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ABSTRACT 

The study, presented in the thesis, is an effort to explore genetic basis of disorders of 

ectodermal appendages in different ethnic populations living across Pakistan. 

Hereditary hypotrichosis and ectodermal dysplasias are large, complex and 

heterogeneous groups of heritable conditions characterized by congenital 

abnormalities of ectodermal appendages. They can broadly be characterized into two 

groups depending upon the absence (isolated) or presence (syndromic) of associated 

defects in other organ/organ systems. Discovery of genes responsible for these 

disorders is the key source of insight into the molecular mechanisms of development 

and differentiation of ectodermal appendages. 

Focus of the present study was to identify and characterize genes causing hereditary 

disorders of ectodermal appendages in fifteen families (A-O) of Pakistani origin. 

Eleven of these families (A-K) were segregating various types of hair loss disorders 

and four families (L-O) ectodermal dysplasias. Combination of various techniques 

including microsatellite and SNP genotyping, Sanger sequencing and exome sequence 

analysis assisted in establishing linkage and identifying disease causing variants in the 

families. 

Four families (A, B, C, D) with non-syndromic hair loss failed to show linkage to the 

known genes. Subsequently, three of them were subjected to whole-genome SNP 

genotyping. Human genome scan mapped a novel disease locus of 10.85 Mb on 

chromosome 2q31.1–q32.2 in family A. Sequencing of the three selected putative 

candidate genes (ITGA6, PRKRA, ATF2), mapped in the linkage interval, did not 

reveal any functional variant in the family. Family B showed linkage to chromosome 

6p25.1–p23, and subsequently a novel variant (c.1493C>T; p.Pro498Leu) in the DSP 

gene was identified upon sequencing. Whole-genome SNP genotyping coupled with 

whole exome sequencing identified two compound heterozygous deletions, a novel 

(c.278_278delA; p.Lys93Argfs*9) and a previously reported (c.659_660delTA; 

p.Ile220Argfs*25), in the LIPH gene in family D.  
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Six families (E, F, G, H, I, J) with non-syndromic hair loss showed linkage to 

previously reported genes (LIPH, LPAR6, HR) involved in causing hypotrichosis. 

Linkage in four of these families (E, F, G, H) was established to the LIPH gene on 

chromosome 3q26.33–q27.3. Sequence analysis of the LIPH revealed a previously 

described deletion (c.659-660delTA; p.Ile220Argfs*25) in three families (F, G, H). 

However, sequence analysis failed to detect variant in the LIPH gene in family E. 

Haplotype analysis showed linkage of the family I to the LPAR6 gene on chromosome 

13q14.11–q21.32. Sequence analysis of the gene revealed a previously described 

variant (c.562A>T; p.Ile188Phe) in the family. In the family J, linkage was 

established to the HR gene on chromosome 8p21.3. Sequencing of the gene revealed a 

previously reported variant (c.2070C>A; p.Cys690*). 

In the family K, segregating novel features associated with hair loss, exome sequence 

analysis led to the identification of a novel rare variant (c.898G>A; p.Glu300Lys) in 

ITGB6 gene that co-segregated with the phenotype in the family.   

Four families (L-O) showed features of different forms of ectodermal dysplasias. The 

family L showed features of pure hair and nail ectodermal dysplasia (PHNED). 

Haplotype analysis mapped the family to the previously reported locus on 

chromosome 12p13.11–q21.1. Three genes (KRT85, HOXC13, KRT74), known to 

cause PHNED lie in this region, were screened but found to be negative for any 

potential sequence variant. Haplotype analysis established linkage to the previously 

proposed locus on chromosome 4q32.3–q34.3 in family M segregating isolated form 

of congenital nail clubbing (ICNC). HPGD, a cause of ICNC, lies in this region, was 

sequenced but found to be negative for any potential variant. Genome-wide 

homozygosity mapping complimented with whole exome sequencing identified a 

previously reported variant (c.5314C>T; p.Arg1772Trp) in COL7A1 segregating 

autosomal recessive form of dystrophic epidermolysis bullosa (RDEB) in the family 

N. In family O, segregating variegate porphyria (VP), exome sequence analysis led to 

the identification of a previously described sequence variant (c.502C>T; 

p.Arg168Cys) in the PPOX gene that co-segregated with the disease. 
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INTRODUCTION 

Elucidating the genetic basis of human-inherited disorders is a major goal of medical 

genetics. Advances in human genetics have greatly enhanced our ability to identify the 

genetic basis for many human diseases (Bell, 2002). The application of this 

knowledge can lead to improvements in disease prevention and treatment. Although 

the identification of the sequence of human genome has unveiled the existence of 

some 25,000 genes; the function of the most of their products remains uncovered 

(Lopez-Bigas et al., 2006). Genetic analysis is a powerful tool to dissect the function 

of a gene and its encoded protein. Since the sequence of the human genome is 

completed (International Human Genome Sequencing, 2004), various systematic 

approaches are being sought to determine the functions of their genes (Kile et al., 

2003). With the advent of high-throughput techniques, genotyping and sequencing 

will soon give converge, with far-reaching implications for the elucidation of genetic 

disease and health care (Ropers, 2007). 

Genetic research on skin disorders in Pakistani population has a peculiarity due to a 

high rate of consanguinity and large family size with different manifestations of skin. 

However, less attention has been given to this area of research due to lack of 

knowledge among affected families about their condition, the rarity of skin disorders 

and lack of research expertise in this field. In the last decade, some advancement has 

been made in identifying novel genes for monogenic autosomal recessive skin 

disorders including ectodermal dysplasias and alopecias in populations of Pakistani 

origins.    

HUMAN SKIN 

Skin is largest and highly specialized, precisely regulated organ system covering the 

entire external surface of the human body and is the principal site of interaction with 

the outer environment. Skin and its associated appendages (hair, nails, teeth and many 

glands) play diverse functions as epidermal barrier and defence, immune surveillance, 

UV protection, thermoregulation, sweating, lubrication, pigmentation, sensation of 

pain and touch, and the protection of various stem cell niches in the skin. Despite 
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having important appendages, skin due to its pliability, flexibility, and responsiveness, 

is a master in the art of self-defence – proving that a tissue need not to be hard in order 

to be tough (Ross and Christiano, 2006).       

There are two major structural layers of the skin separated by a basement membrane; 

the epidermis and the dermis. In addition to these, there are also a number of other cell 

types and structures that assist skin functions (Chuong et al., 2002). 

Epidermis is a stratified epithelium that is unique in the sense that it retains the ability 

to self-renew, proliferate and differentiate under both homeostatic and injury 

conditions by maintaining a population of mitotically active cells in the hair follicles 

and innermost basal layer (Segre, 2006). Epidermis of the limb gives rise to a range of 

skin types (palmar, plantar and interfollicular epidermis) and varied appendages 

(including hair follicles, sebaceous glands, eccrine sweat glands, and nails). Epidermis 

is further differentiated in five layers: stratum corneum, granular layer, upper spinous 

layer, lower spinous layer and basal layer. Stratum corneum is the primary interface 

and barrier between an organism and its outer environment and acts to prevent 

desiccation, toxin entry and microbial infection (Byrne et al., 2003). 

Dermis (corium) is the immediate underlying layer to epidermis derived from the 

mesoderm linking epidermis and hypodermis. Dermis is composed of two layers: 

papillary layer and a reticular layer. Sweat glands, sebaceous glands and hair follicles 

are present mostly in the dermis. 

Hypodermis (subcutaneous skin layer) is a deeper continuation of the dermis 

consisting of the loose connective tissue and adipose cells forming a deep layer of 

variable thickness. However, no adipose tissue is found in hypodermis of the eyelids, 

clitoris and penis (Clark, 1985). 

ECTODERMAL APPENDAGES  

Early in the development, two-way communications between the subset of surface 

ectodermal epithelium and underlying mesenchyme give rise to hair, teeth, nails and 

sweat glands collectively called the skin appendages (Mikkola, 2007). Although fully 
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formed appendageal structures differ greatly in shape, number, function, and 

regenerative capacity but the initial steps in their development are remarkably similar 

at the morphogenetic and molecular level (Mikkola and Millar, 2006). 

The three main phases; initiation, morphogenesis, and differentiation in the 

organogenesis of skin appendages are regulated by inductive interactions between 

different types of tissues. The formation of ectodermal appendages is regulated by 

reciprocal and sequential interactions between the ectodermal epithelium and the 

mesenchyme mediated by a relatively small number of signaling pathways; the Wnt, 

sonic hedgehog (SHH), fibroblast growth factor (FGF), transforming growth factor 

(TGF), and tumour necrosis factor (TNF) families and their downstream transcription 

factors involved in development (Mikkola and Millar, 2006; Mikkola, 2007). All 

epidermal appendages begin as a placode accompanied by condensation of the 

underlying mesenchyme (Van Raamsdonk, 2009). In the next phase, this placode 

develops into a bud growing into or out of the mesenchyme proceeding with the 

growth and morphogenesis typical to each organ (Pispa and Thesleff, 2003). The 

morphogenesis of these varied skin appendages shares common developmental 

processes including induction, cell fate determination, proliferation, differentiation, 

epithelial cycling, and close interactions with the mesenchyme (Chuong, 2000).  

DEVELOPMENT OF ECTODERMAL STRUCTURES 

Skin is the product of ectodermal and mesodermal stem cells (Strachan and Ghadially, 

2008). However, according to Spemann’s organiser theory even the endoderm has a 

role in skin development (De Robertis et al., 2000). Orchestrated skin development is 

only possible with data exchange and interference between intracellular and 

intercellular structures of the mesoderm and ectoderm (Itin, 2014). Skin appendages 

such as teeth, hairs, and a number of glands are all derivatives of the embryonic 

ectoderm, but the developmental initiation of appendages is orchestrated by signals of 

the mesoderm with the help of placodes (Itin, 2014). Genetic defects in signaling 

pathways, which disturb the interaction between ectoderm and mesoderm lead to 

ectodermal dysplasias (Itin, 2014). The formation of skin appendages is regulated by 

reciprocal and sequential interactions between the ectodermal epithelium and the 
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mesenchyme that can originate either from the mesoderm or the neural crest (Mikkola, 

2007). The epithelial mesenchymal crosstalk is mediated by a relatively small number 

of signaling pathways including the Wnt, fibroblast growth factor (FGF), transforming 

growth factor alfa (TGFα), transforming growth factor beta (TGFβ), hedgehog (HH), 

ectodermal dysplasin, Gap-junctions-connexin, Axin, and tumour necrosis factor 

(TNF) families and their downstream transcription factors that are used reiteratively 

during development (Mikkola, 2007; Itin, 2014). The regulatory role of growth and 

transcription factors in the development of skin appendages is widely conserved 

across species as well as across different appendages (Pispa and Thesleff, 2003; 

Mikkola and Millar, 2006). This is reflected in ectodermal dysplasias (EDs), a large 

group of congenital hereditary disorders where the development of two or more 

epithelial appendages is affected (Lamartine, 2003).  

In vertebrates, there is a wide range of ectodermal appendages including hair, teeth, 

nails, and sweat glands. The location and orientation of skin appendages are 

determined by the mesenchyme and epithelium, respectively (Novel, 1973; Chuong et 

al., 1996). 

HAIR 

Hair is the filamentous keratinized skin appendage of the vertebrates. Besides 

protecting the body against coldness and wetness, hair is the sign of strength, power 

and beauty in human beings. Hair shaft is composed of three different types of 

epithelial components: outermost layer or cuticle (protecting the cortex), middle layer 

or cortex (provides strength, colour and texture to the hair), and inner most layer or 

medulla (only present in large thick hair). The inner root sheath (IRS) surrounds the 

hair shaft and is composed of three cell types as well: the inner root sheath cuticle, 

Huxley’s layer, and Henle’s layer. IRS is surrounded by another layer outer root 

sheath (ORS), which composed of two cellular components: companion layer and 

ORS cells. All these cell types of the hair shaft except the ORS cells originate from 

the germinal epithelial cells at the base of the hair follicle (HF). These cells are 

apparently nourished by the dermal papilla by providing nutrients and growth factors 

(Van Steensel et al., 2000).  
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Responding to the Wnt and bone morphogenetic protein (BMP) signaling the 

ectodermal progenitors adopt an epidermal fate, which ultimately produce the hair 

placodes. Further dermal messages instruct the placodes to make the HFs. Mature 

HFs, a highly complex composite structure having seven concentric rings of 

terminally differentiating cells, are derived from the matrix cells. HFs vary 

considerably in size and shape, depending on their location, but they all have the same 

basic structure. The HF is one of the few organs of the body that undergoes cyclic 

bouts of degeneration and regeneration throughout life. Each HF perpetually goes 

through three stages: growth phase (anagen), involution phase (catagen), and rest 

phase (telogen)(Fuchs, 2007). Most hereditary hair loss disorders are the result of 

sequence variants in the genes involved in HF development, morphogenesis and hair 

follicle cycling.  

NAIL 

The nail is a specialized keratinous ectodermal appendage that grows over the tip of 

the finger or toe. The major function of the nail in human is the protection of the 

delicate terminal phalanx. Nail development starts around the ninth week of gestation 

and is completed during the fifth month of pregnancy, with the development of the 

toenails lagging approximately four weeks behind the fingernails (Baran et al., 2012). 

Proper epithelial-mesenchymal interactions of bone morphogenic protein-4 (BMP4), 

fibroblast growth factor-4 (FGF4), Wnt7A and SHH appear to be crucial for nail 

development (Chuong et al., 1996). Transcription factors encoded by LMX1B and 

MSX1 are mutated in nail-patella and Witkop syndrome, respectively (Chen et al., 

1998; Dreyer et al., 1998; Jumlongras et al., 2001). Ablation or ectopic expression of 

transcription factors such as Engrailed-1 in mouse models has also provided insights 

into nail development (Loomis et al., 1996). Saito et al. (2015) have explored the 

biology of the nail organ by focusing on intriguing knowledge gained from recent 

studies, and Khan et al. (2015) have comprehensively described recent updates in 

genetics of human isolated hereditary nail disorders. 
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TEETH 

Teeth are specialized structural components of the craniofacial skeleton. The visible 

part projecting outside the gum is the crown while the part that anchors the tooth to its 

bony socket in the jawbone is the root. Enamel, dentin, and cementum are the distinct 

mineralized tissues present in teeth (Hu and Simmer, 2007). Developmental 

abnormalities in any of these tissues lead to isolated or associated dental conditions. 

Tooth shape is determined very early in development by expression of different genes 

in different region of the mesenchyme of the jaw primordia (Tucker and Sharpe, 2004; 

Sartaj and Sharpe, 2006; Hu and Simmer, 2007). Several signaling cascades like FGF, 

BMP, WNT and SHH ligands, their receptors, inhibitors and transcription factors play 

a key role in tooth development (Mikkola, 2007). In addition, these cascades mediate 

dental epithelial-mesenchymal interactions (Thesleff, 2003). Dental abnormalities are 

caused by complex multifactorial interactions between genetic, epigenetic and 

environmental factors during the long process of dental development. This process is 

multilevel, multidimensional and progressive involving multiple interactions and 

critical stages (Brook, 2009). 

SWEAT GLANDS 

Human body temperature is maintained within a very narrow range. Sweat glands are 

highly active miniorgans of skin that fulfil a diversity of functions. They are simple 

coiled tubular glands and play some key roles in homeostasis maintenance and body 

temperature regulation. The candidate genes to regulate and structurally differentiate 

sweat glands development were studied by Kunisada et al. (2009), showing that 

ectodysplasin A-dependent SHH signaling is necessary for initiation of sweat gland at 

germ stages, followed by growth of ducts. Transcription factors of Fox family (Foxi1 

and Foxa1) are involved in the development of sweat gland secretory segments. 

There are many human hereditary disorders that affect the development and 

differentiation of skin and its appendages. The discovery of the genes responsible for 

these disorders is the key source of insight into the molecular mechanisms of 

development and differentiation of ectodermal appendages. 
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ECTODERMAL DYSPLASIAS 

Ectodermal dysplasias are a large, complex and heterogeneous group of heritable 

conditions characterized by congenital abnormalities of one or more ectodermal 

structures and their appendages. A complex network of signaling pathways 

coordinates the formation and function of ectodermal structures. Embryo development 

network reveals the relationship between disease genes and embryo development 

genes (Gong et al., 2011). Therefore, these developmental genes with their complex 

networks are mainly involved in the pathogenesis of ectodermal dysplasias.  

CLASSIFICATION OF ECTODERMAL DYSPLASIAS  

Based on functional perspectives of the identified genes, Lamartine (2003) classified 

EDs into four main subclasses including cell-cell communication and signaling, cell 

adhesion, transcription regulation and development. On the basis of clinogenetic 

findings, Priolo (2009) proposed a new classification of EDs. Molecular genetics will 

increasingly elucidate the molecular defects that give rise to these distinct syndromes 

and shed light into the regulatory mechanisms of embryology. In October 2012, an 

expert panel did meet in Charleston South Carolina and decided to establish a 

classification of ectodermal dysplasias combining existing clinical classification with 

gene functions. This consensus paper will be published in a year and hopefully will 

bring more clarity to the field (Itin, 2014). 

More than 200 different pathological and clinical manifestations have been described 

under the term ectodermal dysplasias (EDs), however, only about 80 of them are 

known at the molecular level with their causative genes (Itin, 2014). All the EDs 

reported including both pure and associated exhibit all possible patterns of Mendelian 

inheritance.  

PURE ECTODERMAL DYSPLASIAS  

The EDs may be pure in the sense that only ectodermal structures (hairs, teeth, nails, 

sweat glands) are involved without disturbing the derivatives of other embryonic 

layers.  
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Hypohidrotic Ectodermal Dysplasia 

Hypohidrotic ectodermal dysplasia (HED) describes a group of clinically and 

genetically heterogeneous disorders characterized by abnormal development of sweat 

glands, teeth, nails, and hair. Other clinical features include saddle nose, low-set ears, 

immunodeficiency, and atopic dermatitis (Prager et al., 2006; Lexner et al., 2007; 

Lexner et al., 2008).  

HED exhibits all possible patterns of Mendelian inheritance, however, X-linked HED 

(XLHED) is the most common variant of HED, with partial manifestations in females. 

The X-linked recessive form of HED (XLHED) is caused by sequence variants in 

ectodysplasin A1 (EDA1; MIM 300451) located on chromosome Xq12–q13.1 (Kere et 

al., 1996). Both autosomal dominant and autosomal recessive forms of HED (ARHED 

and ADHED) are rare disorders characterized by similar clinical features as in 

XLHED.  ARHED and ADHED are caused by sequence variants in ectodysplasin-A 

receptor (EDAR; MIM 604095) on chromosome 2q11–q13 (Monreal et al., 1999) and 

EDAR-associated death domain (EDARADD; MIM 606603) on chromosome 1q42.2–

q43 (Headon et al., 2001).  

According to Human Gene Mutation Database (HGMD) Professional 2015.2, a total 

of 268 sequence variants in the EDA1 have been implicated in the pathogenesis of the 

XLHED, whereas 55 in the EDAR and 8 in the EDARADD have been reported as a 

cause of ARHED and ADHED from different ethnicities around the world. 

Isolated Congenital Nail Dysplasia  

Isolated congenital nail dysplasia (NDIC; MIM 605779) is a rare autosomal dominant 

disorder with the longitudinal streaks, thinning and impaired formation of nail plates 

(Hamm et al., 2000). Krebsova et al. (2000) mapped a locus on chromosome 17p13 in 

a German family with an unusual congenital nail dysplasia. No disease-associated 

causal variant has yet been identified for NDIC. 
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Ectodermal Dysplasias of Nail-Teeth Type  

Tooth and nail syndrome (Witkop syndrome (MIM 189500)) is a rare autosomal 

dominant disorder characterized by missing teeth and poorly formed nails, especially 

of toenails early in life with no other associated abnormalities (Witkop, 1965; Altug-

Atac and Iseri, 2008).  

A heterozygous stop variant was identified in the Msh homeobox 1 (MSX1; MIM 

142983) located at chromosome 4p16.1–p16.3 that co-segregated with the Witkop 

syndrome’s phenotype (Jumlongras et al., 2001). According to HGMD Professional 

2015.2, a total of 42 sequence variants in the MSX1 have been reported. 

Pure Hair and Nail Ectodermal Dysplasia 

Pure hair and nail ectodermal dysplasia (PHNED (MIM 602032, 614929, 614931)) 

comprises a heterogeneous group of rare heritable disorders characterized by brittle 

hair, hypotrichosis, onychodystrophy and micronychia.  

Three genes, all of which are located in the type II keratin gene cluster on 

chromosome 12q12–q14.1, have to date been associated with autosomal recessive 

PHNED. Sequence variants in the keratin 85 (KRT85; MIM 602767) were identified 

in consanguineous families segregating alopecia and nail dystrophy (Naeem et al., 

2006b; Shimomura et al., 2010c) and similar phenotypes were recently associated 

with sequence variants in the homeobox C13 (HOXC13; MIM 142976)(Lin et al., 

2012; Ali et al., 2013; Farooq et al., 2013). Interestingly, whole-exome sequencing 

revealed a homozygous sequence variant in the keratin 74 (KRT74; MIM 608248) in a 

family segregating autosomal recessive PHNED (Raykova et al., 2014). Although, 

heterozygous KRT74 sequence variants have previously been associated with 

autosomal dominant woolly hair/hypotrichosis simplex (Shimomura et al., 2010d; 

Wasif et al., 2011). According to HGMD Professional 2015.2, a total of 2 sequence 

variants in the KRT85, 5 in the HOXC13 and only 1 in the KRT74 have been 

implicated in the pathogenesis of PHNED. 

Two additional loci associated with autosomal recessive PHNED have been mapped 
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to the chromosome 17p12–q21.2 region spanning the keratin I gene cluster (Naeem et 

al., 2006a) and to the chromosome 10q24.32–q25.1 region (Rafiq et al., 2005), but no 

causal sequence variant has yet been identified.  

Congenital Anonychia  

Congenital anonychia (MIM 206800) is a rare nail disorder characterized by the 

absence or severe hypoplasia of all finger- and toe-nails with the autosomal recessive 

mode of inheritance. The gene for congenital anonychia was mapped on chromosome 

20p13 by two different groups in families belonging to different ethnic groups of the 

world (Bergmann et al., 2006; Blaydon et al., 2006). Furthermore, Blaydon et al. 

(2006) and Bergmann et al. (2006) identified disease-causing sequence variants in the 

R-spondin 4 (RSPO4; MIM 610573) located on chromosome 20p13. Thereafter, 

several studies have reported sequence variants in the RSPO4 as the underlying cause 

of congenital anonychia (Bruchle et al., 2008; Chishti et al., 2008). According to 

HGMD Professional 2015.2, a total of 17 sequence variants in the RSPO4 have been 

reported as a cause of congenital anonychia from different ethnicities around the 

world.  

Odonto-Onycho-Dermal Dysplasia  

Odonto-onycho-dermal dysplasia (OODD; MIM 257980) is an autosomal recessive 

syndrome characterized by various ectodermal abnormalities, including hypotrichosis, 

hypodontia, nail dystrophy and keratoderma. It is caused by sequence variants in the 

wingless-type MMTV integration site family, member 10A (WNT10A; MIM 606268), 

mapped to chromosome 2q35 (Adaimy et al., 2007; Nawaz et al., 2009). According to 

HGMD Professional 2015.2, a total of 66 sequence variants in the WNT10A have been 

reported. 

Isolated Congenital Nail Clubbing  

Hereditary nail clubbing (ICNC; MIM 119900) is a distinct rare congenital disorder 

characterized by enlargement of the nail plate and terminal segments of the fingers 

and toes, resulting from proliferation of the connective tissues between the nail matrix 

and the distal phalanx (Myers and Farquhar, 2001).  
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Tariq et al. (2009b) mapped a locus on chromosome 4q32.3 in a consanguineous 

family with isolated congenital nail clubbing, segregating in autosomal recessive 

fashion. Sequence variants in hydroxyprostaglandin dehydrogenase (HPGD; MIM 

601688), mapped on chromosome 4q32.3, have been shown to be responsible for 

causing ICNC and primary hypertrophic osteoarthropathy, a familial disorder 

characterized by digital clubbing and osteoarthropathy (Uppal et al., 2008; Tariq et 

al., 2009b). According to HGMD Professional 2015.2, a total of 12 sequence variants 

in the HPGD have been reported as a cause of osteoarthropathy, hypertrophic and nail 

clubbing. 

Ectodermal Dysplasia of Hair, Nail, and Teeth  

This congenital disorder is characterized by hypotrichosis or dry hair, absent/sparse 

eyebrows and eyelashes, dystrophic finger- and toenails and misshapen teeth of 

variable forms, with other associated abnormalities like erythematous lesions of the 

facial region and hyperhidrosis with thickened soles and palms (Zirbel et al., 1995; 

Megarbane et al., 2004). A novel locus for this form of ectodermal dysplasia has been 

mapped on chromosome 18q22.1–q22.3 in a Pakistani family (Tariq et al., 2008). 

Causative gene has not been identified yet. 

Ectodermal Dysplasia of Hair, Nail, and Skin Pigmentation 

Habib et al. (2015) described an uncategorized form of ectodermal dysplasia 

characterized by alopecia, dystrophic finger- and toenails and skin pigmentation. A 

novel locus for this form of ectodermal dysplasia has been mapped on chromosome 

18p11.32-p11.31 in a Pakistani family (Habib et al., 2015). Causative gene has not 

been identified yet. 

ASSOCIATED ECTODERMAL DYSPLASIAS 

The EDs may be complex when structures not derived from the ectoderm are also 

involved. Complex forms of ectodermal dysplasias are mostly associated with 

deafness, skeletal defects, mental retardation, ichthyosis, palmoplantar keratoderma, 

eye abnormalities, facial deformities, cleft lips and palate, and other systemic 

conditions (Itin and Fistarol, 2004). Few complex forms of EDs have been 
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characterized at the molecular level. Still large numbers of other complex EDs have 

been reported, which are awaiting their molecular diagnosis (Leech and Moss, 2007). 

Pachyonychia Congenita  

Pachyonychia congenita (PC) is a rare autosomal dominant condition characterized by 

nail dystrophy, palmar and plantar hyperkeratosis, leukokeratosis of the mucous 

membranes, follicular keratosis, and occasional hyperhidrosis of palms and soles 

(Feinstein et al., 1988; Kansky et al., 1994; McKusick, 1998). Based on clinogenetic 

findings pachyonychia congenita has been divided into two subtypes, pachyonychia 

congenita type 1 (MIM 167200; PC-1) and pachyonychia congenita type 2 (MIM 

167210; PC-2).  

In Jadassohn-Lewandowsky syndrome (PC-1) affected individuals have nail defects 

(onchyogryposis), palmoplantar hyperkeratosis, follicular hyperkeratosis and oral 

leukokeratosis (Thormann and Kobayasi, 1977). Genetic defects in PC-1 have been 

correlated with two different keratin genes: keratin 6A (KRT6A; MIM 148041) and 

keratin 16 (KRT16; MIM 148067)(Irvine and McLean, 1999,2003; Leech and Moss, 

2007). According to HGMD Professional 2015.2, a total of 44 sequence variants in the 

KRT6A and 29 in the KRT16 have been reported. 

In Jackson-Lawler syndrome (PC-2) affected individuals lack oral involvement but 

have natal teeth and cutaneous cysts (Clementi et al., 1986). PC-2 has the useful 

distinguishing feature of cutaneous cysts which normally develop around puberty. 

Genetic defects in PC-2 have been correlated with two different keratin genes: keratin 

17 (KRT17; MIM 148069) and keratin 6b (KRT6B; MIM 148042)(McLean et al., 

1995; Smith et al., 1998, 2005). According to HGMD Professional 2015.2, a total of 

28 sequence variants in the KRT17 and 5 in the KRT6B have been reported. 

Ectodermal Dysplasia/Skin Fragility Syndrome  

Ectodermal dysplasia/skin fragility syndrome (MIM 604536) is a rare autosomal 

recessive disorder with the distinguishing features of skin fragility and blistering, 

hyperkeratosis of palms and soles, abnormal hair growth, nail dystrophy and defective 
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sweating.  

The causative gene is plakophilin 1 (PKP1; MIM 601975) located at 1q32 (McGrath 

et al., 1997). The plakophilin 1 protein is a main component of epithelial desmosomes 

and a nuclear component of many cell types suggesting its role in maintaining cell 

membrane integrity and stability (Bergman and Sprecher, 2005). Thereafter, several 

studies have reported sequence variants in the PKP1 as underlying cause of 

ectodermal dysplasia/skin fragility syndrome (Sprecher et al., 2004; Zheng et al., 

2005; Ersoy-Evans et al., 2006; Tanaka et al., 2009; Boyce et al., 2012; Olivry et al., 

2012; Hernandez-Martin et al., 2013). According to HGMD Professional 2015.2, a 

total of 15 sequence variants in the PKP1 have been reported. 

Cleft-lip/Palate Ectodermal Dysplasia Syndrome  

Cleft-lip/palate ectodermal dysplasia syndrome (CLPED1; MIM 225060) is ED-

syndactyly syndrome featuring ectodermal dysplasia, cleft lip and palate, sparse scalp 

hair, malformed protruding ears, and complete/partial syndactyly of the fingers and 

toes. In only some cases, mild mental retardation and renal abnormalities were also 

reported with CLPED1.  

Sequence variants in poliovirus receptor-like 1 gene (PVRL1; MIM 600644) encoding 

cell-cell adhesion molecule nectin-1, located on chromosome 11q23–q24, were 

implicated in the pathogenesis of CLPED1 (Suzuki et al., 2000). Thereafter, several 

studies have reported sequence variants in the PVRL1 as the underlying cause of 

CLPED1 (Sozen et al., 2001; Aslar and Tastan, 2014; Yoshida et al., 2015). 

According to HGMD Professional 2015.2, a total of 12 sequence variants in the 

PVRL1 have been reported. 

Ectodermal Dysplasia, Ectrodactyly, Macular Dystrophy Syndrome  

Ectodermal dysplasia, ectrodactyly, macular dystrophy syndrome (EEM, MIM 

225280) is characterized by hair loss, macular dystrophy, hypodontia and limb defects 

such as ectrodactyly, syndactyly and camptodactyly (Balarin Silva et al., 1999). The 

symptoms of EEM are similar to those of hypotrichosis with juvenile macular 
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dystrophy syndrome (HJMD, MIM 601553); however, EEM patients also show the 

additional clinical manifestation of split-hand/foot malformation (SHFM) suggesting 

important roles for P-cadherin in the development of not only of hair and retina but 

also of limbs (Shimomura et al., 2008b). 

HJMD is caused by sequence variants in P-cadherin gene (CDH3; MIM 601553) 

located on human chromosome 16q22.1 (Sprecher et al., 2001). Furthermore, Kjaer et 

al. (2005) identified a variant in CDH3 as the underlying cause of EEM syndrome. 

According to HGMD Professional 2015.2, a total of 21 sequence variants in the 

CDH3 have been reported as a cause of HJMD, EEM, and hypotrichosis. 

Ankyloblepharon Ectodermal Defects Cleft-lip/Palate Syndrome  

Ankyloblepharon ectodermal defects cleft-lip/palate syndrome (AEC; MIM 106260) 

is a rare disorder of hair, skin, nails and dentition caused by sequence variants in the 

tumour protein p63 (TP63; MIM 603273). Heterozygous missense variants in the 

sterile alpha motif (SAM) domain of the TP63 usually result in AEC phenotype 

(McGrath et al., 2001). According to HGMD Professional 2015.2, a total of 113 

sequence variants in the TP63 have been reported. 

Acantholytic Ectodermal Dysplasia  

Acantholytic ectodermal dysplasia (AED) is a desmosomal disorder characterized by 

trauma-induced blisters and erosions, palmoplantar keratoderma and hyperkeratotic, 

fissured plaques with perioral involvement (Winik et al., 2009). Causal sequence 

variant for AED phenotype still needs to be identified. 

Ectodermal Dysplasia Cutaneous Syndactyly Syndrome  

Ectodermal dysplasia cutaneous syndactyly (EDCS) is an autosomal recessive 

disorder characterized by hypotrichosis, hypoplastic nails, tooth enamel hypoplasia, 

hyperhidrosis, palmoplantar keratoderma and bilateral partial cutaneous syndactyly. 

The locus for EDCS was mapped to chromosome 7p21.1–p14.3 in a large Pakistani 

family (Tariq et al., 2009c). Causative gene has not been identified yet.  
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Ectodermal Dysplasia-Syndactyly Syndrome  

Ectodermal dysplasia syndactyly syndrome (EDSS) is an autosomal recessive disorder 

characterized by dental abnormalities, alopecia, and cutaneous syndactyly. Sequence 

variants in poliovirus receptor-like 4 gene (PVRL4; MIM 609607), mapped on 

chromosome 1q23, have been shown to cause EDSS in Algerian and Italian families 

(Brancati et al., 2010). PVRL4 encodes for nectin-4, a cell adhesion molecule mainly 

implicated in the formation of cadherin-based adherens junctions. Nectin-4 is highly 

expressed in hair follicle, as well as in the separating digits of murine embryos, the 

tissues mainly affected by the EDSS phenotype (Brancati et al., 2010). Thereafter, 

several studies have reported sequence variants in the PVRL4 as the underlying cause 

of EDSS (Dereure, 2011; Jelani et al., 2011; Raza et al., 2015). According to HGMD 

Professional 2015.2, a total of 7 sequence variants in the PVRL4 have been reported. 

HEREDITARY HAIR LOSS DISORDERS 

Sequence variants in the genes expressed in HF development have been known to 

cause a number of congenital hair loss disorders (CHLD) in humans. There are at least 

50 distinct CHLD classified into syndromic and non-syndromic forms. In syndromic 

forms of CHLD the hair symptom appears as a part of a broader syndrome which 

shows other skin symptoms and/or various systemic manifestations while in non- 

syndromic forms, affected individuals show only hair phenotype.  

Hereditary hypotrichosis is a heterogeneous group of disorders characterized by sparse 

to complete absence of hair on the scalp and other parts of the body. Hypotrichosis 

can broadly be characterized into two groups depending upon the absence (isolated) or 

presence (syndromic) of non-dermatological features such as intellectual disability, 

hearing impairment, retinal degeneration etc. Syndromic and non-syndromic (isolated) 

forms of hypotrichosis segregate either in autosomal recessive or autosomal dominant 

pattern. Non-syndromic hereditary hair loss disorders (autosomal recessive and 

autosomal dominant forms) exhibiting variable clinical expression have 

comprehensively been described (Basit et al., 2014). 

Several autosomal forms of isolated hair loss disorders, including both recessive and 
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dominant, have been mapped to different human chromosomes and, except in three 

cases, the corresponding genes have been identified. Over the past few years five 

genes including hairless (HR, MIM 225060)(Ahmad et al., 1998a; Ahmad et al., 

1998b; Cichon et al., 1998), desmoglein-4 (DSG4; MIM 607892, HYPT6)(Kljuic et 

al., 2003), lipase-H (LIPH; MIM 607365, HYPT7)(Kazantseva et al., 2006), 

lysophosphatidic acid receptor 6 (LPAR6; MIM 609239, HYPT8)(Pasternack et al., 

2008; Shimomura et al., 2008a), and desmocollin-3 (DSC3; MIM 600271)(Ayub et 

al., 2009) associated with the isolated forms of hair loss disorders have been 

characterized. Four genome-wide significant risk loci for androgenetic alopecia 

(AGA) on chromosomes 2q35, 3q25.1, 5q33.3, and 12p12.1 have been identified by 

combined analysis of the replication and meta-analysis data (Heilmann et al., 2013). 

Recently, keratin 25 (KRT25) has been associated with autosomal recessive woolly 

hair (ARWH) of the scalp (Ansar et al., 2015b) and desmoplakin (DSP; MIM 125647) 

with non-syndromic alopecia, a rare feature, not reported earlier as a single 

abnormality in patients carrying sequence variants in the DSP (Jan et al., 2015a – this 

study) in families of Pakistani origin. 

The genes for two previously reported autosomal recessive forms of hair loss 

disorders have not been identified yet (Basit et al., 2010; Naz et al., 2010). Also the 

causative gene for recently mapped locus for hereditary hypotrichosis has not been 

identified (Jan et al., 2015b – this study). 

The autosomal dominant forms of hair loss disorders have been shown to result from 

sequence variants in the genes adenomatosis polyposis down-regulated-1 (APCDD1; 

MIM 607479, HYPT1)(Shimomura et al., 2010a), corneodesmosin (CDSN; MIM 

602593, HYPT2)(Levy-Nissenbaum et al., 2003), keratin 74 (KRT74; MIM 608248, 

HYPT3)(Shimomura et al., 2010d), in the inhibitory upstream open-reading-frame 

(ORF) of the HR (U2HR; MIM 146550, HYPT4)(Wen et al., 2009), epidermal growth 

factor receptor pathway substrate 8-like 3 (EPS8L3; MIM 614989, HYPT5)(Zhang et 

al., 2012), small nuclear ribonucleoprotein polypeptide E (SNRPE; MIM 128260, 

HYPT11)(Pasternack et al., 2013) and ribosomal protein L21 (RPL21; MIM 603636, 

HYPT12)(Zhou et al., 2011).  
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In addition to these isolated autosomal recessive and dominant forms of hypotrichosis, 

several syndromic forms of hypotrichosis in which hair loss is associated with other 

abnormalities, have been reported (Headon and Overbeek, 1999; Monreal et al., 1999; 

Sprecher et al., 2001; Kjaer et al., 2005; John et al., 2006a; Wali et al., 2006b; Wali et 

al., 2007a; Ansar et al., 2015a – this study). 

AUTOSOMAL RECESSIVE FORMS OF ISOLATED HAIR LOSS 
DISORDERS 

Atrichia with Papular Lesions 

Atrichia with papular lesions (APL, MIM 209500) is an irreversible form of complete 

hair loss segregating in autosomal recessive (Friederich, 1949; Damste and Prakken, 

1954; Loewenthal and Prakken, 1961) and pseudo-dominant pattern (Zlotogorski et 

al., 2002a,b). Features observed in the patients with APL include irreversible shedding 

of normal scalp hair in a couple of months after birth, sparse to absent eyebrows and 

eyelashes, and loss of hair on other parts of the body (Ahmad et al., 1998a; Cichon et 

al., 1998). Other ectodermal structures are not affected. Hair loss is often followed by 

the appearance of multiple keratinous follicular papules especially on the face, scalp 

and extremities (Kruse et al., 1999; Zlotogorski et al., 2002b). 

APL phenotype has been mapped to chromosome 8p21.3 by two different groups 

(Ahmad et al., 1998a; Nothen et al., 1998). Furthermore, Ahmad et al. (1998a) 

identified a disease-causing sequence variant in HR located in the mapped interval. 

Thereafter, several studies have reported sequence variants in the HR as underlying 

cause of APL (Cichon et al., 1998; Zlotogorski et al., 1998; Aita et al., 2000; John et 

al., 2005; Azeem et al., 2011; Mehmood et al., 2015b – this study). According to 

HGMD Professional 2015.2, a total of 51 sequence variants in the HR have been 

reported as a cause of APL from different ethnicities around the world.  

Localized Autosomal Recessive Hypotrichosis (LAH1; HYPT6) 

Affected members with localized autosomal recessive hypotrichosis (LAH1, HYPT6) 

exhibit varying degree of inter-familial and intra-familial phenotypic variability. At 

birth, hair may be present on the scalp (Rafique et al., 2003; John et al., 2006b; 
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Schaffer et al., 2006) or scalp is completely devoid of hair (Wajid et al., 2007), but re-

grew sparsely after ritual shaving. Affected persons have sparse (Kljuic et al., 2003) to 

almost absent eyebrows and eyelashes: however, axillary and pubic hairs are normal 

(Rafique et al., 2003; John et al., 2006b; Schaffer et al., 2006; Wajid et al., 2007). 

The gene for LAH1 has been mapped to 18q21.1 (Kljuic et al., 2003; Rafique et al., 

2003). Subsequently, DSG4 was cloned and confirmed as a causative gene for HYPT6 

(Kljuic et al., 2003; Whittock and Bower, 2003). Thereafter, several studies have 

reported sequence variants in the DSG4 as underlying cause of LAH1 (Messenger et 

al., 2005; Schaffer et al., 2006; Shimomura et al., 2006; Zlotogorski et al., 2006; 

Wajid et al., 2007; Ullah et al., 2015). According to HGMD Professional 2015.2, a 

total of 15 sequence variants in the DSG4 have been reported as a cause of LAH1 

from different ethnicities around the world. 

Localized Autosomal Recessive Hypotrichosis (LAH2; HYPT7) 

HYPT7 is characterized by sparse woolly (Shimomura et al., 2009c,d) to normal fine 

thin hair on the scalp at birth (Aslam et al., 2004; Kazantseva et al., 2006; Ali et al., 

2007; Jelani et al., 2008; Nahum et al., 2009). Woolly hairs on the entire scalp with 

hair density from normal to less are tightly curled and light colored (Shimomura et al., 

2009c,d). Normal to sparse eyebrows, eyelashes, axillary and body hair were reported 

in the affected members; however, male affected members have developed normal 

beard hair (Aslam et al., 2004; Ali et al., 2007; Jelani et al., 2008; Shimomura et al., 

2009d).  

Aslam et al. (2004) mapped HYPT7 to chromosome 3q27.3 in a consanguineous 

Pakistani family. Later, Kazantseva et al. (2006) identified LIPH as a causative gene 

in HYPT7 locus in two Russian families. Thereafter, several studies have reported 

sequence variants in the LIPH as underlying cause of LAH2 (Ali et al., 2007; Jelani et 

al., 2008; Horev et al., 2009; Kamran-ul-Hassan Naqvi et al., 2009; Nahum et al., 

2009; Naz et al., 2009; Pasternack et al., 2009b; Shimomura et al., 2009b,c,d; 

Shinkuma et al., 2010; Khan et al., 2011; Tariq et al., 2012; Harada et al., 2013; 

Kurban et al., 2013; Yoshizawa et al., 2013; Hamada et al., 2014; Hayashi et al., 
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2014a,b; Liu et al., 2014b; Mehmood et al., 2015a – this study; Mehmood et al., 2016 

– this study). According to HGMD Professional 2015.2, a total of 21 sequence 

variants in the LIPH have been reported as a cause of LAH2 from different ethnicities 

around the world. 

Localized Autosomal Recessive Hypotrichosis (LAH3; HYPT8) 

Patients with LAH3 exhibit normal to tightly curled, fragile and slow growing hairs 

(Azeem et al., 2008; Shimomura et al., 2008a; Pasternack et al., 2009a; Tariq et al., 

2009a). Eyelashes, eyebrows, axillary and pubic hairs are normal to sparse (Azeem et 

al., 2008; Shimomura et al., 2008a; Horev et al., 2010). Papular lesions are either 

absent (Petukhova et al., 2008) or present where they are localized to the occipital 

region (Shimomura et al., 2008a). 

Genome-wide homozygosity mapping identified a chromosomal region 13q14.11–

q21.32 for HYPT8 (Wali et al., 2007b), and subsequently two groups independently 

showed that sequence variants in lysophosphatidic acid receptor 6 encoding gene 

(LPAR6) located at HYPT8 candidate region are responsible for developing 

hypotrichosis and WH phenotype (Pasternack et al., 2008; Shimomura et al., 2008a). 

Thereafter, several studies have reported sequence variants in the LPAR6 as 

underlying cause of LAH3 (Azeem et al., 2008; Pasternack et al., 2009a; Shimomura 

et al., 2009a; Tariq et al., 2009a; Khan et al., 2011; Nahum et al., 2011; Mahmoudi et 

al., 2012; Kurban et al., 2013; Liu et al., 2013; Raza et al., 2014 – this study). 

According to HGMD Professional 2015.2, a total of 26 sequence variants in the 

LPAR6 have been reported as a cause of LAH3 from different ethnicities around the 

world. 

Three additional gene loci associated with autosomal recessive hypotrichosis have 

been mapped to the chromosome 10q11.23–22.3 region (Naz et al., 2010), 

chromosome 7p21.3–p22.3 region (Basit et al., 2010) and chromosome 2q31.1–q32.2 

region (Jan et al., 2015b – this study), but no causative sequence variant has yet been 

identified.  
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Hypotrichosis with Recurrent Skin Vesicles 

This unique type of hypotrichosis was described in a consanguineous Afghani family 

in which affected members reported to have hairs on the scalp at birth that shed in few 

weeks but regrew after ritual shaving (Ayub et al., 2009). Vesicles filled with thin, 

watery fluid were observed on the scalp and skin of most of the body. The phenotype 

was mapped to chromosome 18q containing the cluster of desmoglein and 

desmocollin genes. Upon sequencing desmogleins and desmocollins genes, a 

sequence variant was detected in the DSC3 causing this phenotype (Ayub et al., 

2009), which is the only sequence variant reported in the gene according to HGMD 

Professional 2015.2. 

Digenic Autosomal Recessive Hypotrichosis 

Basit et al. (2011) described digenic inheritance of hereditary hypotrichosis of the 

scalp in two families of Pakistani origin. Affected individuals were born with either 

completely absent or sparse scalp hair that had limited growth throughout life. Fundus 

examination of affected members revealed normal retina and macular pigment 

epithelium. 

Linkage analysis in the families mapped the causative genes on two chromosomal 

regions 16q21–q23.1 and 12q21.2–q22 (Basit et al., 2011). Locus on chromosome 

16q21–23.1 contains CDH3 and was reported to be involved in cases of HJMD 

(Sprecher et al., 2001) and EEM (Kjaer et al., 2005). Protein-truncating sequence 

variants were detected in the CDH3 in both the families, although affected members 

have normal retina and macular pigment epithelium (Basit et al., 2011). According to 

HGMD Professional 2015.2, a total of 21 sequence variants in the CDH3 have been 

reported as a cause of HJMD, EEM, and hypotrichosis.  

Non-syndromic Alopecia Totalis 

Jan et al. (2015a – this study) identified the first familial case non-syndromic alopecia 

resulting from a novel homozygous variant in the DSP. Human genome scan mapped 

a disease locus on chromosome 6p25.1–p23, harboring DSP. Sequence analysis 

identified a novel homozygous missense variant in the DSP located in the mapped 
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interval as the underlying genetic cause of alopecia totalis, a rare feature, not reported 

earlier as a single abnormality in patients carrying sequence variants in the DSP.  

Autosomal Recessive Woolly Hair 

Ansar et al. (2015b) described autosomal recessive woolly hair of scalp in two 

families of Pakistani origin. Affected individuals exhibit tightly curled scalp hairs. All 

individuals show normal craniofacial features, nails, teeth, and sweating, with no 

evidence of palmoplantar keratoderma, cardiac problems, chronic diarrhea, immune 

deficiencies or intellectual disability. Genome-wide homozygosity mapping in the 

families identified a chromosomal region 17q21.1–q22, which contains the type I 

keratin gene cluster, and subsequently exome sequencing showed that a rare missense 

variant in KRT25 located in the mapped interval segregate with ARWH in both 

families (Ansar et al., 2015b).  

AUTOSOMAL DOMINANT FORMS OF ISOLATED HAIR LOSS 
DISORDERS 

Hereditary Hypotrichosis Simplex Type 1 (HHS1/HYPT1) 

Hereditary hypotrichosis simplex (HHS) is an autosomal dominant disorder 

characterized by diffuse thinning of the scalp hair without any gross abnormality of 

the hair shaft morphology and other associated anomalies. Baumer et al. (2000) 

mapped the gene for HYPT1 phenotype on chromosome 18p11.32–p11.23. Later, 

Shimomura et al. (2010a) mapped the HHS1 phenotype to the same chromosomal 

region in Pakistani families. Molecular analysis revealed APCDD1 responsible for 

causing this phenotype (Shimomura et al., 2010a; Li et al., 2012). According to 

HGMD Professional 2015.2, only 1 missense variant has been reported in the 

APCDD1. 

Hypotrichosis Simplex of Scalp Type 2 (HSS2/HYPT2) 

HSS2 is an autosomal dominant form of hypotrichosis simplex characterized by 

sparse hair appearing at birth or in early childhood and progressing into adulthood. 

Eyelashes, eyebrows beard, and other body hair are normal. Betz et al. (2000) mapped 

a gene for this disorder on chromosome 6p21.3. Furthermore, Levy-Nissenbaum et al. 
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(2003) identified a disease-causing variant in the CDSN located on chromosome 

6p21.3. Later, several studies have reported sequence variants in the CDSN as the 

underlying cause of HSS2 (Davalos et al., 2005; Yang et al., 2014). According to 

HGMD Professional 2015.2, a total of 15 sequence variants in the CDSN have been 

reported.  

Hereditary Hypotrichosis 3 (HYPT3) and Woolly Hairs 

Hereditary hypotrichosis 3 (HYPT3) and woolly hair (WH) on the scalp is an 

autosomal dominant hair loss disorder characterized by coarse, lusterless, dry and 

tightly curled hair leading to a diffuse WH phenotype. The gene for this phenotype 

was mapped on chromosome 12q12–q14.1 (Shimomura et al., 2010d). Sequence 

analysis of KRT74 led to the identification of one splice site and two missense variants 

in Pakistani families (Shimomura et al., 2010d; Wasif et al., 2011). According to 

HGMD Professional 2015.2, a total of 3 sequence variants in the KRT74 have been 

reported as a cause of woolly hair phenotype. 

Hypotrichosis 4 (HYPT4)/Marie Unna Hereditary Hypotrichosis 1 

Marie Unna hereditary hypotrichosis (MUHH1, MIM 146550), an autosomal 

dominant hair loss disorder, is characterized by sparse or absent hair at birth, 

development of coarse hair in early childhood with progressive hair loss leading to 

varying degrees of alopecia in adults.  

At least five different groups mapped the gene for MUHH1 to human chromosome 

8p21 (van Steensel et al., 1999; Cichon et al., 2000; Lefevre et al., 2000; Sreekumar 

et al., 2000; He et al., 2004). Furthermore, Wen et al. (2009) identified a pathogenic 

start codon variant in U2HR after failing to find disease-causing variants in the HR 

and its upstream ORFs (U1HR, U3HR, U4HR). Thereafter, several studies have 

reported sequence variants in U2HR as underlying cause of MUHH1 (Cai et al., 2009; 

Duzenli et al., 2009; Mansur et al., 2010; Ramot et al., 2010; Redler et al., 2011; 

Zhou et al., 2012). According to HGMD Professional 2015.2, a total of 18 distinct 

heterozygous sequence variants in U2HR segregating HYPT4 from different ancestral 

groups have been reported to date. 
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Hypotrichosis 5 (HYPT5)/MUHH2 

Hypotrichosis 5 (HYPT5, MIM 612841) is another form of MUHH. Features of the 

patients with HYPT5 are similar to those observed in patients with MUHH1. MUHH2 

is characterized by absence of scalp hair at birth and progressive development of thin 

wire like irregular hair in childhood, thin eyebrows and eyelashes whereas absent 

axillary and pubic hair (Yan et al., 2004). Exome sequencing led to the identification 

of a missense variant in the EPS8L3 causing MUHH2 (Zhang et al., 2012). According 

to HGMD Professional 2015.2, this is the only sequence variant reported in the 

EPS8L3 underlying HYPT5. 

Hereditary Hypotrichosis Simplex 3 (HHS3/HYPT11) 

Affected individuals segregating autosomal dominant form of hypotrichosis 

(HHS3/HYPT11) show highly variable degree of hair disorders since birth, ranging 

from slight thinning of scalp and axillary hair to complete loss of scalp and body hair 

(Just et al., 1998; Pasternack et al., 2013). The gene for this phenotype SNRPE was 

mapped on chromosome 1q31.3–1q41 in pedigrees collected from different ethnicities 

around the world (Pasternack et al., 2013). According to HGMD Professional 2015.2, 

a total of 2 sequence variants in the SNRPE have been reported as a cause of HYPT11. 

Hereditary Hypotrichosis Simplex 4 (HHS4/HYPT12) 

Affected individuals, segregating HYPT12 phenotype in an autosomal dominant 

manner, exhibit normal scalp hair density at birth. Hair loss begins at approximately 

2-6 months of age and gradually progresses with age to complete loss of scalp hair. 

Eyebrows, eyelashes, axillary, pubic and body hairs are sparse to completely absent. 

Beard hairs are not affected, however. 

HYPT12 has been mapped to chromosome 13q12.12–12.3 (Xu et al., 2010). 

Furthermore, whole-exome sequencing identified a heterozygous variant in the RPL21 

in two Chinese families (Zhou et al., 2011). The RPL21 encodes a ribosomal protein 

of 160-amino acid residues that is a component of the 60S subunit. According to 

HGMD Professional 2015.2, only 1 sequence variant has been reported in the RPL21 

as a cause of HYPT12.  
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SYNDROMIC HAIR LOSS DISORDERS 

In addition to non-syndromic autosomal recessive and dominant, several syndromic 

forms of hypotrichosis in which hair loss is associated with diverse clinical 

phenotypes such as mental retardation (John et al., 2006a; Wali et al., 2006b; Wali et 

al., 2007a), ocular, cardiac abnormalities, defects in ectodermal structures (nail, teeth, 

sweat glands, epidermis)(Headon and Overbeek, 1999; Monreal et al., 1999; Sprecher 

et al., 2001) and other rare associations like hypogonadism or neuroendocrine defects 

(Alazami et al., 2008; Nousbeck et al., 2008) have been characterized. The mode of 

inheritance of these syndromes can be autosomal recessive, dominant or in rare cases 

X-linked. 

HJMD is an autosomal recessive form of syndromic hair loss, characterized by sparse 

hair and macular dystrophy of the retina (Sprecher et al., 2001). Another autosomal 

recessive form of syndromic hair loss with overlapping clinical features as that of 

HJMD is ectodermal dysplasia, ectrodactyly and macular dystrophy syndrome (EEM 

syndrome, MIM 225280)(Kjaer et al., 2005), characterized by common hair and eye 

phenotypes with HJMD; however, EEM patients also show the additional clinical 

manifestation of split-hand/foot malformation (SHFM) suggesting important roles for 

P-cadherin in the development of not only of hair and retina but also of limbs 

(Shimomura et al., 2008b). 

HJMD is caused by sequence variants in P-cadherin gene (CDH3; MIM 601553) 

located on human chromosome 16q22.1 (Sprecher et al., 2001). Furthermore, Kjaer et 

al. (2005) identified a sequence variant in CDH3 as the underlying cause of EEM 

syndrome. Later, several studies have reported sequence variants in the CDH3 as 

underlying cause of HJMD (Indelman et al., 2005; Indelman et al., 2007; Jelani et al., 

2009; Kamran-ul-Hassan Naqvi et al., 2010; Shimomura et al., 2010b; Avitan-Hersh 

et al., 2012). According to HGMD Professional 2015.2, a total of 21 sequence variants 

in the CDH3 have been reported as a cause of HJMD, EEM, and hypotrichosis. 

Although the nervous system, tooth enamel, mucosal membranes and epidermis are 

ectodermal in origin, human diseases that affect all four ectodermal derivatives are 
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rare. Alopecia and mental retardation (APMR) is a rare autosomal recessive disorder 

(Perniola et al., 1980; Baraitser et al., 1983). The affected individuals exhibit 

phenotypic variability of hair loss with mild-to-severe intellectual disability. A few 

genes have been associated with phenotypes including APMR, namely: DCAF17 

(2q31.1, MIM 612515) for Woodhouse-Sakati syndrome (MIM 241080) which also 

includes endocrine disease and hearing impairment (Alazami et al., 2008); ALX4 

(11p11.2, MIM 605420) for autosomal recessive frontonasal dysplasia 2 (MIM 

613451) with APMR (Kayserili et al., 2009); and MBTPS2 (Xp22.12–p22.11, MIM 

300294) for ichthyosis follicularis, atrichia and photophobia with or without 

intellectual disability or Bresheck syndrome (MIM 308205)(Oeffner et al., 2009). 

Four autosomal recessive APMR loci have been mapped, namely APMR1 on 

3q26.33–q27.3 (John et al., 2006a), APMR2 on 3q26.2–q26.31(Wali et al., 2006b), 

APMR3 on 18q11.2–q12.2 (Wali et al., 2007a) and APMR4 on 1p31.1–p22.3 

(Tzschach et al., 2008), but the causal variants within these loci have not been 

identified. Recently, a sequence variant in integrin beta-6 (ITGB6; MIM 147558) has 

been shown to cause of autosomal recessive APMR with premature skin aging and 

dentogingival abnormalities (Ansar et al., 2015a – this study). 

LINKAGE STUDIES TO IDENTIFY GENES 

The human genome is very large and contains many thousands of genes. Therefore, 

finding the particular gene or genes responsible for any given human disease has 

always been a tricky task and is the first step towards understanding the physiological 

role of the underlying protein and disease pathways (Antonarakis and Beckmann, 

2006). In this approach, the aim is to find out the rough location of the gene relative to 

another DNA sequence called a genetic marker, which has its position already known. 

For complex disorders, genetic association studies have shown a lot of promise to 

search for the genetic influence on complex disorders (Manolio et al., 2008; Hardy 

and Singleton, 2009). 

Homozygosity mapping has proven utility for identifying susceptibility loci 

underlying rare recessive diseases in consanguineous families. It relies on the fact that 

in a child of a consanguineous marriage affected with recessive genetic disease, a long 
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genetic region spanning the disease locus is almost always homozygous by decent. A 

few other regions may also be homozygous by decent in a given child but these 

regions will not be consistent among all the affected siblings. Homozygosity mapping 

thus provides a powerful tool for mapping recessive genes (Lander and Botstein, 

1987). With a recessive disorder in a consanguineous family, the hypothesis is that the 

disease is caused by a homozygous variant for which both the parents are carriers 

(Gilissen et al., 2012). Typically, tightly linked polymorphic genetic markers are used 

to identify recombination events in pedigrees to narrow down the candidate regions 

segregating with the disease. Once such a regions is found, exons within the region are 

sequenced to find sequence variant (Ng et al., 2010). 

Disease genes are mapped by measuring recombination against a panel of different 

microsatellite markers spread over the entire genome. In most cases, recombination 

will occur frequently, indicating that the disease gene and marker are far apart. Some 

markers, however, due to their proximity, will tend not to recombine with the disease 

gene and these are said to be linked to it (Ott et al., 2015).  

However, homozygosity mapping through low-density maps of microsatellite markers 

has been replaced by new high-throughput technologies for single nucleotide 

polymorphism (SNP) genotyping on a microarray with very closely spaced SNP 

markers. SNP analysis allows us to analyze the status of millions of SNPs 

simultaneously in a large number of samples. Each individual has many SNPs that 

together create a unique DNA sequence. SNP-based genetic linkage analysis helps to 

identify the segments of homozygous SNPs in affected individuals which are further 

screened by genotyping additional SNPs or microsatellite markers to map the disease 

locus and refined with haplotypes analysis harbouring the causative gene. 

Recent advances in sequencing technologies have truly revolutionized the process of 

disease gene identification. Exome sequencing, for example, gives us the luxury of 

studying the whole of the protein coding part of a patient’s genome in a single 

experiment. With rapid sequencing of the entire exome, there is no more a need to 

carry out the laborious positional cloning studies; the challenge has shifted from 
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identification to interpretation phase (Gilissen et al., 2012). Identification of the causal 

allele among the background polymorphisms and sequencing errors is, however, still a 

demanding task (Bamshad et al., 2011). Researchers have applied tailored strategies to 

prioritize disease-causing variant among the several thousand variants. With a success 

rate of over 60%, exome sequencing is likely to become the most commonly used tool 

for disease gene identification in Mendelian disorders in the near future (Gilissen et 

al., 2012). 

The present study was aimed to identify and characterize genes causing hereditary 

disorders of ectodermal appendages in families of Pakistani origin. Fifteen families 

segregating disorders of ectodermal appendages were collected from different parts of 

the country. In each case, the clinical phenotype was described with the help of 

medical officers working at hospitals in Islamabad, Lahore, Karachi and Peshawar.  

Six families with non-syndromic hair loss showed linkage to known genes (HR, LIPH, 

LPAR6) involved in hypotrichosis. Subsequently, five families revealed previously 

reported variants upon sequencing (Raza et al., 2014; Mehmood et al., 2015a – this 

study; Mehmood et al., 2015b – this study; Mehmood et al., 2016 – this study). 

However, sequencing of the candidate gene in the linkage interval in one family did 

not show any variant. 

Four families with non-syndromic hair loss failed to show linkage to the known genes. 

Subsequently, three of them were subjected to whole-genome SNP genotyping. A 

novel locus for hereditary hypotrichosis on chromosome 2 was mapped in one family 

(Jan et al., 2015b – this study). The second family showed linkage to chromosome 6, 

and subsequently a novel variant in the DSP was identified upon sequencing (Jan et 

al., 2015a – this study). Whole-genome SNP genotyping coupled with whole exome 

sequencing identified two compound heterozygous deletions, a novel and a previously 

reported, in the LIPH in the third family. 

Exome analysis led to the identification of a novel rare missense variant in ITGB6 that 

co-segregates with the phenotype in a family with syndromic hair loss (Ansar et al., 

2015a – this study). 
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The study also includes three families showing features compatible with ectodermal 

dysplasias. One of these families showed linkage to chromosome 4. Sequence analysis 

failed to identify potential pathogenic sequence variant in the candidate gene. Whole-

genome SNP genotyping complimented with whole exome sequencing identified a 

previously reported variant in the COL7A1 in the second family. The third family 

showed linkage to keratin gene cluster on chromosome 12. Sequence analysis of 

candidate genes failed to identify potential pathogenic sequence variants.  

In addition to the fourteen families showing hypotrichosis and ectodermal dysplasias 

phenotypes, the study also includes a family showing features compatible with 

ichthyosis. Genome-wide homozygosity mapping complimented with whole exome 

sequencing identified a previously reported variant in the PPOX in the family. 
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Figure 1.1: Cross section through skin, showing the various layers of the epidermis 
(Adapted from http://www.123rf.com) 
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MATERIALS AND METHODS 

SUBJECTS RECRUITED FOR THE STUDY 

This study was formally approved by the Institutional Review Board (IRB), Quaid-I-

Azam University (QAU), Islamabad, Pakistan. All the participating families were 

educated in local language about the purpose, benefits and risks, if any of the study. 

Afterwards, an informed consent was obtained from participating family members, 

including permission to publish facial photographs. 

Fifteen consanguineous Pakistani families with syndromic and non-syndromic forms 

of alopecias and ectodermal dysplasias have been the subjects of present study. These 

families are hereafter referred to as ‘A-O’. Eleven of these (A-K) were segregating 

alopecia/hypotrichosis while the remaining four (L-O) were affected with ectodermal 

dysplasias. 

Different local resources were used to identify and ascertain these families. All the 

families were visited at their homes and clinical information was recorded using a 

standardized questionnaire. In each case clinical phenotype was described with the 

help of medical officers working at different hospitals in Islamabad, Lahore, Karachi 

and Peshawar. They provided clinical information about bones, skin, dentition, 

sweating, nails, heart, respiratory and neurological abnormalities. Phenotypes were 

documented using a high-resolution digital camera. Elder members of the families and 

community were interviewed to obtain information about family structure, history of 

the disease and construction of the pedigree. 

Depending upon the information provided by elders of the families, pedigrees were 

drawn following the procedure described by Bennett et al. (2008). Pattern of 

inheritance of the disease in each pedigree was deduced by observing mode of 

transmission of the phenotype within the family. Males and females were symbolized 

by squares and circles, respectively. Clear and filled symbols represent unaffected and 

affected individuals, respectively. Deceased individuals were designated by a line 

across the symbol. Each generation was denoted by Roman numerals while 
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individuals within a generation were denoted by Arabic numerals. Double marriage 

lines indicate consanguineous unions. 

BLOOD SAMPLING 

Peripheral blood samples, 5-10 mL, were collected from those affected and unaffected 

individuals who were available at the time of the study, in 10 mL vacutainer tubes 

(BD vacutainer K2EDTA 18 mg, USA) by venipuncture with the help of 5 mL (BD 

0.60 mm X 25 mm, 23 G X 1 TW) and 10 mL (BD 0.8 mm X 38 mm 21 G X 1 1/2 

TW) syringes, attached usually with a butterfly (BD Vacutainer, Eclipse™ Blood 

collection needle with pre-attached holder). Blood samples were stored at 4°C. 

EXTRACTION OF HUMAN GENOMIC DNA 

From peripheral blood samples, genomic DNA was extracted following standard 

phenol-chloroform method (Sambrook and Russell David, 1989) and commercially 

available extraction kits. 

Phenol-Chloroform Method 

In organic (Phenol-Chloroform) method, 0.75 mL of blood and equal volume of 

solution A (0.32 M Sucrose, 10 mM Tris pH 7.5, 5 mM MgCl2, 1% v/v Triton X-100) 

was mixed in a 1.5 mL microcentrifuge tube (Axygen, Union City, California, USA) 

and kept at room temperature for 10-15 min. The centrifugation was then performed at 

13,000 rpm for 1 min, supernatant was discarded and pellet was suspended in 400 µL 

of solution A. Centrifugation was repeated and the nuclear pellet was resuspended in 

400 µL of solution B (10 mM Tris pH 7.5, 400 mM NaCl, 2 mM EDTA pH 8.0), 12 

µL of 20% SDS and 6 µL of proteinase K and incubated at 37°C overnight or at 65°C 

for 3 hours. Following the pellet was dissolved, 500 µL of fresh mixture of equal 

volumes of Phenol and Chloroform: Isoamyl alcohol (24:1 volumes) was added to the 

microcentrifuge tube, mixed thoroughly and centrifuged for 10 min at 13,000 rpm. 

The upper aqueous phase was then transferred to a new microcentrifuge tube and 500 

µL of Chloroform: Isoamyl alcohol mixture was added and recentrifuged for 10 min at 

13000 rpm. The aqueous phase was again placed in a new microcentrifuge tube and 

DNA was precipitated by adding 55 µL of sodium acetate (3M, pH 6) and 500 µL of 
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ice-cold isopropanol, followed by centrifugation at 13,000 rpm for 10 min. The 

supernatant was discarded and DNA pellet was washed with ice cold 70% ethanol and 

dried in vacuum concentrator 5301 (Eppendorf, Hamburg, Germany) at 30°C for 7-10 

min. Dried DNA pellet was dissolved in 150 µL of Tris-EDTA buffer (10 mM Tris-

HCl, 0.2 mM Na2EDTA, pH 7.5) and then quantified by Nanodrop-1000 spectrometer 

(Thermo Scientific, Wilmington, USA). 

DNA Extraction using Commercially Available Kits 

GenElute™ Blood Genomic DNA Kit (SIGMA ALDRICH, Germany) was used for 

isolating DNA from blood. Prior to DNA extraction, the blood collected in the EDTA 

tubes was equilibrated to room temperature. Extraction was performed according to 

manufacturer’s protocol beginning by mixing 200 µL of blood and 25 µL of 

proteinase K solution in a 1.5 mL micocentrifuge tube. 200 µL of lysis Solution C was 

then added to the tube. The mixture was vortexed thoroughly for 10-15 sec and 

incubated at 65°C for 10-15 min for lysis. After incubation, 200 µL of absolute 

ethanol was added to the lysate, mixed thoroughly and transferred to the prepared 

GenElute Miniprep Binding Column (prepared by adding 500 µL of Column 

Preparation Solution to GenElute Miniprep Binding Column, and centrifuged at 

13,000×g for 1 min). Centrifugation was then performed at 6500×g for 1 min, 

followed by addition of 500 µL of wash solution (ethanol added) and centrifugation 

was repeated again at 6500×g for 1 min. The column was transferred into new 

collection tube and 500 µL of wash solution (ethanol added) was added and 

centrifugation was carried out for 3 min at maximum speed to dry the column. Finally 

200 µL of the elution solution was added to the column and centrifugation at 6500×g 

for 1 min was performed twice. The eluted DNA was stored in a microcentrifuge tube 

at 4°C. 

RNA ISOLATION AND CDNA PREPARATION 

For RNA isolation, 3 mL of the peripheral blood was collected in Tempus™ Blood 

RNA Tubes (AB, Foster City CA, USA). Total RNA from the whole blood was 

isolated using Tempus™ Spin RNA Isolation kit (AB, Foster City CA, USA) 

according to the manufacturer's protocol. RNA was further purified by treatment with 
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10X DNase (Ambion®, Massachusetts, USA), containing 100 mM Tris-HCl (pH 7.5), 

25 mM MgCl2 and 1 mM CaCl2, to remove traces of genomic DNA present in RNA 

preparation. The purified RNA was stored at −20°C. The cDNA was prepared using 

total RNA as template by RT-PCR reaction using TaqMan® PreAmp Master Mix Kit 

(AB, Foster City CA, USA). 

POLYMERASE CHAIN REACTION 

The DNA was quantified by Nanodrop-1000 spectrometer (Thermo Scientific, 

Wilmington, USA), measuring optical density at 260 nm and diluted to 40 ng/µL. 

Polymerase chain reaction (PCR) was carried out in 25 µL reaction volumes 

containing 40 ng human genomic DNA, 10-20 pmol of each primer, 200 µM of each 

deoxynucleoside triphosphate (dNTP), 2.5 µL reaction buffer (50 mM KCl, Tris-HCl 

pH 8.3, 1.5 mM MgCl2) and 1 unit (U) of Taq DNA polymerase (MBI Fermentas, 

Life Sciences, UK). The thermal cycling conditions used included 95°C for 10 min, 

followed by 40 cycles of 94°C for 45 sec, 55-57°C for 1 min, 72°C for 1 min and a 

final extension at 72°C for 10 min. Amplification of GC-rich sequences and other 

such targets was achieved using GC-rich PCR system (Roche Applied Science, 

Indianapolis, USA), capable of amplifying sequences up to 5 kb. PCR was performed 

using GeneAmp® PCR system 9700 obtained from Applied Biosystems (Applera 

Corp, Foster City, CA, USA). 

MAPPING KNOWN GENES 

The families, ascertained in the present study, were initially tested for linkage using 

highly polymorphic microsatellite markers linked to the previously known causative 

genes. The microsatellite markers with an average heterozygosity of >70% were 

selected from second-generation combined linkage physical map of the human 

genome build 37 (Matise et al., 2007). Chromosomal location of the genes, considered 

for analysis, was according to National Center for Biotechnology Information (NCBI). 

Positive and convincing linkage to a gene in a family was followed by sequencing the 

corresponding gene to identify a functional disease predisposing pathogenic variant. 

PCR was performed as described earlier in this chapter. PCR amplified products were 

resolved on 8% non-denaturing polyacrylamide gel, stained with ethidium bromide 
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and genotypes were assigned by visual inspection. The microsatellite markers used for 

mapping known genes/loci in the families are listed in Table 2.1–2.3. 

HUMAN GENOME SCAN 

Families, excluded from linkage to the known genes, were subjected to human 

genome scan using SNP based DNA Microarray. Two types of DNA microarray 

arrays were used for the genome scan: GeneChip Mapping 250K Nsp1 array 

(Affymetrix, Santa Clara, CA, USA); Infinium HD assay (Illumina Inc., San Diego, 

CA, USA). 

For genotyping with Affymetrix GeneChip Mapping 250K Nsp1 array, 250 ng of 

genomic DNA was digested with Digestion Master Mix containing 2 µL NE buffer 2 

(10X), 0.5 µL BSA (100X; 10 mg/mL) and 1 µL Nsp1. Digested DNA sample was 

ligated to Nsp1 adaptor using T4 DNA ligase and amplified by 2 µL of TITANIUM 

Taq DNA polymerase (50X) and 100 µM PCR primer. PCR products were purified on 

a Clean-Up plate (Clontech Lab, USA) and eluted by RB buffer. Purified PCR 

products were fragmented using Fragmentation Reagent (0.05 U/µL DNase 1) for 35 

min at 37°C followed by labeling of fragmented samples with Labeling Master Mix 

(30 mM GeneChip® DNA Labeling Reagent and 30 U/µL Terminal 

Deoxynucleotidyl Transferase) at 37°C. Labelled samples were hybridized to 

GeneChip® Human Mapping 250K Nsp Array by mixing the sample with 

Hybridization Master Mix, denatured on thermoblock and loaded onto the Array. 

Array was then placed in a hybridization oven (GeneChip® Hybridization Oven 640) 

for 16-18 h. After hybridization, array was washed and stained on an automated 

Fluidic Station 450 followed by scanning on GeneChip® Scanner 3000 7G using 

GeneChip® Operating Software (GCOS). The genotype of each SNP was determined 

by the BRLMM algorithm incorporated in Affymetrix Genotyping Console. A call 

rate (percentage of SNPs genotyped by sample) of >98% was obtained across the 

entire sample. 

In case of illumina human Omniexpress DNA array, Illumina infinium HD assay 

(Illumina Inc., San Diego, CA USA) was used. A total of 250 ng of DNA was 

denatured, neutralized and amplified for 22 h at 37°C. This plate named as MSA1 was 
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fragmented with flourous multiple system (FMS) reagent (Illumina, Huntsville, USA) 

for 1 h at 37°C. The fragmented DNA was precipitated by 2-proponal and incubated at 

4°C for 30 min. The resulting blue precipitate was suspended in resin iron reagent 

(RA1)(Illumina, Huntsville, USA) at 48°C for 1 h. DNA samples were then denatured 

(95°C for 20 min) and hybridized on to the BeadChips at 48°C for 20 h. The 

Beadchips were washed and subjected to single base extension and staining. Finally, 

the BeadChips were coated with XStain BeadChip solution 4 (XC4 reagent)(Illumina, 

Huntsville, USA), desiccated and imaged on the I-scan Scanner (Illumina, Huntsville, 

USA). The Illumina Genome Studio software (inspection of B-allele frequency) was 

then used to generate SNP genotypes from bead intensity data. 

STATISTICAL ANALYSIS 

Analysis of SNP data was conducted using online tool, HomozygosityMapper 

(Seelow and Schuelke, 2012) to find common homozygous by descent (HBD) regions. 

Linkage analysis was performed assuming autosomal recessive inheritance, full 

penetrance, consanguinity and a mutation carrier frequency of 0.0001. Two-point and 

multi-point LOD scores were calculated using the program easyLINKAGE Plus 

(Hoffmann and Lindner, 2005). Allele frequencies for SNP markers were estimated 

using founders and reconstructed founders from additional Pakistani families 

genotyped along with families presented in the dissertation. The genetic map positions 

were based on the Rutgers combined linkage-physical maps (build 37)(Matise et al., 

2007). 

CANDIDATE GENES SEQUENCING 

Candidate genes in linkage interval were prioritized with online GeneDistiller (Seelow 

et al., 2008)(http://www.genedistiller.org) by selecting the physical position of the 

markers at start and end of the interval. GeneDistiller searches for a gene of interest in 

the linkage interval on the basis of information available about human disease 

phenotype, animal model, molecular function, tissue specific expression and 

subcellular localization. In the present study, fourteen candidate genes were sequenced 

to search for the pathogenic sequence variant. These included LIPH (MIM 607365), 

HR (MIM 602302), U2HR (MIM 146550), LPAR6 (MIM 609239), HPGD (MIM 



Chapter 2                                                                             Materials and Methods 

 

Genetic Mapping and Mutation Analysis of Genes Causing Disorders of Human Ectodermal Appendages                            

  

 

36 

601688), HOXC13 (MIM 142976), KRT74 (MIM 608248), DSP (MIM 125647), 

ITGA6 (MIM 147556), ATF2 (MIM 123811), PRKRA (MIM 603424), COL7A1 (MIM 

120120), PPOX (MIM 600923) and ITGB6 (MIM 147558). Primers to amplify the 

exons and splice junctions of the candidate genes were designed from intronic regions 

of the genes using primer3 software (Rozen and Skaletsky, 2000). Primer sequences, 

melting temperature and amplicon size of various exons of each gene are listed in 

Table 2.4–2.14. Reaction mixture containing 1 µL DNA (50 ng), 1 µL primer (10 

pmol/µL), 1µL dNTPs mixture (20 mM), 1µL Taq (5 U/µL), 5 µL of 10X buffer, 3 µL 

MgCl2 (25 mM) in a total volume of 50 µL was subjected to thermocycling conditions 

as described earlier in this chapter. The amplified PCR products were analyzed on 2% 

agarose gel, purified by commercially available kit, Fermentas GeneJET™ PCR 

Purification Kit (MBI Fermentas, Life Sciences, UK), reanalyzed on 2% agarose gel 

and were sequenced in sense and antisense direction by dye termination cycle 

sequencing chemistry on ABI Prism® 310 genetic analyzer (Applied Biosystems, 

Inc., Foster City, CA, USA). Sequenced data was aligned to reference genomic 

sequence from Ensemble Genome Browser (http://www.ensemble.org) via BioEdit 

sequence alignment editor version 6.0.7 

(http://www.mbio.ncsu.edu/BioEdit/bioedit.html) for the identification of pathogenic 

sequence variant. Ethnically matched control individuals were screened for newly 

identified sequence variations. Segregation analysis of sequence variants was 

performed by sequencing. 

PREDICTION OF MUTATION EFFECT 

The multiple sequence alignment tool Clustal Omega (www.ebi.ac.uk/clustalw/) was 

used to check the evolutionary conservation of substituted residues. Pathological 

characteristics of the sequence variant were analyzed using protein prediction tools, 

PolyPhen-2 (Adzhubei et al., 2010)(http://genetics.bwh.harvard.edu/pph/) and SIFT 

(Ng and Henikoff, 2003)(http://sift.jcvi.org/www/SIFT_seq_submit2.html). 

WHOLE EXOME SEQUENCING (WES) 

Whole exome sequencing was carried out at Centre for Mendelian Genomics, 

Washington USA. Briefly, for whole exome sequencing of the target region of all 
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human Consensus Coding Sequence (CCDS) exons (Pruitt et al., 2009), 4 µg of 

genomic DNA was enriched with Agilent’s Sure Select Human All Exon Kit V2 

(Agilent Technologies, Santa Clara, California, USA) followed by sequencing on 

Illumina Genome Analyzer II with 100 bp single end reads (Illumina, Inc., Allendale, 

NJ, USA). The raw data of ~5 GB per Exome was mapped to the haploid human 

reference sequence hg19 (GRCh37) with novoalign software package 

(www.novocraft.com). Single nucleotide variants and short insertions and deletion 

were identified with SAM tools (Li and Durbin, 2009). All variants were annotated 

with annovar (Wang et al., 2010) and filtered for missense, nonsense, frameshift, and 

splice site mutations in GeneTalk (Kamphans and Krawitz, 2012). All genotypes that 

possessed a frequency above 0.001 in the dbSNP 

(http://www.ncbi.nlm.nih.gov/projects/SNP/), the 1000 Genomes Project (Genomes 

Project et al., 2010) or the Exome Variant Server (http://evs.gs.washington.edu/EVS/) 

were removed. The filtered variants were verified by routine Sanger sequencing in all 

family members with ABI Prism BigDye terminator cycle sequencing reaction kit 

(Applied Biosystems, Foster City, California, USA) on ABI3730 Genetic Analyzer 

(Applied Biosystems, Foster City, California, USA). Primer sequences, melting 

temperature and amplicon size are presented in Table 2.14. 
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Table 2.1: List of microsatellite markers used to test linkage to selected genes/loci 
involved in syndromic and non-syndromic hair loss disorders 

S. No Phenotype Chromosome Gene Marker cM★ Mb✚ 

1 Atrichia with papular lesions 
(APL) 8p21 HR    

U2HR 

D8S280 37.51 20.47 
D8S1861 40.71 21.16 
D8S1786 41.41 22.48 
D8S1733 41.59 22.57 
D8S1752 42.55 22.72 

2 
Localized autosomal 

recessive hypotrichosis 
(LAH1) 

18q21.1 DSG1–4 
DSC1–3 

D18S877 56.26 24.97 
D18S847 57.41 25.95 
D18S47 59.33 28.03 
D18S456 60.41 29.41 
D18S1133 60.90 30.35 

3 
Localized autosomal 

recessive hypotrichosis 
(LAH2/woolly hair) 

3q27.1–3q27.2 LIPH 

D3S3583 192.04 185.76 
D3S3592 192.92 185.89 
D3S1530 194.20 186.86 
D3S1617 194.54 187.36 
D3S1602 195.80 187.51 

4 
Localized autosomal 

recessive hypotrichosis 
(LAH3/woolly hair) 

13q14.11–
q21.32 LPAR6 

D13S118 52.00 46.79 
D13S164 52.00 47.72 
D13S153 52.00 47.78 
D13S165 52.51 48.82 
D13S273 52.80 49.20 

5 Hypotrichosis with juvenile 
macular dystrophy 16q22.1 CDH3 

D16S496 87.07 67.50 
D16S3095 87.61 68.50 
D16S752 88.19 69.89 
D16S681 88.19 69.97 
D16S2624 88.33 70.29 

6 Hypotrichosis and recurrent 
vesicles on skin 6p21.33 CDSN 

D6S265 53.32 30.12 
D6S952 53.32 30.94 
D6S273 53.70 31.79 
D6S1666 54.10 32.72 

7 Autosomal recessive 
hypotrichosis novel locus1 10q11.23–22.3 Unknown 

D10S538 69.37 51.87 
D10S1643 72.54 54.94 
D10S1227 74.45 57.19 
D10S464 77.04 60.93 
D10S1652 80.04 64.07 
D10S210 84.8 69.71 
D10S1665 85.86 70.97 
D10S1432 93.7 74.32 
D10S556 94.38 76.92 
D10S1136 95.77 78.0 
D10S2327 98.55 80.38 

8 Autosomal recessive 
hypotrichosis novel locus2 7p21.3–p22.3 Unknown 

D7S1532 3.12 2.49 
D7S2521 5.38 3.06 
D7S462 5.83 3.21 
D7S2445 7.45 4.58 
D7S481 10.4 6.09 
D7S2514 13.25 7.78 
D7S641 16.12 8.56 
D7S3047 18.81 9.44 

9 Digenic autosomal recessive 12q21.2–q22 Unknown D12S1684 92.18 75.78 
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S. No Phenotype Chromosome Gene Marker cM★ Mb✚ 
hypotrichosis locus D12S326 93.26 76.49 

D12S824 97.43 80.83 
D12S1719 100.11 85.68 
D12S1710 101.23 88.20 
D12S82 102.09 89.26 
D12S95 104.26 91.46 
D12S1346 105.92 9270 
D12S348 110.27 95.07 
D12S1600 113.64 97.82 

10 
Alopecia and mental 

retardation syndrome 1 
(APMR1) 

3q26.33 Unknown 

D3S2314 188.28 183.61 
D3S3578 192.04 185.56 
D3S3583 192.04 185.76 
D3S3592 192.92 185.89 
D3S1530 194.2 186.86 
D3S1617 194.54 187.36 
D3S1602 195.8 187.51 
D3S1262 196.4 187.73 

11 
Alopecia and mental 

retardation syndrome 2 
(APMR2) 

3q26.2 Unknown 

D3S3656 174.04 172.38 
D3S3053 175.62 173.23 
D3S1556 178.11 173.99 
D3S2425 179.69 175.04 
D3S2421 181.44 176.55 
D3S2309 183.05 177.26 

12 
Alopecia and mental 

retardation syndrome 3 
(APMR3) 

18q11.2–q12.2 Unknown 

D18S1151 54.85 23.43 
D18S877 56.26 24.98 
D18S847 57.41 25.95 
D18S536 60.9 29.84 
D18S1100 62.62 33.17 
D18S475 63.46 33.55 

13 Woodhouse-Sakati syndrome 2q22.3–2q35 C2orf37 

D2S1281 174.19 168.98 
D2S2284 177.92 171.20 
D2S2302 178.56 172.26 
D2S1267 181.57 174.02 
D2S2307 182.48 175.21 
D2S138 184.67 177.45 
D2S2978 188.07 180.82 
D2S364 189.47 182.74 
D2S426 192.53 190.0 
D2S118 193.07 191.31 
D2S389 193.07 191.35 
D2S280 194.93 192.56 
D2S117 196.77 195.32 
D2S2318 198.44 198.42 
D2S2392 200.25 199.41 
D2S309 201.65 201.64 

★genetic distance (centiMorgan) and ✚physical distance (mega base pairs) are 
according to the second-generation combined linkage physical map of the human 
genome (Matise et al., 2007). 
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Table 2.2: List of microsatellite markers used to test linkage to androgenetic alopecia 
risk loci 

S. No Phenotype Chromosome Gene Marker Mb✚ 

1 Androgenetic alopecia 2q35 WNT10A 

BV209499 219.68 
SITO0060 219.72 
RH70053 219.73 
D2S2250 219.75 
D2S433 219.76 

2 Androgenetic alopecia 3q25.1 SUCNR1 

RH58874 151.60 
SHGC-68776 151.67 
SHGC-141972 151.67 
D3S1746 151.72 
SHGC-81750 151.79 

3 Androgenetic alopecia 5q33.3 EBF1 

D5S2460 158.28 
SHGC-68598 158.33 
D5S1441 158.34 
RH60272 158.35 
D5S2038 158.38 

4 Androgenetic alopecia 12p12.1 SSPN 

PMC29083P4 26.37 
PMC29083P2 26.38 
D12S1413 26.38 
RH78441 26.38 
RH93645 26.45 

✚physical distance (mega base pairs) is according to GRCh37/hg19. 

 

Table 2.3: List of microsatellite markers used to test linkage to selected genes/loci 
involved in pure/associated ectodermal dysplasias and ichthyosis 

S. No Phenotype Chromosome Gene Marker cM★ Mb✚ 

1 

Ectodermal 
dysplasia with pure 

hair-nail type, 
Pachyonychia 

congenita 1 and 2 

12q13 

KRT6A 
KRT6B 
KRT85 

HOXC13 
KRT74 

D12S270 69.16 50.99 
D12S1604 70.68 52.01 
D12S103 71.09 52.72 
D12S312 71.66 52.76 
D12S1724 72.13 53.15 
D12S1632 74.18 54.70 
D12S1298 76.87 58.24 
D12S298 77.6 60.44 
D12S1022 79.29 61.94 
D12S1585 80.27 63.34 

2 
Ectodermal 

dysplasia with pure 
hair-nail type 

17q12–q21.2 Unknown 

D17S1814 61.4 35.37 
D17S1299 62.01 36.24 
D17S800 62.01 36.30 
D17S1787 62.01 36.97 
D17S1860 63.62 39.72 
D17S1814 61.4 35.37 

3 
Ectodermal 

dysplasia of hair 
nail and teeth type 

18q22.1–22.3 Unknown 

D18S477 98.93 63.25 
D18S466 101.18 64.40 
D18S1131 102.51 64.96 
D18S817 103.72 65.58 
D18S848 105.87 67.45 
D18S469 109.65 69.45 
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S. No Phenotype Chromosome Gene Marker cM★ Mb✚ 
D18S58 113.22 70.19 

4 
Ectodermal 

dysplasia of hair-
nail type 

10q24.32–q25.1 Unknown 

D10S1710 121.11 102.76 
D10S1267 122.4 104.36 
D10S1264 123.53 106.77 
D10S254 124.14 107.93 
D10S1741 125.5 109.11 

5 
Isolated congenital 

nail clubbing 
(ICNC) 

4q32.3–q34.1 HPGD 

D4S2388 170.14 168.19 
D4S1597 172.31 170.07 
D4S621 175.84 173.29 
D4S1539 178.67 175.92 
D4S3030 179.33 176.99 

6 Isolated congenital 
nail dysplasia 17p13 Unknown 

D17S926 4.52 0.57 
D17S1840 5.64 0.90 
D17S1529 6.58 0.99 
D17S1528 9.44 1.97 
D17S1845 10.15 2.65 

7 
Ectodermal 

dysplasia/skin 
fragility syndrome 

1q32.1 PKP1 

D1S1678 213.76 200.26 
D1S1725 214.36 200.70 
D1S456 216.53 202.19 
D1S2156 216.99 202.50 

8 
Ichthyosis with 
hypotrichosis 

syndrome 
11q24.3 ST14 

D11S569 26.91 13.12 
D11S926 27.35 13.409 
D11S1307 27.88 14.207 
D11S861 27.88 14.448 

9 
Ichthyosis 

vulgaris/atopic 
dermatitis 

1q21.3 FLG 

D1S2343 157.06 151.53 
D1S2715 158.93 153.58 
D1S305 159.2 154.28 
D1S1595 160.41 155.71 
D1S2624 161.76 156.66 

10 

Nonbullous 
congenital 

ichthyosiform 
erythroderma/ 

harlequin ichthyosis 

2q34 ABCA12 

D2S2322 208.60 212.88 
D2S143 212.85 214.11 
D2S2382 216.19 216.18 
D2S164 218.55 217.09 
D2S295 219.39 217.45 

11 Autosomal 
recessive ichthyosis 5q33 NIPAL4 

D5S636 157.25 150.51 
D5S2077 160.17 151.95 
D5S1499 162.60 156.56 
D5S1403 163.87 157.93 
D5S2038 164.40 158.95 
D5S529 166.97 160.78 

12 Ichthyosis bullosa 
of Siemens 12q11–q13 KRT2 

D12S1635 64.88 50.64 
D12S1604 69.22 53.33 
D12S1632 72.58 56.02 
D12S90 73.71 58.03 
D12S305 74.31 58.44 
D12S1072 75.19 60.16 

13 

Autosomal 
recessive congenital 

ichthyosis 1/ 
lamellar ichthyosis 

14q11.2 TGM1 

D14S742 9.22 21.73 
D14S283 10.29 22.21 
D14S1041 15.95 25.01 
D14S1032 17.27 25.74 
D14S1280 18.97 26.18 
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S. No Phenotype Chromosome Gene Marker cM★ Mb✚ 

14 

Autosomal 
recessive congenital 

ichthyosis/ 
nonbullous 
congenital 

ichthyosiform 
erythroderma 

17p13.1 ALOXE3 
ALOX12B 

D17S1832 15.39 6.07 
D17S1881 16.81 6.62 
D17S1353 20.01 7.71 
D17S1812 20.5 8.35 
D17S1805 21.13 8.67 
D17S786 22.46 8.90 
D17S952 23.29 9.21 

15 Epidermolytic 
hyperkeratosis 17q21 KRT10 

D17S754 66.06 39.75 
D17S1299 67.26 40.83 
D17S965 69.32 43.65 
D17S2180 71.81 48.59 
D17S797 72.85 49.47 

16 
Lamellar ichthyosis 
with hyperlinearity 
of palms and soles 

19p12 CYP4F22 

D19S558 33.62 13.20 
D19S840 34.46 13.73 
D19S226 36.7 14.52 
D19S929 37.65 15.04 
D19S252 38.36 15.62 
D19S917 39.41 16.25 
D19S410 41.41 17.28 

★genetic distance (centiMorgan) and ✚physical distance (mega base pairs) are 
according to the second-generation combined linkage physical map of the human 
genome (Matise et al., 2007). 

 
Table 2.4: Primer sequences used for amplification of LIPH 

S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
1 LIPH−1S AAAGATCCTGAAAGGGTTGG 333 58.1 
2 LIPH−1AS CTATGGACTTAAGTTCACCG 53.4 
3 LIPH−3S CTCCAAAGTCAACAGCCAGG 323 60.8 
4 LIPH−3AS CCACACTCAGAGAGGTTAGG 54.8 
5 LIPH−4S TCATCCAGAAGGATCAAAGG 277 57.6 
6 LIPH−4AS TAGAGGAACCTGATCTGCTC 54.5 
7 LIPH−6S AATACACTGAAAGAGCGCAGG 433 59.5 
8 LIPH−6AS GGATTACAGGCATGAGCCAC 60.5 
9 LIPH−7S CTCTCAGAAGTGGTGGATAC 327 54.4 

10 LIPH−7AS TCCAGCTCCAAAGTTGATGC 61.3 
11 LIPH−8S CTTTGCAGAGAAACCAGAGAG 389 56.9 
12 LIPH−8AS GCAACTAAGCAATAGTTCCCC 61.3 
13 LIPH−9S TACCAGTGACTTGCAGGCTTC 377 60.4 
14 LIPH−9AS CCCATCATGTCCCTCATTGTG 63.5 
15 LIPH−10S TGGGATTACAGGCATGAGTC 394 58.5 
16 LIPH−10AS ATGTGACATCCATAGGACGC 58.4 

S = sense, AS = antisense, bp = base pairs, Tm = melting temperature, °C = degree 
centigrade 
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Table 2.5: Primer sequences used for amplification of HR and U2HR 

S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
1 HR−2S1 GATGGTTATGCTCCAGGGAC 435 59.3 
2 HR−2AS1 TATGCTCAGGCATCAGGG 58.2 
3 HR−2S2 GAGGAAGGTCAACTGGCTG 412 58.3 
4 HR−2AS2 CGAGCAACTTTGCTAGGC 57.3 
5 HR−3S1 CCTTCCTTCTTGCTTGTCAG 566 57.6 
6 HR−3AS1 TGTTCACTTCCTCGCTGG 58.4 
7 HR−3S2 GGAACCTTGGGTACCAGC 605 57.9 
8 HR−3AS2 GGTCCACTCATAAAGCCTACAG 57.8 
9 HR−4/5S GCTCTGAGTGTGGATGGG 610 57.5 

10 HR−4/5AS GTCTAGGAGCTGGCAGTGTG 58.6 
11 HR−6S ACGTGAAGCCTTCCATTG 301 57.1 
12 HR−6AS ATGACCACAGGCTTGCAG 58.2 
13 HR−7/8S CTGACCTTAACCTGTGATTACC 506 55.4 
14 HR−7/8AS AAAGGTCAGCCATTTGCAG 58.8 
15 HR−9S GTGGGTTCTGTTGAATTGTG 222 56.3 
16 HR−9AS TCCTGCCTCAAACTCTGG 57.3 
17 HR−10S GAAGAGAGGGAAGAGCAGC 399 56.8 
18 HR−10AS GCGATAATGCTGTCCAGG 57.7 
19 HR−11S GAATACACATGGCCTTCGC 526 59.0 
20 HR−11AS AGGGCAGTAGAACAGCTCG 58.2 
21 HR−12/13S CCGAGCTGTTCTACTGCC 611 57.0 
22 HR−12/13AS GAGTACCAGGGACCACGG 58.8 
23 HR−14S GTTTGCCCTCTGGGAGTTAC 288 58.6 
24 HR−14AS CGAGATGACAGGCAGACAG 57.9 
25 HR−15/16A TCCATGTTGAGGCTGGTC 538 58.0 
26 HR−15/16AS GACTGGACGAGCTTCTAGGG 59.0 
27 HR−17S CATTAGAGGAAGCGAACCTC 309 56.7 
28 HR−17AS AGGGTGGGATCTGCTATGTC 58.9 
29 U2HR−1S GGGCACCCGCTCCCTAGC 230 67.6 
30 U2HR−1AS TCTCCCGCTCTGTCTGCTCA 64.8 

S = sense, AS = antisense, bp = base pairs, Tm = melting temperature, °C = degree 
centigrade 
 

Table 2.6: Primer sequences used for amplification of LPAR6 

S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
1 LPAR6−1S1 CTGTTGAAGAACCCAGCGG 690 bp 61.8 
2 LPAR6−1AS1 CCCTGAGAGTGGGTAGACTG 57.3 
3 LPAR6−1S2 CTTCACAACACGGAATTGGC 595 bp 61.5 
4 LPAR6−1AS2 TGGGTACATTGTCCTTACTGC 57.6 
5 LPAR6−1S3 GGGTAACAATGCCTCAGAAG 590 bp 57.3 
6 LPAR6−1AS3 AAGTTCTGTCCCAGTGAGTC 54.1 

S = sense, AS = antisense, bp = base pairs, Tm = melting temperature, °C = degree 
centigrade 
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Table 2.7: Primer sequences used for amplification of HPGD 

S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
1 HPGD−1S CAAAGATCGCGAAGCTTG 471 58.2 
2 HPGD−1AS ACTTCTGAGGTGTGCTCAC 53.4 
3 HPGD−2S GTGAGCACACCTCAGAAGTG 446 56.9 
4 HPGD−2AS GCTATTGGGCTGTCAGAAGG 59.8 
5 HPGD−3S CCAAGCTGCCAGATTGATG 555 60.4 
6 HPGD−3AS GCCAATCCCTGAGTTAAGC 59.3 
7 HPGD−4S GGCAAACCCAAAGAATCCAGG 570 64.9 
8 HPGD−4AS GGAGTCTCACCACAACCTTTG 59.6 
9 HPGD−5S GGCTACTGAGTTTCACAAAGC 571 56.8 

10 HPGD−5AS GGCCTATTGCATCTTGCATTTC 62.9 
11 HPGD−6S CATTGTTACATAGCTGGGAGG 439 57.3 
12 HPGD−6AS CTCCCAGAGAGTTTGCCAAAC 59.1 
13 HPGD−7S CCTGCCAAAATGATGGAAGG 625 62.6 
14 HPGD−7AS TACAACCTAGCCTTTGGTCC 56.8 

S = sense, AS = antisense, bp = base pairs, Tm = melting temperature, °C = degree 
centigrade 
 

Table 2.8: Primer sequences used for amplification of HOXC13 

S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
1 HOXC13−1S1 GAAACAGGAGCGAGGTGTCT 1000 59.5 
2 HOXC13−1AS1 AACGTGTCGGAGCAGATTTC 60.3 
3 HOXC13−1S2 TAGCTCGCTGCCTCTGGCAAGT 481 67.8 
4 HOXC13−1AS2 TCTGCTGCAGGTTCACGTTGTG 67 
5 HOXC13−1S3 TCCTCTAGGGCCAAGGAGTTC 432 62.0 
6 HOXC13−1AS3 AGAGAACGTGTCGGAGCAGAT 61.4 
7 HOXC13−2S AGCCTCGGGTCCTCTATCTC 394 59.8 
8 HOXC13−2AS CTTTCCGTGGGTTCGGTTAT 61.1 

S = sense, AS = antisense, bp = base pairs, Tm = melting temperature, °C = degree 
centigrade 
 

Table 2.9: Primer sequences used for amplification of KRT74 

S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
1 KRT74−1S1 GGAAAGGAGATAGTGGAGAG 439 53.0 
2 KRT74−1AS1 CACACTGCCAAACATACTGC 57.8 
3 KRT74−1S2 TCTTTCAATGTGGCTGGTGG 467 62.0 
4 KRT74−1AS2 GTATTCCTTTGTCCTCCGTG 57.1 
5 KRT74−2S GTGGAGAGTCAAGACATGAGC 469 57.4 
6 KRT74−2AS AAGGGATGTGAGCTCCTGAC 59.3 
7 KRT74−3S CTGTCACTAGCCTCTTACTGC 335 54.4 
8 KRT74−3AS GACTATGACTCCACCCTCAC 54.4 
9 KRT74−4S AAAGCTTCAGGCAGCCTGAG 395 62.1 

10 KRT74−4AS ACTTCCATGGTCTCCTGGTG 60.0 
11 KRT74−5S TGGATCCTAGCAGCCTATTG 403 57.9 
12 KRT74−5AS TTCCTTGAAGCCTTGGTTGG 62.4 
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S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
13 KRT74−6S GAGGAGTGCTCTGAGTAATGG 526 56.6 
14 KRT74−6AS AGCTCTGATGGTAGGGTACC 55.8 
15 KRT74−7S TCTGGTGTTGGCTTTGCAGC 495 64.8 
16 KRT74−7AS AAGCTGCCTCTGAGTTCACG 60.7 
17 KRT74−8S AGGCGATAGTGTCAGTTTCG 292 58.0 
18 KRT74−8AS CAGAAACCTTCCCAAGACAG 57.4 
19 KRT74−9S ACTACTGAGGGTGGTTCTGC 471 56.8 
20 KRT74−9AS GCTAAACCACGATGCAGACAG 60.8 

S = sense, AS = antisense, bp = base pairs, Tm = melting temperature, °C = degree 
centigrade 

 
Table 2.10: Primer sequences used for amplification of DSP 

S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
1 DSP−1S GCCGACCAACACCAACAC 667 60.19 
2 DSP−1AS TACGACCGAGTCCCTGTTC 59.39 
3 DSP−2S AGGGCATGGTTATTCTCAAGTG 454 58.82 
4 DSP−2AS CGTGAAAGAGGTCAGTGAATAGG 59.22 
5 DSP−3S TCATGAATCTCCGTCTGTTTAC 400 56.01 
6 DSP−3AS CCCTGGGTCATGGAATTG 55.92 
7 DSP−4S CGCACTTTGAACCTCTTCCT 581 58.63 
8 DSP−4AS CCCAAGCCACACTGAAATCT 58.73 
9 DSP−5S TCTGAAGTAAAGCCGTGATG 300 55.73 

10 DSP−5AS GAAGAAACTCCCTGGGATTG 56.4 
11 DSP−6S GTCTTTAAGTGACCCTGATCTG 413 56.56   
12 DSP−6AS CAACATTAGCATCGATGAACAG 55.79    
13 DSP−7S CCAGGTGGTCAGTGAATGC 595 59.39    
14 DSP−7AS TGTTGTTGCCCTCGATGTATC 58.75    
15 DSP−8S CAGCGTGATTCTTTGGCATTG 338 58.92  
16 DSP−8AS AGTTGGCACGGCTTTAAGTC 59.21    
17 DSP−9S CATGGTGTCTATTTGTGAAAGC 553 55.98    
18 DSP−9AS CTTTGACAGGTGGCTAAAGG 56.33    
19 DSP−10S TGCCATCAGTCCTACAAATAG 488 55.10    
20 DSP−10AS AGAGTAGTTGGGCATGTAAAG 55.31    
21 DSP−11S AGCTTCTGGAGAGTGTTGTC 482 57.17    
22 DSP−11AS TGTTCCATAGCTGCTGATTTC 56.31    
23 DSP−12S TCGGTATTGTTGGGTTGTATG 412  55.96    
24 DSP−12AS CATCGTGTGTCTAAGCTTCAG  56.74    
25 DSP−13S TGAGCGTGTCCAGGTTTC 384  57.23    
26 DSP−13AS TGCTAATCCCTCCTGTTCTC 56.32    
27 DSP−14S GCTTTGAGTCCCATCTAGTG 426 55.55    
28 DSP−14AS ACGAAGAACACTGGCTATATAG 55.20    
29 DSP−15S CCAGTGTTCTTCGTGCACTA 557 57.85    
30 DSP−15AS CCAGCCTGATAACCGTCTAC 57.49    
31 DSP−16S ACCATGGAAGTTGACTGATGTG 479 58.58    
32 DSP−16AS GCGAGGCTAGCGGAATTAAC 59.14    
33 DSP−17S GCTTTGACGTTGTTCCCTTTC 359 58.27    
34 DSP−17AS TGGCCACTGAAACCCAATAATC 58.90    
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S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
35 DSP−18S TCCCTGGATTGACTGTTAACAC 420 57.98    
36 DSP−18AS TCAGTGGTTCCCTTCAAGTG 57.36    
37 DSP−19S CAAGTGAATTTCTGGGTGATTC 397 55.62    
38 DSP−19AS CCTCTGGGCATTCTTTAAGC 56.47    
39 DSP−20S GCTTGCTTCTCTTCTCTGAATG 500 57.40    
40 DSP−20AS ACCTACCACCAGTCAAAGAATAG 57.58    
41 DSP−21S ATTAGACGTGCAGCCCAATG 393 58.62    
42 DSP−21AS CACACTGGAGGGCACATAAC 58.55    
43 DSP−22S TCAGAGACTATCGTACCTGTCA 493 57.52    
44 DSP−22AS CCCAGACTTACAAACAAGCA 55.88    
45 DSP−23S1 GCCTAGTCACTCTTTGCATGTA 568 58.14    
46 DSP−23AS1 TCTCGTACTCCTTCTCCTTGAT 57.76    
47 DSP−23S2 GATCACCCGACTGACTTATGAG 688 58.03    
48 DSP−23AS2 CTTGGCCTCCTCCTGAAAC 57.74    
49 DSP−23S3 CCTGTGGCTCTGAGATAATGC 657 58.51    
50 DSP−23AS3 TCCGGTCATTTGTTTCTTTGTC  57.44    
51 DSP−23S4 GGAGGTTGAGCTGAGACAAG 696 57.91    
52 DSP−23AS4 TGAGCTTGTTTGACACTTTCC 56.94    
53 DSP−23S5 CATGAGGAGGTCGCTGAAG 665 57.64    
54 DSP−23AS5 GCAGAAAGAGCACAGTTCAG 57.03    
55 DSP−24S1 ATAACAAGCTCACAGTGTATCC 580 55.90  
56 DSP−24AS1 GGGAGCGTTCTGTTTCTAAC 56.46    
57 DSP−24S2 CGCAAGGAGGAGGCTATTAG 595 57.55    
58 DSP−24AS2 TGTCGACAGTCAGCTTCTC 56.83    
59 DSP−24S3 GCCCAGAATCCACAGTCATG 576 58.61    
60 DSP−24AS3 CAGTGGACGGTCTCAATATACC 58.02    
61 DSP−24S4 TGAAGGAACGGTGCAGAATC 594 58.19    
62 DSP−24AS4 GGCTCTCCTTTGGGTCAATG  58.53    
63 DSP−24S5 GAGCTGTCACTGGGTATAATG 496 55.85    
64 DSP−24AS5 TGCTCACACAGTTCTTTGAAG 56.68   
65 DSP−24S6 GTTGACCCAGAAACCAATAAAG 590 55.54    
66 DSP−24AS6 GTGGTTGGGTGGATGATG 55.29    
67 DSP−24S7 GCGTCAGGAATTTAACCATAAG 592 55.53    
68 DSP−24AS7 TCTACCATGGAGCGATTTATG 55.27    
69 DSP−24S8 GGAAGTGCATGGGAGGATAAG 569 58.14   
70 DSP−24AS8 AAAGCCAGAACAGCCTTTAC  56.23    

S = sense, AS = antisense, bp = base pairs, Tm = melting temperature, °C = degree 
centigrade 
 

Table 2.11: Primer sequences used for amplification of ITGA6 

S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
1 ITGA6−1S CGAGAGGAGGCGAAGGT 400 59.25 
2 ITGA6−1AS CCCACGGGCCAACTACT 59.95 
3 ITGA6−2S CAGCCATAGGACTCTACATTTG 535 56.69 
4 ITGA6−2AS GCAACATCCCTACACCATATC 56.67 
5 ITGA6−3S CAGAGTCGAGGCCATTTG 336 56.19 
6 ITGA6−3AS CACGCCCAGTCTGATTTC 56.48 
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S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
7 ITGA6−4S1 GGTCTCCTTAGTGCCACTTT 647 57.83 
8 ITGA6−4AS1 GTACTGGTAGAGGGGAAAAGAA 57.39 
9 ITGA6−4S2 AGACATGTGCTCACCGATATG 157 57.9 

10 ITGA6−4AS2 CCTCTCAATCGCCCATCAC 58 
11 ITGA6−5S AGTCATCTCTGTCCTTCCTTTT 454 57.08 
12 ITGA6−5AS CAGGCATCAGTCGGTTTAAC 57.23 
13 ITGA6−6S AGCCAGAGGAAGAGGTAATG 466 57.09 
14 ITGA6−6AS TCTGCTGCCATCATAGAAATG 56.32 
15 ITGA6−7S GAGTTGAGGGCCTTTCTATT 500 55.2 
16 ITGA6−7AS ACCACACCCAGTTAATTTGT 55.27 
17 ITGA6−8S AGTGCTTGTGTCATCTTACTT 441 55.16 
18 ITGA6−8AS CCGTCAGGGTAGAATAACATT 55.11 
19 ITGA6−9S GAGATACTATGTAAATCGGATGAC 644 54.47 
20 ITGA6−9AS GGGTTTCCTTCTGTATGTTC 53.95 
21 ITGA6−10/11S CAGCTAAGGATGCTCTCTAGT 611 56.93 
22 ITGA6−10/11AS CAGAATTGACAGACCCATGTTG 57.86 
23 ITGA6−12/13S AGACAGCTTGATTTGAACCA 808 55.3 
24 ITGA6−12/13AS GTCTTCTCTAACTTTGCGTACA 56.15 
25 ITGA6−14/15S AGGGAAATGAACTGTGTGGAA 611 57.79 
26 ITGA6−14/15AS AAACACACGCTAGGTCACAA 57.91 
27 ITGA6−16/17S TGCAACGTTTCCAGACACTT 492 58.46 
28 ITGA6−16/17AS GAGGTAGATCAGGGCCAATT 57.47 
29 ITGA6−18/19S TGGCCCTGATCTACCTCATA 561 57.86 
30 ITGA6−18/19AS AGTGACAATTGTTCTCCATCCT 57.64 
31 ITGA6−20S ACACTGCTGATTCTGTTGCA 556 58.29 
32 ITGA6−20AS AGAAAGTCAACCTGCCAGAA 57.41 
33 ITGA6−21/22/23S1 TGGGAGGATATGCTCAAGAG 673 56.88 
34 ITGA6−21/22/23AS1 GCACCAAAGCACATGACTTC 58.3 
35 ITGA6−21/22/23S2 CTCACAACTCAAGAAAGAAACG 391 55.9 
36 ITGA6−21/22/23AS2 GGAGACAGTGAATGCATTAGG 56.4 
37 ITGA6−24S ATTCACAGGCTGCATTGTC 326 56.19 
38 ITGA6−24AS AGAAAACGTACTATCAGTGCTG 56.22 
39 ITGA6−25S GGCTGTTCATTGTTGGTTGAC 332 58.55 
40 ITGA6−25AS TTAGCCACCACAACCATAGC 58.5 

S = sense, AS = antisense, bp = base pairs, Tm = melting temperature, °C = degree 
centigrade 

 
Table 2.12: Primer sequences used for amplification of ATF2 

S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
1 ATF2−1S GGATATTTGTGTAGGTGTGTTG 465 55.1 
2 ATF2−1AS TGTCTGTCATAGCTAAGTGTAC 55.07 
3 ATF2−2S ACAGAGCAGTGTTCCTAACC 480 57.16 
4 ATF2−2AS GCTCAGTTGCACTATTGAAGA 56.27 
5 ATF2−3S AGGTTTCTCTGTGATTGTTTGC 545 57.43 
6 ATF2−3AS TGGTATGAATGTTCCCAGAGTTC 58.16 
7 ATF2−4/5S AGAAAGAAGCAGTGGACTAAGG 777 57.72 
8 ATF2−4/5AS CTGAGTATTGACAGGCTTTCAC 57.06 
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S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
9 ATF2−6S CATTCTGTTCACTAAGGTACATG 375 55.09 

10 ATF2−6AS AAATTCGAAGCATGCACACA 56.92 
11 ATF2−7S ATTTGCTTTGCTGTGGTTAG 505 54.76 
12 ATF2−7AS GCTACAAGTCCAGTCAAATTG 55.15 
13 ATF2−8S GCACACGTCTCAGAAATTGAC 536 57.83 
14 ATF2−8AS CCAGACAAACAACAAGTGACAAG 58.59 
15 ATF2−9S CCCAAGGTGCTATTGTTTGTC 307 57.42 
16 ATF2−9AS AAGCCGTAAGTTACACTGTAC 55.67 
17 ATF2−10S CCCTTTGACACCCTTTACTG 454 55.95 
18 ATF2−10AS TCTCAGCATCCAAACAAACAG 56.73 
19 ATF2−11S ATGTTCTGCCAGTGATGTC 443 55.19 
20 ATF2−11AS GTTGATCTATAGTAACGCTTAGG 54.24 
21 ATF2−12S TGCCTACTTCATGACCTATATC 545 54.59 
22 ATF2−12AS TGATCAACTGCTGCTACAC 55.24 

S = sense, AS = antisense, bp = base pairs, Tm = melting temperature, °C = degree 
centigrade 

 
Table 2.13: Primer sequences used for amplification of PRKRA 

S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
1 PRKRA−1S1 CACCGCTCTTCCTCCAG 203 56.55 
2 PRKRA−1AS1 GGCTTTACCCAGAATGCCT 57.4 
3 PRKRA−1S2 CTCTCTCCCGGCAAGAAAC 846 57.85 
4 PRKRA−1AS2 GGTGAGCGAGGTCTTTAGAG 57.43 
5 PRKRA−2S CTCCTACCCGCATTCAAGTG 559 58.34 
6 PRKRA−2AS AGCCCTAACGACCTGAGATG 58.88 
7 PRKRA−3S CACGGTCTACTTTATTACCATGT 509 56.11 
8 PRKRA−3AS ACAACTGTTCACTTTGTTGCT 56.78 
9 PRKRA−4S AGGAATGACAAGAGCAAAGAC 434 56.17 

10 PRKRA−4AS CACTGAGGGCCTGTTGATC 57.83 
11 PRKRA−5S AATGCGGGAATGTCTTTGAG 533 56.4 
12 PRKRA−5AS GTACAGAGCCAACAGTTTGTC 57.12 
13 PRKRA−6S CGTGAGGTTCTCTGATTAAACAC 371 57.48 
14 PRKRA−6AS GTGATCCTGACTCACAAACAG 56.56 
15 PRKRA−7S ACCCAGTCCTAGTCAAGAGT 497 57 
16 PRKRA−7AS CGTGTAATCTTAGAACAGTGTCT 56.08 
17 PRKRA−8S AAGATTGCGAGTGGTGTAGT 484 56.87 
18 PRKRA−8AS CTGATACAAAGTTGAAGCCATT 54.99 

S = sense, AS = antisense, bp = base pairs, Tm = melting temperature, °C = degree 
centigrade 
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Table 2.14: Primer sequences used for amplification of selected exons of COL7A1, 
PPOX, ITGB6 and LIPH 

S. No Primer 5′ → 3′ Amplicon size (bp) Tm (°C) 
1 COL7A1−61S1 TGTTCCTCAGCAAGCTTATCTC 860 58.7 
2 COL7A1−61AS1 CGGATGCTGTGACTATGATG 57.6 
3 COL7A1−61S2 GAAAGGGTGAGTGTGATTGG 486 58.0 
4 COL7A1−61AS2 GCCAAGACCAACCAATGAG 59.1 
5 PPOX−6S CCCACCCTCATTCCCTACCA 307 64.2 
6 PPOX−6AS AGCACCCCTTGTCCCCACTC 65.9 
7 ITGB6−6S1 TCCAAGCATAATTGATCCACA 407 59.0 
8 ITGB6−6AS1 GGAACCTCTGAGGATGGTGA 60.0 
9 ITGB6−6S2 TACCGATTGTAGTGGAGCTA 574 53.5 

10 ITGB6−6AS2 TGAGGATGGTGAGAATCGAG 58.7 
11 ITGB6−13/14S GAGGGGAAAACCATCATTCA 115 62.4 
12 ITGB6−13/14AS GTAGGACAACCCCGATGAGA 59.9 
13 LIPH−2S ATAGAACAGCACTCTTGCTTG 529 55.0 
14 LIPH−2AS GCTCACTGTAGCTATCTCTTG 52.1 
15 LIPH−5S TTCCTGCTTATACCTGGCAGG 310 61.5 
16 LIPH−5AS TCGTCTCAAACTCCTGACCTC 59.5 

S = sense, AS = antisense, bp = base pairs, Tm = melting temperature, °C = degree 
centigrade 
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ISOLATED FORMS OF HYPOTRICHOSIS 

Mammalian hair follicle represents a unique, highly regenerative neuroectodermal-

mesodermal interaction system that contains numerous stem cells. It is the only organ 

in the mammalian organism that undergoes life-long cycles of rapid growth (anagen), 

regression (catagen) and resting periods (telogen)(Paus and Foitzik, 2004). Recent 

advances in molecular genetics have enabled the identification of numerous genes 

expressed in the hair follicle and helped in understanding molecular mechanisms 

involved in its morphogenesis and cycling. Sequence variants in some of these genes 

have shown to cause congenital hair loss disorders in humans. Hereditary 

hypotrichosis, a heterogeneous hair loss disorder, is characterized by partial or 

complete absence of hair on scalp and other parts of the body. As a group, these 

disorders can be classified on the basis of mode of inheritance and the existence of 

accompanying ectodermal and neurological abnormalities. Dominant non-syndromic 

hypotrichosis have been found to result from mutations in APCDD1 (Shimomura et 

al., 2010a), CDSN (Levy-Nissenbaum et al., 2003), KRT74 (Shimomura et al., 

2010d), U2HR (Wen et al., 2009), EPS8L3 (Zhang et al., 2012), SNRPE (Pasternack 

et al., 2013) and RPL21 (Zhou et al., 2011). 

In the past few years, several genes causing non-syndromic autosomal recessive forms 

of hypotrichosis have been reported. This included HR (Ahmad et al., 1998a,b; 

Cichon et al., 1998) and DSC3 (Ayub et al., 2009). In addition, three genetically 

distinct forms of LAH with similarities in clinical features have been mapped to 

different human chromosomes: LAH1 to 18q12.1 (Kljuic et al., 2003), LAH2 to 

3q27.3 (Aslam et al., 2004) and LAH3 to 13q14.11–q21.32 (Wali et al., 2007b) 

caused by mutations in DSG4 (Kljuic et al., 2003), LIPH (Kazantseva et al., 2006) 

and LPAR6 (Pasternack et al., 2008; Shimomura et al., 2008a), respectively. Sequence 

variants in two of theses genes LPAR6 and LIPH have been reported to cause ARWH 

(Shimomura et al., 2008a; Pasternack et al., 2009a; Shimomura et al., 2009a,b,c,d; 

Horev et al., 2010; Kurban et al., 2010; Khan et al., 2011; Yoshimasu et al., 2011; 

Mahmoudi et al., 2012; Shinkuma et al., 2012; Tariq et al., 2012; Harada et al., 2013; 

Kurban et al., 2013; Liu et al., 2013; Hayashi et al., 2014a,b; Tanahashi et al., 2014; 
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Mehmood et al., 2015a – this study). Four genome-wide significant risk loci for 

androgenetic alopecia (AGA) on chromosomes 2q35, 3q25.1, 5q33.3, and 12p12.1 

have been identified by combined analysis of the replication and meta-analysis data 

(Heilmann et al., 2013). Recently, KRT25 has been associated with ARWH of the 

scalp (Ansar et al., 2015b) and DSP with non-syndromic alopecia (Jan et al., 2015a – 

this study) in families of Pakistani origin. The genes for three other autosomal 

recessive forms of hair loss disorders have not been identified yet (Basit et al., 2010; 

Naz et al., 2010; Jan et al., 2015b – this study). 

Ten consanguineous Pakistani families (A-J), segregating isolated form of hair loss 

disorders in autosomal recessive manner have been studied in this chapter. Linkage 

analysis, targeted Sanger and whole exome sequencing were employed to identify the 

disease casual sequence variants. 

FAMILY WITH HYPOTRICHOSIS AND CURLY HAIR 

FAMILY A 

Family History and Clinical Features 

A consanguineous Pakistani family A (Figure 3.1), segregating autosomal recessive 

form of hypotrichosis, was collected from district Mardan, Khyber Pakhtunkhwa 

(KP), Pakistan. The family has four affected members (IV-1, -2, -3, -9, Figure 3.1). 

Venous blood samples were collected from nine individuals of the family (III-8, -9, 

IV-1, -2, -3, -4, -7, -8, -9, Figure 3.1).  

At the time of the study, affected individuals (IV-1, -2, -3, -9, Figure 3.1) were 9–20 

years of age and exhibited phenotypic variability of hair loss. Features of the 

hereditary hypotrichosis and curly hair with variable degree on the scalp were 

observed in all the affected individuals (Figure 3.2a,b,c,d). Affected members had 

soft, thin and weak scalp hair. They were born with sparse scalp hair that had limited 

growth throughout life. The skin appeared normal. The sparseness of hair appeared 

more severe at frontal, temporal and occipital regions of the scalp (Figure 3.2a,b,c,d). 

Eyebrows and eyelashes were also sparse. Affected individuals (Figure 3.2a,b) were 

completely devoid of beard, moustaches, axillary and pubic hair. In comparison to 
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other affected individuals (Figure 3.2a,c,d), the hair growth was even more limited 

and failed to gain the desired length to develop into properly curl form in an affected 

member IV-2 (Figure 3.2b). Teeth, nails, sweating, hearing and eyesight were normal 

in all affected individuals. Skin biopsy was not performed due to non-cooperation by 

the affected individuals. Heterozygous carrier individuals had normal hair and were 

clinically indistinguishable from genotypically normal individuals.  

Mapping a Gene for Hypotrichosis and Curly Hair 

Linkage in the family was first tested using microsatellite markers mapped in the 

flanking regions to candidate genes/loci involved in the related phenotypes (Chapter 

2: Table 2.1). This included six genes (HR, DSG4, DSC3, LIPH, LPAR6, CDSN), and 

three chromosomal regions (7p22.3–p21.3, 10q11.23–q22.3, 12q21.2–q22). Four 

significant risk loci for AGA mapped on chromosomes 2q35, 3q25.1, 5q33.3, and 

12p12.1 (Chapter 2: Table 2.2), reported earlier in causing related phenotypes, were 

also tested for linkage. Haplotype analysis failed to show linkage in the family to 

genes/loci tested here. 

After excluding the linkage to previously reported genes, whole-genome 

homozygosity mapping was carried out using the Affymetrix GeneChip Genome-

Wide Human SNP 250K array. DNA of all nine individuals (III-8, -9, IV-1, -2, -3, -4, 

-7, -8, -9, Figure 3.1) including four affected was used in human genome scan. SNP 

analyses identified 10.85 Mb region of homozygosity, among affected members, 

flanked by markers rs4148797 and rs7558006 on chromosome 2q31.1–q32.2. 

Significant evidence of linkage to the chromosomal region was found with maximum 

multipoint LOD score of more than 3.0 with several SNP markers. The results of the 

two-point and multipoint linkage analyses are presented in Table 3.1.  

Mutation Analysis of the Candidate Genes 

Although, the linkage interval of the hypotrichosis locus mapped on chromosome 

2q31.1–q32.2 contains several genes, however this region harbouring a gene for such 

hair loss disorder has not been reported earlier. Therefore, three genes [(ITGA6, MIM 

147556), (PRKRA, MIM 603424) and (ATF2, MIM 123811); (Chapter 2: Table 2.11–
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2.13)], in the given interval, were sequenced to search for the disease causing variants. 

The genes were screened by sequencing in one unaffected and two affected 

individuals of the family. Sequence analysis with standard sequence of the exons and 

splice junctions of the three genes (http://www.ensembl.org/Homo_sapiens) failed to 

reveal any functional sequence variant, which could be responsible for the disease 

phenotype. 

FAMILIES WITH HEREDITARY ALOPECIA TOTALIS 

FAMILY B 

Family History and Clinical Features 

The study, presented here, describes clinical and molecular analyses of a large 

consanguineous Pakistani family B (Figure 3.3), segregating autosomal recessive form 

of isolated hair loss disorder. The family was identified by the author on his visit to 

district Mardan, KP, Pakistan. The family comprised of five affected members (IV-5, -

7, -9, V-7, -8, Figure 3.3). Venous blood samples were collected from eight 

individuals of the family (III-4, 5, IV-2, -3, -4, -5, -7, -9, Figure 3.3).  

All three affected members demonstrated features of hereditary alopecia totalis. They 

had complete absence of scalp hair and were devoid of normal eyebrows and 

eyelashes. Hair was missing in the axillary and pubic regions as well. Affected male 

individuals (IV-7, -9, Figure 3.3) had sparse beard and mustache hair (Figure 3.4a,b; 

Table 3.3). All the three affected members exhibited excessive sweating during the 

summer. At the time of birth, twin sisters (V-7, -8, Figure 3.3) had sparse grey hair on 

the scalp, which shed within few months and never appeared again (Table 3.3). 

Affected individuals showed normal hearing, teeth, and nails, and no growth or 

developmental delay. Skin biopsy was not performed due to refusal by the affected 

individuals. The cardiac auscultation and echocardiographic evaluation were within 

normal range for age and sex of the affected individuals. There was no family history 

of sudden death. Heterozygous carrier individuals (IV-2, -3 Figure 3.3) had normal 

scalp and body hair morphology (Figure 3.4c,d), and were clinically indistinguishable 

from genotypically normal individuals.  
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FAMILY C 

Family History and Clinical Features 

The family C (Figure 3.7) was recruited from district Mardan, KP, Pakistan. Affected 

members (III-3, IV-1, -2, -5, V-1, -4, Figure 3.7) were born with hair, most of which 

irreversibly shed within the first few weeks of life. At the time of study complete loss 

of hair on the scalp, axillae, pubic region and other parts of the body was observed. 

Eyebrows and eyelashes were sparse as well (Figure 3.8). Affected adult male 

individuals had sparse beard and moustache hair (Figure 3.8). These individuals 

otherwise showed normal growth and development. The affected members exhibited 

excessive sweating during the summer, however other ectodermal features like nail 

and teeth were normal.  

Five affected (III-3, IV-1, -2, -5, V-4, Figure 3.7) and eight unaffected members (III-4, 

IV-3, -4, -6, -9, -10, V-2, -3, Figure 3.7) of the family provided blood samples for 

DNA extraction and other analyses. 

Homozygosity Mapping in Family B  

Based on the haplotype analysis of the genotyped markers (Chapter 2: Table 2.1–2.2), 

six genes including HR, DSG4, DSC3, LIPH, LPAR6, CDSN, three chromosomal 

regions (7p22.3–p21.3, 10q11.23–q22.3, 12q21.2–q22) and four significant risk loci 

for AGA on chromosomes 2q35, 3q25.1, 5q33.3, and 12p12.1 were excluded from 

linkage in the family.  

Human Genome Scan and Sequencing DSP  

After failing to establish linkage in the family to the known genes, whole-genome 

homozygosity mapping was carried out using the Affymetrix GeneChip Genome-

Wide Human SNP 250K array. DNA of all eight individuals (III-4, -5, IV-2, -3, -4, -5, 

-7, -9, Figure 3.3) including three affected (IV-5, -7, -9, Figure 3.3) was used in 

human genome scan. 

SNP analyses identified a single homozygous stretch of 8.5 Mb, flanked by markers 

rs1742923 and rs10484344, on chromosome 6p25.1–p23 in affected individuals of 
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family B. A maximum LOD score of 2.53 was achieved for several markers in the 

homozygous region. Results of the two-point and multipoint linkage analyses are 

presented in Table 3.2. DSP gene, a cause of syndromic skin and/or heart disorders, 

lies in this region, and thus appeared to be a strong candidate. Sequencing of the DSP 

revealed a single homozygous variant (c.1493C>T, transcript ENST00000379802) in 

exon 12, replacing proline with leucine residue (p.Pro498Leu)(Figure 3.5). No other 

pathogenic variant was found. Primers listed in the Table 2.10  (Chapter 2: Material 

and Methods) were used for amplification and sequencing of the DSP variant. The 

variant in the DSP was predicted as damaging (HumVar score 0.996). The 

p.Pro498Leu substitution is located in the SH3 domain of desmoplakin and Clustal 

Omega analysis showed that the proline at position 498 of desmoplakin is completely 

conserved among all species known to have a desmoplakin ortholog (Figure 3.6). 

Segregation analysis of the DSP variant in the family was consistent with autosomal 

recessive inheritance. The three affected individuals were homozygous for the DSP 

c.1493C>T variant, whereas the parents and two healthy sibling were heterozygous 

carriers. One healthy sister (IV-4, Figure 3.3) was homozygous for the ‘‘wild-type’’ 

(C) allele. Analysis of the c.1493C>T variant in 200 Pakistani control chromosomes 

from 100 unrelated healthy control individuals turned out negative.  

Interestingly, the variant (c.1493C>T) is present in heterozygous state in the Exome 

Aggregation Consortium (ExAC) browser (http://exac.broadinstitute.org), with an 

allele frequency of 0.00002440 (3 out of 122956 alleles), and not found in dbSNP and 

HGMD. However, ExAC browser does not report the variant in a homozygous state. 

Homozygosity Mapping in Family C 

Based on the haplotype analysis of the genotyped markers (Chapter 2: Table 2.1–2.2), 

six genes including HR, DSG4, DSC3, LIPH, LPAR6, CDSN, three chromosomal 

regions (7p22.3–p21.3, 10q11.23–q22.3, 12q21.2–q22) and four significant risk loci 

for AGA on chromosomes 2q35, 3q25.1, 5q33.3, and 12p12.1 were excluded from 

linkage in the family. After failing to establish linkage to the known genes, DNA 

sample from one of the affected members has been submitted for exome sequencing. 
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FAMILIES WITH HYPOTRICHOSIS AND WOOLLY HAIR 

FAMILY D 

Family History and Clinical Features 

A consanguineous family D of Pakistani origin (Figure 3.9), segregating autosomal 

recessive form of hypotrichosis, was collected from district Thatta, Sindh, Pakistan. 

Four-generation pedigree consists thirteen individuals including three affected (IV-1, -

3, -4, Figure 3.9). Pedigree construction supports autosomal recessive mode of 

inheritance of the hair loss phenotype in the family (Figure 3.9). 

At the time of the study, affected individuals (IV-1, -3, -4, Figure 3.9) were 4–30 

years of age and exhibited phenotypic variability of hair loss. Features of the 

hereditary hypotrichosis and woolly hair on the scalp with variable degree were 

observed in all the affected individuals (Figure 3.10a,b,c). All the affected members 

had soft, thin and weak scalp hair. They were born with sparse scalp hair that had 

limited growth throughout life. The skin appeared normal. Eyebrows and eyelashes 

were sparse to normal. Affected adult male individuals had sparse beard and 

moustache hair and were completely devoid of axillary and pubic hair. Affected 

individuals did not show any other abnormality. 

Venous blood samples were collected from seven individuals including three affected 

(IV-1, -3, -4, Figure 3.9) and four unaffected (III-1, -2, IV-2, -5, Figure 3.9). 

FAMILY E 

Family History and Clinical Features 

A five-generation consanguineous family E (Figure 3.13), showing features of 

hypotrichosis and woolly hair, was studied from remote region of Swat Valley, KP, 

Pakistan. Venous blood samples from two affected (V-3, -4, Figure 3.13) and three 

unaffected family members (IV-3, -4, V-2, Figure 3.13) were collected for DNA 

extraction.  
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Phenotypic variation was observed among affected individuals in the family. At least 

two affected individuals had woolly hair whereas the other two exhibited sparse hair. 

Density of eyebrows and eyelashes was also reduced (Figure 3.14). Papules were not 

detected on any part of the body. Affected members exhibited excessive sweating 

during the summer, however other ectodermal features like nail and teeth were 

normal. 

Homozygosity Mapping in Family D 

Based on the haplotype analysis of the genotyped markers (Chapter 2: Table 2.1–2.2), 

six genes including HR, DSG4, DSC3, LIPH, LPAR6, CDSN, three chromosomal 

regions (7p22.3–p21.3, 10q11.23–q22.3, 12q21.2–q22) and four significant risk loci 

for AGA on chromosomes 2q35, 3q25.1, 5q33.3, and 12p12.1 were excluded from 

linkage in the family. 

After excluding the linkage in the family to known genes, whole-genome 

homozygosity mapping was carried out using the Infinium® HumanCoreExome Chip 

(Illumina, USA), which consists of >500,000 SNP markers. DNA of seven individuals 

including three affected (IV-1, -3, -4, Figure 3.9) and four unaffected (III-1, -2, IV-2, -

5, Figure 3.9) of the family D was used for genome wide homozygosity mapping. 

Physical and genetic distances of SNPs were obtained from UCSC Genome browser 

Build 39 (February 2009, http://genome.ucsc.edu/cgi-bin/hgGateway). Analysis of the 

SNP data was conducted using online tool, HomozygosityMapper (Seelow and 

Schuelke, 2012). 

SNP analyses identified six regions of homozygosity (not shown) present in affected 

individuals. This included 5.52 Mb flanked by SNPs rs12487889 and rs1709657 on 

chromosome 3q26.32–q27.1, 3.72 Mb flanked by SNPs rs7769973 and rs9397717 on 

chromosome 6q25.1–q25.3, 5.99 Mb flanked by SNPs rs886800 and rs6953761 on 

chromosome 7p15.3–p14.3, 7.43 Mb flanked by SNPs rs10822976 and rs7924176 on 

chromosome 10q21.3–q22.2, 4.82 Mb flanked by SNPs rs979117 and rs7080284 on 

chromosome 10q23.33–q24.2 and 6.54 Mb flanked by SNPs rs6495766 and 

rs8035074 on chromosome 15q14–15.1.  
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Linkage analysis was performed assuming autosomal recessive inheritance, full 

penetrance, consanguinity and a mutation carrier frequency of 0.0001. Two-point and 

multi-point LOD scores were calculated using the program easyLINKAGE Plus 

(Hoffmann and Lindner, 2005). Maximum multipoint score of 2.4 and two-point LOD 

score of 1.1 were achieved for several markers in all the homozygous regions (not 

shown).  

Exome Sequencing 

In family D, potential sequence variants carrying genes were searched using whole 

exome sequencing (WES) in an affected individual (IV-4, Figure 3.9), performed at 

the University of Washington, Centre for Mendelian Genomics. After the library 

construction sequence capture was performed in solution with the Roche NimbleGen 

SeqCap EZ Human Exome Library v2.0 to target approximately 36.6 Mb of coding 

region following manufacturer’s protocols. 

Sequencing, carried out on Illumina HiSeq and Fastq files, was aligned to human 

reference sequence (hg19) by using Burrows-Wheeler Aligner (BWA)(http://bio-

bwa.sourceforge.net/)(Li and Durbin, 2009). The aligned data was further subjected to 

analysis with Genome Analysis Toolkit (GATK) 

(http://www.broadinstitute.org/gatk/)(McKenna et al., 2010). Annotation of variant 

sites was performed using Seattle Seq 137 

(http://snp.gs.washington.edu/SeattleSeqAnnotation137). Occurrences of novel 

homozygous variants were checked in public databases [dbSNP, 1000 Genomes, 

Exome Variant Server (EVS), and sequences of 200 normal individuals from same 

ethical groups]. 

Inspection of candidate variants revealed that the affected individual (IV-4, Figure 

3.9) carried compound heterozygous deletions p.Lys93Argfs*9 and p.Ile220Argfs*25 

in the coding region (exons 2 and 5) of the long isoform of the LIPH gene at cDNA 

positions c.278_278delA and c.659_660delTA, which were inherited from their father 

and mother, respectively (Figure 3.9, 3.11). No other pathogenic variants were found. 

Primers that specifically amplify exon 2 and 5 listed in the Table 2.14  (Chapter 2: 
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Material and Methods) were used for amplification and sequencing of LIPH variants. 

All available members of the pedigree and 200 matched control individuals were 

screened for the LIPH c.278_278delA and c.659_660delTA variants. Sanger 

sequencing confirmed co-segregation of both variants with hypotrichosis in this 

pedigree (Figure 3.9). Clinically unaffected family members had only one of the two 

heterozygous variants, consistent with the expected genotype-phenotype correlation 

(Figure 3.9). The p.Ile220Argfs*25 is a prevalent founder variant present in 

homozygous state in the Pakistani population (Shimomura et al., 2009d). To the best 

of our knowledge, however, the variant p.Lys93Argfs*9 has not previously been 

reported. The variant p.Lys93Argfs*9 is not present in the Exome Aggregation 

Consortium (ExAC) Browser (http://exac.broadinstitute.org) and the Human Gene 

Mutation Database (HGMD)(http://www.hgmd.cf.ac.uk/ac/all.php). These variants 

were not present in 200 control individuals. 

The variants p.Lys93Argfs*9 and p.Ile220Argfs*25 lead to a frameshift and the 

appearance of upstream premature stop codons potentially resulting in a 100 and 243 

amino acids truncated proteins, respectively (Figure 3.12). The full-length and 

truncated proteins were assigned functional roles according to predicted domains 

using UniProtKB and InterPro databases (UniProt, 2013; Mitchell et al., 2015). 

FAMILIES WITH HEREDITARY HYPOTRICHOSIS 

FAMILY F 

Family History and Clinical Features 

A six-generation consanguineous family F (Figure 3.15), segregating autosomal 

recessive form of hypotrichosis, was recruited from Sindh province of the country. 

The pedigree drawing indicates six generations with eight affected males (VI-3, -4, -9, 

-10, -11, -12, -13, -15, Figure 3.15) and three affected females (V-4, VI-5, -14, Figure 

3.15). At the time of the study, hair density on the scalp varied among the affected 

individuals. Patients with sparse to absent brown hair on scalp were observed. 

Eyebrows and eyelashes were sparse to absent (Figure 3.16). Other features observed 

in the affected members included sparse axillary, pubic and body hair. Papules were 
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absent. Other ectodermal structures like teeth, nails, and sweat glands were normal in 

the affected individuals. There was no family history of heart disease, cancer or 

neurologic deficits. 

Blood samples of fifteen individuals including five females (V-1, -4, -6, VI-5, -14, 

Figure 3.15) and ten males (V-2, -3, VI-3, -4, -8, -10, -11, -13, -15, -16, Figure 3.15) 

were available for the study. 

FAMILY G 

Family History and Clinical Features 

A five-generation consanguineous family G (Figure 3.17), showing features of 

hypotrichosis, was studied from Sindh province of the country. Venous blood samples 

from two affected (V-6, -7, Figure 3.17) and four unaffected family members (IV-1, -

2, V-3, -5, Figure 3.17) were collected for DNA extraction. 

Affected individuals showed typical features of the hereditary hypotrichosis. At birth, 

hair was present on the scalp, but regrew sparsely after ritual shaving performed a 

week after birth. At the time of study affected adult individuals had sparsely grown 

thin hairs on scalp, sparse eyelashes and nearly normal eyebrows (Figure 3.18). Teeth, 

nails, sweating and hearing were normal. The affected individuals were in good 

general health with no other abnormalities. Heterozygous carrier individuals have 

normal hairs, and were clinically indistinguishable from genotypically normal 

individuals. 

FAMILY H 

Family History and Clinical Features 

Family H belongs to district Bannu, KP, Pakistan. The family pedigree presented in 

Figure 3.19 shows four generations with seventeen individuals including three 

individuals (IV-1, -3, -4, Figure 3.19) affected with hereditary hypotrichosis. Pedigree 

analysis is suggestive of autosomal recessive mode of inheritance and consanguineous 

loops could account of all the affected persons being homozygous for an abnormal 

allele.  
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Affected individuals had sparse brownish hairs on scalp. Density of eyebrows and 

eyelashes was also reduced (Figure 3.20). Other ectodermal features like nail, teeth 

and sweating were normal in the affected individuals. 

Blood samples were collected from eight family members including three affected 

(IV-1, -3, -4, Figure 3.19) and five unaffected (III-2, -3, -4, IV-2, -5, Figure 3.20) and 

were processed for DNA extraction. 

FAMILY I 

Family History and Clinical Features 

A four-generation family I (Figure 3.22), demonstrating autosomal recessive form of 

hypotrichosis, was sampled from Sindh province of Pakistan. Blood samples for DNA 

extraction were collected from three affected (III-1, -2, IV-1, Figure 3.22) and nine 

unaffected individuals (II-1, -2, III-3, -5, -6, -7, -8, IV-2, -4, Figure 3.22). 

Affected members showed typical features of hereditary hypotrichosis including 

fragile scalp hairs (Figure 3.23). Hypotrichosis of the rest of the body was observed 

with sparse to normal eyebrows and eyelashes. Other ectodermal features like teeth, 

nails and sweating were normal in the affected individuals. Neurological problems and 

facial dysmorphisms were not observed. Obligate heterozygous carrier individuals had 

normal scalp and body hairs and were clinically indistinguishable from genotypically 

normal individuals. 

Genotyping and Sequencing LIPH 

Linkage in the four families (E, F, G, H) was searched by genotyping microsatellite 

markers linked to previously reported causative genes (HR, DSG4, DSC3, LIPH, 

LPAR6)(Chapter 2: Table 2.1). Genotyping data and haplotype analysis showed 

linkage of these families to the LIPH on chromosome 3q26.33–q27.3.  

Subsequently, the coding exons and intron-exon boundaries of the LIPH gene were 

PCR amplified using primers listed in the Table 2.4, 2.14 (Chapter 2: Material and 

Methods) and sequenced in affected and unaffected individuals of the families. In 
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three families (F, G, H), sequence analysis revealed a previously identified 2-bp 

homozygous deletion (c.659_660delTA) located in exon 5 of the gene in all affected 

subjects (Figure 3.21). This mutation leads to frameshift and appearance of an 

upstream premature stop codon potentially resulting in a 243 amino acids truncated 

protein (Figure 3.12). No other sequence differences were detected in nine other exons 

of the gene. All the patients’ parents whose DNA was available were found to be 

heterozygous carriers. In family E, all the exons of LIPH along with their intron-exon 

boundaries were sequenced in affected and phenotypically normal individuals but no 

causal variant was found segregating in the family. 

Genotyping and Sequencing LPAR6 

Linkage in the family I was searched by genotyping microsatellite markers linked to 

previously reported causative genes (HR, DSG4, DSC3, LIPH, LPAR6)(Chapter 2: 

Table 2.1). Genotyping data and haplotype analysis showed linkage of the family I to 

the LPAR6 gene on chromosome 13q14.11–q21.32. Subsequently, 1032 bps long 

coding exon and splice junction sites of the LPAR6 gene were PCR amplified using 

primers listed in the Table 2.6 (Chapter 2: Material and Methods) and sequenced in 

affected and unaffected individuals of the family. Sequence analysis of the LPAR6 

revealed a previously described missense variant (c.562A>T) involving substitution of 

Isoleucine with Phenylalanine at amino acid position 188 (p.Ile188Phe)(Figure 3.24). 

The transversion was present in heterozygous state in the obligate heterozygous 

carriers. 

FAMILIY WITH ATRICHIA 

FAMILY J 

Family History and Clinical Features 

A consanguineous Pakistani family J (Figure 3.26), demonstrating atrichia with 

papular lesions (APL), was collected from district Mardan, KP, Pakistan.  

Affected members of the family presented typical features of congenital atrichia with 

papular lesions (APL). Patients were born with hair, most of which irreversibly shed 
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within a couple of weeks. At the time of study complete loss of hair on the scalp, 

axillae, pubic region and other parts of the body was observed. Eyebrows were absent 

whereas the eyelashes were too sparse (Figure 3.27). Papules were observed on the 

scalp whose number increased with age of the affected individuals. Skin of the 

affected members in family J (Figure 3.27) was reminiscent of the hairless mouse 

(Ahmad et al., 1999). The affected members displayed thick, loose and wrinkled skin, 

presumably resulting due to dilation of the hair follicles. Affected members exhibited 

excessive sweating during the summer, however other ectodermal features like nail 

and teeth were normal. Heterozygous carrier individuals had normal hair and were 

clinically indistinguishable from genetically normal individuals.  

For extraction of DNA, blood samples were collected from six members of the family 

including one affected (IV-2, Figure 3.26) and five unaffected individuals (IV-1, -7, 

V-1, -3, -4, Figure 3.26). 

Genotyping and Sequencing HR 

Based on the clinical features observed in affected individuals, the family J was tested 

for linkage using microsatellite markers (Chapter 2: Table 2.1) flanking the HR gene 

and its regulatory region (U2HR) on chromosome 8p21.3. Genotyping data and 

haplotype analysis established linkage to the HR gene.  

Screening of the gene using dideoxy-chain termination sequencing revealed a 

previously reported non-sense variant (c.2070C>A, p.Cys690*). The nucleotide C at 

position 2070 is a part of exon 8 of the HR gene. The pathogenic sequence variant, 

identified here, was found in the heterozygous state in the obligate carriers in the 

family (Figure 3.28). 

DISCUSSION 

This chapter describes clinical and molecular analysis of congenital hypotrichosis 

observed in ten consanguineous families of Pakistani origin. At least one affected 

member in each family was clinically examined by Dermatologist at local government 

hospital. Affected members in seven families (A, D, E, F, G, H, I) showed features 
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including sparse hair on scalp and rest of the body. In two families (D, E) woolly hairs 

were also present in a couple of affected members, whereas in one family (A) affected 

members displayed sparse hair on scalp with variable degree of development into 

curly form. The other two families (B, C) showed features of hereditary alopecia 

totalis and family (J) atrichia with papular lesions.  

In family A, a novel disease locus was mapped on chromosome 2q31.1–q32.2 (Jan et 

al., 2015b – this study). Affected individuals of the family showed features of the 

hereditary hypotrichosis of scalp, facial and body hair similar to those reported earlier 

in patients of the families with sequence variants reported in the DSG4, LIPH and 

LPAR6 genes. Genetic mapping revealed linkage of the disease in the family to 10.85 

Mb region on chromosome 2q31.1–q32.2. Significant evidence of linkage to the 

chromosomal region was found with maximum multipoint LOD score of more than 

3.0 with several SNP markers.  

The linkage interval of the autosomal recessive hypotrichosis locus on chromosome 

2q31.1–q32.2 contains many genes. Of these, three genes (ITGA6, PRKRA, ATF2) 

were screened for the functional sequence variants. The ITGA6 plays a critical 

structural role in the hemidesmosome (Pawar et al., 2007). The selection of ITGA6 

was made on the basis of its expression in particular tissue and relation to health 

condition in case of sequence alteration. For example mutation in ITGA6 may lead to 

loss of functional integrin that causes skin blistering. The second candidate gene 

sequenced in the present study was PRKRA, which is involved in translation 

inhibition, apoptosis induction and siRNA-mediated post-transcriptional gene 

silencing. The ATF2 was considered as the candidate for the phenotype observed in 

the present family as this is involved in regulating transcription of various genes, 

including those involved in anti-apoptosis, cell growth, and DNA damage response 

(Kawasaki et al., 2000; Bhoumik et al., 2005, 2008; Lau et al., 2012). Therefore 

PRKRA and ATF2 were selected on the basis of their regulatory role in gene 

expression. 
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Sequencing of the three selected putative candidate genes did not reveal any 

functional variant and, therefore, their involvement in causing hypotrichosis at the 

present novel locus was not supported in pedigree A. As only coding exons and splice 

junction sites of the three genes were sequenced, possibility of presence of a 

functional sequence aberration in the regulatory regions of the sequenced genes 

cannot be ruled out. Further, exome sequencing is required to identify the gene 

causing hair loss at this locus. Ultimately, the identification of the mutated gene could 

illuminate our understanding of the molecular mechanisms behind hair loss in human. 

Family B is the first familial case of non-syndromic alopecia resulting from a novel 

homozygous variant in the DSP (Jan et al., 2015a – this study). Since previous reports 

indicated the presence of heart abnormalities in patients carrying variants in the DSP; 

therefore, the echocardiographic evaluations of all affected members were performed. 

The results clearly excluded the presence of any form of heart abnormality in patients 

of the present family. Human genome scan mapped a disease locus on chromosome 

6p25.1–p23, harbouring DSP. Sequence analysis identified a novel homozygous 

missense variant (p.Pro498Leu) in the DSP as the underlying genetic cause of non-

syndromic alopecia in the family B. 

Desmoplakin is a member of the plakin family of cytoskeletal linkers. Along with 

other proteins, plakins are crucial for the function of the desmosomes (Garrod, 1993; 

Whittock et al., 1999a). Desmosomes have dual roles in mediating adhesion between 

cells and in linking the intermediate filaments (IFs) of one cell to those of its 

neighbour, thereby establishing an integrated scaffold across the entire epithelium 

(North et al., 1999). The desmosomes are found predominantly in the epidermis and 

heart (Garrod, 1993; North et al., 1999). Abnormalities in the DSP gene can result in 

clinical features in the parts of the body where these desmosomes are critical such as 

the skin, hair, nails, and the heart. Ectodermal dysplasia and skin fragility syndrome is 

characterized by skin that is fragile with blisters and peeling, dystrophic nails, and 

palmoplantar keratosis. DSP-related ectodermal disorders can range in severity and 

include other features such as woolly hair, alopecia, hyperkeratotic plaques, failure to 

thrive, neonatal teeth, dilated cardiomyopathy, and arrhythmogenic right ventricular 
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cardiomyopathy.  The most severe presentation is lethal acantholytic epidermolysis 

bullosa where newborns will experience severe erosions at birth, ultimately resulting 

in neonatal death.  Carvajal syndrome is characterized by cardiomyopathy and woolly 

hair.  There have been several reports of DSP variants associated with this 

phenotype.  The inheritance pattern of DSP-related syndromes varies, depending on 

the condition. 

Several human skin disorders have been shown to result from heterozygous and 

homozygous sequence variants in the DSP gene. This is not surprising considering its 

role as large linker molecule in various tissues (Delva et al., 2009). Heterozygous 

variants in the DSP gene have been reported to cause arrhythmogenic right ventricular 

dysplasia and keratosis palmoplantaris striata II; while skin fragility-woolly hair 

syndrome, dilated cardiomyopathy with woolly hair and keratoderma (Carvajal-

Huerta syndrome) and lethal acantholytic epidermolysis bullosa result from the 

homozygous variants. These disorders mostly affect skin and/or heart with few 

overlapping clinical features. A variable onset of cardiomyopathy, which usually 

occurs in the first two decades of life, and sudden death, has been reported in several 

cases (Carvajal-Huerta, 1998; Alcalai et al., 2003; Uzumcu et al., 2006; Tanaka et al., 

2009; Mahoney et al., 2010). The family investigated, in the present study, showed 

alopecia totalis, a rare feature, not reported earlier as a single abnormality in patients 

carrying mutations in the DSP gene. 

Desmoplakin contains 6 spectrin repeats, 1 SH3 domain, and 17 plectin repeats. The 

primary structure of desmoplakin has three distinct regions: a 1056-amino-acid N-

terminal domain (DPNT), an 890-residue central coiled-coil dimerization domain, and 

a 925-residue C-terminal IF binding domain. DPNT, like most other plakins, contains 

a characteristic plakin domain composed of tandem spectrin-like repeats (Jefferson et 

al., 2007). The C-terminal regions of desmoplakin and other plakin family proteins 

contain variable numbers of IF binding plakin repeat domains (Leung et al., 2002). 

Spectrin repeats (SRs) consist of three α-helices that form an antiparallel triple-helical 

bundle (Yan et al., 1993; Djinovic-Carugo et al., 1999; Grum et al., 1999). 
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The missense variant (p.Pro498Leu), identified in family B, lies in the SH3 domain of 

desmoplakin. PolyPhen-2 algorithm (http://genetics.bwh.harvard.edu/pph2/) 

(Adzhubei et al., 2010), predicted the variant to be highly damaging.  The SH3 

domain is present in all species with known desmoplakin sequences and within this 

domain the Pro498 is highly conserved signifying its functional importance. Recently, 

a structural study of plectin SR4-SR5 showed that the SH3 domain does not contain 

the canonical ligand-binding interface and, instead, has intramolecular interactions 

with hydrophobic residues in SR4, suggesting that the SH3 domain contributes to the 

structural stability of plakin family (Ortega et al., 2011). Interestingly, the c.1493C>T 

allele (variant: 6:7569492) has been reported at frequency of 3/122956 and 0 in ExAC 

browser and dbSNP, respectively. 

Clinical and genetic analyses indicate that homozygosity for the c.1493C>T transition 

causes non-syndromic alopecia in family B. The position and the predicted effect of 

the p.Pro498Leu substitution in the SH3 domain of desmoplakin suggest that the 

mutation would compromise the stability and rigidity of plakin domain. The clinical 

evaluation of such cases always presents a diagnostic dilemma because of the 

overlapping phenotypes with other genes like hairless, desmoglein-4 and desmocollin-

3. The luxury of having a large family with three affected members has permitted the 

use of linkage analysis as a diagnostic tool. The involvement of DSP in the 

pathogenesis of non-syndromic alopecia may open up interesting perspectives into the 

function of this gene in hair morphogenesis, and further studies are required to clarify 

the precise mechanisms mediated by both wild-type and mutant DSP in stabilization 

of desmosomes and anchoring IFs to desmosomes. 

Haplotype analysis in the family C with hereditary alopecia totalis failed to establish 

linkage to candidate genes/loci involved in the related phenotypes. Considering a 

significant role played by exome sequencing to identify disease causing genes, DNA 

sample from one of the affected members of the family C has been submitted for 

sequencing. 
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In family D, exome analysis of an affected individual led to the identification of two 

compound heterozygous deletions p.Lys93Argfs*9 and p.Ile220Argfs*25 in the LIPH 

gene, segregating with the disease. Consistent with the phenotype of patients with 

LIPH variants, affected members of the pedigree exhibited typical features of 

localized autosomal recessive hypotrichosis and woolly hair. Clinical features 

observed in affected members of the family were overlapping to those reported earlier 

(Shimomura et al., 2009b,c,d; Khan et al., 2011; Tariq et al., 2012; Mehmood et al., 

2015a – this study). 

In four families (E, F, G, H) affected with localized autosomal recessive 

hypotrichosis, linkage was established to the LIPH gene on chromosome 3q26.33–

q27.3. In three families (F, G, H), sequence analysis of the LIPH revealed a previously 

identified 2-base pair deletion (c.659_660delTA) predicted to result in a frameshift in 

the reading frame and a truncated polypeptide. In family E, all the 10 exons and 

intron-exon boundaries of LIPH were sequenced for all the patients but no functional 

variant was found upon comparison with reference sequence in public databases 

(http://www.ensembl.org/index.html). Because only exons and splice junction sites of 

the LIPH were sequenced, the possibility of a functional variant in the intronic or 

regulatory regions controlling the expression of LIPH cannot be ruled out. 

Triglyceride lipases are lipolytic enzymes that hydrolyse ester linkages of triglycerides 

(Chapus et al., 1988). Lipases are widely distributed in animals, plants and 

prokaryotes. At least three tissue-specific isozymes exist in higher vertebrates, 

pancreatic, hepatic and gastric/lingual. These lipases are closely related to each other 

and to lipoprotein lipase which hydrolyses triglycerides of chylomicrons and very low 

density lipoproteins (VLDL)(Persson et al., 1989). The most conserved region in all 

these proteins is centred around a serine-154 residue which has been shown (Blow, 

1990) to participate, with an histidine-248 and an aspartic acid-178 residues, in a 

charge relay system. Such a region is also present in lipases of prokaryotic origin and 

in lecithin-cholesterol acyltransferase (LCAT)(McLean et al., 1986) which catalyses 

fatty acid transfer between phosphatidylcholine and cholesterol. 
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The human LIPH, previously cloned and characterized by two groups (Jin et al., 2002; 

Sonoda et al., 2002), encodes a 55 kDa protein containing two surface loops including 

a lid (7–12 amino acids) and b9 (12–13 amino acids), encoded by exon 5 and 6, 

respectively, and represent an active site of the protein. In addition, the LIPH contains 

an N-terminal catalytic domain composed of three important amino acids, including 

Ser154, Asp178 and His248, encoded by exons 3, 4 and 6, respectively (Jin et al., 

2002; Sonoda et al., 2002; Aoki et al., 2007). The length of the open reading frame 

including stop codon is 1356-base pair with a predicted protein of 451 amino acids 

(Figure 3.12).   

Functionally PA-PLA1α is known to produce 2-acyl LPA and free fatty acid from 

phosphatidic acid. LPA serves as an active lipid in many biological functions which 

promotes hair growth in vivo (Sonoda et al., 2002; Takahashi et al., 2003) by binding 

to its G protein coupled receptor, P2Y5 (LPA6) coded by the LPAR6 gene which has 

been identified as causative gene of the human hair growth disorder (LAH3) 

(Pasternack et al., 2008; Shimomura et al., 2008a). Both PA-PLA1α and P2Y5 show 

high expression in the human hair follicle with overlap of expression in the inner root 

sheet. Studies have shown that loss of LIPH functions due to mutations leads to its 

inability to activate P2Y5 resulting in LAH3 (Pasternack et al., 2009b; Shinkuma et 

al., 2010). These data strongly suggest the crucial role of LIPH/LPA/LPAR6 pathway 

in human hair growth while the downstream signaling pathway is yet to be found. 

To date, 21 different sequence variations in the coding region of LIPH have been 

reported as the underlying cause of hypotrichosis and/or woolly hair phenotype in 

different families from various parts of the world (Stenson et al., 

2009)(http://www.hgmd.cf.ac.uk/ac/index.php). These sequence variations in the hair 

loss patients underscore the critical role of this gene in hair growth and texture (Khan 

et al., 2011). The novel frameshift variant p.Lys93Argfs*9 reported in the current 

study in pedigree D increases the number of LIPH sequence variants to 22.  

Identification of two novel variants (c.328C>T, c.932delC) in other study and 

previously described variant (c.659_660delTA) in LIPH in families F, G, H has 
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recently been described by the author jointly (Mehmood et al., 2015a – this study; 

Mehmood et al., 2016 – this study). The extensive prevalence of the variant 

c.659_660delTA as reported in separate studies (Jelani et al., 2008; Khan et al., 2011) 

points towards a founder effect and implies that the variation is due to a single 

alteration event on an ancestral chromosome 3. 

Since no sequence variations in the regulatory region of LIPH are known to cause 

functionally important consequences. Sequence variations in regulatory regions of 

LIPH may have an essential role in determining phenotypes and may be linked to 

disease; however, their identification through analysis of massive genome-wide 

sequencing data is a great challenge. Sequencing the 5'-UTR of the LIPH in family E 

may provide some clue about the involvement of a regulatory sequence in the 

causation of this disorder. Similarly, the 3'-UTR has a role in translocation, subcellular 

localization and stability of mRNA and sequence variations in this region have been 

implicated in human genetic disorders (Conne et al., 2000; Chen et al., 2006). 

InterPro analysis shows that full-length 451 amino acids LIPH with its intact catalytic 

triad (Ser-154, Asp-178, His-248) possesses alpha/beta hydrolase fold (8-327), N-

terminal lipase (34-326) and six TAGLIPASE prints (59-78, 81-95, 104-119, 147-165, 

246-261, 325-340)(Table 3.4). Interestingly, 100 amino acids truncated LIPH contains 

reduced alpha/beta hydrolase fold (8-94) and N-terminal lipase (16-93) without any 

TAGLIPASE prints. Moreover, the catalytic triad is completely lost (Table 3.4). 

Likewise, the 243 amino acids truncated LIPH contains reduced alpha/beta hydrolase 

fold (8-219) and N-terminal lipase (34-219) and only four TAGLIPASE prints (59-78, 

81-95, 104-119, 147-165)(Table 3.4). Further the variant p.Ile220Argfs*25 results in 

the elimination of the lid peptide sequence, which along with the b9 loop is required 

for substrate recognition. The critical His-248 from the catalytic triad is eliminated as 

well. These deletions result in frameshifts and downstream premature termination 

codons, thereby predicting to cause nonsense-mediated decay of the mRNAs or 

instability of the truncated proteins (Maquat, 1996). Together, these observations 

support that these sequence variants are highly pathogenic.  
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In family I, screening the LPAR6 gene revealed a previously described missense 

variant (p.Ile188Phe). The variant is less disruptive, substituting a larger for a smaller 

hydrophobic side chain. Nevertheless, such variation often results in loss of function 

or folding integrity of the protein (Conne et al., 2000). The p.Ile188Phe substitution is 

located in the second cytoplasmic domain of the P2Y5. Clustal Omega analysis 

showed that the Isoleucine at position 188 of P2Y5 is completely conserved among all 

species known to have a P2Y5 ortholog (Figure 3.25).  

The LPAR6 (lysophosphatidic acid receptor 6) encodes a 366 amino acids long P2Y5 

protein. P2Y5 is a member of the GPCRs and its expression is high in the inner root 

sheet (IRS) of the hair follicle and is likely to be involved in the maintenance of the 

structural integrity of hair shaft (Pasternack et al., 2008; Shimomura et al., 2008a). 

This protein contains four potential extracellular domains (E1 1-19 amino acids, E2 

80-92 amino acids, E3 155-181 amino acids, E4 254-272 amino acids), four 

cytoplasmic domains (C1 47-55 amino acids, C2 113-133 amino acids, C3 210-227 

amino acids, C4 293-344 amino acids) and seven predicted hydrophobic 

transmembrane regions (TM1 20-46 amino acids, TM2 56-79 amino acids, TM3 93-

112 amino acids, TM4 134-154 amino acids, TM5 182-209 amino acids, TM6 228-

253 amino acids, TM7 273-292 amino acids)(http://au.expasy.org/uniprot/P43657).  

To date, 26 different sequence variations in LPAR6 have been reported as the 

underlying cause of hypotrichosis and/or woolly hair phenotype in different families 

from various parts of the world (Stenson et al., 

2009)(http://www.hgmd.cf.ac.uk/ac/index.php). These sequence variations in the hair 

loss patients underscore the critical role of this gene in hair growth and texture (Khan 

et al., 2011; Nahum et al., 2011). Extensive prevalence of this variation (p.Ile188Phe) 

as reported in separate studies (Shimomura et al., 2008a; Khan et al., 2011; Kurban et 

al., 2013) points towards a founder effect and implies that the variation is due to a 

single alteration event on an ancestral chromosome 13. 

Sequence variations in both LPAR6 and LIPH produce same/overlapping phenotypes. 

Interestingly, cellular distribution of both LPAR6 and LIPH are similar and LPAR6 
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mRNA expression overlaps with the Lipase-H in the inner root sheath (IRS) of the 

human hair follicles (Shimomura et al., 2009b). It has been shown that LPA 

(lysophosphatidic acid), a product of Lipase-H, serves as ligand for LPAR6 

(Pasternack et al., 2008; Yanagida et al., 2009) thus establishing important role of 

LIPH/LPA/LPAR6 pathway in human hair growth although the precise molecular 

mechanism defining the role of LPAR6 and LIPH in growth of the hair is not known. 

In family J, screening HR led to the identification of a previously reported nonsense 

variant (p.Cys690*). Clinical features observed in affected members of the family 

were similar to those reported earlier (Ahmad et al., 1998a; Aita et al., 2000; John et 

al., 2005; Wali et al., 2006a; Azeem et al., 2011). However, skin of the affected 

members in the family J was reminiscent of the hairless mouse. This unique feature 

was probably never reported in any human family carrying sequence variants in the 

HR.  

Hairless (HR) is a nuclear receptor co-repressor needed for normal skin functioning 

(Thompson, 2009). Expression of hairless is observed in inter follicular epidermis in 

its suprabasal cell layer. Although, hairless expresses throughout the cell cycle (Ramot 

et al., 2010), but it shows abundant expression during the catagen phase of hair 

growth regulating the WNT signaling for hair follicle regeneration by repressing the 

expression of the WNT inhibitors SOGGY/WISE (Beaudoin et al., 2005). Thus 

controlling the entry for the next hair growth cycle. Recently, it has also been reported 

that HR protein plays a major role in the formation of inner root sheath (Kim et al., 

2012). 

The HR spans 14 kb on chromosome 8p21.3 and is composed of 19 exons including 

18 coding encoding 130 kDa protein. The human HR is syntenic to mouse hairless 

gene on chromosome 14 (Ahmad et al., 1999). The HR contains various protein 

domains including repression domains (RD1, RD2, RD3, TR-interaction TRID-1 and 

TRID-2)(Thompson and Bottcher, 1997). HR interacts with VDR (vitamin D receptor) 

through its C terminus, which plays a crucial role in maintenance of hair growth cycle 

(Potter et al., 2001). Hairless contains cysteine-rich zinc finger (ZF) domain, which 

attains the DNA binding ability and triggers various cascades playing a part in the hair 
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cycle events (Ahmad et al., 1998b). The JmjC domain, located at C terminus, 

influences hairless protein to act like a histone demethylases (HDMs) and co-repressor 

for chromatin remodeling (Clissold and Ponting, 2001; Liu et al., 2014a). Deletion of 

JmjC domain impairs the activity and distribution of HR (Mi et al., 2011). The 5′ 

untranslated region (5′-UTR) of HR mRNA plays a critical role in translation 

regulation by persuading mRNA stability and translation efficiency. Many 

pathological variations disrupt the motifs at the 5′-‐UTR and cause diseases such as 

Marie Unna hereditary hypotrichosis (MUHH), which is an uncommon autosomal 

dominant hair loss disorder (Wen et al., 2009). 

To date, 51 different sequence variations in the HR gene have been reported as the 

underlying cause of congenital atrichia (Stenson et al., 2009) 

(http://www.hgmd.cf.ac.uk/ac/index.php). These variations in the hair loss patients 

underscore the critical role of this gene in hair growth (Ahmad et al., 1998a; Aita et 

al., 2000; John et al., 2005; Wali et al., 2006a; Azeem et al., 2011). The identification 

of a novel variant (p.Trp847*) in other study and previously described variant 

(p.Cys690*) in HR in family J has recently been described by the author jointly 

(Mehmood et al., 2015b – this study). 

The variant p.Cys690* identified in the family J, is located in cysteine-rich ZF domain 

of human HR protein and predicted to cause nonsense-mediated decay of the mRNA 

or instability of the truncated protein (Maquat, 1996). The mutated Cys690 residue is 

highly conserved in all species with a known HR ortholog that signifies its importance 

in the function of the ZF domain (Figure 3.29). The hairless-gene product is a putative 

transcription factor with a single ZF domain, which is highly expressed in the brain 

and the skin (Ahmad et al., 1998b). It has been shown that the suppression of hairless-

gene activity in hairless mice results in several basic integument abnormalities at the 

cellular level, including complete disintegration of the outer root sheath of the hair 

follicle, failure of upward movement of the dermal papilla and subsequent induction 

of a new hair, and disruption of the integrity of key functional tissue units in the hair 

follicle (Panteleyev et al., 1998). In humans, the hairless gene appears to function at 

the cellular transition from the natal to the first adult hair cycle, and, if compromised, 
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hair growth completely ceases and a new hair is never induced, and the result is a 

complete form of inherited atrichia (Ahmad et al., 1998b). 

Hair loss disorders described in the families here and earlier by others supported to 

understand roles of different genes in the development of hair. During the last decade, 

great progress has been made to understand the pathophysiology of human hair loss 

disorders to identify the genes and the molecular pathways involved. A number of 

pathways including (LIPH/LPA/LPAR6), NF-κB signaling (EDA-

A1/EDAR/EDARADD) and WNT signaling (WNT/β-catenin) have been found to play 

important roles in hair development. Knowledge of the molecules and pathways that 

regulate hair follicle formation and hair growth will be essential for achieving 

therapeutic goals for hair loss conditions including the ability to create new hair 

follicles and to change the characteristics (such as size and shape) and hair growth of 

existing follicles. 
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Figure 3.1: Pedigree of family A segregating hypotrichosis and curly hair phenotype 
in an autosomal recessive manner. Clear symbols represent unaffected individuals, 
whereas filled symbols affected individuals. A cross line on the symbol indicates a 
deceased individual. The index patient is IV-1, and is indicated by an arrow. The 
disease interval is flanked by two markers (rs4148797 and rs7558006) in boldface 
indicating key recombination events. For genotyped individuals, SNP haplotypes are 
shown beneath each symbol, revealing that all affected individuals are homozygous 
for the same haplotype, whereas unaffected parents and siblings are heterozygous 
carriers between markers rs4148797 and rs7558006.  
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Figure 3.2: Clinical findings of hereditary hypotrichosis and curly hair phenotype in 
affected individuals a, b, c and d at 20, 16, 14 and 9 years of age, respectively. All 
individuals display sparse hair on scalp with variable degree of development into curly 
form. The eyebrows and eyelashes are sparse. Severe sparseness of hair at frontal, 
temporal and occipital regions of scalp is clearly visible. 
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Table 3.1: Two-point and multipoint LOD scores for a novel hypotrichosis locus on 
chromosome 2.  SNPs in bold font denote SNP limits for the locus, mpt; multipoint 

SNPs Information  Two Point LOD values at θ = 
rs number Physical 

position 
mpt 0.00 0.05 0.10 0.20 0.30 0.40 

rs17198917 169630304 -Inf -Inf -0.836 -0.545 -0.259 -0.101 -0.018 
rs3732030 169641629 -Inf -Inf 0.7954 0.8495 0.6581 0.3606 0.0905 
rs4148797 169818035 -Inf -Inf 0.7954 0.8495 0.6581 0.3606 0.0905 
rs4148796 169820618 3.0583 1.4263 1.2864 1.1435 0.8459 0.5293 0.2091 
rs10754970 170144788 3.3805 2.2960 2.0319 1.7654 1.2234 0.6738 0.1803 
rs13781 170939368 3.3805 1.4263 1.2864 1.1435 0.8459 0.5293 0.2091 
rs1011203 171105186 3.3805 2.2960 2.0319 1.7654 1.2234 0.6738 0.1803 
rs7564482 172160433 3.3805 2.2960 2.0319 1.7654 1.2234 0.6738 0.1803 
rs17753572 173483202 3.3805 2.2960 2.0319 1.7654 1.2234 0.6738 0.1803 
rs836593 173585237 3.3806 2.2960 2.0319 1.7654 1.2234 0.6738 0.1803 
rs2358090 174098461 3.3806 1.4263 1.2864 1.1435 0.8459 0.5293 0.2091 
rs6433450 174781153 3.3803 2.2960 2.0319 1.7654 1.2234 0.6738 0.1803 
rs7574892 175512820 3.3806 2.2960 2.0319 1.7654 1.2234 0.6738 0.1803 
rs6739734 176247301 3.3805 2.2960 2.0319 1.7654 1.2234 0.6738 0.1803 
rs1446833 176671262 3.3806 2.2960 2.0319 1.7654 1.2234 0.6738 0.1803 
rs10186865 177112909 3.3805 2.2960 2.0319 1.7654 1.2234 0.6738 0.1803 
rs4468852 178753407 3.3805 2.2960 2.0319 1.7654 1.2234 0.6738 0.1803 
rs924801 179899954 3.3806 1.4263 1.2864 1.1435 0.8459 0.5293 0.2091 
rs17362972 179909467 3.3806 2.2960 2.0319 1.7654 1.2234 0.6738 0.1803 
rs13399303 180668301 3.3806 1.4263 1.2864 1.1435 0.8459 0.5293 0.2091 
rs7558006 180875602 -Inf -Inf 0.7954 0.8495 0.6581 0.3606 0.0905 
rs13009329 180922263 -Inf -Inf 0.0292 0.2070 0.2584 0.1850 0.0788 
rs10497560 180995313 -Inf -Inf 0.7954 0.8495 0.6581 0.3606 0.0905 
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Figure 3.3: Pedigree of a consanguineous family B segregating alopecia totalis in 
autosomal recessive fashion. Double lines are indicative of consanguineous unions. 
Clear symbols represent unaffected individuals, whereas filled symbols affected 
individuals. A cross line on the symbol indicates a deceased individual. The index 
patient (proband) IV-9 is indicated by an arrow. The disease interval is flanked by two 
SNP markers (rs1742923 and rs10484344) in boldface indicating key recombination 
events. For genotyped individuals, SNP haplotypes are shown beneath each symbol, 
revealing that all affected individuals are homozygous for the same haplotype, 
whereas normal parents and healthy siblings are heterozygous carriers between 
markers rs1742923 and rs10484344.  
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Figure 3.4: Clinical features of affected individuals with hereditary alopecia totalis. 
Two affected individuals a, b and two unaffected c, d in the family. Note the complete 
absence of scalp hair, very sparse beard and mustache hair; and sparse to absent 
eyebrows and eyelashes (a, b).  
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Figure 3.5: Sequence analysis of the DSP gene variant. Partial DNA sequence of the 
DSP gene identified a homozygous variant (c.1493C>T, p.Pro498Leu) in the affected 
individual (upper panel), heterozygous in the carrier (middle panel) and wild-type in 
the unaffected control individual (lower panel). Arrows mark position of the variant. 
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Figure 3.6: Evolutionary conservation of DSP p.498P amino acid. Clustal Omega 
alignment of part of DSP shows complete evolutionary conservation of the Pro498 
residue (shaded) in all species with a known DSP ortholog. 
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Table 3.2: Two-point and multipoint LOD scores for hypotrichosis locus on 
chromosome 6.  SNPs in bold font denote SNP limits for the locus, mpt; multipoint 

SNPs Information  Two Point LOD values at θ = 
rs number Physical 

position 
mpt 0.00 0.05 0.10 0.20 0.30 0.40 

rs9285970 6082284 -Inf -Inf -0.5275 -0.2872 -0.0979 -0.023 0.0049 
rs1781785 6229115 -Inf -Inf 0.3346 0.447 0.3804 0.216 0.0602 
rs1742923 6240775 -Inf -Inf 0.3346 0.447 0.3804 0.216 0.0602 
rs3851513 6273928 2.528854 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs1618513 6532383 2.528846 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs2764097 7331841 2.528797 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs4960438 8548397 2.528853 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs9285977 8572052 2.528853 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs6911727 9116165 2.528838 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs9296611 9539239 2.528851 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs2181334 10123132 2.528753 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs594329 10580061 2.528657 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs10484891 10930138 2.528838 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs6912556 11185992 2.528853 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs2235421 11724392 2.528851 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs2228210 12121941 2.528832 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs7743158  12485631 2.528065 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs10485363 13137533 2.528849 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs2439538  13307851 2.528855 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs1980436 14445508 2.52863 1.7746 1.5671 1.3567 0.9284 0.5024 0.1386 
rs10484344  14755935 -0.940725 -1.2583 -0.0802 0.0963 0.1533 0.0857 0.0043 
rs4715925 14807466 -0.941877 -1.2583 -0.0802 0.0963 0.1533 0.0857 0.0043 
rs921832 14828887 -0.942358 -1.2583 -0.0802 0.0963 0.1533 0.0857 0.0043 
 

 
Table 3.3: Age and loss of hair phenotype observed in affected members of the family B 

Symbols “−” and “N/A” absence of hair and not applicable, respectively 
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Figure 3.7: Pedigree of a consanguineous family C segregating alopecia totalis in an 
autosomal recessive manner. Double lines are indicative of consanguineous unions. 
Clear symbols represent unaffected individuals, whereas filled symbols affected 
individuals. A cross line on the symbol indicates a deceased individual. 

 
 

Figure 3.8: Clinical features of affected individuals with hereditary alopecia totalis. 
Note the complete absence of scalp hair (b), very sparse beard (a); and sparse 
eyebrows and eyelashes (a, b, c).  
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Figure 3.9: Pedigree of a consanguineous family D segregating hypotrichosis and 
woolly hair (ARHW) phenotype in an autosomal recessive pattern. Double lines are 
indicative of consanguineous union. A cross line on the symbol indicates a deceased 
individual. Heterozygous individuals, for either deletion, are presented with half-filled 
shaded areas. The compound heterozygous individuals are presented with both halves 
filled. The index patient (proband) IV-4 is marked by an arrow.  
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Figure 3.10: Clinical features of ARHW phenotype in affected individuals of family 
D. All individuals display sparse and brittle hair on scalp with variable degree of 
development into woolly form (a, b, c). The eyebrows and eyelashes are sparse (a, c).  
 

 

Figure 3.11: Identification of compound heterozygous deletions in family D with 
ARHW. The LIPH structure is composed of 10 exons (top). The deletion 
(c.278_278delA, p.Lys93Argfs*9) in exon 2 (sequences shown in this panel are 
corresponding reverse sequences)(left). The deletion (c.659_660delTA, 
p.Ile220Argfs*25) in exon 5 (sequences shown in this panel are corresponding 
forward sequences)(right). Arrows mark point of deletions. 
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Figure 3.12: The figure shows Clustal Omega alignment of full-length LIPH and 
truncated polypeptides. Boxes mark position of frameshift and upstream premature 
stop codons resulting in a 100 and 243 amino acids truncated polypeptides. 
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Table 3.4: Distributions of InterPro domains and catalytic triad of wild LIPH and 
truncated polypeptides 

Feature Wild Truncated Truncated 
Deletion variant − p.Ile220Argfs*25 p.Lys93Argfs*9 

Length (aa) 451 243 100 
Alpha/beta hydrolase fold 8-327 Reduced (8-219) Reduced (8-94) 

N-terminal lipase 34-326 Reduced (34-219) Reduced (16-93) 

TAGLIPASE prints 

59-78 + − 
81-95 + − 

104-119 + − 
147-165 + − 
246-261 − − 
325-340 − − 

Catalytic triad 
Ser-154 + − 
Asp-178 + − 
His-248 − − 

Symbols “aa”, “−” and “+” amino acid, absent and present, respectively 
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Figure 3.13: Pedigree of family E segregating hypotrichosis and woolly hair in an 
autosomal recessive manner. Double lines are indicative of consanguineous unions. 
Clear symbols represent unaffected individuals, whereas filled symbols affected 
individuals. A cross line on the symbol indicates a deceased individual. 
 
 

Figure 3.14: Clinical features of hereditary hypotrichosis and woolly hair in affected 
individuals of family E. The individual (a) displays sparsely grown woolly hair on 
scalp. The individual (b) shows sparse brown hair on scalp. The eyebrows and 
eyelashes are sparse. 
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Figure 3.15: Pedigree of family F segregating hypotrichosis in an autosomal recessive 
pattern. Double lines are indicative of consanguineous unions. Clear symbols 
represent unaffected individuals, whereas filled symbols affected individuals. A cross 
line on the symbol indicates a deceased individual. 
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Figure 3.16: Clinical features of hereditary hypotrichosis in affected individuals of 
family F. Two individuals (c, d) display sparse brown hair on scalp whereas in case of 
individual (a) hair on scalp are almost absent. Eyebrows and eyelashes are sparse to 
absent.  
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Figure 3.17: Pedigree of family G segregating hypotrichosis in an autosomal 
recessive manner. Double lines are indicative of consanguineous unions. Clear 
symbols represent unaffected individuals, whereas filled symbols affected individuals. 
A cross line on the symbol indicates a deceased individual. 
 
 

Figure 3.18: Clinical features of hereditary hypotrichosis in affected individual of 
family G. The individual displays sparsely grown thin hairs on scalp, sparse eyelashes 
and nearly normal eyebrows. 
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Figure 3.19: Pedigree of family H segregating hypotrichosis in an autosomal 
recessive manner. Double lines are indicative of consanguineous unions. Clear 
symbols represent unaffected individuals, whereas filled symbols affected individuals. 
A cross line on the symbol indicates a deceased individual. 
 

 

Figure 3.20: Clinical features of hereditary hypotrichosis in affected individual of 
family H. The individual displays sparse brownish hairs on scalp. Eyebrows and 
eyelashes are also sparse. 

 
 

 



Chapter 3                                                              Isolated Forms of Hypotrichosis 

 

Genetic Mapping and Mutation Analysis of Genes Causing Disorders of Human Ectodermal Appendages                            

  

 

93 

 
 

 

Figure 3.21: Sequence analysis of the LIPH gene variant. Partial DNA sequence of 
the LIPH gene identified a homozygous variant (c.659_660delTA, p.Ile220Argfs*25) 
in the affected individual (upper panel), heterozygous in the carrier (middle panel) and 
wild-type in the unaffected control individual (lower panel). Arrows mark position of 
TA-deletion. 
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Figure 3.22: Pedigree of family I segregating hypotrichosis in an autosomal recessive 
fashion. Double lines are indicative of consanguineous unions. Clear symbols 
represent unaffected individuals, whereas filled symbols affected individuals. A cross 
line on the symbol indicates a deceased individual. 
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Figure 3.23: Clinical features of hereditary hypotrichosis in affected individuals of 
family I. The individuals (a, b, c, d) display hypotrichosis including fragile scalp hairs 
with sparse (a) to normal (d) eyebrows and eyelashes. 
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Figure 3.24: Sequence analysis of the LPAR6 gene variant. Partial DNA sequence of 
the LPAR6 gene identified a homozygous missense variant (c.562A>T, p.Ile188Phe) 
in the affected individual (upper panel), heterozygous in the carrier (middle panel) and 
wild-type in the unaffected control individual (lower panel). Arrows mark position of 
sequence variant. 

 

Figure 3.25: Evolutionary conservation of LPAR6 p.188I amino acid. Clustal Omega 
alignment of part of LPAR6 shows complete evolutionary conservation of the Ile188 
residue (shaded) in all species with a known LPAR6 ortholog. 
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Figure 3.26: Pedigree of family J segregating atrichia with papular lesions (APL) in 
an autosomal recessive manner. Double lines indicate a consanguine union. Clear 
symbols represent unaffected individuals and filled symbols affected individuals. A 
cross line on the symbol indicates a deceased individual. 
 

 

Figure 3.27: Clinical features of atrichia with papular lesions (APL) in affected 
individual (a, b, c) of family J. Papular appearance on scalp and neck along with 
unique features of reminiscent skin folds in affected member. 
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Figure 3.28: Sequence analysis of HR gene variant. Partial DNA sequence of the HR 
gene identified a homozygous non-sense variant (c.2070C>A, p.Cys690*) in the 
affected individual (upper panel), heterozygous in the carrier (middle panel) and wild-
type in the unaffected control individual (lower panel). Arrows mark position of 
sequence variant. 
 

Figure 3.29: Evolutionary conservation of HR p.690C amino acid. Clustal Omega 
alignment of part of HR shows complete evolutionary conservation of the Cys690 
residue (shaded) in all species with a known HR ortholog. 
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ALOPECIA AND MENTAL RETARDATION 

SYNDROME 

Although the nervous system, tooth enamel, mucosal membranes and epidermis are 

ectodermal in origin, human diseases that affect all these four derivatives are rare. 

Alopecia and mental retardation (APMR) is extremely rare disorder segregating in 

autosomal recessive pattern (Perniola et al., 1980; Baraitser et al., 1983). Affected 

individuals exhibit phenotypic variability of hair loss with mild-to-severe intellectual 

disability. Few genes have been associated with such phenotypes including DCAF17 

(2q31.1, MIM 612515) for Woodhouse-Sakati syndrome (MIM 241080) which also 

includes endocrine disease and hearing impairment (Alazami et al., 2008); ALX4 

(11p11.2, MIM 605420) for autosomal recessive frontonasal dysplasia 2 (MIM 

613451) with APMR (Kayserili et al., 2009); and MBTPS2 (Xp22.12–p22.11, MIM 

300294) for ichthyosis follicularis, atrichia and photophobia with or without 

intellectual disability or Bresheck syndrome (MIM 308205)(Oeffner et al., 2009). 

Four autosomal recessive APMR loci have been mapped, namely APMR1 on 

3q26.33–q27.3 (John et al., 2006a), APMR2 on 3q26.2–q26.31 (Wali et al., 2006b), 

APMR3 on 18q11.2–q12.2 (Wali et al., 2007a) and APMR4 on 1p31.1–p22.3 

(Tzschach et al., 2008), but the causal variants within these loci have not been 

identified.  

This chapter of the dissertation describes clinical and molecular analysis of a 

consanguineous Pakistani family K segregating autosomal recessive form of APMR 

with premature skin aging and dentogingival abnormalities. Homozygosity mapping, 

linkage analysis and exome sequencing were performed to search for disease causal 

variants. 

FAMILIY WITH INTELLECTUAL DISABILITY, ADOLESCENT 
ALOPECIA AND DENTOGINGIVAL ABNORMALITIES 

FAMILY K 

This family was previously described by Habib (2014) in PhD thesis [Chapter: 4; 



Chapter 4                                           Alopecia and Mental Retardation Syndrome 

 

Genetic Mapping and Mutation Analysis of Genes Causing Disorders of Human Ectodermal Appendages                            

  

 

100 

family I; pages: 107-122 (http://eprints.hec.gov.pk/9900/1/2108S.html)]. Since the 

author failed to identify potential sequence variant therefore DNA samples from the 

same family has been used in exome sequencing in the present study. In addition, 

family members have been clinically re-evaluated to collect information missing in 

the previous study. DNA from three affected (IV-2, IV-3, IV-6, Figure 4.1) and four 

unaffected members (III-1, III -3, IV-1, IV-4, Figure 4.1) have been used in the study 

presented in the present dissertation.  

Family History and Clinical Features 

Family K is a four-generation consanguineous pedigree (Figure 4.1) originated from 

Galiyat region of Pakistan. Affected individuals had normal thickness/density of scalp 

hair at birth but were easy to pluck. Progressive hair loss and thinning started at age of 

10-12 years. Affected male individual IV-2 (Figure 4.2a) had thin scalp hair and 

lacked moustache and beard hair. All three affected individuals had sparse eyebrows 

and eyelashes. They had early-onset skin aging with deeply set facial wrinkles, giving 

them a progeroid appearance. Since childhood, they had poor speech and memory, 

consequently were unable to go to school, wandered aimlessly in public places, 

exhibited aggressive behaviour and/or lacked the concept of danger or fear. Based on 

the Wechsler Adult Intelligence Scale test that was translated to the local dialect, the 

affected individuals had mild-to-moderate intellectual disability (IQ 53-61). They 

exhibited dental abnormalities such as plaques, calculi and gingival recession, which 

may partly be due to poor hygiene but can also be included in the disease spectrum. 

Individual IV-3 lost all her teeth, while two other affected members (IV-2 and IV-6) 

had yellowish-brown tooth stains (Figure 4.2b,c,e,f). The lateral maxillary incisors of 

individual IV-2 were super-erupted and protruded anteriorly. For individual IV-6, 

alignment of maxillary teeth was normal, but the mandibular incisors and canines 

were badly aligned and had rough enamel surfaces. No additional syndromic features 

such as hearing, visual, cardiopulmonary or endocrine abnormalities were detected. 

Peripheral blood was obtained and DNA extracted from the three affected (IV-2, IV-3, 

IV-6, Figure 4.1) and four unaffected members (III-1, III-3, IV-1, IV-4, Figure 4.1) of 

family K. 
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Human Genome Scan 

In the family K (Figure 4.1), human genome scan was performed using ~400 

microsatellite markers. As described by Habib (2014), genotype and haplotype 

analysis established linkage in the family to chromosome 2q24.1–q31. Parametric 

multipoint linkage analysis was performed with MERLIN (Abecasis et al., 2002) 

using autosomal recessive inheritance with complete penetrance. Linkage interval and 

homozygous region of 15.89 Mb, flanked by markers D2S1353 and D2S2307, was 

defined on chromosome 2q24.1–q31.1. Linkage analysis yielded a maximum 

multipoint LOD score of 2.65 (ϴ=0) for several markers in the mapped region. 

Exome Sequencing 

DNA extracted from blood sample of an affected individual IV-6 (Figure 4.1) was 

used in exome sequencing at the University of Washington, Centre for Mendelian 

Genomics. Sequence captures were performed in the solution with the Roche 

NimbleGen SeqCap EZ Human Exome Library v2.0 to target approximately 36.6 Mb 

of coding regions. Sequencing, carried out on Illumina HiSeq and Fastq files, was 

aligned to human reference sequence (hg19) using Burrows-Wheeler Aligner (BWA) 

(http://bio-bwa.sourceforge.net/)(Li and Durbin, 2009). The aligned data was further 

subjected to analysis with Genome Analysis Toolkit (GATK) 

(http://www.broadinstitute.org/gatk/)(McKenna et al., 2010). Annotation of variant 

sites was performed using Seattle Seq 137 

(http://snp.gs.washington.edu/SeattleSeqAnnotation137). Pathogenicity of identified 

variants was evaluated using multiple bioinformatics tools (Table 4.1). For each 

variant, minor allele frequencies (MAF) were checked in variant databases 1000 

Genomes, Exome Variant Server (EVS) and Exome Aggregation Consortium (ExAC) 

and in 148 in-house exomes from unrelated Pakistani individuals with Mendelian 

traits that do not overlap with the phenotypes in family K. Due to the rarity of the 

phenotype in family K, variants that were homozygous in the in-house exomes were 

excluded. Rare potentially pathogenic variants were Sanger-sequenced in the rest of 

family K and the ITGB6 variant was sequenced in 248 Pakistani control individuals. 

The ITGB6 variant was submitted to ClinVar. To check for evolutionary conservation 
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of ITGB6 amino acid residues, the human sequence was aligned with 51 vertebrate 

sequences. Phyre2 (Kelley and Sternberg, 2009) was used for molecular modeling. 

RT-PCR was performed on commercially available human cDNA (Clontech, 

Mountain View, CA USA). 

Within the homozygous region, exome sequencing revealed 80 homozygous variants, 

but only one variant, ITGB6 NM_000888.3:c.898G>A (p.Glu300Lys), did not occur 

in variant databases 1000 Genomes, EVS or dbSNP, but was heterozygous in the 

ExAC database with an overall MAF of 8.2x10-6. The ITGB6 variant and three 

additional rare homozygous exome variants outside the mapped region (Table 4.1) did 

not occur in 148 in-house exomes. However, Sanger sequencing using DNA samples 

from the rest of family K revealed co-segregation of only the ITGB6 variant with the 

phenotypes (Figure 4.3). Primers that specifically amplify exon 6, listed in the Table 

2.14  (Chapter 2: Material and Methods), were used for amplification and sequencing 

of ITGB6 variant. Additionally, the ITGB6 variant was absent in 496 Pakistani control 

chromosomes, and is the only rare variant that not only lies within the mapped region 

and segregates with disease, but also occurs at a highly conserved residue and is 

predicted to be deleterious by the majority of bioinformatics results (Table 4.1). 

The glutamic acid at position 300 of human ITGB6 is identical across all species and 

lies within a highly conserved region from His275 to Ser304 of human ITGB6 (Figure 

4.4a). The Glu300 residue occurs at the predicted β-propeller domain, and lies very 

close to several amino acids bearing key residues that are essential for the interface 

between α and β subunits of the integrin heterodimer (Xiong et al., 2001)(Figure 

4.4a). Conversion of the negatively charged side chain of glutamic acid to the 

positively charged side chain of lysine is predicted to result in a more buried 

conformation and slight torsion of the hairpin loop between α-helices 4 and 5 (Figure 

4.4b). Thus it is predicted that the substitution p.Glu300Lys would affect proper 

contact at the predicted βA domain-propeller interface (Xiong et al., 2001). Lastly, 

RT-PCR revealed ITGB6 expression in adult but not fetal brain (Figure 4.4c). Primers 

for ITGB6 exon 13 and 14, listed in the Table 2.14  (Chapter 2: Material and 

Methods), were used for RT-PCR. 
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DISCUSSION 

This chapter described re-evaluation of clinical features reported in the family K by 

Habib (2014). In addition, exome sequencing was performed to search for the disease 

causing variant. Previously, the family was mapped on chromosome 2q24.1–q31.1 

(Habib, 2014). However, the author failed to identify the gene carrying potential 

sequence variant underlying the phenotype. 

Exome analysis of an affected individual led to the identification of a novel rare 

missense variant (c.898G>A, p.Glu300Lys) in ITGB6, which co-segregated with the 

phenotype within the family and was predicted to be deleterious. To date, 4 different 

sequence variations in the coding region of ITGB6 have been reported as the 

underlying cause of amelogenesis imperfecta (AI) in Hispanic and Pakistani families 

(Poulter et al., 2014; Wang et al., 2014). The novel variant (c.898G>A) reported in 

the current study (Ansar et al., 2015a – this study) expands the spectrum of ITGB6-

related disorders and increases the number of ITGB6 sequence variations to 5. 

ITGB6 variants were previously shown to cause AI in young children (Poulter et al., 

2014; Wang et al., 2014), and Itgb6-knockout mice present with enamel defects 

(Mohazab et al., 2013), periodontal disease (Ghannad et al., 2008) and juvenile 

baldness (Huang et al., 1996). The occurrence of AI in knockout mice and in children 

<10 years old was supported by enamel defects seen by electron microscopy 

(Mohazab et al., 2013; Wang et al., 2014). Likewise the three adult affected 

individuals from the present family had tooth loss, yellowish-brown staining, 

malocclusion, poor alignment, and/or rough enamel, all of which may be AI-related. 

In addition the affected members of the family had severe periodontal disease, which 

was also observed in Itgb6-/- mice (Ghannad et al., 2008). Hair loss due to ITGB6 

variants has not been reported in humans, which may be due to the young age of 

previously ascertained probands (Poulter et al., 2014; Wang et al., 2014). Adolescent 

alopecia was observed in affected individuals from family K, consistent with juvenile 

baldness on the head and neck of Itgb6-/- mice (Huang et al., 1996). 

While a previously reported AI child who was homozygous for a stop-gain ITGB6 
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variant seemed to have average intelligence despite being suspected of having Nance-

Horan syndrome (MIM 302350)(Wang et al., 2014), all three adult affected 

individuals in this report were confirmed to have mild-to-moderate intellectual 

disability by formal testing.  RT-PCR result showed ITGB6 expression in adult but not 

fetal brain, suggesting a role for ITGB6 in maintenance of brain function. 

Although Itgb6-knockout mice developed gradual, age-related emphysema in 

adulthood (Morris et al., 2003), lung problems were not reported in affected members 

of family K. The two older affected individuals died recently of severe diarrhea. For 

the living affected female IV-6 (Figure 4.2d), it is unknown whether she will 

eventually develop lung disease due to the ITGB6 variant. 

In response to epithelial injury, ITGB6 activates latent transforming growth factor 

beta-1 (TGFβ-1) by binding to the arginine-glycine-aspartate motif of its latency-

associated peptide, then the activated TGFβ-1 enhances healing or fibrosis and down-

regulates the inflammatory response (Munger et al., 1999). Lack of ITGB6 therefore 

results in enhanced inflammatory response. In knockout mice, degenerating hair 

follicles were surrounded by foci of mononuclear cells (Huang et al., 1996) and 

inflammatory infiltrates were enhanced in gingiva and lung (Morris et al., 2003; 

Ghannad et al., 2008), but not in other epithelial tissues (Munger et al., 1999). While 

TGFβ-1 down-regulation facilitates faster re-epithelialization post-injury and protects 

against fibrosis (Puthawala et al., 2008), chronic lack of TGFβ-1 leads to failure of 

tissue regeneration resulting in epidermal hypoproliferation, blocked hair follicle 

growth, and neurodegeneration in brain (Liu et al., 2001; Buckwalter and Wyss-

Coray, 2004). The phenotypes observed in family K and Itgb6-/- mice are therefore 

consistent with failure of TGFβ-1 activation from ITGB6 deficiency. 

The results, presented in the present chapter, showed that ITGB6 is involved in the 

pathophysiology of APMR, and an ITGB6 variant that causes a rare disease spectrum 

including not only dental anomalies but also intellectual disability, periodontal disease 

and adolescent alopecia, further lending support to the role of TGFβ-1 in regeneration 

and maintenance of ectodermal derivatives. While children with ITGB6 variants were 
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reported to have AI only, findings presented here suggest that they should be followed 

up over time and examined for additional phenotypes. This study also demonstrates 

the importance of careful follow-up phenotyping in families and individuals with 

congenital disease for other disorders that manifest at a later age. 
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Figure 4.1: Pedigree of consanguineous family K with intellectual disability, 
alopecia, progeroid appearance, periodontal disease and tooth abnormalities. Double 
lines between symbols represent consanguineous marriage.  Clear symbols represent 
unaffected individuals, whereas filled symbols affected individuals. A cross line on 
square and circle indicates deceased individual.  
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Figure 4.2: Photographs of affected individuals IV-2 and IV-6 at 40 and 33 years of 
age, respectively. Note fine sparse scalp hair, sparse eyebrows and eyelashes, and 
deeply set facial wrinkles. Woman was veiled due to religious beliefs. Affected male 
had bilateral super-eruption of maxillary lateral incisors, small central incisors and 
poor alignment of teeth (a, b, c). The affected youngest sister also had misaligned 
mandibular anterior teeth with rough surfaces (d, e, f). Both IV-2 and IV-6 had 
prominent yellowish-brown tooth stains and severe gingival disease (b, c, e, f).  



Chapter 4                                           Alopecia and Mental Retardation Syndrome 

 

Genetic Mapping and Mutation Analysis of Genes Causing Disorders of Human Ectodermal Appendages                            

  

 

108 

 
 
 
 
 

 
Figure 4.3: Sequence analysis of the ITGB6 gene variant. Partial DNA sequence of 
the ITGB6 gene identified a homozygous variant (c.898G>A, p.Glu300Lys) in the 
affected individual (upper panel), heterozygous in the carrier (middle panel) and wild-
type in the unaffected control individual (lower panel). Arrows indicate position of the 
variant. 
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Figure 4.4: Protein sequence alignment, molecular modeling and ITGB6 expression. 
The glutamic acid at position 300 (E300) of the human sequence is identical across 51 
vertebrate species, including 36 mammals, 5 birds, 3 reptiles, 1 amphibian and 6 fish, 
and lies within a highly conserved region that includes His275 to Ser304 of human 
ITGB6 (a). Molecular modeling predicts a more buried configuration due to the 
p.Glu300Lys change and slight torsional adjustments on the hairpin loop within the β-
propeller domain (b). RT-PCR of commercially obtained human cDNA shows ITGB6 
expression in adult brain but not in fetal brain. Control denotes no template (c).  
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Table 4.1: Rare homozygous exome variants in individual IV-6 from family K 

Abbreviation: ExAC, Exome Aggregation Consortium; MAF, minor allele frequency; 
EVS, Exome Variant Server; NA, not available. All listed variants passed exome 
quality control filters and were not identified in 1000 Genomes and in 148 exome 
sequences from unrelated Pakistani individuals with Mendelian traits that do not 
overlap with the phenotypes observed in family K. Bioinformatics results are from 
dbNSFP version 2.9. 
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ECTODERMAL DYSPLASIAS 

Skin is the product of ectodermal and mesodermal stem cells. However, according to 

Spemann’s organiser theory even the endoderm has a role in skin development (De 

Robertis et al., 2000). Orchestrated skin development is only possible with data 

exchange and interference between intracellular and intercellular structures of the 

mesoderm and ectoderm (Itin, 2014). Skin appendages such as teeth, hairs, and a 

number of glands are all derivatives of the embryonic ectoderm, but the 

developmental initiation of appendages is orchestrated by signals of the mesoderm 

with the help of placodes (Itin, 2014). Genetic defects in signaling pathways, which 

disturb the interaction between ectoderm and mesoderm lead to ectodermal dysplasias 

(Itin, 2014). The formation of skin appendages is regulated by reciprocal and 

sequential interactions between the ectodermal epithelium and the mesenchyme that 

can originate either from the mesoderm or the neural crest (Mikkola, 2007). The 

epithelial mesenchymal crosstalk is mediated by a relatively small number of 

signaling pathways including the Wnt, tumour necrosis factor (TNF) families and their 

downstream transcription factors, fibroblast growth factor (FGF), transforming growth 

factor alfa (TGFα), transforming growth factor beta (TGFβ), hedgehog (HH), 

ectodermal dysplasin, gap-junctions-connexin and axin (Mikkola, 2007; Itin, 2014). 

The regulatory role of growth and transcription factors in the development of skin 

appendages is widely conserved across species as well as across different appendages 

(Pispa and Thesleff, 2003; Mikkola and Millar, 2006). This is reflected in ectodermal 

dysplasias (EDs), a large group of congenital hereditary disorders where the 

development of two or more epithelial appendages is affected (Lamartine, 2003). 

Based on functional perspectives of the identified genes, Lamartine (2003) classified 

EDs into four main subclasses including cell-cell communication and signaling, cell 

adhesion, transcription regulation and development. Defects in the genes encoding 

extracellular ligands, receptors, adaptors, and gap junction proteins (EDA1, EDAR, 

EDARADD, XEDAR, NEMO, GJB2, GJB6) result in disruption of cell-cell 

communication and signaling pathways. ED genes involved in cell adhesion encode 

different kinds of structural and desmosomal proteins (PVRL1, PKP1, CDH3) that 
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mediate interactions between cell membranes and cytoskeleton. Genes involved in 

transcription regulation consist of different transcription factors and DNA binding 

proteins (p63, GATA3, EVC, TRPS1, XPD). EDs are also caused due to sequence 

variations in the genes such as MSX1 and SHH, which are involved in the 

development of several tissues. 

More than 200 different pathological and clinical manifestations have been described 

under the term ectodermal dysplasias (EDs), however, only about 80 of them are 

known at the molecular level with their causative genes (Itin, 2014). All the EDs 

reported including both pure and associated exhibit all possible patterns of Mendelian 

inheritance. 

For the study, presented in this chapter of the dissertation, four families (L-O) of 

Pakistani origin displaying different types of ectodermal dysplasias have been 

investigated. Affected members in the family L showed features of pure hair and nail 

ectodermal dysplasia (PHNED). Affected members in the family M exhibited features 

of isolated congenital nail clubbing (ICNC), while those in the family N presented a 

novel combination of abnormalities of hairs, nails and epidermolysis bullosa. The 

affected members in the family O showing compatibility in phenotypes with variegate 

porphyria is the first familial case of the phenotype reported from Pakistan. 

MAPPING GENE RESPONSIBLE FOR PURE HAIR AND NAIL 
ECTODERMAL DYSPLASIA (PHNED)  

FAMILY L 

This family was previously described by Naz (2012) in PhD thesis [Chapter: 4; family 

I; pages: 154-164 (http://eprints.hec.gov.pk/8044/1/1545S.htm)]. Since the author 

failed to identify potential sequence variants in KRT85 gene, therefore DNA samples 

from the same family has been used to sequence HOXC13 and KRT74 genes in the 

present study. DNA from five affected (IV-2, -6, -7, -11, V-1, Figure 5.1) and six 

unaffected members (III-2, -3, IV-1, -4, -5, V-4, Figure 5.1) have been used for 

screening the genes in the study presented in the present dissertation. 
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Family History and Clinical Features 

A five generations consanguineous family (Figure 5.1), segregating an autosomal 

recessive form of pure hair and nail ectodermal dysplasia (PHNED), was ascertained 

from remote area of Punjab province of the country. Clinical examinations of affected 

members revealed total alopecia and nail dystrophy since birth (Figure 5.2). In 

affected individuals, hairs were absent on the scalp, face, chest, arms, and legs. In 

addition, eyebrows, eyelashes, axillary and pubic hairs were also missing. Dystrophic 

nails were observed on all fingers of hands and toes of feet. Eye abnormalities, 

palmoplantar keratosis, ichthyosis and pigmentation were not observed in any affected 

individual. Heterozygous carriers had normal hairs and nails and were clinically 

indistinguishable from genotypically normal individuals.  

Human Genome Scan 

In the family L (Figure 5.1), human genome scan was performed using ~400 

microsatellite markers. As described by Naz (2012), haplotype analysis established 

linkage in the family to type II keratin gene cluster on chromosome 12p13.11–q21.1. 

Parametric multipoint linkage analysis was performed with MERLIN (Abecasis et al., 

2002) using autosomal recessive mode of inheritance with complete penetrance. 

Linkage interval and homozygous region of 30.92 Mb, flanked by markers D12S1631 

and D12S298, was defined on chromosome 12p13.11–q21.1. Linkage analysis yielded 

a maximum multipoint LOD score of 4.3 (ϴ=0) for several markers in the mapped 

region. The gene KRT85, described previously to cause PHNED (Shimomura et al., 

2010c), was screened but found to be negative for any potential sequence variant. 

Sequence variants in HOXC13 (Lin et al., 2012; Ali et al., 2013; Farooq et al., 2013) 

and KRT74 (Raykova et al., 2014), located in the type II keratin gene cluster on 

chromosome 12q12–q14.1, have been reported recently to be associated with the 

PHNED phenotype in families with different ethnic backgrounds. Therefore, the same 

two genes were sequenced in both affected and unaffected members of the family but 

were found to be negative for any potential sequence variant. Primers listed in the 
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Table 2.8–2.9  (Chapter 2: Material and Methods) were used for amplification and 

sequencing HOXC13 and KRT74 genes. 

MAPPING GENE RESPONSIBLE FOR ISOLATED 
CONGENITAL NAIL CLUBBING (ICNC) 

FAMILY M 

Family History and Clinical Features 

A consanguineous Pakistani family M (Figure 5.3), demonstrating isolated congenital 

nail clubbing (ICNC), was collected from tehsil Dir, KP, Pakistan.  

At the time of the study, affected individuals (III-3, IV-1, -3, -4, Figure 5.3) were 15–

40 years of age. Features of total bilateral symmetrical nail clubbing in all finger- and 

toe-nails were observed in affected individuals (Figure 5.4). Clubbing was clearly and 

equally pronounced in all the affected individuals, and remained fixed in degree with 

no progression or regression. The nails were long, broad, shiny, hypoplastic, 

thickened, more curved from cuticle to tip and convex in every diameter (Figure 5.4). 

Affected individuals did not show any other abnormality. Heterozygous carrier 

individuals had normal finger- and toe-nails and were clinically indistinguishable from 

genotypically normal individuals. 

Venous blood samples were collected from eight individuals, including four affected 

(III-3, IV-1, -3, -4, Figure 5.3) and four normal members (II-3, III-1, -2, -4, Figure 

5.3). 

Genotyping and Sequencing HPGD 

Based on the clinical features observed in affected individuals, the family M was 

tested for linkage using microsatellite markers (Chapter 2: Table 2.3) flanking the 

HPGD on chromosome 4q32.3–q34.3. Genotyping data and haplotype analysis 

mapped the family to the previously reported locus on chromosome 4q32.3–q34.3 

(Tariq et al., 2009b). HPGD gene, a cause of ICNC, lies in this region, and thus 

appeared to be a strong candidate. Subsequently, the coding exons and intron-exon 

boundaries of the HPGD gene were sequenced using primers listed in the Table 2.7 
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(Chapter 2: Material and Methods), but were found to be negative for any potential 

sequence variant. 

MAPPING GENE RESPONSIBLE FOR RECESSIVE 
DYSTROPHIC EPIDERMOLYSIS BULLOSA (RDEB) 

FAMILY N 

Family History and Clinical Features 

A consanguineous Pakistani family N (Figure 5.5), segregating autosomal recessive 

dystrophic epidermolysis bullosa (DEB), was collected from district Kohat, KP, 

Pakistan. The fourth generation of the pedigree had four children including two 

affected males and one affected female (IV-1, -3, -4, Figure 5.5), who were product of 

first cousin consanguineous marriage. Pedigree construction supports autosomal 

recessive mode of inheritance of DEB phenotype in the family. 

Affected individuals showed features representing dystrophic epidermolysis bullosa 

(DEB). The disease manifestations were mild as compared to previously reported 

phenotypes for DEB (Serafi et al., 2015). An affected male IV-3 (Figure 5.5) 

exhibited round bald patch at the crown of the head, skin blisters restricted to the 

scalp, and micronychia of finger- and toes-nails (Figure 5.6a,b,c). While an affected 

female IV-1 (Figure 5.5) displayed the generalized skin blisters over extremities 

instead of scalp, but had similar nail phenotypes as observed in her brothers IV-3 and 

IV-4 (Figure 5.5). None of the affected individuals showed mental abnormalities, teeth 

anomalies, syndactyly or any other systemic manifestations. 

Venous blood samples were collected from five individuals including three affected 

(IV-1, -3, -4, Figure 5.5) and two unaffected (III-2, IV-2, Figure 5.5). 
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MAPPING GENE RESPONSIBLE FOR VARIEGATE 
PORPHYRIA (VP)  

FAMILY O 

Family History and Clinical Features 

A consanguineous Pakistani family O (Figure 5.8) showing compatibility in 

phenotypes with variegate porphyria, was collected from district Mardan, KP, 

Pakistan. The fifth generation of the pedigree O had six children including two 

affected males V-1 and V-2 (Figure 5.8), who were product of first cousin 

consanguineous marriage. 

Affected individuals V-1 and V-2 (Figure 5.8) were born to healthy parents with full-

term normal delivery and unremarkable family history. Based on clinical features 

observed, variegate porphyria was diagnosed. Both affected individuals exhibited 

similar phenotypes of hyperpigmentation, scarring and crusted erosions, and were 

photosensitive. Skin creases were more prominent on facial regions and extremities. 

Hands and feet were smaller and hyper-pigmented.  Brachydactylic fingers and toes of 

affected members exhibited variable nail dystrophy and short misshaped terminal 

phalanges (Figure 5.9a,b,c,d,e,f).  

Venous blood samples were collected from six individuals including two affected (V-

1, -2, Figure 5.8) and four unaffected (IV-2, -3, V-3, -5, Figure 5.8). 

Homozygosity Mapping 

Whole-genome SNP genotyping was carried out using Infinium® HumanCoreExome 

Chip (Illumina, USA), which consists of >500,000 SNP markers. DNA of five 

individuals of the family N including three affected (IV-1, -3, -4, Figure 5.5) and two 

unaffected (III-2, IV-2, Figure 5.5) and six individuals of the family O including two 

affected (V-1, -2, Figure 5.8) and four unaffected (IV-2, -3, V-3, -5, Figure 5.8) was 

used for genome wide homozygosity mapping. Physical and genetic distances of SNPs 

were obtained from UCSC Genome browser Build 39 (February 2009, 
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http://genome.ucsc.edu/cgi-bin/hgGateway). Analysis of SNP data was conducted 

using online tool, HomozygosityMapper (Seelow and Schuelke, 2012). 

SNP analyses identified a single homozygous stretch of 25.80 Mb on chromosome 

3p24.2–p21.2 in affected individuals of family N with maximum multipoint LOD 

score of 2.53 with several SNP markers in the candidate region. In family O, three 

homozygous regions (8.08 Mb on chromosome 1q23.3–q24.2, 16.01 Mb on 

chromosome 2q22.1–q23.3, 5.26 Mb on chromosome 5p14.1–p13.3) sharing by both 

the affected individuals of the family, were identified. Maximum multipoint LOD 

score of 2.91 was achieved for each of the homozygous region. 

Linkage analysis was performed assuming autosomal recessive inheritance, full 

penetrance, consanguinity and a mutation carrier frequency of 0.0001. Two-point and 

multi-point LOD scores were calculated using the program easyLINKAGE Plus 

(Hoffmann and Lindner, 2005).  

Exome Sequencing 

DNA extracted from blood samples of affected individuals IV-1 (Figure 5.5) of family 

N and V-2 (Figure 5.8) of family O was used in exome sequencing at the University 

of Washington, Centre for Mendelian Genomics. Sequence captures were performed 

in the solution with the Roche NimbleGenSeqCap EZ Human Exome Library v2.0 to 

target approximately 36.6 Mb of coding regions. Sequencing, carried out on Illumina 

HiSeq and Fastq files, was aligned to human reference sequence (hg19) using 

Burrows-Wheeler Aligner (BWA)(http://bio-bwa.sourceforge.net/)(Li and Durbin, 

2009). The aligned data was further subjected to analysis with Genome Analysis 

Toolkit (GATK)(http://www.broadinstitute.org/gatk/)(McKenna et al., 2010). 

Annotation of variant sites was performed using Seattle Seq 137 

(http://snp.gs.washington.edu/SeattleSeqAnnotation137). Occurrences of novel 

homozygous variants were checked in public databases [dbSNP, 1000 Genomes, 

Exome Variant Server (EVS), and sequences of 200 normal individuals from same 

ethical groups]. 
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Inspection of candidate variants in family N revealed a previously described missense 

sequence variant (p.Arg1772Trp) in exon 61 of long isoform of the COL7A1 gene at 

cDNA position c.5314C>T, located in the homozygous region on chromosome 

3p21.31 (Whittock et al., 1999b). Primers that specifically amplify exon 61, listed in 

the Table 2.14  (Chapter 2: Material and Methods), were used for amplification and 

sequencing of COL7A1 variant. All available members of the pedigree were screened 

for the COL7A1 variant (c.5314C>T). Sanger sequencing confirmed co-segregation of 

the variant with RDEB in this pedigree (Figure 5.7).  

Variant filtering and prioritization of exome data in family O revealed a previously 

reported missense sequence variant (c.502C>T, p.Arg168Cys) in exon 6 of long 

isoform of the PPOX gene, located in the homozygous region on chromosome 1q23.3 

(Warnich et al., 1996). Primers that specifically amplify exon 6, listed in the Table 

2.14  (Chapter 2: Material and Methods), were used for amplification and sequencing 

of PPOX variant. All available members of the pedigree were screened for the PPOX 

variant (c.502C>T). Sanger sequencing confirmed co-segregation of the variant with 

variegate porphyria (VP) in this pedigree (Figure 5.10). 

DISCUSSION  

This chapter described clinical and molecular analysis of four families displaying 

different types of ectodermal dysplasia conditions. These families were located during 

visits to some of the remote areas of the country. At least one affected member in each 

family was clinically examined by Dermatologist at local government hospital. 

Affected members in two families (L, M) exhibited features of pure hair and nail 

ectodermal dysplasia (PHNED) and isolated congenital nail clubbing (ICNC), 

respectively. The other two families (N, O) showed compatibility in phenotypes with 

autosomal recessive dystrophic epidermolysis bullosa (DEB) and variegate porphyria 

(VP), respectively.  

The family L with ectodermal dysplasia showed features of PHNED. Previously, the 

family was mapped on chromosome 12p13.11–q21.1 (Naz, 2012). The KRT85, known 

early to cause PHNED lies in this region, was screened but found to be negative for 
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any potential sequence variant. KRT74 and HOXC13, located in the mapped interval, 

have recently been associated with PHNED (Lin et al., 2012; Raykova et al., 2014). 

Sequence analysis with standard sequence of the exons and splice junctions of KRT74 

and HOXC13 genes failed to reveal any potential functional variant in the family, 

which could be responsible for the disease phenotype, therefore their involvement in 

causing PHNED at the present locus was not supported.  

The family M with ectodermal dysplasia showed features of ICNC. Genotyping 

analysis mapped the family to the previously proposed locus on chromosome 4q32.3–

q34.3 (Tariq et al., 2009b). Subsequently, all exons and intron-exon boundaries of 

HPGD were sequenced for all the patients but no functional variant was found upon 

comparison with reference sequence available in public databases 

(http://www.ensemble.org). Therefore involvement of HPGD gene in causing ICNC at 

the present locus was not supported. 

Because only exons and splice junction sites of KRT85, KRT74 and HOXC13 in 

family L and HPGD in family M were sequenced, the possibility of functional 

variants in the regulatory or intronic regions of these genes cannot be ruled out. 

Further, microsatellite mapping can miss areas of homozygosity and ignoring distant 

consanguineous loops during microsatellite mapping may potentially lead to an 

increased rate of false-positive linkage results (Liu et al., 2006), therefore whole 

exome sequencing is required to identify the genes causing PHNED in family L and 

ICNC in family M. This would elucidate our understanding of the molecular 

mechanisms behind PHNED and ICNC in human. 

In family N, exome analysis of an affected individual led to the identification of a 

missense sequence variant (p.Arg1772Trp) in the COL7A1 gene, which segregated 

with the disease. The variant p.Arg1772Trp in association with c.7786delG 

(p.Gly2593fs*4) has previously been described in compound heterozygous state in a 

family affected with generalized recessive dystrophic epidermolysis bullosa (Whittock 

et al., 1999b).  

Collagens are a group of structural proteins of the extracellular matrix characterized 
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by various Gly-X-repeats which form large triple helices (Gordon and Olsen, 1990; 

van der Rest and Garrone, 1991). Each collagen consists of three (identical or 

different) interacting chains. The triple helix-forming parts are surrounded by 

noncollagenous (NC) domains (Bork, 1992). Type VII collagen, a member of the 

collagen family of proteins, is a homotrimer consisting of three identical α1 (VII) 

chains (Burgeson, 1993). COL7A1 gene encodes for collagen VII α, a major 

component of anchoring fibrils (AFs)(Christiano et al., 1993, 1996). The AFs 

establish adhesion of the dermis to the epidermis, and loss of function of COL7A1 

protein result in recessive and dominant dystrophic epidermolysis bullosa (Ryynanen 

et al., 1991; Hovnanian et al., 1992; Fine et al., 2008).  

Procollagen VII is a homotrimer composed of three proα1 (VII) chains which are 

encoded by the 32 kb COL7A1 gene located on chromosome 3p21 (Ryynanen et al., 

1991). The mRNA transcript of approximately 8.9 kb is translated into a pro α1 (VII) 

polypeptide containing 2944 amino acids (Christiano et al., 1994a). Each pro α1 (VII) 

polypeptide chain contains a central triple helical collagenous domain (145 kDa) 

flanked by both a large amino-terminal non-collagenous (NC-1) domain (145 kDa) 

and a small carboxyl-terminal non-collagenous (NC-2) domain (30 kDa)(Christiano et 

al., 1994a). COL7A1 has 118 exons. The NC-1 domain is from exon 1 to exon 28 

(amino acids 1–1253) and the NC-2 domain is from exon 112 to exon 118 (amino 

acids 2784–2944)(Christiano et al., 1994b). The triple helical domain consists of a 

repeating Gly-X-Y sequence that is disrupted 19 times by non-collagenous regions, 

whose largest disruption is 39 amino acid residues in length, known as the ‘hinge’ 

region. The NC-1 domain consists of sub modules with homology to adhesive 

proteins, including cartilage matrix protein, type III repeats of fibronectin, a von 

Willebrand factor type A-like motif and a proline- and cysteine-rich domain (C/P) 

(Christiano et al., 1994b). The triple helical domain contributes to the ultra 

structurally recognizable central cross-banded part of the AFs. The NC-1 ‘structural’ 

domain mediates the attachment of the AFs into the basement membrane above and 

the islands of collagen IV in the dermis below (Sakai et al., 1986). The NC-2 

‘structural’ domain contains conserved cysteines involved in the formation of 

disulphide bonds which enable linkage between type VII collagen homotrimers 
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(Burgeson, 1993). Arg-Gly-Asp (RGD) sequences, four of which are in the NC-1 

domain of human type VII collagen have been shown to serve as integrin-mediated 

attachment sites for cells to adhere to extracellular matrix components such as 

fibronectin (Ruoslahti and Pierschbacher, 1987). 

In the extracellular milieu, the collagen VII homotrimers form tail-to-tail antiparallel 

dimers, a portion of NC-2 domain is removed and the association of the homotrimers 

is stabilized by intermolecular disulphide bonds in the overlapping carboxyl-terminal 

regions (Burgeson, 1993). Because the NC-2 domain mediates dimerization of type 

VII collagen homotrimers before polymerization into AFs, it has been predicted that 

sequence variations in NC-2 could affect the processing of collagen VII (Lunstrum et 

al., 1987). 

DEB patients show variable clinical presentations depending on the types and 

positions of the COL7A1 sequence variants (Fine et al., 2008; van den Akker et al., 

2011; Wertheim-Tysarowska et al., 2012). The level of expression of COL7A1 in 

DEB patients shows an inverse correlation with its clinical severity (McGrath et al., 

1993). Mutational study of the COL7A1 gene has revealed some genotype-phenotype 

correlations (Jarvikallio et al., 1997). However, with the exception of pathogenic 

alleles, polymorphic variation may also contribute to intrafamilial phenotypic 

variability in patients with similar COL7A1 sequence variants (Titeux et al., 2008). 

The variant (p.Arg1772Trp) identified in the family N, is located on the triple-helical 

collagenous domain of type VII collagen. The p.Arg1772Trp substitution disrupts the 

charge and introduces a bulky chain at external positions of the triple helix (Dang and 

Murrell, 2008). The substitution affects a critical amino acid and alters the 

conformation of the protein, which may still be able to assemble into a small number 

of AFs, but is likely to be unstable when they laterally aggregate (Dang and Murrell, 

2008). 

In family O, exome analysis of an affected individual led to the identification of a 

missense sequence variant (p.Arg168Cys) in the PPOX gene segregating with the 

disease. The variant p.Arg168Cys has previously been reported in in a South African 
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family with variegate porphyria (Warnich et al., 1996). VP is common in South Africa 

(Dean, 1971; Meissner et al., 1996; Warnich et al., 1996; Groenewald et al., 1998; 

Whatley et al., 1999). Outside South Africa, the disease is less common but 

increasingly becoming recognized, as confusion with porphyria cutanea tarda or other 

acute porphyrias is resolved by application of more-precise diagnostic tools (Poh-

Fitzpatrick, 1980; Long et al., 1993). This is the first familial case of variegate 

porphyria reported from Pakistan. 

The human PPOX gene encodes a 51 kD protein that functions as a flavin- and 

oxygen-dependent protoporphyrinogen oxidase associated with the inner 

mitochondrial membrane (Deybach et al., 1985; Nishimura et al., 1995; Dailey and 

Dailey, 1996). Sequence analysis shows both a dinucleotide-binding motif, in the 

amino-terminal region, that is highly conserved among flavin adenine dinucleotide 

(FAD)–binding proteins (Nishimura et al., 1995; Dailey and Dailey, 1998) and an 

adjacent 60-residue-long region that is similar throughout a superfamily of FAD-

binding proteins (Dailey and Dailey, 1998). The homozygous substitution 

p.Arg168Cys changes the basic residue arginine to a neutral cysteine residue, believed 

to be important for proper functioning of the protein (Warnich et al., 1996). This 

variant p.Arg168Cys has a history of existence in Europe as well in South Africa 

(Warnich et al., 1996; Whatley et al., 1999). 

Heterozygous sequence variants in the PPOX gene have been shown to cause VP 

(Deybach et al., 1996; Lam et al., 1996a,b; Meissner et al., 1996; Warnich et al., 

1996; De Rooij et al., 1997; Frank et al., 1997a,b; Kauppinen et al., 1997; Corrigall et 

al., 1998; Frank et al., 1998a,b,c,e; D'Amato et al., 2003; de Villiers et al., 2005; 

Barbaro et al., 2013) and the rare related condition homozygous VP (Meissner et al., 

1996; Frank et al., 1998d; Roberts et al., 1998). 

Though, the homozygous and compound heterozygous variants for autosomal 

recessive pattern of variegate porphyria have been known (Korda et al., 1984; Kordac 

et al., 1985; Roberts et al., 1998; Kauppinen et al., 2001), mostly the disease is 

inherited in autosomal dominant pattern with low penetrance. Approximately three-
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quarters of those affected in dominant pattern remain asymptomatic but are at risk for 

development of acute neurovisceral crises if they are exposed to certain drugs, 

alcohol, or other provocative factors (Jenkins, 1996; Elder et al., 1997; Kirsch et al., 

1998). Detection of asymptomatic affected individuals—so that they can be advised to 

avoid provoking agents—is an important part of the management of families with VP. 

The VP phenotypes for heterozygous sequence variant is less severe as compared to 

homozygous and compound heterozygous sequence variants, including 

photosensitization by porphyrins in early childhood, skeletal abnormalities, short 

stature, mental retardation, and convulsions (Roberts et al., 1998). In family O, the 

amino acid conversion from a basic arginine residue to a neutral cysteine residue at 

position 168 in PPOX, may result in local and/or distant destabilization of particular 

interactions, and impair the structure and function of protoporphyrinogen oxidase. 

In summary, this chapter of the dissertation describes clinical and molecular 

investigation of four unrelated families exhibiting different types of ectodermal 

dysplasias. Exome analysis led to the identification of previously described variants in 

two genes including COL7A1 and PPOX. Sequence analysis, however failed to detect 

disease-associated causal variants in other two families. 
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Figure 5.1: Pedigree of a consanguineous family L segregating pure hair and nail 
ectodermal dysplasia (PHNED) in an autosomal recessive pattern. Double lines 
indicate a consanguine union. Clear symbols represent unaffected individuals and 
filled symbols affected individuals. A cross line on the symbol indicates a deceased 
individual. 

 
 

Figure 5.2: Photographs of an affected individual V-1 of family L. The individual 
displays total alopecia (a) and dystrophic fingernails (b). 
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Figure 5.3: Pedigree of family M segregating isolated congenital nail clubbing 
(ICNC) in an autosomal fashion. Double lines indicate a consanguine union. Clear 
symbols represent unaffected individuals and filled symbols affected individuals. A 
cross line on the symbol indicates a deceased individual. 
 

 

Figure 5.4: Photographs of affected individuals III-3 and IV-3 of family M. Clubbing 
of fingernails (a) in an affected male individual III-3, and clubbing of finger- and toe-
nails (b, c) in an affected female individual IV-3. 
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Figure 5.5: Pedigree of consanguineous family N segregating dystrophic 
epidermolysis bullosa (DEB) in an autosomal recessive manner. Clear symbols 
represent unaffected individuals, whereas filled symbols affected individuals. A cross 
line on the symbol indicates a deceased individual. 
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Figure 5.6: Photographs of affected individual IV-3 exhibiting round bald patch at the 
crown of the head, skin blisters restricted to the scalp (a), and micronychia of finger- 
and toes-nails (b, c). 
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Figure 5.7: Sequence analysis of the COL7A1 gene variant. Partial DNA sequence of 
the COL7A1 gene identified a homozygous variant (c.5314C>T, p.Arg1772Trp) in the 
affected individual (upper panel), heterozygous in the carrier (middle panel) and wild-
type in the unaffected control individual (lower panel). Arrows indicate position of the 
variant. 
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Figure 5.8: Pedigree of consanguineous family O segregating variegate porphyria 
(VP) in an autosomal recessive pattern. Clear symbols represent unaffected 
individuals, whereas filled symbols affected individuals. A cross line on the symbol 
indicates a deceased individual. 
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Figure 5.9: Photographs of affected individuals V-1 (a, b, c) and V-2 (d, e, f) 
exhibiting hyperpigmentation, scarring and crusted erosions. Note skin creases are 
prominent on facial regions and extremities (a, b, d, e). Brachydactylic fingers and 
toes of affected members V-1 and V-2 showing variable nail dystrophy and short 
misshaped terminal phalanges (b, c, e, f). 
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Figure 5.10: Sequence analysis of the PPOX gene variant. Partial DNA sequence of 
the PPOX gene identified a homozygous variant (c.502C>T, p.Arg168Cys) in the 
affected individual (upper panel), heterozygous in the carrier (middle panel) and wild-
type in the unaffected control individual (lower panel). Arrows indicate position of the 
variant. 
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CONCLUSION 

In many cultures, consanguinity has become a preferred choice pertaining to 

socioeconomic obligations. Cousin marriages are preferred to avoid sociocultural 

differences and respected in many countries like Pakistan, Afghanistan, Iran and some 

parts of Middle East. Consanguinity increases the coefficient of inbreeding, which 

increases the likelihood of presence of disease-causing gene in a homoallelic state 

(Bittles and Black, 2010). Increased coefficient of inbreeding inside Pakistani 

population has led to communities displaying various rare genetic ailments. In these 

regions with substantial prevalence of consanguinity, even couples who consider 

themselves unrelated may exhibit high levels of homozygosity, simply because 

marriage within tribe has been a long-established custom. Despite the fact that high 

consanguinity is known to have adverse effect by increasing the risk of recessive 

disorder in consanguineous population, this very occurrence has made homozygosity 

mapping the most powerful tool of gene discovery. Homozygosity offers an attractive 

means with which the human genome can be annotated functionally by mapping 

dispensable versus indispensable segments and by revealing variants that are tolerated 

in the homozygous state (Alkuraya, 2010). 

In the study, presented in the dissertation, fifteen consanguineous families exhibiting 

different forms of disorders of ectodermal appendages were characterized at clinical 

and molecular level. 

Genetic analysis led to the mapping of a novel locus for hypotrichosis on chromosome 

2q31.1–q32.2 in a family. Screening three genes, located in the linkage interval, failed 

to detect disease-associated causal variant. In the near future exome sequencing will 

be carried out to search for the potential variants. This expands the body of evidence 

that still several genes whose sequence variants underlie these disorders remain to be 

discovered. 

Genome-wide homozygosity mapping complimented with targeted Sanger sequencing 

identified the first familial case of alopecia resulting from a novel variant in the DSP. 

The pedigree investigated, showed alopecia totalis, a rare feature, not reported earlier 
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as a single abnormality in patients carrying variants in the DSP. Since previous reports 

indicated the presence of heart abnormalities in patients carrying variants in the DSP, 

findings presented here strengthen the evidence that hereditary hair loss disorders are 

genetically heterogeneous and imply that isolated form of alopecia is allelic with 

cardiocutaneous syndromes. The involvement of DSP in the pathogenesis of non-

syndromic alopecia may open up interesting perspectives into the function of this gene 

in hair morphogenesis, and further studies are required to clarify the precise 

mechanisms mediated by both wild-type and mutant DSP in stabilization of 

desmosomes and anchoring intermediate filaments to desmosomes. 

A novel variant in ITGB6 was identified as the underlying cause of APMR with 

premature skin aging and dentogingival abnormalities in a family. ITGB6 as a gene 

that is involved in the pathophysiology of APMR, and an ITGB6 variant that causes a 

rare disease spectrum including not only dental anomalies but also intellectual 

disability, periodontal disease and adolescent alopecia, further lending support to the 

role of transforming growth factor beta-1 in regeneration and maintenance of 

ectodermal derivatives. While children with ITGB6 variants were reported to have 

amelogenesis imperfecta only. Findings presented here suggest that they should be 

followed up over time and examined for additional phenotypes. This study also 

demonstrates the importance of careful follow-up phenotyping in families and 

individuals with congenital disease for other disorders that manifest at a later age. 

The study, presented here, also includes screening nine genes to identify both novel 

and recurrent sequence variants in families where the linkage was established to 

known genes. This effort led to the identification of previously described variants in 

five genes including LIPH, HR, LPAR6, COL7A1 and PPOX. Sequence analysis, 

however failed to detect disease-associated causal variants in four families. 

The past two decades have witnessed extraordinary advancement in molecular 

genetics of heritable skin disorders. According to OMIM database (Online Mendelian 

Inheritance in Man) about 500 distinct genes associated with 560 human Mendelian 

disorders involving anomalies in skin and its appendages have been identified 

(Feramisco et al., 2009). These key improvements ensued from scientific research and 
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advent of new technologies further facilitated the identification of genes and sequence 

variants causing disorders of ectodermal appendages. The derived knowledge has 

made it easier for enormously with better comprehension of genetic mechanisms, gene 

pathways and genotype-phenotype correlation and provided insights into the 

functional role of the gene products in skin biology. This in turn aids in improved 

diagnosis with prognostic implications, provides basis for effective genetic 

counselling, and enables DNA based prenatal, preimplantation and predictive testing 

possible for selected disorders. However, in many cases link between mutated genes 

and manifestation of the disease remains unknown. Presently, there is a gap between 

advances in molecular genetics and translational research aiming for preventative 

remedies at molecular level for improving quality of patients’ life. Development of 

effective therapeutic techniques for genodermatosis particularly for diseases with 

devastating outcomes has been a cherished target and an area of active explorative 

research for past few years in molecular genetics. However, investigators have met 

with little success in developing useful and specific therapeutic methods for these 

genetic diseases that could have applications in clinical arena. Recently, a number of 

novel molecular approaches like gene therapy, cell-based approaches, and protein 

replacement therapy, have been explored as treatment options for severe inherited skin 

conditions. It could be anticipated that effective molecular therapeutics will probably 

be available for patients with devastating inherited skin disorders in near future. An 

effort made to analyse some of the rare genetic skin diseases, presented here, will 

contribute in improving care and quality of life of the patient. 
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