranged between 15 days to 3 years at time of sample collection. The 

symptoms observed and documented at the time of birth were become progressive 

with the passage of life. Some manifestations did not appear in patients who died 

before the age of 1 year but clinically and radiologically, they were diagnosed as 

osteopetrosis patients. The clinical symptoms observed in all patients are briefly 

summarized below.  
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3.1.2 Clinical Presentation of OPT Families 

The selected affected individuals from all enrolled OPT families were undergo for 

detail clinical examinations by experienced clinicians to evaluate and diagnose the 

genetic disease. The detail clinical manifestations observed in different individuals are 

discussed below;  

3.1.2.1 Family 1OPT 

The infantile osteopetrosis is life threatening clinical presentation with mild to very 

severe manifestation of disease. The parents of infected individuals were phenotypical 

normal and had cousin marriage.  There were two affected individuals V:1 and V:2 in 

this family (Fig. 5). The patient V:1 was died at early age having severe symptoms of 

osteopetrosis. The symptoms observed at the time of birth were included 

macrocephaly, hepatosplenomegaly, blindness with exophthalmoses and deafness. He 

was presented with severe anemia due failure of bone marrow production and 

concomitant respiratory problems, which were the cause of death at very early age. 

The dental problems were not appeared due to early age death (Fig. 6A). 

The patient V:2 in this family was female baby who survived till the age of 1 year. 

The clinical features of the disease were obvious at the time birth. The observed signs 

and symptoms in this baby included prominent macrocephaly, skeletal deformities 

including thick and dense skull bones, neurological abnormalities, frontal bossing and 

hypertelorism, nystagmus with complete visual loss, deafness, hepatosplenomegaly, 

bone marrow depletion which resulted in severe cytopenia, hence anemia (Fig. 6B). 

The serum calcium level was very low. The patient manifested the feeding problems 

since her birth. She was died due to neurological and hematological failure. 

3.1.2.2 Family 2OPT 

Though, all typical symptoms of the disease were not manifested at the time of birth, 

possibility of inborn genetic defect could not be excluded. The first comprehensive 

clinical examination of affected individuals IV:1 and IV:3 (Fig. 7) was carried out at 

the age of five and three months of their births respectively. Both affected individuals’ 

revealed signs and symptoms typically attributed to malignant infantile osteopetrosis. 

Severity of the clinical manifestation was significantly varied between the two  
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Figure 5: Pedigree of 1OPT family   

Male and female are symbolized by squares and circles respectively. Affected subjects are 

represented by filled symbols, whereas crossed symbols specify deceased persons. A 

proband, the person who provided information and family history, indicated with arrow 

below the symbol (IV:1). Individuals IV:1, IV:2 and V:2 have participated in present 

work. 

 

Figure 6: Clinical presentation of osteopetrosis in 1OPT family 

Some features of the disease are obvious from these photographs of affected individuals. 

(A) Patient V:1 in the pedigree, is presenting macrocephaly, exophthalmoses with 

blindness, severe anemia due failure of bone marrow production. (B) Female baby with 

prominent macrocephaly, skeletal deformities including thick and dense skull bones, 

frontal bossing and hypertelorism and nystagmus with complete visual loss.  
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individuals, possibly because of age difference (Fig. 8). According to the information 

provided by physician and parents of affected individuals, at the time of first clinical 

evaluation, individual IV:1 was presented with marked retardation of growth and 

development and his length and weight were below the 3
rd

 percentile for age. Other 

physical findings included macrocephaly with head size > 98
th

 percentile for age. 

Frontal bossing, bilateral exophthalmos, absent pupillary light reflexes and minimum 

response to auditory stimuli were also the clinical observations. He also had marked 

hepatosplenomegaly. Patient IV:3 had length at 25
th

 percentile for age and weight at 

50
th

 percentile. He had almost normal skull size. There was mild hepatosplenomegaly. 

He was completely non-responder to visual stimuli and response to auditory stimuli 

was almost normal. He had flat nasal bridge with hypertelorism and mild 

exophthalmos.  

At the time of second clinical evaluation when the family was enrolled for this study, 

individuals IV:1, a 3-years-old boy (Fig. 8A-D) was presented with macrocephaly 

measuring occipital frontal circumference (OFC) 58 CM and prominent frontal 

bossing. Eye features presented severe exophthalmos with exposure keratitis leading 

to gradual visual loss of both eyes. Other craniofacial abnormalities were including 

the flattened nasal bridge and misaligned teeth with dental caries. Abdomen was 

grossly distended with everted umbilicus and tense with massive hepatosplenomegaly. 

He also had marked muscle wasting, more obvious in the lower limbs, with multiple 

bruises on the shins. Radiological findings revealed abnormalities with diffusely 

thickened and sclerotic skull along with an increased density of the rest of visualized 

bone (Fig. 9A). The chest x-rays also support the osteoporotic features as diffuse 

increase in bone density in ribs, visualized dorosolumber spine and pelvic bones is 

prominent. Widening of costochondral junctions is also present (Fig. 9B). 

The individuals IV:3, a 1-year-old boy (Fig. 8E), a diagnosed case of osteopetrosis, 

had mild/borderline macrocephaly measuring occipital frontal circumference (OFC) 

50 CM with patent anterior fontanelle. He had flat nasal bridge with hypertelorism 

and mild exophthalmos. Radiological investigations (X-rays) are suggestive of 

osteopetrotic phenotype as evidenced by abnormally dense culvarium along with 

increased density of rest of the visualized bones (Fig. 9C), generalized diffuse 

increase in bone density, widening of costochondral junctions along with loss of 
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Figure 7: Pedigree of 2OPT family   

Female and male are symbolized by circles and squares respectively. Affected subjects 

are represented by dark filled symbols, whereas crossed symbols specify deceased 

persons. A proband, the person who provided information about disease and family 

history, indicated with arrow below the symbol (III:1). Individuals III:1, III:2, IV:1, IV:2 

and IV:3 have participated in present work. 

 

Figure 8: Clinical presentation of osteopetrosis in 2OPT family  

(A) Patient IV:1, a 3-year-old boy with craniofacial symptoms is showing 

exophthalmoses. (B) Macrocephaly, frontal bossing, flat nasal bridge and hypertelorism 

(C) Protuberance of abdomen due to hepatosplenomegaly (D) Limb deformities and 

muscle wasting. (E) Patient IV:3, a 1-year-old boy with less severe skeletal features 

including macrocephaly, flat nasal bridge with hypertelorism and mild exophthalmos. 
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Figure 9: Radiological investigations of 2OPT family  

(A) Individual IV:1; image shows diffusely thickened and sclerotic skull with 

increased density of visualized bones (B) Prominent diffuse increase in bone density 

in ribs, visualized dorosolumber spine and pelvic bones as well as widening of 

costochondral junctions. (C) Individual IV:3, image shows diffuse dense calvarium 

with increased density of rest of the visualized bones (D) Generalized diffuse increase 

in bone density, mild scoliosis of dorsal spine with convexity towards left side and 

loss of corticomedullary differentiation. 
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corticomedullary differentiation and undertubularization seen in visualized humeri 

(Fig. 9D). Some disease associated features like teeth anomalies, progressive deafness 

and frontal bossing could not significantly be concluded in this patient due to an early 

death at the age of 1 year as a result of pneumonia leading to congestive heart failure. 

3.1.2.3 Family 3OPT 

In this consanguineous family (Fig. 10), the first baby born was infantile osteopetrosis 

baby. Few days after her blood sampling, she died at the age of 5.5 month due 

diseases course. The moderate clinical features of the disease were present at birth but 

became severe with the passage of time. This included macrocephaly, frontal bossing 

with prominent exophthalmoses with more than 50% visual loss, moderate deafness, 

flattened nasal bridge, and hepatosplenomegaly (Fig. 11). She also presented with 

respiratory issues. The most remarkable features, cytopenia and anemia, due reduced 

or insufficient bone marrow were also present. The secondary infections due to 

decreased white blood cell count and immunity were also frequently observed. 

3.1.2.4 Family 4OPT 

In this family, both parents phenotypically were normal and had cousin marriage (Fig. 

12). The pregnant mother was underwent for anomaly scan in seventh month of her 

pregnancy and found abnormal baby growth. At the time of birth, it was clinically 

diagnosed that baby was suffering from infantile osteopetrosis. The clinical 

manifestations of the disease were remarkable. These manifestations assisted to 

diagnose the disease as characteristically resembled to osteopetrosis. The features 

observed included; macrocephaly with thick and dense skull bones, mild frontal 

bossing and exophthalmoses, progressive visual and hearing loss, 

hepatosplenomegaly, anemia and secondary infections due to reduced white blood 

cells count. The radiological examinations revealed thick and dense bones “the marble 

bones”, with maximum expansion of cortical and trabecular bones that reduced the 

space for bone marrow and hematopoiesis (Fig. 13). Respiratory problems were also 

present. Death was due to reduced immunity, circulatory and respiratory failure at the 

age of 45days. 
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Figure 10: Pedigree of 3OPT family  

Female and male are symbolized by circles and squares respectively. Affected subjects 

are represented by dark filled symbols, whereas crossed symbols specify deceased 

persons. Double lines between symbols show consanguineous status. A proband, the 

person who provided disease information and family history, indicated with arrow below 

the symbol (III:1). Individuals III:1, III:2 and IV:1 have joined the present study. 

 

Figure 11: Clinical presentation of osteopetrosis in 3OPT family 

(A) The 5.5 months old baby girl presenting macrocephaly, frontal bossing with 

prominent exophthalmoses and flattened nasal bridge. (B) Shows prominent 

hepatosplenomegaly. 
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Figure 12: Pedigree of 4OPT Family 

Female and male are symbolized by circles and squares respectively. Affected subjects 

are represented by dark filled symbols, whereas crossed symbols specify deceased 

persons. A proband, the person who provided disease information and family history, 

indicated with arrow below the symbol (III:1). Individuals III:1, III:2 and IV:1have joined 

the present study. 

 

Figure 13: Clinical presentation of osteopetrosis in 4OPT family 

A Baby boy (45 days) showing typical clinical features of osteopetrosis including; (A) 

Macrocephaly, mild frontal bossing and exophthalmoses, pallor due to anemia (B) 

Prominent hepatosplenomegaly (C) Radiographs showing thick and dense skull bones (D 

and E) Marble bone appearance, showing reduced space for bone marrow. 
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3.1.3 Genotyping of OPT Families 

Next generation WES, SNP arrays and traditional linkage analysis were implicated for 

genotyping of osteopetrosis families. The family 1OPT was genetically elucidated 

through whole exome sequencing with a finding of involvement of TCIRG1 gene 

mutated in affected individual of this family. The family 2OPT was subjected to SNP-

based genotyping and homozygosity mapping that revealed multiple regions of shared 

homozygosity from both affected individuals on different chromosomes. While 

comparing identified homozygosity regions with previously reported loci, it came up 

with a 3.97Mb region on chromosome 11 that harbors the TCIRG1 gene that has been 

previously reported to be mutated in autosomal recessive osteopetrosis. The families 

3OPT and 4OPT of our series were directly taken to screen the most frequently 

mutated TCIRG1 gene in autosomal recessive osteopetrosis. 

3.1.4 Mutation Screening and Bioinformatics Analysis of 

OPT Families 

The affected as well as normal individuals of the families were subjected to Sanger 

sequencing, allele-specific PCR and restriction fragment length polymorphism 

(RFLP) to identify and confirm the mutations in associated gene. Various online in 

silico tools were utilized to study the comparative protein modeling of wild type and 

the mutant. The predicted bioinformatics results were discussed to understand the role 

of normal and mutant proteins.  

3.1.4.1 Mutation Screening of Family 1OPT 

The high throughput whole exome sequencing results of the index case (V:2) revealed 

a novel homozygous substitution mutation c.1165+1G>A, at 5ʹ donor splice site of 

intron 10 of TCIRG1 gene. Any other sequence variant was not observed in exonic as 

well as intronic DNA segment of TCIRG1 gene, which showed association with 

disease. Using mutation specific primers (highlighted green; Table 3), through Sanger 

sequencing, the identified genetic variation was confirmed in all family members 

including affected as well as phenotypically normal individuals. Electropherograms of 

affected individual was found homozygous for c.1165+1G>A, while phenotypically 

normal parents in the family showed heterozygous (carrier) state (c. 1165+1G>G+A) 
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Table 3: Intronic primers used to amplify coding exons of TCIRG1 gene 

Gene Primer ID Primer Sequence (5’-3’) 
Ta 

°C 

Product 

(bp) 

TCIRG1 

TCIRG1-E2/3_F CAGTGAGTGAAGGTGCACAGG 

60 669 
TCIRG1-E2/3_R TGCCTGGAATGTAGGCCTGG 

TCIRG1-E4/5_F CCTCAACTGTTGGAGACAACCT

C 58 535 
TCIRG1-E4/5_R ACAAGGAGTCGGAGCTCAGC 

TCIRG1-E6/7_F TGCCCAATTGCCCGATTGC 

58 479 
TCIRG1-E6/7_R TGGGGAGGAGTCACGATAGG 

TCIRG1-E8/9_F CAGACTCAGACTCTCGTAGC 

58 667 
TCIRG1-E8/9_R CTGGAAGTGAGGCAGAAACG 

TCIRG1-E10_F GCTGATCATCTCACGTCAGAG 

55 464 
TCIRG1-E10_R CCTCACACTGGCTGCAGAGC 

TCIRG1-E11-13_F GGCAGATGCTGGTGTGTTCG 

60 674 
TCIRG1-E11-13_R CAGGACGGCTGAACCGAGG 

TCIRG1-E14/15_F GGACTTCCTGGCAGTGATGG 

58 550 
TCIRG1-E14/15_R TCCCAGTGGCCCTGTGACC 

TCIRG1-E16-17_F TTGCAGGTGTGCACAGCAGG 

62 669 
TCIRG1-E16-17_R CAGCCGTCGGTGGCCAGG 

TCIRG1-E18_F GCCTGGATGATGAAGAGGAG 

62 307 
TCIRG1-E18_R AACTGAGGCCCAGAGAGAAG 

TCIRG1-E19/20_F CTGGCAGGCACCCACTTGC 

60 472 
TCIRG1-E19/20_R GACGAGACATCACTGCCAGG 

 

F= forward primer; R = reverse primer; Ta = optimal annealing temperature;  

bp = base pair 

Note: First exon of the TCIRG1 gene is a non-coding exon. 

Highlighted green: Mutation specific primer 
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for this change (Fig. 14). These findings established the recessive pattern of mutant 

allele segregation in this family. The identified mutation was also screened in 100 

ethnically matched healthy control subjects, which were found negative for this 

change. 

3.1.4.2 Bioinformatics Analysis of Family 1OPT 

The splice site mutation at c.1165+1G>A in TCIRG1 gene exerted some 

conformational changes in nucleotide and protein sequences, which were predicted 

and studied by using different bioinformatics tools.  

Mutation analysis using Alamut software (www.interactive-biosoftware.com) showed 

that the altered nucleotide (c.1165+1G>A) is highly conserved (Fig. 15). The variant 

is also not documented in Exome Variant Server (http://evs.gs.washington.edu/EVS/) 

Exome Aggregation Consortium (ExAC) and Ensembl genome browser. This shows 

the unique nature of this variation. Since the homozygous variation c.1165+1G>A is a 

5’ splice site variation of intron 10, which may result in abolishing the donor splice 

site and hence, skipping of exon 10 is very likely as predicted by Alamut. Skipping of 

exon 10 may result in a frame shift after amino acid position 388 and protein 

truncation after amino acid 441 instead of amino acid 830 of normal protein as 

predicted by CLC Sequence Viewer software 7.8.1 (Fig. 16-18; 

https://www.qiagenbioinformatics.com/products/clc-sequence-viewer/). The use of 

alternative splice site is the next possible mechanism to produce different transcripts. 

As predicted by Alamut, another possible donor splice site is located in intron 10 at 

position c.1165+54 with very high consensus value of 83.7 (Fig. 19; calculated by the 

Human Splicing Finder, range 1-100). Alternative splicing lead to insertion of 18 aa 

without skipping of exon 10. Consequently, the resulting protein will comprise of 848 

aa instead of 830 aa as predicted by Human Splice Finder (Fig. 20).  

In both cases, either complete skipping of exon 10 or insertion of 18 aa through 

alternative splice site mechanism will ultimately result in altered protein sequence 

(Fig. 21). Hence, this might predicts an abnormal structure and/or function of the 

protein, a possible explanation for genetic cause of osteopetrosis in these patients.  
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Figure 14: DNA sequencing of TCIRG1 gene in 1OPT family  

DNA sequencing of exon 10 of TCIRG1 gene, showed a G to A substitution at position 

1165+1 (c.1165+1G>A) donor splice site in intron 10. The arrows indicate the site of 

mutation. (A) Illustrating heterozygous status (G+A) of a phenotypically healthy parent 

having both normal as well as mutant alleles. (B) Homozygous status (A/A) of a patient 

for mutant allele. Exonic and intronic sequences are displayed by uppercase and 

lowercase letters respectively. 
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Figure 15: Alamut results of splice site substitution. 

Showing the high conservation (shown by blue bars or grey highlights) and genomic 

position of the mutation c.1165+1G>A. 
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Figure 16: Normal mRNA sequence of TCIRG1  

Normal mRNA sequence of TCIRG1 with 830 aa (site of termination shown with red 

asterisk). 

 

 

Figure 17: Mutant mRNA sequence of TCIRG1.  

Donor splice site mutation c.1165+1G>A predicted to result in premature termination at 

441 aa (site of termination shown with red asterisk). 
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Figure 18: Predicted mRNA sequence of TCIRG1 after alternate splicing 

The larger protein comprising 848 aa with 18 base pair insertion (shown in red box) as a 

result of predicted alternative splice site. 

  

 

Figure 19: Splice sites predicted by Alamut software 

Highlighted yellow row shows normal splice site at c.1165 whereas, red circle indicates 

the next possible alternative splice site at c.1165+54 with high consensus value of 83.66.  
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Figure 20: Alternate splice site prediction by Human Splice Finder 

Natural Splice site is abolished by the c.1165+1G>A mutation (shown by vertical blue 

line). Splice site finder programs predicted no score for mutated donor splice site. Next 

possible alternate splice site located in intron 10 at position c.1165+54 having very high 

prediction score of 83.7 (Shown by red arrow), that may result in insertion of 18 aa 

leading to a protein with 848 aa. 

 

 

 

Figure 21: Schematic presentation of possible transcripts of TCIRG1 gene  

Normal TCIRG1  
(NP_006010.2) 

830 aa 

Skipping of Exon 10 may result 

in frameshift after 338 and 

truncation at aa 441 
 

Use of alternate donor splice site 

resulting in insertion of 18 aa 

and lengthy protein with 848 aa 
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3.1.4.3 Mutation Screening of Family 2OPT 

SNP-based genotyping and homozygosity mapping revealed multiple regions of 

shared homozygosity (between two affected individuals only) on different 

chromosomes. While comparing identified homozygosity regions with previously 

reported loci, we came up with a 3.97Mb region on chromosome 11 harboring the 

TCIRG1 gene that has been previously reported to be mutated in autosomal recessive 

osteopetrosis (Fig. 22, Table 4 & 5). 

Sanger sequencing of available family members (Fig. 23A) revealed a novel 

homozygous cytosine deletion in exon 6 of the TCIRG1 (c.624delC) in both affected 

individuals. Both parents and a sibling were found heterozygous for this deletion (Fig. 

23B). PCR amplification with common outer primers, and a combination of outer and 

an allele-specific inner forward primer (Table 6) further validated the Sanger 

sequencing results. The fragments of sizes 478bp/479bp and 269bp were observed in 

heterozygous carriers while only one fragment of 478bp was observed in homozygous 

patients. The differentiation between 478bp and 479bp DNA fragments was not 

possible due to the resolution limitation with 2% agarose gel that is why they were 

observed as a single band (Fig. 23C). The identified mutation was not observed in 

public databases or in any of the 100 control samples. Furthermore, the presence of 

allele-specific band (269bp) in carrier individuals and its absence in affected subjects 

confirms homozygous deletion of a nucleotide. The results were therefore, consistent 

with the recessive mode of disease segregation in this family.  

In the present study allele-specific inner reverse primer was not used (Table 7). 

3.1.4.4 Bioinformatics Analysis of Family 2OPT 

The impact of identified mutation on TCIRG1 gene/ protein was predicted and 

analyzed by using CLC workbench 7.8.1 software. Analysis of mutated nucleotide 

sequence in comparison with normal sequence using CLC workbench revealed that 

the deletion of cytosine “C” the third nucleotide at position 624 of “CCC” codon 

transformed into “CCG” codon. However, consequences of deletion resulted in frame 

shift and formation of stop codon “TGA” just next to the mutated codon (Fig. 24A & 

B). 
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Figure 22: Linked loci extracted using Homozygosity mapper 

 

Table 4: Location of homozygous segments on genome shared by cases  

 

Table 5: Known loci for osteopetrosis 

Type OMIM Gene Genomic location 

OPTA1 607634 LRP5 receptor 11q13.2 

OPTA2 166600 CLCN7 chloride channel 16p13.3 

OPTB1 259700 TCIRG1 ATPase 11q13.2 

OPTB2 259710 TNFSF11 or RANKL 13q14.11 

OPTB3 259730 CA2 (renal tubular acidosis) 8q12.2 

OPTB4 611490 CLCN7 chloride channel 16p13.3 

OPTB5 259720 OSTM1 ubiquitin ligase 6q21 

OPTB6 611497 PLEKHM1 adapter protein 17q21.1 

OPTB7 612301 TNFRSF11A (RANK receptor) 18q21.33 

OPTB8 614780 SORTING NEXIN 10; SNX10 7p15.2 

  

Chr 11 (q13.1-q13.3) 

  

https://en.wikipedia.org/wiki/OMIM
https://omim.org/entry/607634
https://en.wikipedia.org/wiki/OSTM1
https://en.wikipedia.org/wiki/TNFRSF11A
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Figure 23: Family pedigree, DNA sequencing and allele specific PCR of 2OPT 

(A) Branch of the affected family subjected to mutation analysis. (B) Sanger sequencing 

of exon 6 of the TCIRG1 gene is illustrating c.624delC (p.P208PfsX1) variation. The 

affected individuals are homozygous for this deletion, whereas phenotypically normal 

parents are found heterozygous having normal as well as mutant allele. Site of variation is 

indicated by arrow. (C) Allele-specific amplification is also supporting the homozygous 

deletion mutation as allele-specific band of 269bp is present in carrier individuals (III:6, 

III:7, IV:2) while absent in affected subjects (IV:1 & IV:3).  



Results and Discussion 

Identification and Elucidation of Molecular Basis of Inherited Bone Disorders in Pakistani 

Population  Page 60 

Table 6: Allele-specific PCR primers for c.624delC mutation in TCIRG1 gene 

Gene Primer ID Description 
Primer Sequence 

(5’-3’) 

Ta 

°C 

TCIRG1 

E6/7_F 
Common outer 

forward primer 

TGCCCAATTGCC

CGATTGC 

61 

E6/7_R 
Common outer 

reverse primer 

TGGGGAGGAGTC

ACGATAGG 

Allele-specific _F 
c.624delC specific 

inner forward primer 

GCAGCCGCTGGA

GCACCCC 

Allele-specific _ R 
c.624delC specific 

inner reverse primer 

ccagctgctcacCGTC

ACG 

F= forward primer; R = reverse primer; Ta = optimal annealing temperature; bp = 

base pair 
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Table 7: Expected outcomes of allele-specific amplification 

Genetic status Common outer 

primers product 

size (bp) 

Allele-specific 

inner forward + 

Outer reverse 

primers product 

size (bp) 

Allele-specific 

inner reverse + 

Outer forward 

primers product 

size (bp) 

 

Normal individual 479 269 247 

 

Carrier individual 478 + 479 269 247 

 

Homozygous 

patient 

478 - 246 

 

 

Note:  In a single reaction, one allele-specific inner primer (either forward or reverse) 

can be used in combination with both outer primers to amplify the candidate region.  

In the present study, both allele-specific_ F & R inner primers were designed to match 

wild type sequences for the validation of deletion mutation. However, we used allele-

specific inner forward primer only and amplified products were separated on 2% 

agarose gel. The fragments of sizes 478bp/479bp and 269bp were observed in 

heterozygous carriers while only one fragment of 478bp was observed in homozygous 

patients. The differentiation between 478bp and 479bp DNA fragments was not 

possible due to the resolution limitation with 2% agarose gel that is why they were 

observed as a single band (Fig. 23C). The presence of allele-specific band (269bp) in 

healthy and carrier individuals and its absence in affected subjects confirms 

homozygous deletion of a nucleotide. 

On the other hand, allele-specific inner reverse primer was not used due to two 

reasons; (1) Patients, despite having homozygous c.624delC mutation, possess DNA 

sequence complementary to the reverse primer. This is due to the presence of a short 

string of cytidine (5’-CCCC-3’) at the site of deletion.  Hence, 3’ end cytidine 

deletion (c.624delC) is replaced with upstream cytidine due to frame shift and making 

the resulting sequence complementary to the inner reverse primer. In such situation an 

allele-specific fragment of 247bp and 246bp will be observed in phenotypically 

normal individuals and patients respectively; however, resolution of fragments with 

1bp difference demands high resolution gel electrophoresis. (2) The purpose of allele-

specific amplification for results validation is already achieved with inner forward 

primer. 
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While, both wild and mutant codons encoded the same amino acid “proline” not 

interrupting the amino acid in the protein sequence but the change or conversion of 

codon into stop codon predicted the premature truncation of TCIRG1 protein 

comprising only 208 aa instead of normal 830 aa (Fig. 25A & B). 

The comparative analysis of secondary structures and sequences of both wild and 

mutant types unveiled that the normal protein comprises of 27 helices, 12 strands and 

39 coils. Whereas, single nucleotide deletion resulted in gross changes in protein 3D 

structure as determined by the decrease in total numbers of helices, strands and coils 

to 6, 3, and 10, respectively. The substantial impact of deletion mutation has been 

illustrated in a graphical comparison of secondary structure features of both wild type 

and mutant proteins (Fig. 26). Likewise, the modified orientation of mutant protein 

compared with wild type due to differences in number of helices, beta sheets and coils 

produced as a result of mutation have been demonstrated in 3D models (Fig. 27A & 

B). Using STITCH4 database we found that ligand protein ATPase V1 subunit B1 

showed high level of interaction affinity to receptor protein. ATPase V1B1 is also 

responsible for acidifying a variety of intracellular compartments in eukaryotic cells. 

Protein docking study highlights the protein-protein complexes of small ATPV1B1 

protein molecule with macromolecule i.e. wild and mutant a3 subunits, respectively 

(Fig. 27C & D). Docking complexes are formed due to the hydrogen bonding and 

hydrophobic interactions between molecules at specific interaction sites/ pockets. The 

possible docking interactions of ligand protein ATPV1B1, with wild and mutant a3 

subunit, have been demonstrated (Fig. 28). Different amino acid residues from 

receptor and ligand proteins are involved in hydrogen bonding and hydrophobic 

interactions. These interactions showed that amino acid residue Tyr583 from wild 

type a3 subunit of V-ATPase is engaged in hydrogen bonding with Gly40 residue of 

ligand protein for docking complex (Fig. 28A). Whereas, in mutated a3 subunit, 

instead of Tyr583, the residues Cys25, Arg28 and Asp54 are involved in hydrogen 

bonding with Asp26 and Ala69 residues of ligand protein instead of Gly40 (Fig. 28B) 

Amino acid residues involved in hydrogen bonding and hydrophobic interactions are 

summarized in Table 8. Significant dislocation and change in hydrogen bonding 

pattern, hydrophobic interaction sites and amino acid residues involved in receptor-

ligand complexes, clearly implicate the pathogenic nature of deletion mutation. 
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Figure 24: Coding sequence analysis of TCIRG1 gene in 2OPT family 

(A) Normal coding sequence of the TCIRG1 gene. Red arrow indicates the site of 

mutation. (B) Represents the mutated TCIRG1 coding sequence with homozygous 

c.624Cdel which resulted in substitution of codon CCC to CCG and formation of TGA, a 

premature stop codon, next to point of mutation. The “ATG” and “TAG” represent the 

start and stop codon respectively. 



Results and Discussion 

Identification and Elucidation of Molecular Basis of Inherited Bone Disorders in Pakistani 

Population  Page 64 

 

Figure 25: TCIRG1 protein sequence analysis 

(A) Normal TCIRG1 protein sequence consists of 830 aa. Asterisk sign in red colour 

indicates the normal chain termination after 830 aa, whereas red arrow pointing the site of 

variation identified in mutant protein. (B) Mutated TCIRG1 protein sequence with proline 

(P) at 208 position and just next to p.P208P, conversion of valine (V) into stop codon (*) 

displaying the premature chain termination with only 208 aa instead of 830 aa. 
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Figure 26: Predicted secondary structure features of wild-type and mutant TCIRG1  

PsiPred Results: Secondary structure analysis showed that normal protein is comprised of 

27 alpha helices, 12 beta sheets/strands and 39 coils whereas only 6 helices, 3 beta 

sheets/strands and 10 coils motives left due mutation in TCIRG1 which resulted in 

premature truncation. 
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Figure 27: 3D-models and docking complex of wild-type and mutant TCIRG1 

(A) Normal TCIRG1. B) Mutant TCIRG1 (p.P208PfsX1). Docking Complex 

Visualization: C) Wild type TCIRG1 vs ATPV1B1. D) Mutant TCIRG1 vs ATPV1B1. 

Receptor protein has been shown in solid ribbon display style with green color; ligand has 

been shown in secondary type with yellow color.  
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Figure 28: 2D-DimPlot representation of docking interaction:  

(A) Normal TCIRG1 with ATPV1B1. (B) Mutant TCIRG1 with ATPV1B1. Receptor and 

ligand residues involved in hydrophobic interactions are represented by brick red and 

pink spoke arcs ( ) respectively. Hydrogen bonding is shown by green dotted lines 

( ). Receptor residues involved in hydrogen bonding are labeled in olive green 

color. Ligand residues involved in hydrogen bonding are labeled in pink color. 
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Table 8: Docking interactions summary  

R
ec

ep
to

r
-

L
ig

a
n

d
 Hydrogen Bonding Hydrophobic Interactions 

F
ig

u
re

 

Ligand 

Residues 

Receptor 

Residues 

Ligand Residues Receptor Residues 
T

C
IR

G
1

- 
A

T
P

V
1

B
1

 

Gly40 Tyr583 

Thr12    Tyr13    Ile14 

Ser15   Pro17  Phe20 

Thr39 Arg41 Val50 

Ser51 Ile57 Glu61 

Glu62 Thr63 Gly65 

Leu66    Ala69    

Thr70 

His409  Met420 

Val421  Leu422 

His526 Leu527 

Asn531 Met535 

His559  Phe560 

Leu580 Ohe581 

Leu584           Ile589  

F
ig

u
re

 2
8

A
 

M
u
ta

n
t 

T
C

IR
G

1
- 

A
T

P
V

1
B

1
 

Asp26 

Ala69 

Cys25 

Arg28 

Asp54 

Glu7  Gly10 Ala24 

Lys25  Leu27 Ala28 

Try29  Gly30 Ala31 

Val33  Asp34 Ile35 

Val42  Gly44 Gly45 

Gln46  Tyr54 Val59 

Glu61   Leu68  Thr70 

Ser72    Ser74   Leu75 

Val13 Gln14 Leu15  

Phe16 Gln48 Arg50 

Arg57 Cys58 Leu61  

Phe65 Pro81 Pro82 

Lys83 Gly84 Arg85   

Pro87    Arg92  F
ig

u
re

 2
8

B
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3.1.4.5 Mutation Screening of Families 3OPT and 4OPT 

From a series of four autosomal recessive osteopetrosis families, two families (Family 

IDs: 3OPT & 4OPT) were subjected to direct screening of TCIRG1 gene. The primers 

were designed for coding region, exon-intron junctions and flanking sequences of 

TCIRG1 gene for PCR amplification and Sanger sequencing (as mentioned above in 

Table 3). The DNA samples of affected individuals from 3OPT & 4OPT were 

amplified and sequenced using the TCIRG1 gene primers. But irrespective of having 

clinical ARO phenotypes, no deleterious homozygous or compound heterozygous 

TCIRG1 gene mutation was found in any of the patient from both families, suggesting 

that there may be the involvement of other rarely associated gene in these ARO 

patients. Moreover, there may be a chance of some new findings regarding the genetic 

cause of ARO. Consequently, with no positive findings, these ARO families were 

subjected to whole exome sequencing to characterize genetically. Data yet not 

analyzed. 

3.1.5 Discussion 

Bone resorption process requires a constant secretion of acid (H
+
) into the resorption 

lacunae mediated by V-ATPase proton pump (Qin et al. 2012; Vaananen et al. 2000). 

The multi-subunit V-ATPase is a membranous protein complex consists of two major 

domains; a cytosolic hydrolytic domain (V1) that mediates ATP hydrolysis and a 

transmembrane proton translocation domain (V0) that facilitates extracellular 

acidification of organelles (Qin et al. 2012; Yuan et al. 2011). Mutation, deletion or 

gene knockdown of different subunits of the V-ATPase complex in osteoclasts have 

been shown to severely impair osteoclastic bone resorption leading to severe 

osteopetrosis (Li et al. 1999; Qin et al. 2011). Approximately 50% of osteopetrosis 

patients have mutations to the a3 subunit isoform encoded by TCIRG1, of V-ATPase 

protein complex (Moscatelli et al., 2013). 

To date, over 100 pathogenic mutations in TCIRG1 gene have been reported 

associated with impaired a3 subunit function leading to infantile malignant 

osteopetrosis; 48 missense/ nonsense, 39 splicing, 1 regulatory, 20 small deletions, 9 

small insertions, 2 small indels, 8 gross deletions (HGMD; www.hgmd.org). In the 

present study, 4 Pakistani families with osteopetrosis (1OPT–4OPT) were genetically 

screened to find out molecular basis of the disease. Genetic screening of 1OPT and 
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2OPT families revealed two novel homozygous mutations, a donor splice site 

substitutions mutation in intron 10 (c.1165+1G>A) and a deletion mutation in exon 6 

(c. 624delC) of TCIRG1 gene. Whereas, 3OPT and 4OPT both families were failed to 

identify any potential pathogenic variations in the TCIRG1 gene.   

The splice site mutation of 1OPT was analyzed through Alamut software. The 

software predicted a unique nature of this variation as the substituted nucleotide 

(c.1165+1G>A) is highly conserved (Fig. 15) and has not been reported in any 

genome data bases, including Exome Variant Server, ExAC and Ensembl genome 

browser. Since the homozygous change c.1165+1G>A is a 5’ splice site variation of 

intron 10, which may result in abolishing the donor splice site and hence, skipping of 

exon 10 is very likely as predicted by Alamut. Skipping of exon 10 may result in a 

frame shift after amino acid position 388 and protein truncation after amino acid 441 

instead of amino acid 830 of normal protein as predicted by CLC Sequence Viewer 

7.8.1 (Fig. 16-18). Termination at amino acid 441 means loss of 389 aa towards C-

terminal.  

The use of alternative splice site is the next possible mechanism to produce different 

transcripts. As predicted by Alamut, another possible donor splice site is located in 

intron 10 at position c.1165+54 with very high consensus value of 83.7 (Fig. 19; 

calculated by the Human Splicing Finder, range 1-100). Alternative splicing lead to 

insertion of 18 aa without skipping of exon 10. Consequently the resulting protein will 

comprising of 848 aa instead of 830 aa, predicted by Human Splice Finder software 

(Fig. 20). In both cases, either complete skipping of exon 10 or insertion of 18 aa 

through alternative splice site mechanism will ultimately result in altered protein 

sequence (Fig. 21). Hence, this might predicts an abnormal structure and/or function 

of the protein, a possible explanation for genetic cause of osteopetrosis in these 

patients. 

In case of 2OTP family, the identified deletion (c. 624delC) led to a frame shift and 

created a stop codon at position downstream next to the point of deletion. Hence, 

resulted premature protein consists of 208 aa instead of normal 830 aa (p.P208PfsX1). 

In other words there is a loss of 622 aa at C-terminal domain of a3 subunit. The 

occurrence of deletion in homozygous state in all affected subjects, heterozygous state 

in both carrier parents and absence in a screen of 100 ethnically matched healthy 
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controls confirms its association with infantile malignant osteopetrosis in Pakistani 

family. 

To elucidate the impact of deletion mutation, different in silico approaches were 

employed. We have not only demonstrated the consequences of deletion mutation on 

secondary structure features of a protein (a3 subunit) but also tried to explain the 

effects of mutation on receptor-ligand interaction behavior of wild type and mutant 

proteins. Premature termination not only led to an abnormal shorter protein of 208 

residues but also resulted in atypically reduced numbers of structural motives like 

alpha helices, strands and coils (Fig. 26). Structural changes might have resulted in 

amino acid re-arrangement and conformational changes (Fig. 27C & D) so that the 

receptor-ligand interaction trend of mutant a3 subunit is predicted entirely different 

from that of wild type a3 subunits. The 2-dimensional protein-ligand-interaction 

complexes predicted hydrogen bonding between Tyr-583 of wild type receptor and 

Gly-40 of ligand molecule ATPV1B1. Whereas, in case of mutant protein, the 

residues Cys25, Arg28 and Asp54 are involved in hydrogen bonding with Asp26 and 

Ala69 residues of ligand protein (Fig. 28A & B). Significantly, dislocated interaction 

sites and amino acids residues have also disturbed the hydrophobic interactions that 

are equally important in ligand-receptor interactions. Location of interaction sites and 

number of interactive pockets, involvement of different amino acids residues as well 

as hydrogen bonding pattern are summarized in Table 8.   

Topological studies propose a two-domain structure for “a3 subunit” with an N-

terminal cytosolic domain necessary to target V‑ATPases to the plasma membrane of 

osteoclasts, and a membrane integral C-terminal domain that make structural frame 

work of V0 domain and affects the coupling of proton transport and ATP hydrolysis 

(Forgac 2007; Jefferies et al. 2008; Qin et al. 2012). In the present study, both OPT 

families, the 1OPT and 2OPT revealed premature truncation of a3 subunit with a loss 

of 389 aa and 622 aa from their C-terminal end, respectively. This strongly suggests 

reduced or complete loss of proton coupling, transportation and ATP hydrolysis 

capabilities of a3 subunit even if we assume that partially translated protein with N-

terminal target V‑ATPases to the plasma membrane of osteoclasts. It can further be 

assumed that partially translated a3 subunit might have been degraded by “nonsense 

mediated mRNA decay” (Yuan et al. 2011), resulting in a complete loss of a3 subunit 
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function. In either situation, there is a strong possibility of V‑ATPase complex 

assembly disruption, leading to clinical phenotypes of osteopetrosis. 

In summary, in the present project, 4 Pakistani families suffering from osteopetrosis 

(OPT) were genetically screened to identify genetic causes of the disease. We report 

two novel homozygous mutations in TCIRG1 gene; a donor splice site and a deletion 

mutation in two consanguineous Pakistani families labeled as 1OPT and 2OPT 

respectively. The occurrence of deletion in homozygous state in all affected subjects, 

heterozygous state in both carrier parents and absence in 100 ethnically matched 

healthy controls confirms its association with infantile malignant osteopetrosis in both 

Pakistani families. The failure of 3OPT and 4OPT both families to reveal any 

pathogenic variations in the TCIRG1 gene is suggesting the involvement of gene(s) 

other than TCIRG1. Our findings not only support the genetic heterogeneity of 

osteopetrosis but also expand the spectrum of pathogenic variants of TCIRG1 gene 

associated with osteopetrosis.  Results from this study will also provide an insight to 

understand a3 subunit of V‑ATPase pathogenesis and biochemical pathways involved 

in the course of osteopetrosis. Moreover, data can be used for the provision of genetic 

counseling and carrier screening to the affected families as well as establishing the 

molecular diagnostic markers. 
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3.2 Achondroplasia (ACH) 

Achondroplasia has worldwide prevalence and known to be an extremely common 

genetic cause of dwarfism. It is inherited in autosomal dominant mode but often arise 

due to de novo mutation on the paternal allele (Wilkin et al. 1998). The clinical 

manifestations differ in every patient but the FGFR3 is the only candidate gene 

responsible for the varied symptoms of ACH. The classical appearance of ACH 

patients comprises short skeletal stature with large head (macrocephaly), typical facial 

features like frontal bossing and midface hypoplasia. Most common transition (c. 

1138 G>A) or transversion (c. 1138 G>C) point mutations at the same nucleotide 

substitute the Glycine by Arginine, are the genetic source for majority of the 

achondroplasia (Bellus et al. 1995; Shiang et al. 1994). Both mutations are gain-of-

function mutations and result in constitutive activation of FGFR3, hence limiting the 

bone growth and expressing short stature. Despite the restricted growth, these people 

have normal intelligence and life span. In experience, it was observed that large 

number of population is affected with genetic disorders. Unfortunately, we cannot 

find the significant data on prevalence of any genetic disease including 

achondroplasia in Pakistani population. The reasons include the lack of research work 

conducted on genetic diseases and maintenance of records of carried out genetic 

work. We tried a little to find out the genetic and molecular basis of achondroplasia in 

a Pakistani family enrolled for this research study. The family was assigned the 

identification code 1ACH.   

3.2.1 Pedigree Analysis of ACH Family 

In a three generational non-consanguineous achondroplasia family (1ACH) with 

Hindco ethnicity was collected from Bala Kot (Mansehra, KPK, Pakistan) with 

disease phenotype in two generations. From the analysis of pedigree and autosomal 

dominant mode of inheritance of achondroplasia, it was presumed the heterozygous 

state of mutant allele in individuals presenting the disease phenotype in this family. 

The details of pedigree analysis of achondroplasia family (1ACH) including patients, 

parents and siblings who joined the present study, are as under; 

• Family 1ACH: Family belongs to Hindco ethnic backgrounds; a total of six 
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members (affected n=3 and normal n=3) willingly participated for this study. 

The father (II:3) and his two sons (III:1 & III:2) are affected, while II:1, II:2 

and II:4 are phenotypically normal participant in this study. Both marriages 

shown in this family were non-consanguineous. There is a chance that the 

affected father in the second generation (II:3) received affected allele 

sporadically (de novo) which segregated dominantly in third generation (III:1 

& III:2; Fig. 29). 

3.2.2 Clinical Presentation of ACH Family 

The affected individuals from this family were subjected to complete medical and 

clinical check up by medical specialist to assess and diagnose the genetic disorder. 

The observations of clinical examination in different affected individuals of the 

family are summarized below; 

3.2.2.1 Family 1ACH 

Almost all patients presented the typical signs and symptoms of achondroplasia with 

little variable degree of severity. The ages of all patients at the time of sample 

collection and enrolment in this study were between 12 to 40 years. The symptoms 

observed at the time of birth became more prominent with the passage of life. 

Observed clinical features mainly overlapped in all patients are described here.  

The most visible primary defect of achondroplasia was the abnormal endochondral 

ossification of long bones, which was present in all 1ACH patients. This was 

observed more prominently in tubular bones like thighbone (femur) and arm bone 

(humerus) which becomes shorter and broader. The lengths of long bones in all 

patients (II:3, III:1, III:2) were shorter and the diameters were broader than the 

average normal bones in the normal population (Fig. 30). The growth pattern of iliac 

crest remained normal; however, the standing heights were dropped below the third 

percentile of the age. The facial and skull growth pattern are near to normal. The 

morphology of hands was smaller than the average growth in adults only because in 

children it cannot be marked (Fig. 30A). The axial skeleton was relatively involved 

but the appendicular skeleton was more prominent to be rhizomelic (Fig. 30B & C). 

There was also bilateral bowing of tibia in all affected subjects which was clinically 
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and physically more apparent. Moreover, there is a little element of intoeing 

secondary to the bowing of legs (Fig. 30D-F). However, the gait cycle of walk is 

normal. The cognitive system of all our patients was spared. The intelligence factor 

was also observed within normal values however there was history of gross motor 

developmental delay meant that children had delayed milestones during their initial 

development. Remaining neurological examinations were normal. The soft tissue 

structures of gastrointestinal system, genito-urinary system, respiratory system and 

visual and acoustic systems all were in the normal range.  

3.2.3 Genotyping of ACH Family 

The linkage analysis, a traditional strategy to explore cytogenetic locus on human 

genome, was adopted to find the cytogenetic locus for achondroplasia in 1ACH 

family. The results revealed a strong linkage to previously reported distal region of 

short arm of human chromosome 4 (4p16.3). The microsatellite markers spanning 

genetic distance of 30 cM were investigated and the markers D4S412, D4S431, 

D4S2366, were found showing maximum linkage score. No evidence of genetic 

heterogeneity was found. Each observed marker showed more than 70% 

heterozygosity that is suggestive of highly informative and polymorphic nature of 

markers for 1ACH family. The FGFR3 gene had previously been mapped to the same 

region, 4p16.3, as the gene responsible for ACH.  

3.2.4 Mutation Screening and Bioinformatics Analysis of 

ACH Family 

The mutation analyses for ACH family were accomplished by performing Sanger 

sequencing and restriction fragment length polymorphism. The linked gene was 

genetically elucidated by Sanger sequencing for the presence of any heterozygous 

pathological variation in affected individuals. The identified recurrent mutation 

further confirmed by restriction analysis. The effects of mutation on protein encoded 

by ACH causing gene, FGFR3, was predicted and discussed by using multiple online 

bioinformatics tools. The results for mutation screening and bioinformatics analysis of 

ACH family are discussed below; 
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III:2

I:1

II:2 II:3 II:4

III:1

I:3 I:4

 

Figure 29: Pedigree of 1ACH family  

Male and female are symbolized by squares and circles respectively. Affected subjects are 

indicated by dark filled symbols. Consanguinity is absent in this family. All the members 

of second and third (III) generation of this family friendly and willingly participated in 

this study.  

 

Figure 30: Clinical presentation of achondroplasia in family 1ACH.  

(A) Affected subjects showing short stature with near to normal head growth. Shortened 

hands of father (II:3) are prominent but not evident in children due to their younger ages. 

(B, C) Represent patient III:1 and III:2 in the pedigree respectively; facial and skull 

growth pattern is near to normal with mild flat nasal bridge. Axial skeleton is less affected 

whereas, shortened humerus is prominent. (D, E) Patient III:1 and III:2 in pedigree, both 

children are displaying bilateral bowing of legs and little feet intoeing. (F) Affected 

individual II:3, is an adult patient presenting characteristic bilateral bowing of tibia. 
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3.2.4.1 Mutation Screening of Family 1ACH 

Once the gene (FGFR3) for achondroplasia was assigned to chromosomal position 

4p16.3 by linkage analysis, the deleterious mutation was searched and identified by 

the candidate gene approach. A panel of 12 primers pairs (Table 9) was used to 

sequence the untranslated and coding region of FGFR3 by Sanger sequencing. The 

Sanger sequencing electropherograms of all patients of the family revealed a 

heterozygous G>A transition substitution in coding exon 8 at nucleotide position 1138 

(c.1138 G>A). Using mutation specific primers (highlighted green; Table 9), siblings, 

mother and control samples were screened and that all were found negative for 

identified genetic variation (Fig. 31A & B). This genetic change was frequently 

reported in achondroplasia patients. 

The transition mutation c.1138 G>A created a novel restriction site for endonuclease 

SfcI in nucleotide sequence of FGFR3 transmembrane domain. Upon digestion, all 

affected individuals showed two digested DNA fragments of sizes 313 bp and 232 bp. 

While genotypically normal subjects did not showed digested fragments. The DNA 

fragment of 545 bp in affected individuals was due to normal allele that did not harbor 

the recognition site for SfcI restriction enzyme. The only DNA fragment of 545 bp 

was present in normal individuals where no recognition site was generated due to 

absence of mutation. The PCR-RFLP resolved on agarose gel electrophoresis (3%) 

further validated the identified mutation in FGFR3 gene (Fig. 31C). 

3.2.4.2 Bioinformatics Analysis of Family 1ACH 

Identified genetic change led to abnormal DNA as well as amino acid sequences of 

FGFR3 protein as predicted by CLC workbench 7.8.1 software. Mutated sequence 

analysis revealed that the substitution of “G” to “A” at nucleotide position 1138 in the 

coding sequence of FGFR3 has transformed the codon “GGG” to “AGG” (Fig. 32A 

& B),  which encode glycine and arginine respectively (Fig. 33A & B).  

The identified variation is a point mutation that resulted in only a change of single 

amino acid in FGFR3 protein sequence. However, this change was also involved in 

the formation of recognition site for SfcI restriction enzyme. This novel restriction site 

in FGFR3 gene is used as genetic marker for screening of achondroplasia with or  
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 Table 9: Intronic primers used to amplify coding exons for FGFR3 gene 

Gene Primer ID Primer Sequence (5’-3’) 
Ta 

°C 

Product 

(bp) 

FGFR3 

EX-1_F CTGCCTTCCTCCTCCTGTAG 
57 336 

EX-1_R CGTCACTCACACCCGGC 

E2_F CTGTAAACGGTGCCGGG 
58 398 

E2_R GACCCACGCAGGGACTC 

EX-3_F GGACCCTGCCCCATCTG 
58 239 

EX-3_R CCTTAGTCCCTCAGCTGCC 

EX-4/5_F AGAGGGGCCTCTGCTCC 
60 514 

EX-4/5_R AGATGACGCTCAGGGGC 

EX-6_F TGGACGTGCTGGGTGAG 
60 397 

EX-6_R CAACCCCTAGACCCAAATCC 

EX-7_F CCAGCCTCGATCTGTACCTT 
56 298 

EX-7_R CTTGGAGCTGGAGCTCTTGT 

EX-8_F CTGTGGCTCTGGTGTCTCC 
62 545 

EX-8_R AGAGAGGGCTCACACAGCC 

EX-9_F CTGTACCTCCACGCCCTG 
60 275 

EX-9_R CTGACTGGTGGCTGTTTCAC 

EX-10/11_F GTGGTGGGCTGAGAGTGG 
58 450 

EX-10/11_R GGACACGGGCTCCTCAG 

EX-12/13_F GGTAGGTGCGGTAGCGG 
58 558 

EX-12/13_R CCAGGCGTCCTACTGGC 

EX-14/15_F GGGGTCATGCCAGTAGG 
57 583 

EX-14/15_R TATTCGGGAACAGCCTGAAG 

EX-16/17_F CAGGCTGTTCCCGAATAAGG 
56 553 

EX-16/17_R CACCAGCAGCAGGGTGG 

F = forward primer    R = reverse primer 

Ta = optimal annealing temperature  bp = base pair  

Highlighted green: Mutation specific primers 
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Figure 31: Mutation analysis of 1ACH family 

(A) Representative branch of 1ACH family pedigree; achondroplasia is segregating as an 

autosomal dominant trait. Three affected subjects (II:3, III:1, III:2) and three 

phenotypically healthy individuals (II:1, II:2, II:4) were analyzed. (B) Sanger sequencing 

of exon 8 of FGFR3 gene revealed a heterozygous G>A transition mutation at nucleotide 

position 1138 (c.1138 G>A) in all affected subjects. While phenotypically, normal 

subjects are homozygous (G/G) for wild type allele. (C) PCR-RFLP analysis of exon 8 of 

FGFR3 gene; the DNA fragments of sizes 545 bp, 313 bp and 232 bp were observed in 

all patients when digested with SfcI enzyme indicating the heterozygous condition in 

affected subjects. A DNA fragment of 545 bp was present in all phenotypically normal 

(II:1, II:2, II:4) as well as in ACH individuals where one allele is normal. No DNA 

fragments of 313bp and 232bp were present in normal individuals.  
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Figure 32: Nucleotide sequence analysis of FGFR3 gene for 1ACH family  

(A) Normal coding sequence of the FGFR3 gene (Family ID 1ACH). The “ATG”, 

“TGA” represent the start and stop codons respectively. Red arrow indicates the site of 

substitution mutation at 1138 position. (B) Displays the mutated FGFR3 coding sequence 

with heterozygous c.1138G>A substitution in all affected individuals. The green box 

indicates sequence transformation into novel recognition site for SfcI restriction enzyme. 

The red box contains 5ʹ to 3ʹ double stranded restriction site sequence with digesting 

points. 
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Figure 33: FGFR3 protein sequence analysis in family 1ACH 

(A) Normal FGFR3 protein sequence of 806 aa. Asterisk sign indicates the normal chain 

termination after 806 residues, whereas arrow indicating the site of mutation (glycine at 

380) position. (B) The glycine “G” is replaced with arginine “R” in mutated FGFR3 

protein sequence at 380 aa residue (p.G380R). 
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without familial history of achondroplasia disease. While analyzing protein secondary 

structures, various features such as alpha helices, beta sheets and coils in wild type 

and mutant protein were comparatively studied (Fig. 34A). This analysis showed a 

little dissimilarity in structural features however had an impact on overall 

conformation of structure and consequently its interaction and function. The structural 

and conformation variations of wild type and mutant proteins are further illustrated in 

3D structure modeling (Fig. 34B & C). Structural evaluation also indicated reliability 

of predicted models by showing maximum number of residues in favored region. 

As per I-Mutant2.0 calculations protein stability decreases due to amino acid 

substitution. For this, two additional tools i.e. PREDICT SNP & Meta SNP were also 

utilized to analyze the effect of mutation on protein (Fig. 35A & B). PredictSNP 

utilizes data from different powerful predicting methods, integrates and computes the 

data to produce more accurate and significantly improved predictions on functional 

status of a protein. PredictSNP sorts out SNPs with damaging consequences as natural 

variant of disease phenotype. Generally, in such conditions, stability of protein is 

compromised. Contrary to this, SNPs are mostly classified as neutral/ benign those 

with no known disease symptoms. Meta SNP also hires with it different predictors 

(PANTHER, PhD-SNP, SIFT and SNAP) to calculate mutation impact on normal 

protein. The values reported for each prediction was given below in Figure 35B. 

Maximum number of predictors anticipated p.G380R mutation as a disease causing 

which further validated our identified genotypic results.  

3.2.5 Discussion 

Achondroplasia, primarily a failure of endochondral ossification in the growth plate of 

cartilage, defined to be associated with pathogenic mutations in transmembrane 

segment of FGFR3 gene (Peters et al. 1993; Stanescu et al. 1990). To date, eight 

different pathogenic mutations of FGFR3 transmembrane segment have been shown 

implicated in cancer and growth disorders including ACH; however, exact 

pathogenetic mechanism of the disease is still unclear. In the present study we 

screened a non-consanguineous Pakistani family with ACH and identified a highly 

recurrent heterozygous c.1138 G>A mutation of FGFR3. Single nucleotide 

substitution not only replaces glycine with arginine at codon 380 (p.G380R) but also 

generates a unique restriction site for SfcI endonuclease. An electrophoretic banding  
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Figure 34: Protein structure modeling.  

(A) PsiPred Results showing number of secondary structure features in wild and mutant 

forms of FGFR3. Three Dimensional Structure Prediction using I-Tasser: (B) Wild type 

FGFR3, Red cylinders showing α-helix, flattened cyan color arrows showing β-Sheets 

and rest tube like features are coils. (C) Superimposed wild and mutant structures 

highlighting the substituted amino acid. Superimposed structures represented by purple 

wire display style while red ball & stick model is representing arginine which got 

substituted by glycine (green color stick display style) at 380 aa position. 
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Figure 35: FGFR3 mutation (p.G380R) effect prediction 

(A) PredictSNP results showing the deleterious effects of mutation (B) Meta SNP results 

predicting the disease causing mutation by most of tools employed. 

The reference values for prediction tools used were as: 

 PANTHER: Between 0 and 1. (If >0.5 mutation is predicted Disease) 

 PhD-SNP: Between 0 and 1. (If >0.5 mutation is predicted Disease) 

 SIFT: Positive Value (If >0.05 mutation is predicted Neutral) 

 SNAP: Output normalized between 0 and 1 (If >0.5 mutation is predicted 

Disease) 

 Meta-SNP: Between 0 and 1. (If >0.5 mutation is predicted Disease) 
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pattern of SfcI digestion supports the dominant mode of disease segregation in the 

family. Presence of heterozygous c.1138 G>A mutation in all affected subjects, but 

none of the phenotypically normal members of the family along with ethnically 

matched 100 healthy controls confirms the previously reported association of 

mutation with ACH in this Pakistani family. The identified genetic variation was 

further tested through in silico analysis to estimate its impact on protein structure, 

stability and function attributed to disease under study. Comparative in silico analysis 

of varied features of wild type and mutant FGFR3 proteins predicted significant 

conformation changes in secondary protein structure. As consequences, decreased 

protein stability with altered interaction and function can be expected. Identified 

mutation has previously been described implicated in persistent ligand-independent 

activation of FGFR3 protein, a deviation from its normal function as negative bone 

growth regulator. It was calculated through bioinformatics that mutation decreases the 

protein stability. As a result, destabilized protein disrupted the normal functioning of 

FGFR3 protein completely or partially and categorized as deleterious mutation 

causing ACH. 

Under normal circumstances, FGF/FGFR3 signaling initiates lateral dimerization of 

FGFR3 monomers to take on auto-phosphorylation of tyrosine residues in the 

intracellular domain of FGFR3 (Vajo et al. 2000). The transmembrane domain plays a 

critical role in this dimerization and/or activation of receptor tyrosine kinases by 

controlling orientation of the intracellular kinase domain (Li and Hristova 2006, 

2010). Once activated, FGFR3 phosphorylate cytoplasmic target proteins leading to 

the activation of intracellular downstream signaling cascade. Signaling Pathways such 

as mitogen-activated protein kinase (Ras/MAPK), phosphoinositide 3-kinase/Akt, 

phospholipase C and protein kinase C pathways inhibits chondrocyte proliferation 

through STAT1 signaling by inducing the expression of cell cycle suppressor genes 

such as the CDK inhibitor p21 and hence, negatively regulate bone growth 

(Foldynova-Trantirkova et al. 2012; Su et al. 2014).  

In contrast, deficiency of FGFR3 or presence of gain-of-function mutations in FGFR3 

are reported implicated in prolonged bone growth or short stature respectively, 

anticipating the role of FGFR3 as limiting factor rather than a promoting agent 

(Colvin et al. 1996; Deng et al. 1996; Su et al. 2014). Among the known mutations of 

FGFR3, c.1138 G>A substitution (p.G380R) is the most recurrent point mutation ever 
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known in human genome and that it account for almost 98% ACH cases (Bellus et al. 

1995; Bocharov et al. 2013; He et al. 2010; Richette et al. 2008). It is considered that 

G380R change causes hydrogen bonding between two arginine side chains that 

stabilizes the FGFR3 dimerization in the cell membrane, leading to constitutive 

ligand-independent activation of the FGFR3. Hence, uncontrollable signal 

transduction promotes inhibition of cartilage growth and development by aberrantly 

inducing the expression of cell cycle suppressor genes (Li and Hristova 2006; 

Volynsky et al. 2013). Many other studies have hypothesized that point mutations in 

FGFR3 transmembrane regions can induce conformational rearrangements of the 

dimer that  can affects its association strength in different states and hence represent a 

general mechanism of activation of such receptors (Bocharov et al. 2013; Volynsky et 

al. 2013). However, exact mechanism of FGFR3-mediated signal transduction in 

health and disease is unknown and many unresolved issues still need to be explored.  

We report a common FGFR3 substitution mutation G380R in three patients from a 

non-consanguineous Pakistani family. In view of previous reports, we assume that 

identified mutation might have altered the dimerization efficiency of transmembrane 

region leading to uncontrolled signal transduction and expression of cell cycle 

suppressor genes. This might clarify the decreased cell proliferation in the growth 

plate and would justify the basis for reduced endochondral bone growth and 

disproportionate short stature in ACH.  Further detailed genotype-phenotype studies 

are expected to provide a better understanding of the role of FGFR3 in skeletal 

development. Our findings support the fact that p.G380R is the common mutation in 

diverse populations around the world and extend the body of evidence that support the 

role of FGFR3 gene in ACH.  Moreover, like many other countries, Sfc1 restriction 

site in FGFR3 can be used as a molecular diagnosis marker for ACH in Pakistan. 
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3.3 Hereditary Multiple Exostosis (HME) 

Hereditary Multiple Exostosis (HME) is an autosomal dominant, monogenetic genetic 

condition characterized by the multiple osteochondromas on the human body, was 

discovered in 1993 by Cook (Beltrami et al. 2016). The loss-of-function mutations in 

EXT1 and EXT2 are responsible for the appearance of disease phenotype. Based on 

data available from Multiple Osteochondroma Mutation Database (MOMD), it was 

declared that 429 and 223 genetic mutations are reported in EXT1 and EXT2 gene 

respectively. Majority of these mutations (77%) are sporadic in nature (Beltrami et al. 

2016). The rise in cousin marriages among Pakistani population has critical role in the 

spread of various genetic disorders including hereditary multiple exostosis. The 

spread of genetic diseases is also supported by the fact that insignificant genetic 

research has been carried out in our population on such terrible genetic diseases. 

Moreover, no significant statistical data on genetic aspects of HME in Pakistani 

population is available to manage the disease. Therefore, currently, a 

multigenerational HME family was enrolled in the present study aiming to contribute 

a little in establishing the genetic basis of the disease. The family was assigned 

‘1HME’ identification code for subsequent research procedures. 

3.3.1 Pedigree Analysis of HME Family 

A three generational non-consanguineous family with Punjabi ethnicity having 

hereditary multiple exostosis (HME), collected from Rawalpindi city, Punjab, 

exhibited the autosomal dominant mode of inheritance. From the apparent mode of 

inheritance in the pedigree, it was assumed that the diseased individuals will possess 

the heterozygous state of alleles while the phenotypical normal subjects will possess 

the homozygous state of normal alleles. Clinically considering the HME in the family, 

the phenotypic data and other details of family members, including patients and first 

degree healthy siblings and children, who partook in the study, are as under;  

 Family 1HME: family belongs to Punjabi ethnicity; having nine members 

affected in total, one patient in first generation had died. Only five affected 

individuals were available who willingly participated for this research study 

including II:4, II:6, III:4, III:5 and III:9. The individuals II:5, III:6 and III:8 
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were phenotypically normal not underwent clinical examination, also collected 

for genetic characterization. All marriages shown in this family pedigree were 

non-consanguineous.  Additionally, it was informed by the proband that the 

disease in this family came from I:1 individual who was said having 

symptoms of the disease. As a whole, eight members (patients n=5 and normal 

n=3) from this family were under taken for research (Fig. 36). 

3.3.2 Clinical Manifestation of HME Family 

A medical specialist evaluated few patients clinically from the subject family and 

made a preliminary diagnosis of the disease based on sign and symptoms. The clinical 

observations were used to express the severity of the disease in the family. The 

clinical manifestations recorded in patients are summarized here; 

3.3.2.1 Family 1HME 

In fact, HME is the genetic condition in which number of osteochondromas or 

exostoses exists at different anatomical sites of the body. Each osteochondroma has 

common features of its origin and characteristics. They are derived from bone 

surfaces and have a cap of cartilage on them. Nevertheless, these exostosis lesions are 

benign but exert distinct pathology and medical issues.  

All patients in the family were between 20-65 years of ages at the time of sample 

collection, while the disease onset was congenital. The disease was present in mild to 

moderate form and with different sites of enchondromas in every patient. The 

symptoms observed at the time of birth became more prominent and progressive with 

the passage of life till the ceasing of developmental growth. Few patients in the family 

were subjected to comprehensive medical checkup by consultant. Observed clinical 

features were compiled as under; 

The radial bowing secondary to ulnar shortening and dislocated radio-ulnar joints are 

the common phenotypic findings in many of the cases. (Fig. 37A & C). The limbs 

malalignment and limb length discrepancy (one limb is shorter than the other one) are 

the key features presented in our patients (Fig. 37B). The limited range of movement 

was observed at joints where the lesions were nearby present. One more important 

clinical feature is the valgus deformities at the knees and elbows than the varus 
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deformities of these joints. However, in our case, it is reverse that only one patient 

possessed valgus deformity of elbow (Fig. 37B) while, other patients had varus 

deformities of elbow (Fig. 37A & C). Another clinical finding in our series of HME 

patients was clinodactyly: the ulnar deviation of the index finger of hands (Fig. 37B & 

D). This is most likely due to rotational deformity of the inter-phalangeal joints of 

hands. We were also able to get the radiological findings of patient III:4 that revealed 

ulnar shortening (Fig. 37E) and  dislocated radio-ulnar joints (Fig. 37F). Female 

individuals, who did not permit for pictures, found to be more severely affected with 

more number of exostoses on their body than the male patients. Moreover, the 

affected subjects were suffering from persisting pain that was the key feature besides 

all. The reason of persisting pain around the joints was the deformity of limbs that has 

changed the normal mechanical axis of the limbs. The vectors of forces do not 

corresponded to the required torque at the joints for movements. It leads to altered 

vector forces and as a result, muscles exhausted earlier hence the joints start to pain. 

Furthermore, no axial skeletal shortening was observed in this family. 

3.3.3 Genotyping of HME Family  

Up till now, two loci (EXT1 at 8q24.11 and EXT2 at 11p11.2) are known to be 

associated with HME (Pannier and Legeai-Mallet 2008). The most of the HME 

families showed linkage to EXT1 and EXT2 loci whereas, EXT3 locus was relatively 

less affected and rarely associated with HME (Stieber et al. 2001). So, for both loci 

(EXT1, EXT2), two sets of different microsatellite markers spanning 49 cM on 

8q24.11 locus and 55.7cM on 11p11.2 locus were selected and used in linkage 

analysis (Table 10). The target was to find out the heterozygous shared microsatellite 

region segregating with candidate disease gene in autosomal dominant HME family. 

In exclusion study through PCR based linkage analysis, a strong linkage to formerly 

reported locus 8q24.1 was found in this family. The genotypic data obtained from the 

linkage analysis of 1HME family was used to construct haplotypes to study the 

ancestral disease segregating chromosome and recombinant events at 8q24.1 locus. 

The Cyrillic v2.1.3 software was used to construct the haplotypes. Haplotypes 

revealed diseased region in all affected members against microsatellite markers (Fig. 

38); D8S1132 (123.8 cM), D8S592 (128.2 cM), D8S1179 (140.3 cM) and D8S1128 

(144.9 cM). Moreover, the haplotypes also illustrated that D8S1132 (123.8 cM) and 



Results and Discussion 

Identification and Elucidation of Molecular Basis of Inherited Bone Disorders in Pakistani 

Population  Page 90 

I:1

II:4

III:11

II:3 II:6 II:8II:1 II:2

III:1 III:2 III:3

II:7

III:10 III:12III:9III:8

II:5

III:5 III:7III:4 III:6

I:2

 

Figure 36: Pedigree of family 1HME 

Squares and circles respectively symbolize male and females individuals. The affected 

and normal individuals are differentiated by filled and unfilled symbols respectively. 

Deceased individuals are shown by symbols with crossed line. Individual (II:4) with 

arrow sign provided information about history of disease in the family. Individuals II:4, 

II:5, II:6, III:4, III:5, III:6, III:8, and III:9 have participated in this research study. 

 

Figure 37: Clinical manifestation of family 1HME 

(A) Patients II:4 is representing radial bowing due to ulnar shortening. (B) Patients III:4 is 

demonstrating limbs malalignment and limbs length discrepancy along with clinical 

valgus deformity at elbows with limited joints movement. (A, C) Patients II:4 and III:5 

both have varus deformities of the elbow. (B, D) Patients III:4 and III:5 are showing 

clinodactyly: the ulnar deviation of the index finger as shown by arrow. (E, F) 

Radiological examination of patient III:4 showing ulnar shortening and dislocated radio-

ulnar joints respectively. 
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Table 10: Known loci and microsatellite markers used for linkage analysis  

S. No Phenotype Gene Gene 

OMIM 

Locus Markers cM 

01 Exostoses, 

multiple, type 1  

EXT1 608177  8q24.11  D8S1119 

D8S1132 

D8S592 

D8S1179 

D8S1128 

D8S256 

D8S373 

105.1 

123.8 

128.2 

140.3 

144.9 

150.8 

154.1 

02 Exostoses, 

multiple, type 2  
EXT2 608210  11p11.2  D11S1981 

ATA34E08 

D11S1392 

D11S905 

D11S1313 

D11S1985 

D11S987 

15.4 

31.3 

35.3 

40.6 

58.0 

60.2 

71.1 
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Figure 38: Haplotype analysis of family 1HME 

From haplotype analysis, it was evident that the autosomal dominant mode of inheritance 

was segregating in this family. Here, only the individuals who participated in the study 

were shown in this haplotype analysis. The haplotypes were constructed below the 

symbols. The filled and unfilled regions on vertical bars are expressing the disease and 

normal regions respectively. The red box containing the microsatellite markers D8S1132 

to D8S1128 designated the disease region in all patients of the family at this analyzed 

8q24.1 locus. The D8S373 microsatellite marker was the flanking region showed the site 

of recombination at telomeric boundary of disease. The genetic distance (centi Morgan) 

and arrangement of microsatellite markers were according to LDB Genetic Maps 

 (http://www.bli.uzh.ch/BLI/Projects/genetics/maps/cedar.html). 
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D8S1128 (144.9 cM) microsatellite markers define the centromeric and telomeric 

boundaries of the shared disease region (21.1cM) respectively. The linkage and 

haplotype analysis revealed the dominant pattern of disease segregation in present 

family. Additionally, the critical shared region harbors the EXT1 gene that has 

previously been reported in HME families. To date, only very few loss of function 

mutations in EXT1 gene have been reported to be associated with HME.  

3.3.4 Mutation Screening and Bioinformatics Analysis of 

HME Family 

The HME family was genetically characterized through Sanger sequencing analysis. 

The heterozygous mutation identified from affected individuals was also confirmed in 

phenotypically normal individuals and found negative. The findings were further 

evaluated and the effects of mutation on DNA and protein sequence and structure 

were predicted by in silico studies. The mutation screening and in silico results for 

EXT1 are described as below; 

3.3.4.1 Mutation Screening of Family 1HME 

The identified shared disease linked region harbors the gene EXT1 on chromosome 8, 

which is the gene of interest. Previously, EXT1 mutations were associated with HME 

disease. To screen the gene, DNA samples from all the family members were 

processed for direct Sanger DNA sequencing to find the causative mutation(s). For 

this purpose, eleven sets of intronic primers were design to amplify the coding 

sequences and exon-intron boundaries of EXT1 gene in whole family (Table 11). The 

amplified PCR products were used for Sanger DNA sequencing using exon specific 

EXT1 gene primers. Through sequencing, the electropherogram of affected 

individuals exposed a very rarely reported heterozygous deletion mutation at the 

nucleotide position 247 in exon 1 of EXT1 gene (c.247delC). Using mutation specific 

primers (highlighted green, Table 11), all affected family members were found 

heterozygous for this mutation, whereas no deletion was observed in none of the 

healthy subjects of this family (Fig. 39). Furthermore, this genetic variation was also 

not found in any of the 100 control samples analyzed parallel to this family. 



Results and Discussion 

Identification and Elucidation of Molecular Basis of Inherited Bone Disorders in Pakistani 

Population  Page 94 

Table 11: Intronic primers to amplify EXT1 gene sequences  

Gene 
Primer 

ID 
Primer Sequence (5’-3’) 

Ta 

°C 

Product 

(bp) 

EXT1 

EX-1F_A TCTTTACAGGCGGGAAGATG 60 659 

EX-1R_A TGTTCCACAAGTGGAGACTCTG 

EX-1F_B AGGTTCTACACCTCGGACCC 55 614 

EX-1R_B CCCAACTTCACACCTGGAC 

EX-2F CGAGTTGCTTTGCGTAAATTC 55 313 

EX-2R TCAAGGGAAACCACACCTTC 

EX-3F TCCAGGATTCATGCAGTGTC 55 315 

EX-3R CTGACCTTTTGGATTCATCTTC 

EX-4F TGCTAGAAGCCAAATGCTATG 55 330 

EX-4R TGGACCAATCACACATCCC 

EX-5F TTCGAATTTGGATTGAGCATC 55 302 

EX-5R CCCCATTAGAGTAGAAGAATAAAGG 

EX-6F GGAGCAAGGAGGAGTAATTTTC 55 273 

EX-6R GGGGATAACAGGTAAGGAGGG 

EX-7F TGAGAAGAGGCTTTGGGTTG 55 246 

EX-7R CAAGACCCAAAGTGCCCC 

EX-8F TGGGAGAATTGTCCTGAAAAC 55 248 

EX-8R AAGCATTAGCATCGTGCAAC 

EX-9F TGCATTATGAATTAGTGGGGAG 55 330 

EX-9R TTGGCCTTAGTTCCTATTTATGC 

EX-10F TGTGTTTTCTGTCTCAGAAGTCC 55 342 

EX-10R CTGGGTGGAACAGCTAGAGG 

EX-11F TGCTCATTTGCCTGACTCC 55 354 

EX-11R AGTGGATCTGCACTGGGAAG 

 

F = forward primer    R = reverse primer 

Ta = optimal annealing temperature  bp = base pair 

Highlighted green: Mutation specific primers 
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Figure 39: Electropherograms of exon 1 of EXT1 gene. 

The representative partial electropherograms of exon 1 of EXT1 gene; where arrows 

indicating the point of deletion of cytosine [C] at nucleotide position 247 (c.247delC). (A) 

Normal homozygous status of a phenotypically healthy individual having both normal 

alleles [C/C] (B) Displayed the heterozygous status [C+G] found in all affected 

individuals having one normal [C] and one mutated [G] allele. 
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3.3.4.2 Bioinformatics Analysis of HME Family 

Like other causative mutation, c.247delC also put damaging conformational impact 

on nucleotide and protein sequences of EXT1 gene. These sequence changes were 

studied by using CLC workbench v.7.8.1 software tool. 

The comparative analysis of mutated and normal nucleotide sequences using CLC 

workbench showed the reshuffled sequence due to deletion of cytosine (C) of codon 

“CGG” at nucleotide position 247 into “GGC” codon (Fig. 40A & B). Where, the 

“CGG” encoded the arginine while “GGC” encoded glycine in the protein sequence at 

83 aa position. Due to deletion mutation, there was frame shift that resulted in the 

formation of premature stop codon “TAG” at 135 codon position in protein sequence. 

Consequently, early formation of stop codon predicted the premature truncation of 

EXT1 protein, exostosin-1, with only 134 aa instead of normal 746 aa (Fig. 41A & 

B).  

Due to a frame shift caused by the c.247delC mutation, the EXT1 gene has an early 

stop codon on frame one at nucleotide position 403. Thus, the translated protein 

sequence is only of 134 aa long. The shorter protein seems to be membrane bound as 

it contains a transmembrane domain (Fig. 42A, orange bar). However, considering the 

alternative open reading frames (ORFs) it was found two ORFs in the mutant gene 

that were longer than the interrupted ORF on frame 1. The protein on alternative ORF 

frame 2 was 142 aa long but does not contain any functional domains and has no 

similarity to EXT1 (data not shown) (Fig. 42A, blue dotted bar). The third protein on 

ORF frame 3 (Fig. 42A, magenta bar) was 647 aa long and has covered the C-

terminal end of EXT1 protein. Interestingly, despite frame shift, the amino acid 

sequence of third ORF on frame 3, was identical to EXT1 protein and also covers the 

nucleotide-diphospho-sugar transferase domain. However, compared to the wild type 

protein, the transmembrane domain was missing (Fig. 42B). Tertiary structure 

predictions revealed the structural similarities of the alternative ORF on frame 3 to the 

wild type structure (Fig. 43).  
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Figure 40: Nucleotide sequence analysis of EXT1 gene 

(A) Normal coding sequence of the EXT1 gene (Family ID 1HME); red arrow indicated 

the site of mutation. The “ATG”, “TGA” are representing the start and stop codons 

respectively. (B) The mutated EXT1 coding sequence with heterozygous c.247delC that 

resulted in frame shift and consequently formation of early stop codon (TAG) at 403 

nucleotide position, indicated in red.  
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Figure 41: EXT1 protein sequence analysis 

(A) Normal EXT1 protein sequence consists of 746 aa. Asterisk sign in red colour 

indicates the normal chain termination after 746 aa, whereas red arrow indicating the site 

of variation (arginine at 83) identified in mutant protein. (B) Mutated EXT1 protein 

sequence with substituted Glycine [G] at 83 aa position and termination of protein 

translation after 134 aa position from start of protein. First 82 aa residues were the same 

as of normal protein but next 52 residues were altered due to mutation. The altered amino 

acids are under lined by green line. The asterisk sign after 134 aa residues indicated the 

premature chain termination.  
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Figure 42: Predicted ORFs and transcripts for wild type/ mutant EXT1 proteins  

(A) Location of open reading frames (ORFs) on EXT1 gene sequence; solid colors 

(orange, magenta) indicated the identical amino acid sequence of altered ORFs 

(EXT1_c.247delC_ORF1 and EXT1_c.247delC_ORF3) to the wild type EXT1 (green). 

(B) Predicted cytoplasmic location and functional domains on wild type amino acid 

sequence. 
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Figure 43: Predicted EXT1 protein tertiary structures.  

Predicted 3D-structures of mutated EXT1 (Orange), wild type (green), ORF3 of 

EXT1_c.247delC (magenta) and superimposed 3D-prediction of EXT1 WT + mutant 

ORF1 + mutant ORF3 (Green, orange, magenta). 
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3.3.5 Discussion 

Exostosin-1 and exostosin-2 are type II transferase transmembrane proteins encoded 

by EXT1 and EXT2 genes respectively (Bovee 2008). Both proteins are predominantly 

expressed in endoplasmic reticulum (ER) to form hetero-oligomeric EXT-1/2 

complex before moving to the Golgi apparatus (McCormick et al. 2000; Senay et al. 

2000). Individually these proteins possess reduced polymerase activity; however, the 

EXT-1/2 complex exhibits increased heparan sulfate (HS) polymerase activity in 

Golgi apparatus (Duncan, McCormick, and Tufaro 2001). The EXT-1/2 complex 

catalyzes the biosynthesis and glycosylation of heparan sulfates in the Golgi 

apparatus. Heparan sulfates are then moved towards the cell surface and resides either 

on cell surface or extra cellular matrix where they functionally bind to variety of 

specific ligand molecules like Indian hedgehog (IHH), growth factor, extra cellular 

enzymes, cytokines or some time viral enzymes (Bovee 2008; Lin et al. 2000). Ligand 

binding to heparan sulfates initiates a cascade of downstream signaling processes like 

cell proliferation, cell adhesion and growth factor signaling (Duncan et al. 2001).  

In the present study, Pakistani family suffering from HME was screened to identify 

the underlying genetic causes. We identified a previously described heterozygous 

deletion mutation in exon 1 of EXT1 gene (c.247delC) to be associated with multiple 

osteochondromas/ HME (Jennes et al. 2009). The identified deletion led to frame shift 

and resulted in an early stop codon downstream to deletion at position 403 

(p.A83GfsX52). Hence, the resulting protein is consisting of only 134 amino acids 

instead of 746 amino acids. The presence of heterozygous status of mutation in all 

affected individuals of the family but not in phenotypically normal subjects as well as 

ethnically related 100 healthy controls, support its linkage to hereditary multiple 

exostosis in a Pakistani family.  

To date, more than 400 mutations of EXT1 gene and also over 200 mutations of EXT2 

gene have been reported to be associated with sporadic and familial multiple 

osteochondromas/ HME (Beltrami et al. 2016). These mutations are mostly (75-80%) 

comprise of nonsense, frame-shift and splice-site mutations, all leading to either 

partial or complete loss of encoded protein function (Jennes et al. 2009; Sarrion et al. 
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2013). Moreover, it has been described that EXT1 mutations have more severe 

phenotypes compared to mutation of EXT2 gene (Porter et al. 2004). 

Structurally, EXT1 protein is consisting of N-terminal cytoplasmic tail, a single 

transmembrane domain, a stalk, and a larger C-terminal lumenal tail (Duncan et al. 

2001). The identified variation (p.A83GfsX52) in the present study is lying in the 

transmembrane domain towards the N-terminal of EXT1, which resulted in translation 

of truncated protein possibly without any functional domains. This might affects the 

structure and function of the EXT1 protein. It is further suggested that structural 

abnormalities lead to partial or complete loss of EXT-1/2 complex formation (Cheung 

et al. 2001). As a result, downstream polymerization of HS chains by EXT-1/2 

complex would be affected, leading to either shorter HS chain formation or complete 

absence of HS chains (Lin et al. 2000; Stickens et al. 2005). Impaired HS chains 

polymerization will affect its binding potential to its functional partner molecules. 

Hence, various downstream cellular processes such as cellular signaling pathways 

implicated in bone growth plates of chondrocytes will be interrupted, leading to the 

development of HME phenotypes (Stickens et al. 2005; Zak et al. 2002). 

The in silico analysis of topological features of wild and mutant type proteins were 

studied to elucidate the impact of deletion mutation on protein structure and function. 

It was observed that the premature termination not only led to shorter protein of 134 

amino acids but also resulted in grossly reduced numbers of structural motives and 

domains. It is predicted that the shorter protein on ORF-1 only possesses 

transmembranous domain while lacking catalytic domain, protein-protein interaction 

domain and putative nucleotide-diphospho sugar transferase domain on C-terminal 

lumenal tail and hence looks to be membrane bound only (Fig. 43A). From predictive 

results, it can further be hypothesized that there will no formation of EXT-1/2 

complex may possibly be due to significant structural confirmation. On the other 

hand, if it is assumed that EXT-1/2 complex is formed due to partially translated 

transmembranous domain, lack of other functional domains of EXT1 may leads to 

impaired synthesis and translocation of heparan sulfate proteoglycans (HSPGs) to the 

cell surface. This will lead to disrupted diffusion of Indian hedgehog signaling 

molecules that are involved in the chondrocytes proliferation and differentiation 

pathways in osteogenesis, hence leading to the development of multiple exostoses. 

Further, the in silico analysis of mutant EXT1 protein revealed that alternative open 
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reading frame (ORF2, blue) was also translated into short protein and did not show 

any protein sequence similarity to the wild type EXT1 protein. Therefore, the protein-

protein interactions were not predicted and hence the complete loss of formation of 

EXT-1/2 complex.  

While considering the ORF3 (Fig. 42A, magenta), the most interesting finding is that 

there is one alternative open reading frame in the mutant at nucleotide position 294. 

This results in the exact same amino acid sequence than the wild type protein starting 

from amino acid position 100 and spanning the full gene until the end and also 

encoding exostosin domains. Although, first 99 amino acids of normal protein are 

missing that are the parts of transmembranous domain may possibly explain the 

disease phenotypes in the family. While on the other hand, the translated protein of 

647 amino acids is seems to have all the important domains and might explain why 

patients with this mutation can survive. Therefore, this gene seems to be robust as it 

can compensate deletion mutations that occur before 297 (as our 247delC mutation). 

Likewise, there is also a possibility of “nonsense mediated mRNA decay” of partially 

translated protein (Brogna and Wen 2009) resulting in a complete loss of exostosin 1 

protein or EXT-1/2 complex, leading to HME phenotypes.  

Majority of the mutations associated with HME are reported to be the parts of N-

terminal domain. These mutations believed to affect normal functioning of EXT1 

protein either by affecting the EXT-1/2 complex formation or other down streaming 

processes such as HS biosynthesis, polymerization of HS chains and initiation of 

signaling pathways etc. leading to HME phenotypes. Although the exact mechanism 

of HME development is still unclear but it is widely believed that impaired HS 

synthesis and accompanying HS deficiency in the skeleton and other tissues is 

associated with HME phenotypes. However, it remains unclear how the HS 

deficiency alters cell signaling within the cartilage and/ or surrounding perichondrium 

in developing and growing bones.  

In conclusion, in the present study, identification of a rare heterozygous deletion 

mutation increases the body of evidences to support association of EXT1 gene with 

HME phenotypes. Moreover, our findings may be supportive for prenatal genetic 

screening and early diagnosis of HME. 



CONCLUSIONS AND FUTURE 

PERSPECTIVES
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4 CONCLUSIONS AND FUTURE 

PERSPECTIVES 

The reason behind the rise of inherited genetic diseases in our society is the intra-

family consanguineous marriages. Pakistan is a country where the inhabitants are 

colonized in various conserved ethnic groups and mostly have uncompromised 

practice of intra-familial marriages, which contributes to the spread of various 

recessive hereditary disorders with high incidence. Among the various predominant 

genetic diseases, inherited bone disorders are one of the key contributors. In current 

research study, six Pakistani families suffering from different genetic bone diseases 

including osteopetrosis, achondroplasia and hereditary multiple exostosis were 

evaluated clinically and characterized genetically. The four out of six families with 

recessive mode of inheritance of disease provide the data that supports the role of 

consanguinity in the spread of genetic diseases in our society. We know that clinically 

and genetically inherited bone disorders are categorized as heterogeneous group of 

disorders. These disorders occur due to faults or disruption in the developmental 

processes of bone and its appendages. Therefore, the elucidation of disorder at 

molecular level is of fundamental significance. Identification as well as 

characterization of novel disease phenotypes, associated genes and mutations not only 

advances the disease categorization but also augment our understanding towards 

various molecular mechanisms controlling the proliferation and differentiation.   

From the present study, we got some of the novel findings during clinical and genetic 

evaluation of affected Pakistani families. Among OPT families, the high level of 

heterogeneity was observed in all affected subjects. The characterization based on 

clinical heterogeneity was impossible. Therefore, genetic and molecular elucidation of 

these families using modern techniques has exposed the involvement of genetic 

factors. Some families were identified with the same findings as reported previously 

all over the world. Two OPT families failed to find any pathogenic mutation in known 

associated gene, so need more investigation to identify genetic cause associated with 

disease. Moreover, the findings of this study by genetic screening of various Pakistani 

families exposed recurrent as well as novel variants of different inherited bone 

disorders, which are summarized in Table 12. Overall, the study contributed towards 
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the understanding of genetic bone diseases and also added the clinical and genetic 

spectrum of bone diseases studied to date in Pakistan.  

In current project, the presence of most frequently recurrent mutations in FGFR3 gene 

in most of the societies of the world, mark them as hotspot for achondroplasia. One of 

the same recurrent mutations has been identified in Pakistani achondroplasia family 

analyzed in this study. The finding in Pakistani population also supports these 

mutations as hotspot for achondroplasia in this geographic region. Furthermore, the 

strong genetic association of these mutations, suggest them as candidate genetic 

markers that could be supportive for rapid and accurate pre or postnatal genetic 

diagnosis of achondroplasia in our society. Therefore, based on available genetic 

information on such disorders, better genetic counseling and carrier screening could 

help to minimize the transmission of disease down to next generations. Such 

preventive measures will significantly helpful in eradication of genetic bone diseases 

from Pakistani population.  

Future Perspectives 

Though, the identification of gene variants has provided significant insight into the 

disease pathogenesis; however, further hidden aspects of disorders, contributing to 

pathogenesis, can be unveiled by making use of recent advancements in the field of 

molecular biology. For being very close to the human system, development of 

genetically modified animal models or expression of mutant/ and wild-type genes in 

mammalian cell lines can be of great importance in understanding the pathways 

involved in skeletal development and differentiation.  

In past, successful expression of TCIRG1, FGFR3 and EXT1 genes in mammalian cell 

lines have been provided valuable information on gene regulation and disease 

pathogenesis (Busse-Wicher et al. 2014; Lee 2012; Ohsfeldt et al. 2012). Likewise, 

expressing the genetic variants of the present study in mammalian cell lines (e.g 

human THP-1 monocyte cell line, anti-apoptotic Chinese hamster ovary cell lines, B-

cell lines) can revealed the transcriptional and post-transcriptional controls that 

govern expression of these genes, hence will help to understand disease mechanism. 

The research evidences confirm that proteins play a vital role in cells growth 

regulation, differentiation, survival, and development. Therefore, the comparative 
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study of the mutant and wild-type proteins characteristics such as stability, half-lives 

and expression levels in the cells can play significant role. The half-lives of proteins 

span from second to days depending on proteins and cells types where they are being 

expressed (Batada et al. 2004). For example, the half-life of normal FGFR3 was 

estimated to be slightly more than 2 hours in Cos-7 cells (fibroblast-like cell lines 

derived from monkey kidney) (Cho et al. 2004). Likewise, the half-lives of variant 

proteins, identified in the present study can be determined in cultured mammalian 

cells by employing pulse-chase analysis and cycloheximide blocking methods (Zhou 

2004). Such studies can define different aspects of protein folding and stability (that 

could be increased and/or decreased depending on the type and site of mutation) as 

well as cellular localization/ accumulation. (Cho et al. 2004; Papegaey et al. 2016). 

Secondly, genetic manipulation in living organisms for therapeutic purposes, or “gene 

therapy”, holds great potential towards curing genetic diseases particularly the 

monogenic disorders including cases of the present dissertation. Though, the 

utilization of genetic engineering to treat genetic diseases is in its experimental phase; 

however, several positive outcomes have been documented for a wide range of 

genetic diseases (including hematological, immunological, ocular, and 

neurodegenerative and metabolic disorders) and several types of cancer (Kumar et al. 

2016). Recently, gene therapy targeting hematopoietic stem cells (HSC) in a mouse 

model of infantile malignant osteopetrosis was shown to correct many aspects of the 

disease (Askmyr et al. 2009). Similarly, various possible genetic therapeutic 

approaches for treating ACH are still in their early stages of development 

(Monsonego-Ornan et al. 2000; Saffell et al. 1997). Hence, the technology holds great 

potential and will paved the way towards treatment of such patients in future. 

Moreover, the rapid advancement of genome-editing techniques further strengthens 

the field of human gene therapy. It is of great interest to test the feasibility of genome 

editing in primary human hematopoietic cells that could potentially be used to treat a 

variety of human genetic disorders such as osteopetrosis, achondroplasia, multiple 

exostosis and numbers of other genetic disorders. Several genome editing tools such 

as zinc-finger nucleases (ZNFs), transcription activator-like effector nucleases 

(TALENs), and clustered, regularly interspaced, short palindromic repeat 

(CRISPR)/CRISPR associated (Cas) nucleases have been successfully used to 



Conclusions and Future Perspectives 

Identification and Elucidation of Molecular Basis of Inherited Bone Disorders in Pakistani 

Population  Page 107 

manipulate the respective genomes with unprecedented precision (Meissner et al. 

2014). 

Nexus to above, Pakistan should pay attention towards the latest developments in the 

field of molecular biology as hundreds of thousands of patients suffering from variety 

of genetic abnormalities in its population. Pakistan should establish coordination 

between its research institutes and patient caring hospitals as well as collaboration 

with other scientific communities of the world to remain updated. Since these 

techniques and associated procedures are still in their experimental phases and holds 

some ethical aspects, particularly manipulation at human embryonic level, therefore, 

as a beginner, Pakistan should allow genetic manipulation mainly restricted to 

mammalian cell lines and animal models. In a nutshell, Pakistan’s policies on gene 

editing/ gene therapy research should follow the WHO recommendation or in 

accordance with scientific community of the world, with ultimate aim of better health 

and life of its people. 
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Table 12: Summary of results obtained from this study 

S. No. Disorder Family 

ID 

Inheritance Gene Sequence change  Amino acid 

change 

Type of 

mutation 

Reported/Novel 

1 OPT 1OPT autosomal 

recessive  

TCIRG1 c.1165+1G>A  _ Splice site Novel 

2 OPT 2OPT autosomal 

recessive 

TCIRG1 c.624delC p.P208PfsX1 Frame shift Ajmal et al. 2017 

3 OPT 3OPT autosomal 

recessive 

TCIRG1 _ _ _ No mutation found* 

4 OPT 4OPT autosomal 

recessive 

TCIRG1 _ _ _ No mutation found*  

5 ACH 1ACH autosomal 

dominant 

FGFR3 c.1138 G>A p.G380R Missense Shiang et al.1994 

Ajmal et al. 2017 

6 HME 1HME autosomal 

dominant 

EXT1 c.247delC p.R83GfsX52 Frame shift Reported but first time in 

family-based study 

 

OPT:   Osteopetrosis 

ACH:  Achondroplasia 

HME:  Hereditary Multiple Exostosis 

* Did not show association to previously reported TCIRG1 genes in ARO.
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6 ANNEXURES 

Publications from the Present Study 

The data presented here contributed in publication of the following articles. 

1. Muhammad Ajmal, Asif Mir, Muhammad Shoaib, Salman Akbar Malik and 

Muhammad Nasir. Identification and in silico characterization of p.G380R 

substitution in FGFR3, associated with achondroplasia in a non-

consanguineous Pakistani family. Diagnostic Pathology. 2017 12:47. DOI 

10.1186/s13000-017-0642-3. 

2. Muhammad Ajmal, Asif Mir, Sughra Wahid, Chiea Chuen Khor, Jia Nee Foo, 

Saima Siddiqi, Mehran Kauser, Salman Akbar Malik, Muhammad Nasir. 

Identification and in silico characterization of a novel p.P208PfsX1 mutation 

in V-ATPase a3 subunit associated with autosomal recessive osteopetrosis in a 

Pakistani family. BMC Med Genet. 2017 13;18(1):148. DOI: 10.1186/s12881-

017-0506-4. 

3. Muhammad Ajmal, Christian MK Sieber, Sobia Shafique, Muhammad Shoaib, 

Salman Akbar Malik and Muhammad Nasir. Identification and in silico 

analysis of heterozygous deletion mutation in a Pakistani family associated 

with hereditary multiple exostosis (Manuscript writing is in progress). 
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