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ABSTRACT
The research work, presented in the dissertation, described characterization of
eighteen families segregating various types of isolated and syndromic skin disorders.
Four of the families showed clinical features of congenital ichthyosis, two junctional
epidermolysis bullosa, four hair loss disorders, two isolated spoon shaped
nail/koilonychias, two hypohidrotic ectodermal dysplasia (HED), one each with
ectodermal dysplasia syndactyly syndrome, hypotrichosis, palmoplantar keratoderma
and nail dysplasia, hypotrichosis-anonychia-post-axial polydactyly and hair-nailteeth-skin type ectodermal dysplasia. Clinical investigation of affected members in
each family was carried out with the help of medical officers/dermatologists working
at local government and private hospitals.
Based on the clinical spectrum developed in each family, genetic characterization was
performed by typing microsatellite and SNP markers. Further, disease causing
variants were searched using exome and /or Sanger sequencing. In one case effect of
the mutation was validated through exon trapping. Bioinformatics tools and protein
modeling studies were performed where possible.

In addition to associating skin phenotypes with three novel genes, seven novels and
six known mutations were identified in families segregating other skin-related clinical
features. Two novel missense mutations p.Asp34Glu and p.Gly439Ser were identified
in the PNPLA1 and ST14 gene, respectively causing two different types of ichthyosis.
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In a related phenotype called junctional epidermolysis bullosa, observed in two other
families, sequence analysis revealed a novel non-sense (p.Ser3298*) and a previously
reported missense variant (p.Arg1303Gln) in the LAMA3 and COL17A1 gene,
respectively. Four other novel variants including p.Gln230*, p.Trp485*, p.Gln417*
and p.Leu81Pro were detected in the genes LIPH, CDH3, EDAR and PVRL4,
respectively. The mutations in the LIPH and CDH3 produced hair loss disorders, in
the EDAR results in hypohidrotic ectodermal dysplasia (HED) and in the PVRL4
results in ectodermal dysplasia cutaneous syndactyly syndrome. Previously reported
sequence variants including a missense (p.Pro498Leu) in the DSP gene causing
hypotrichosis-palmoplantar keratoderma-nail dysplasia, a missense (p.Asp63Val) in
the LPAR6 gene causing hypotrichosis, a missense (p.Gly382Ser) in the EDAR gene
causing HED, and a non-sense (p.Arg110*) in the LIPH and a missense (p.Met1Ileu)
in the RSPO4 producing hypotrichosis-nail dysplasia (anonychia) -post-axial
polydactyly were identified as well.
The research work presented in the dissertation contributed in publication of the
following articles.
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CHAPTER 1
INTRODUCTION

INTRODUCTION
Skin
Adult human skin is the outer most soft and flexible tissue covering the entire human
body. It accounts for approximately 6% of the total body mass and thus consider as
the largest organ of the human body. Despite of flexible and soft nature, skin
encompasses all major and imperative support systems including blood, muscles, and
also plays crucial roles of protection against harmful ultraviolet radiation, immunocompetence, psycho-emotion, endocrine function, etc, and thus sustain normal
homeostasis (Tobin, 2006).

Skin Architecture
Broadly, skin is divided into two essential layers; an external non-vascularized,
stratified epithelium layer also known as the epidermis and the layer of connective
tissue called the dermis that underlies the epidermis (Fig. 1.1).
The epidermis is the outermost epithelial layer of the skin which is non- vascularized
and stratified in nature which ends at the mucocutaneous junctions e.g, mouth, and is
more thick and hard in the palm and sole. The epidermis is further divided into four
layers of keratinocytes which contribute to the production of keratin. The stratum
corneum (outermost layer of biochemically-active non-viable cells (corneocytes)); a
granular layer (layer of non-dividing keratinohyalin); spinus layer and the basal layer.
The basal layer is composed of actively dividing cells of the epidermis which are
firmly attached to the basement membrane thus separating epidermis from the dermis.
These layers make the epidermis impermeable preventing dehydration, invasion of
foreign entities and protecting against harmful UV radiations.
The dermis is the underlying layer of connective tissue next to epidermis. This layer
adds to most of the skin functions as here lies most of the skin functioning machinery
including specialized lymphatic and vascular system, and the complex nervous
system, and accessory appendages.
The sub-cutis is the layer of fatty connective tissues also called hypodermis layer. It
associates the underlying skeletal component to the dermis (Freinkel and Woodley,
2001).
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Fig. 1.1: Cross section area of skin describing various layers of skin (McGrath et al.,
2010).

Epidermal Derived Appendigeal Structure
The complex and critical events during morphogenesis of epidermis and its
appendigeal structures occur through sequential cross talk between interacting
molecules and various pathways. Among these interactions and pathways, Wnt and
Notch signaling pathways interaction with Lef1, β-catenin, and Notch peptide play
decisive role in the development of epidermis and epidermal derived appendages
(Fuchs and Raghava, 2002). Specifically, during early morphogenesis, sonic
hedgehog (Shh) pathway and bone morphogenetic proteins (BMPs) are critical for
determining the fate of the cells (ectodermal or neural). BMP signaling is very
important for the normal development and morphogenesis of ectodermal derived
structure and Shh promotes CNS (central nervous system) and neural tube
development (Altman and Brivanlou, 2001). Thus, the early developmental stages of
the epidermis are governed by the complex interaction between BMP, Shh as well as
fibroblast growth factors (FGFs) signaling, and Wnt pathway which regulate and
control all these mechanisms.
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Hair Follicle

Nail
The nail, also known as the nail unit, is a complex and hard structure that covers the
upper part of each finger and toe (Gonzalez, 1990). The nail unit can be divided into
four parts: nail folds, nail bed, nail plate and the nail matrix (Scher, 1987). The nail
plate ultimately results in the production of the nail, which is a multilayered
inflexible, hard sheet of cells usually having 0.50-0.70 mm thickness (Gonzalez,
1990). The nail bed which firmly holds the nail plate, composed of keratinized,
stratified, non-dividing cells lacking mitosis (Dawber et al., 2001). The edge of the
nail plate is mostly sealed by the lateral nail folds whereas proximal nail fold covers
quarter of the nail.
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Teeth
The mammalian teeth are organized in four different groups: molars, premolars,
canines and the incisors (Tummers and Thesleff, 2009). The milk or primary teeth are
substituted by the hard secondary teeth only once during the life time.
These four different types of mammalian teeth are formed as a result of different types
of signaling between neural crest derived mesenchyme (Smith, 2003) and the
epithelium that helps to convert the tissues into highly specialized structures (Soukup
et al., 2008).
Congealing of the dental epithelium forming the dental lamina is morphologically the
beginning of development of the tooth. Now, placodes are formed as a result of
epithelium thickening, which result in cells invagination and proliferation. Then,
further convolution and invagination of the epithelium form the cap, the bud, and the
bell stages of tooth development. These developmental stages are accompanied by the
signaling between the mesenchyme and the epithelium which further stimulates the
foundation of functional and anatomical parts of the developing tooth (Bei, 2009).
This results in the differentiation of the mesenchyme into dentin-secreting
odontoblasts and epithelium to form the enamel-secreting ameloblasts.
Sweat Glands
Body temperature within narrow range is very important for survival and maintaining
it within limits (heat dissipation) is very crucial especially in conditions such as
hyperthermic conditions, which involves increased metabolism rate and other
environmental factors. In human, when outside temperature is higher than the skin
(body) temperature heat loss occurs in the form of evaporation, which result in
secretion of sweat from the important eccrine glands (Shibasaki and Crandall, 2011).
Non-thermal factors control these sweat responses that assimilates between skin
temperatures and internal temperatures.
Sweat glands also respond to the emotional stimuli, in addition to the
thermoregulation eccrine phenomenon. The normal sweat secretion frequency is 0.5-1
ml/min and mostly varies depending upon different condition such as severe heat
stress, where sweat is produced up to 10 L/per day (Groscurth, 2002). These sweat
glands are disseminated on the entire body surface except glans clitoridis, labia
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minora, glans penis, inner preputial surface, nails bed, the nipples and margins of the
lips.
Specifically, in the humans, approx 3-4 million eccrine sweat glands are dispersed all
over the body surface. The eccrine sweat gland and up of network of branched tubular
long structure have two major parts: (a) a ductular portion (straight) and (b) a
secretory portion (highly coiled). The eccrine sweat glands produce an odorless,
hypotonic, and a clear fluid of the sweat. As a result of a specific response towards
different nerve impulses thus stimulates presynaptic nerve endings in the clear cells
(basolateral membrane) to secrete Acetylcholine (ACh). In the proximity of the clear
cells it muddles with the receptors of postsynaptic cholinergic (Kreyden and
Scheidegger, 2004).These activities produce a complex that causes an efflux and an
influx of different electrolytes, thus results in release of the hypotonic sweat.

The acronym “EDs” are used for collection of abnormal clinical conditions which are
clinically and genetically heterogeneous in nature. The conditions are either present at
or develop shortly after birth. It is described by the involvement of one or more skin
appendageal structures (hair, teeth, nail, sweat glands) fails to grow properly
(Lamartine, 2003). EDs are quite rare with a prevalence of 7 out of 10,000 births. So
far, roughly 200 such conditions have been described, and pathogenic sequence
variants in about 80 genes have been reported (Itin, 2014).

Classification of Ectodermal Dysplasias
Due to complex nature, in the past several years, different classification systems were
proposed for EDs to make diagnosis and future therapies easier for the clinicians and
molecular biologists. In 1994, Pinheiro and Freire-Maia classified EDs into two
groups (A and B) based on the clinical signs and symptoms. Group A defines those
patients who have defects in at least two classical constructions (nail, hair, sweat
glands and teeth), whereas Group B includes affected individuals (patients) with only
one main abnormality associated with an abnormality of the ectoderm (ears or lips).
On the basis of variations in the genetic factor, Priolo and Lagana, (2001) proposed
the second classification of ED which was further modified by Itin and Fistarol,
(2004) on the basis of defects in the genes involved in regulation and interaction. In
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another classification, EDs have been divided into four subclasses on functional
criteria. It includes cell-cell communication and regulation, adhesion, transcription
regulation and development (Lamartine, 2003). Another classification of EDs was
proposed by Priolo, (2009) based on the genotype and corresponding phenotype
findings.
Hypohidrotic/Anhidrotic Ectodermal Dysplasia (HED)
Hypohydrotic ectodermal dysplasia is described by malformation of hair
(hypotrichosis), teeth (hypodontia/anodontia), hypohidrosis (reduce sweating). It is
the most reported form of ED. Other associated clinical features include reduced
saliva secretion, dry skin, dryness of airways due to extreme thirst and dryness of
mucous membranes and facial dysmorphism (prominent lips, dark brown circles
around the eyes, everted nose and protruded forehead) (Kieri et al., 2014).
Mostly commonly known form of HED is X-linked. It is inherited in autosomal
recessive as well as in autosomal dominant manner (Mikkola, 2009). Of these, XLHED (OMIM 305100) is caused by loss of function variants in the EDA gene
(ectodysplasin A1; MIM 300451) mapped by Kere et al, (1996) on chromosome
Xq13.1, whereas recessive (OMIM 224900) and dominant (OMIM 129490) form of
HED are less common for which sequence alterations in the EDAR gene (OMIM
604095) have been identified mapped to chromosome 2q11-q13 (Monreal et al.,
1999) and EDARADD (OMIM 606603) mapped by Headon et al, (2001) on
chromosome 1q42.2–q43. Phenotypically, they cannot be differentiated from each
other as they are caused by the genes products sharing the same NF-kB signaling
pathway required for differentiation and morphogenesis of ectodermal derived
appendages (Laurikkala et al., 2002).
In addition to EDA1, EDAR and EDARADD, three other genes namely WNT10A
(OMIM 257980) on chromosome 2q35 (Bohring et al., 2009; Nagy et al., 2010; van
Geel et al., 2010), NEMO (OMIM 300248) on chromosome Xq28 (Zonana et al.,
2000; Aradhya et al., 2001; Döffinger et al., 2001) and TRAF6 (OMIM 602355)
(Hubeau et al., 2011) on 11p21 are also involved in sweating anomalies.
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Additionally, two other loci for autosomal recessive PHNED have been reported. One
by Rafiq et al, (2005) on chromosome 10q24.32-q25.1 and the other by Naeem et al,
(2006) on chromosome 17p12-q21.2. Genes within these two regions for PHNED are
yet to be identified.

Ectodermal dysplasia 8, hair/tooth/nail type (ECTD8; MIM 602401) is an inherited
abnormal condition described by developmental malformation of hair (thin, fine,
weak, and in few cases less dense hair of the entire head region, less dense to
complete loss of eyebrows and eyelashes), dystrophic nails (fingers- and toe-nails
dystrophy) and abnormal dentition (widely spaced, enlarged, misshaped dentition in
both upper and lower jaws along with variable number and type of missing tooth).
The disease locus was mapped to chromosome 18q22.1-q22.3 by Tariq et al, (2008).
Gene for this type of ED has not been identified yet.

Ectodermal Dysplasia 3, tooth/nail type (MIM 189500) is an autosomal dominant
disorder, also known as Witkop syndrome (MIM 142983). Clinically, it is described
by nail dystrophy (toe-nails dystrophy) and early tooth loss. Sequence variants in the
MSX1 gene (MIM142983), on chromosome 4p16.1-p16.3 have been linked to disease
pathogenesis (Jumlongras et al., 2001).
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Recently, a Pakistani family was reported by Habib et al, (2015). The clinical features
observed includes dystrophic misshaped pigmented fingers- and toe-nails, sparse and
woolly hair on the entire scalp, and less dense eyebrows and eyelashes, reticulate
hyperpigmentation visible as dark brown and gray patches on various body parts.
They mapped the disease locus on chromosome 18p11.32-p11.31 spanning a 3.03 Mb
region.

EEMS (MIM 225280) is a syndromic form of ED, inherited in recessive manner,
mostly described by hypotrichosis of the scalp hair with less dense eyebrows and
eyelashes, hypodontia/anodondia, progressive retinal degeneration, ectrodactyly
associated with mild bilateral syndactyly and/or split-hand/foot malformation
(SHFM). EEMS is associated with biallelic sequence variant in the CDH3 gene (MIM
114021) encoding P-cadherin located on chromosome 16q22.1 (Kjaer et al., 2005).

Odontoonychodermal Dysplasia (OODD)
Odontoonychodermal dysplasia (MIM 257980) is a condition of ED involving nail,
hair, and teeth and mostly categorized by sparse/absent eyebrows/eyelashes,
hypotrichosis, nail, and tooth abnormality, palmoplantar hyperkeratosis, accompanied
by hyperhidrosis, facial skin lesions, erythematous, telangiectatic, atrophic plaques,
associated with WNT10A (MIM 606268) gene mutations, mapped by Adaimy et al.,
(2007) on chromosome 2q35.
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EDSS1 (MIM 613573) was reported for the first time in two families, one from
Algeria and the other family belongs to Italy (Brancati et al., 2010). Disease
associated manifestations of EDSS1 includes bilateral partial cutaneous syndactyly,
sparse to absent scalp hair, sparse eyebrows and eyelashes, palmoplantar keratoderma,
widely spaced teeth, with peg-shaped and conical crowns. EDSS1 has been linked to
sequence alterations in the PVRL4 (MIM 609607) gene, mapped to chromosome
1q23.3. To date, six EDSS1 cases have been reported across the world (Brancati et
al., 2010; Jelani et al., 2011; Fortugno et al., 2014; Raza et al., 2015; Ahmad et al.,
2018a, present study).
In addition, Tariq et al, (2009) reported a large consanguineous family of Pakistani
origin with similar kind of phenotypes and the disease locus was localized to
chromosome 7p21.1-p14.3. In OMIM, it is known by EDSS2 (MIM 613576) and is
described by the presence of bilateral partial cutaneous syndactyly, sparse to absent
scalp and body hair, palmoplantar keratoderma, hyperhidrosis, mild epidermolytic
hyperkeratosis, hard scaly skin, large prominent ear pinnae, pointed nose and thin
upper lips. Disease associated gene has not identified yet.

CLPED1 (MIM 225060) is an autosomal recessive syndromic form of ED. The diseas
associated hallmarks include cleft lip and palate, alopecia (brittle hair, scanty
eyebrows and eyelashes), cutaneous syndactyly, abnormal philtrum, onychodysplasia,
malar hypoplasia and dental abnormality (hypodontia, anodontia). Other associated
clinical findings like mental retardation and protruding ears (anteverted pinnae) were
also observed. CLPED1 has been associated with biallelic pathogenic mutation in the
PVRL1 gene (MIM 600644), encoding nectin-1, located on chromosome 11q23.3
(Suzuki et al., 2000).

Isolated/Nonsyndromic Congenital Nail Disorder (NCND)
As the name indicates, isolated/nonsyndromic congenital nail disorder (NCND) is the
congenital disorder involving only nails (fingers- and/or toe-nails or both) without any
other associated manifestations. NCND can be inherited either in autosomal dominant
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or autosomal recessive fashion. To date 10 types of NCND have been identified. The
brief details of each type of NCND are as under:
Nonsyndromic Congenital Nail Disorder 1 (NCND1)
Nonsyndromic Congenital Nail Disorder 1 (NDNC1; MIM 161050), also known as
trachyonychia or twenty-nail dystrophy. Trachyonychia is dominantly inherited
condition described by the presence of rough sandpaper-like superficial pits and
longitudinal striations on the nails. Mostly all fingers- and toe-nails are involved
except few cases (Sehgal, 2007). NDNC1 has not been mapped to any of the human
chromosome yet.
Nonsyndromic Congenital Nail Disorder 2 (NCND2)
Nail disorder, nonsyndromic congenital, 2 (NDNC2; MIM 149300), also known as
koilonychia, is a congenital dominant disorder described by flat nail plate which later
on transformed into spoon-shaped also known as koilonychia. The characteristic
spoon-shaped is formed due to thin nail plate and concavity from a side, with everted
edges. The condition mostly affects all fingers- and toe-nails. The condition has not
been mapped to any of the human chromosome. To date, only five familial cases have
been reported across the world (Hellier, 1950; Bergeson and Stone, 1967;
Schleutermann et al., 1970; Char, 1971; Bumpers and Bishop, 1980).
Nonsyndromic Congenital Nail Disorder 3 (NCND3)
Nonsyndromic congenital nail disorder 3 (NCND3; MIM 151600) is a congenital
disorder inherited in both autosomal recessive and autosomal dominant pattern.
NCND3 also called leukonychia. Patients with leukonychia presents of chalky white
nails affecting all twenty nails. Additionally, in few patients, yellowish discoloration
affecting the distal portion of the nail plate has been observed. NCND3 is linked to
sequence alterations in the PLCD1 gene (MIM 602142) mapped to human
chromosome 3p22.2 (Kiuru et al., 2011).
Leukonychia is further divided into 4 sub-classes i.e leukonychia totalis (involving the
entire nail plate); leukonychia partialis (involving some portion of the nail plate);
leukonychia striata (refers to the transverse band on the nail); leukonychia punctata
(presence of white spot on the nail plate).
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Nonsyndromic Congenital Nail Disorder 4 (NCND4)
Nonsyndromic congenital nail disorder 4 (NCND4; MIM 206800), also known as
anonychia. Anonychia is characterized by either complete absence or small size nail
field along with complete loss of or rudimentary nail of both fingers- and toe-nails.
The disease has been linked with biallelic sequence alterations in the RSPO4 (MIM
610573) gene, on chromosome 20p13. RSPO4 predominantly expressed in mouse nail
mesenchyme and thus play a critical role in nail morphogenesis (Blaydon et al.,
2006).
Nonsyndromic Congenital Nail Disorder 5 (NCND5)
Nonsyndromic congenital nail disorder 5 (NCND5; MIM 164800) or onycholysis is
described by the presence of scleronychia (induration and thickening of the nail),
arrested nail growth and straight or concave proximal edges, segregating in autosomal
dominant manner. Associated clinical manifestations include sensitivity of nail to cold
and palmoplantar hyperhidrosis (Bazex et al., 1990). The disease has not been
mapped to any of the human chromosome yet.
Nonsyndromic Congenital Nail Disorder 6 (NCND6)
Nonsyndromic congenital nail disorder 6 (NCND6; MIM 107000) is a rare congenital
abnormality of nails featured by the complete absence of nails whereas in some cases
there also report partial congenital anonychia severely affecting thumbs and great toes
(Charteris, 1918). The disease has not been mapped to any of the human chromosome
yet.
Nonsyndromic Congenital Nail Disorder 7 (NCND7)
Nonsyndromic congenital nail disorder 7 (NCND7; MIM 605779) is an autosomal
dominant disorder also known as isolated congenital onychodysplasia. Clinically it is
described by malformation of nail plates, longitudinal streaks, thinning of nail plates
resulting in nail plates margins exposed to injury. One of the predominant hallmarks
in NCND7 is the formation of prominent reddish dome-shaped structure in the
proximal nail plate which led to the formation of longitudinal ridges (Hamm et al.,
2000; Krebsova et al., 2000). The disease locus was mapped by Krebsova et al.,
(2000) to chromosome 17p13.
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Nonsyndromic Congenital Nail Disorder 8 (NCND8)
Nonsyndromic congenital nail disorder 8 (NCND8; MIM 607523) or toenail
dystrophy segregate in autosomal dominant manner, and is defined by the clinical
characteristics of dystrophic nails. Nails of the affected individual have deformed and
narrow free edge with the nail plate grows and move deep in the nail bed. Affected
individual showed severe nail dystrophy in the great toes. Heterozygous mutations in
the COL7A1 (MIM 120120) gene, mapped to chromosome 3p21.3,1 have been
associated with the disease phenotypes.
Nonsyndromic Congenital Nail Disorder 9 (NCND9)
Nonsyndromic congenital nail disorder 9 (NCND9; MIM 614149) is a congenital
malformation of nail described by anonychia involving toenails and onycholysis
(separation of nail from the nail bed) involving fingernails, segregating in autosomal
recessive manner. The disease was mapped to human chromosome 17q25.1-q25.3 by
Refiq et al, (2004). The causative gene is not known yet.
Nonsyndromic Congenital Nail Disorder 10 (NCND10)
Nonsyndromic congenital nail disorder 10 (NCND10; MIM 614157) is a rare genetic
abnormality of the nail, associated with biallelic pathogenic sequence variants in the
FZD6 gene (MIM 603409) mapped to chromosome 8q22.3. NCND10 is characterized
by thick nail (onychauxis) along with hyponychia, and fingers- and toe-nails
onycholysis. In some patients, characteristic claw shaped finger-nails have also been
reported (Frojmark et al., 2011). So for, nine pathogenic mutations have been reported
in FZD6 causing NCND10 (Mohammadi-Asl et al., 2017).
In addition to the above 10 types of NCND, three other types of isolated nail dysplasia
have been reported. These includes isolated congenital nail clubbing (MIM 119900)
has been linked to biallelic sequence variants in the HPGD (MIM 601688) gene
located on chromosome 4q34.1 (Tariq et al., 2009).
Recently, Shah et al, (2017) reported isolated congenital nail clubbing in an inbreed
Pakistani family manifested with the clinical features of bilateral fingernails and
toenails clubbing caused by biallelic sequence variant (c.1A>G (p.M1V) in the
SLCO2A1 gene (MIM 601460) located on chromosome 3q22.1-q22.2.

12

Khan et al, (2017) characterized a consanguineous Pakistani family with the clinical
hallmarks of autosomal recessive isolated fingernail dysplasia. Affected members
were manifested with a severe form of onychodystrophy. They have hyperkeratotic
nail bed and thickened nail plate. Visible features of crumbled nail plate, mild
erythema and inflammation of proximal and lateral nail folds was also observed.
Exome sequencing identified a biallelic sequence variant (c.92G>T; p.Arg31Leu) in
the SLC25A16 gene (MIM 139080), mapped to human chromosome 10q21.3, thus
implicating a novel gene in the pathogenesis of autosomal recessive isolated
fingernail dysplasia.

Hereditary Hair Loss (HHL) Disorders
HHL disorder is a rare genetic disorder which is heterogeneous in nature. It is
characterized by abnormality in the hair shaft which in human is described by the
paucity of hair. The extent of phenotype expands from sparse to complete loss of
scalp hair, sparse to absent eyebrows, eyelashes, and sparse axillary and body hair.
The hair loss may be inherited as an isolated trait (confined to hair only) or in the
form syndromes (associated with extracutaneous findings). The associated
manifestations can be mental retardation, visual and/or hearing impairment etc. Both
isolated and syndromic forms of hypotrichosis can be transmitted in autosomal
recessive and autosomal dominant fashion. Basit et al, (2015) performed a detailed
study and comprehensively explained the clinical diversity and the genetic causes of
HHL disorders.
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The year 2015 added three new identifications to the isolated autosomal recessive hair
loss disorders. This include a novel gene keratin 25 (KRT25; MIM 616646) located on
chromosome 17q21.2 (Ansar et al., 2015), a novel locus for autosomal recessive
hereditary hypotrichosis mapped to chromosome 2q31.1-q32.2 (Jan et al., 2015a) and
desmoplakin gene (DSP; MIM 125647) mutation resulting in autosomal recessive
isolated hair loss in an extended Pakistani family (Jan et al., 2015b). The genetic
cause of the three HHL loci identified by Basit et al, (2010), Naz et al, (2010) and Jan
et al, (2015a) are yet to be identified.
So for, seven potential genes are known causing autosomal dominant hair loss
disorders. These include APC down-regulated-1 gene (APCDD1; MIM 607479)
having chromosomal location 18p11.22 (MIM 605389) (Shimomura et al., 2010b),
corneodesmosin gene (CDSN; MIM 602593) on 6p21.33 (MIM 146520) (LevyNissenbaum et al., 2003), keratin 74 (KRT74; MIM 608248) on 12q13.13 (MIM
613981) (Shimomura et al., 2010c), U2HR (MIM 146550) lying in the 5ʹ untranslated
region of the HR gene located on 8p21.3 causing Marie Unna hereditary hypotrichosis
1(MUHH1; MIM 146550) (Wen et al., 2009), Marie Unna hereditary hypotrichosis 2
(MUHH2; MIM 612841) has been linked to sequence alterations in the EPS8L3
(MIM 614989) gene on chromosome 1p13.3 causing Marie Unna hereditary
hypotrichosis 2 (MIM 612841; MUHH2) (Zhang et al., 2012), SNRPE (MIM 128260)
gene on chromosome 1q32.1, (MIM 615059) (Pasternack et al., 2013) and RPL21
(MIM 603636) gene located on 13q12.2 (MIM 615885) related phenotypes (Zhou et
al., 2011). All these types are involved in causing different types of hypotrichosis
types in humans.

Hereditary hypotrichosis simplex (HHS/HYPT1) is a rare autosomal dominant form
of hair loss (HL) disorder. Clinically HHS is featured by progressive scalp and body
hair loss loss without any typical hair shaft abnormalities except thinning of the hair
shaft. HHS was mapped to chromosome 18p11.22 (Baumer et al., 2000) and has been
linked to sequence alterations in APCDD1 gene (Shimomura et al., 2010b).
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Hypotrichosis simplex of the scalp 1 (HTSS1/HYPT2) is a rare form of HL disorder
illustrated by gradual loss of hair from the scalp resulting into complete absence of
scalp hair by the third decade, transmitting in autosomal dominant fashion. The
disorder is. Some individuals may have fine, thin and short hairs. Normal eyebrows,
eyelashes, beard, axillary hair, teeth and nails are present. The disease associated
phenotypes have been linked to alteration in the CDSN gene (Levy-Nissenbaum et al.,
2003) located on chromosome 6p21.3 (Betz et al., 2000).

Hypotrichosis simplex of the scalp 2 (HTSS2/HYPT3) and its phenotypic variant, the
woolly hair is another type of hereditary HL disorder inheriting in an autosomal
dominant manner. HTSS2 is characterized by sparse and thin hair on the scalp with
shunted growth. In some patients, the hair appears course, lusterless, tightly curled
leading to characteristic woolly hair phenotype. Heterozygous sequence variants in
the KRT74 gene located on chromosome 12q13.13 have been associated with HYPT3
and woolly hair phenotype (Shimomura et al., 2010c; Wasif et al., 2011).

Marie Unna Hereditary Hypotrichosis 1(MUHH1), also known as hypotrichosis 4
(HYPT4), inherited in a dominant fashion and described by the presence of less dense
to complete scalp alopecia, eyebrows, eyelashes and body hair. Early in the
childhood, characteristic coarse, wiry, beaded hair leading to progressive alopecia.
Several studies mapped MUHH1 to chromosome 8p21 (van Steensel et al., 1999;
Sreekumar et al., 2000; Lefevre et al., 2000; Cichon et al., 2000; He et al., 2004;
Scheper et al., 2007) and heterozygous mutations have been identified in an ORF
(open reading frame) known as U2HR, lying in the 5-prime untranslated region of the
hairless (HR) gene (Wen et al., 2009).

Marie Unna hereditary hypotrichosis 2 (MUHH2) also known as hypotrichosis 5
(HYPT5) is an autosomal dominant hair loss disorder. Clinically MUHH2/HYPT5 is
similar to MUHH1/HYPT4. The disease was first identified by Yan et al, (2004) in a
4-generation Chinese family. Clinical features include sparse to absent scalp hair, thin

15

eyebrows and eyelashes with the receding of the frontal hairline. Hair texture
presented thin, wiry and irregular appearance. The disease was linked with sequence
alterations in the EPS8L3 gene (Zhang et al., 2012) located on chromosome 1p21.1q21.3 (Yang et al., 2005).
Hypotrichosis 11 (HYPT11/HHS)
Hypotrichosis 11 is another form of hypotrichosis simplex (HHS) described by
absence of hair from the scalp with sparse eyebrows and eyelashes, segregating in
autosomal dominant manner. Hypotrichosis of axillary and body hair were also
noticed. Complete scalp hair loss was also present in some members. Hair presents
fair and fine texture. HYPT11 has been linked with sequence alterations in the SNRPE
(MIM 128260) gene, mapped to chromosome 1q31.3-1q41 (Pasternack et al., 2013).
Hypotrichosis 12 (HYPT12/HHS)
Hypotrichosis 12 (HYPT12) is another type of HHS characterized by complete loss of
scalp hair, showing dominant mode of inheritance. The onset of the disease occurred
between 3 to 6 months of the age. Affected member had thin, sparse and fragile hair
which gradually progress to complete hair loss. No other abnormalities related to skin,
nails, teeth and sweating were observed. Xu et al, (2010) mapped HYPT12 to
chromosome 13q12.12-12.3 and have been linked with sequence alterations in the
RPL21 (MIM 603636) gene (Zhou et al., 2011).

Atrichia with papular lesions (MIM 209500) is a permanent form of alopecia inherited
in recessive fashion (Fredrich, 1950; Damste and Prakken, 1954; Loewenthal and
Prakken, 1961) and also reported to inherit in a pseudo-dominant fashion (Zlotogorski
et al., 2002a, b). The recessive form of APL cause more severe phenotype, and
associated with complete hair loss from the scalp and other body parts. Patients with
APL also develop additional features of keratin filled follicular papules on different
body parts (Zlotogorski et al., 2002b). Ahmad et al, (1998) and Nothen et al, (1998)
mapped the APL phenotype to chromosome 8p21. Later on, Ahmad et al, (1998)
associated the disease phenotype with mutation in the hairless gene (HR).
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Localized autosomal recessive hypotrichosis (LAH1/HYPT6) is a non-syndromic
form of hereditary hypotrichosis characterized by varying degree of hypotrichosis
observed within a family or among different families. Hair phenotype varies from
sparse, fragile to monilethrix (beaded appearance) like hairs. Affected members
exhibit short, fragile and sparse hairs mainly affecting the scalp, trunk and
extremities. In some patients, sparse eyebrows, eyelashes, hyperkeratotic follicular
papules, erythema and characteristic monilethrix-like hairs were also observed
(Schaffer et al., 2006). The disease locus was mapped to chromosome 18q12.1 (Kljuic
et al., 2003; Rafique et al., 2003) and mutations in the DSG4 gene have been
identified producing LAH1 phenotypes (Kljuic et al., 2003; Shimomura et al., 2006;
Zlotogorski et al., 2006).

LAH2 also known as hypotrichosis 7 (HYPT7) is demonstrated by abnormal clinical
findings, mainly affecting hair of the scalp, eyebrows and eyelashes. Affected
members with LAH2 have fine, thin and sparse hair on the scalp. Additionally, they
also have sparse eyebrows and eyelashes. Hair appeared very short due to shunted
growth and receding frontal hairline was also reported in patients with LAH2.
Characteristic woolly hair (WH) phenotype was also observed in some cases of
LAH2. WH is tightly curled on the entire scalp, depigmented with retarded growth to
a few inches. Affected members also suffer from hair loss which appears as patches
affecting various portion of the scalp (Ahmad et al., 2018b, present study). The
disease locus was localized to human chromosome 3q27.3 (Aslam et al., 2004) and
pathogenic loss of function variants have been identified in the LIPH gene causing
LAH2 phenotypes (Kazantseva et al., 2006).

LAH3/HYPT8 is a non-syndromic form of hypotrichosis which describes patients
with tightly woolly, curly hair on the scalp since birth. The hair phenotypes appear
fine, thin, fragile and hypopigmented. Patients with LAH3 exhibit normal to less
dense eyebrows and eyelashes. Additionally, they also have less dense axillary and
pubic hairs (Shimomura et al., 2008; Pasternack et al., 2008; Azeem et al., 2008). The
disease locus for LAH3/HYPT8 was localized to chromosome 13q14.11-q21.32 (Wali
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et al., 2007) and mutations in the LPAR6/P2RY5 gene on chromosome 13 have been
associated with LAH3 related phenotypes (Shimomura et al., 2008; Pasternack et al.,
2008; Ahmad et al., 2018b, present study).

Ayub et al, (2009) reported a consanguineous family belongs to Kandahr city of
Afghanistan. Affected members of the family exhibited hypotrichosis of scalp hairs.
After ritual shaving, hairs regrew which were fragile and break easily leaving behind
sparse scalp hair. Affected individuals carry generalized fluid filled vesicles
predominantly affecting the scalp and the hands. Vesicles were recurrent which upon
bursting leaving scars on the skin. They also present abnormality involving eyebrows,
eyelashes, axillary and hairs on other parts of the body. The disease locus was
localized to chromosome 18q. The candidate region resides the cluster of desmoglein
and desmocollin genes. Screening the candidate region, mutated version of the DSC3
gene was found segregating with the disease within the family.

Digenic autosomal recessive hypotrichosis was reported in two consanguineous
Pakistani families (Basit et al., 2011). Clinically, affected members have very less
dense to absent scalp hairs with shunted growth. Some patients had very less dense
eyebrows and eyelashes whereas majority of the affected individuals had normal
eyebrows, eyelashes, axillary and body hairs. No other associated abnormalities were
detected in the patients. Genotyping with microsatellite markers established linkage
on chromosome 16q21-q23.1 and 12q21.2-q22. The candidate region on 16q21-q23.1
harbor the CDH3 gene and a biallelic mutation was found in the CDH3 gene,
previously known for causing hypotrichosis with juvenile macular dystrophy (HJMD)
(Sprecher et al., 2001) and ectodermal dysplasia, ectrodyctyly and macular dystrophy
(EEM) (Kjaer et al., 2005) without retinal degeneration etc. The candidate region on
chromosome 12q21.2-q22 did not revealed pathogenic variant associated with disease
genes.

ARWH is a non-syndromic form of hair abnormality described by tightly curled hair
with restricted growth. Ansar et al, (2015) investigated two consanguineous families
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of Pakistani origin with woolly hair phenotype. Affected member in the families
exhibits characteristic soft, short and sparse scalp hair which later on transformed into
tightly curled hair. Eyelashes were sparse but had normal eyebrows. Genome scan
with SNPs was performed which identified homozygous stretch on chromosome
17q21.1–q22 harboring type I keratins cluster. Whole exome sequencing identified
biallelic sequence variant in the KRT25 gene segregating within the family, thus
implicating a novel gene responsible for ARWH phenotype.

Hypotrichosis with cone-rod dystrophy
Hypotrichosis with cone-rod dystrophy also known as hypotrichosis with Juvenile
Macular Dystrophy (HJMD; MIM 601553) is syndromic form of hair loss disorder
segregating in autosomal recessive manner and categorized by sparse to absent scalp
hair along with retinal degeneration leading to loss of vision (Sprecher et al., 2001).
Pathogenic sequence variants have been identified in the CDH3 encoding P-cadherins
mapped to chromosome 16q21-q23.1, predominantly expressed in the retina of the
eye and the hair follicles (Sprecher et al., 2001; Ahmad et al., 2016b, present study).
EEM syndrome (MIM 225280) is another autosomal recessive genetic disorder has
been shown to be cause by mutations in the CDH3 gene (Kjaer et al., 2005), and is
characterized by hypotrichosis along with macular degeneration which are common to
HJMD but also display additional EEM related hallmarks which are split-hand/foot
malformation (SHFM) thus providing significant evidence that P-cadherins not only
involved in hair and retina formation but also plays important role in limbs
development (Shimomura and Christiano, 2010).

Alopecia mental retardation syndrome is designated as APMR in the literature. The
APMR syndrome is described by alopecia totalis along with mild to severe mental
retardation. Affected member with APMR also have absent eyebrows, eyelashes, and
axillary and pubic hair. Three potential risk loci have been identified for APMR
syndrome and localized to chromosome 3q26.2-q26.3 for APMR1 (MIM 203650)
(John et al., 2006), to 3q26.3-q27.3 for APMR2 (MIM 610422) (Wali et al., 2006), to
18q11.2-q12.2 for APMR3 (MIM 613930) (Wali et al., 2007).
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Recently, Reza Sailani et al, (2017) investigated a large consanguineous Iranian
family affected with APMR syndrome. By whole exome sequencing, they identify a
homozygous variant in the AHSG (MIM 138680) gene, segregating with the disease
within the family. The AHSG gene lies in the same 17 MB linkage region reported by
Johan et al, (2006) on chromosome 3q26.2-q26.3 associated with APMR1.

Ichthyosis
Ichthyosis came from a Greek word “ichthys” meaning “fish”. It is a group of
cornification disorder which is heterogeneous both clinically and genetically. It
encompasses all forms of chronic superficial roughness and scaling of skin mostly in
association with xerosis, erythema, severe itching, skin cleavage (fissures), and in
certain rare forms accompanied by suprabasal epidermolysis. These monogenic
disorders are broadly classified into isolated ichthyosis (confined to skin only) and
syndromic ichthyosis (in association with extracutaneous involvement) (Oji et al.,
2010).
Isolated Ichthyosis
Isolated ichthyosis consists of:

Autosomal recessive congenital ichthyosis (ARCI) is clinically and genetically
diverse and heterogeneous in nature. The disorder is characterized by congenital
ichthyosis with no extra-cutaneous manifestation. It includes lamellar ichthyosis (LI),
harlequin ichthyosis (HI) and congenital ichthyosiform erythroderma (CIE). Affected
members with ARCI often combined with associated cutaneous manifestation
including palmoplantar keratoderma, hypohidrosis/anhidrosis, collodion and ectropion
(Oji et al., 2010).
So far, thirteen different types of isolated ARCI have been identified with mutations
in the distinct genes. These include; ARCI1 (MIM 242300) caused by mutation in
transglutaminase-1 (TGM1; MIM 190195) gene, located on chromosome 14q12
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(Ullah et al., 2016); ARCI2 (MIM 242100) is due to mutation in the 12(R)lipooxygenase (ALOX12B; MIM 603741) gene, located on chromosome 17p13.1
(Vahlquist et al., 2010); ARCI3 (MIM 606545) is due to mutation in the
lipooxygenase-3 gene (ALOXE3; MIM 607206), located on chromosome 17p13.1
(Vahlquist et al., 2010); ARCI4A (MIM 601277) and ARCI4B also known as
harlequin ichthyosis (MIM 242500) are due to sequence alterations in the ABCA12
(MIM607800) gene, on chromosome 2q35 (Akiyama, 2010); ARCI5 (MIM 604777)
is due to mutation in the cytochrome p450 family 4 sub-family F 4F22 (CYP4F22;
MIM 611495) gene, mapped to chromosome 19p13 (Lefevre et al., 2006); ARCI6
(MIM 612281) is due to mutation in the ichthyin (NIPAL4; MIM 609383) gene,
mapped to chromosome 5q33 (Lefevre et al., 2004); ARCI7 (MIM 615022) localized
to chromosome 12p11 and disease causing gene is yet to be identified (MizrachiKoren et al., 2005); ARCI8 (MIM 613943) is due to mutation in the lipase N (LIPN;
MIM 613924) gene, mapped to chromosome 10q23 (Israeli et al., 2011); ARCI9
(MIM 615023) is due to mutation in the ceramide synthase 3 (CERS3; MIM 615276)
gene, located on chromosome 15q26 (Radner et al., 2013); ARCI10 (MIM 615024) is
linked with sequence alterations in the PNPLA1 gene (MIM 612121), on chromosome
6p21 (Grall et al., 2012; Ahmad et al., 2016a, present study); ARCI11 (MIM 602400)
is due to mutation in the suppression of tumorigenicity 14 (ST14; MIM 606797)
located on chromosome 11q24.3 (Basel-Vanagaite et al., 2007; Ahmad et al., 2018c,
present study); ARCI12 (MIM 617320) is due to mutation in the caspase-14
(CASP14; MIM 605848) gene, mapped to chromosome 19p13 (Kirchmeier et al.,
2017); ARCI13 (MIM 617574) is linked with sequence alterations in the SDR9C7
(MIM 609769) gene, on chromosome 12q13 (Shigehara et al., 2016); ARCI14 (MIM
617571) is linked with sequence alterations in the SULT2B1 (MIM 604125) gene, on
chromosome 19q13 (Heinz et al., 2017).
Keratinopathic ichthyosis (KI) is a collective term used for the non-syndromic
ichthyosis. Keratinopathic ichthyosis is demonstrated by superficial fragility of skin,
erythroderma, neonatal widespread blisters and hyperkeratosis. Additionally,
palmoplantar keratoderma has also been reported in some cases. Disease pathogenesis
have been associated with heterozygous pathogenic variants in the KRT1 (MIM
139350) and KRT2 (MIM 600194) gene, mapped to chromosome 12q13.13 and
KRT10 (MIM 148080) gene, mapped to chromosome 17q21.2 (Oji et al., 2010).
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X-linked recessive ichthyosis is clinically described by dark brown or gray scales
affecting flexure areas, scalp, neck, trunk, abdomen and generalized dryness of the
skin. The disease is associated with pathogenic sequence variants or deletion of the
STS gene (MIM 300747), mapped to chromosome Xp22. In a majority of cases (90%)
deletions of STS gene is reported resulting in a deficiency of steroid sulfatase leading
to desquamation and dark gray scales affecting various body parts (Ali et al., 2015).
Syndromic Ichthyosis
In the literature, ichthyosis has been reported in combination with extra-cutaneous
finding such as hair, neurologic signs, trichothiodystrophy and other associated
manifestations (Oji et al., 2010).
Syndromes of Ichthyosis with Prominent Hair Abnormalities
Syndromes of ichthyosis with predominant hair defect includes Netherton syndrome
(NTS; MIM 256500) is associated with mutations in SPINK5 (MIM 605010) gene,
mapped to chromosome 5q32 (Chavanas et al., 2000); congenital ichthyosis, follicular
atrophoderma, hypotrichosis, and hypohidrosis (IFAH; MIM 602400) syndrome and
ichthyosis with hypotrichosis syndrome (ARIH; MIM 602400) have been linked with
sequence alterations in the ST14 gene (MIM 606797), on chromosome 11q24.3
(Basel-Vanagaite

et

al.,

2007;

Ahmad

et

al.,

2018c,

present

study);

trichothiodystrophy with congenital ichthyosis is associated with mutations in the
ERCC3/XPB (MIM 133510) (Weeda et al., 1997) and ERCC2/ XPD (MIM 126340)
genes (Broughton et al., 2001). Ichthyosis, split hairs and amino aciduria syndrome
(MIM 242550) is characterized by lamellar ichthyosis, splitting of the hair shaft,
amino aciduria, and mental retardation (Yesudian et al., 1977), and ichthyosissclerosing cholangitis syndrome (IHSC; MIM 607626) is caused by sequence
alterations in the CLDN1 (MIM 603718) gene mapped to chromosome 3q28
(Feldmeyer et al., 2006).

Epidermolysis Bullosa
The word “epidermolysis bullosa (EB)” is a collective term used for a diverse group
of skin disorders which are clinically and genetically heterogeneous, and signifies by
fragile skin leading to the development of blisters upon minor injury or trauma. It may
also involve mucous membrane and other organs. Current classification divided EB
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into 4 major subtypes on the basis of level of blister formation namely epidermolysis
bullosa simplex (EBS), junctional epidermolysis bullosa (JEB), dystrophic
epidermolysis bullosa (DEB) and Kindler syndrome (Fine et al., 2008).

EBS is a congenital skin condition described by the development of blisters within the
epidermis, segregating in both autosomal recessive and autosomal dominant manner.
It is further classified on the basis of level of blister formation in the basal or
suprabasal epidermis layer (Fine et al., 2008).
The genetic cause of EBS suprabasal subtypes have been associated with mutations in
the transglutaminase 5 (TGM5; MIM 603805), located on chromosome 15q15.2
(Kiritsi et al., 2010), desmoplakin (DSP; MIM 125647), located on chromosome
6p24.3 (Bolling et al., 2010), plakophilin 1 (PKP1; MIM 601975), located on
chromosome 1q32.1 (McGrath and Mellerio, 2010), junction plakoglobin (JUP; MIM
173325), located on chromosome 17q21.2 (Cabral et al., 2010; Pigors et al., 2011).
The genes involved in causing EBS basal subtype includes keratin 5 (KRT5; MIM
148040), located on chromosome 12q13.13 (Fine et al., 2014), keratin 14, type 1
(KRT14; MIM 148066), located on chromosome 17q21.2 (Fine et al., 2014),
exophilin 5 (EXPH5; MIM 612878), mapped to human chromosome 11q22.3
(McGrath et al., 2012; Pigors et al., 2014), plectin (PLEC; MIM 601282), mapped to
human chromosome 8q24.3 (Fine et al., 2014; Ahmad et al., 2018d), dystonin (DST;
MIM 113810), located on chromosome 6p12.1 (Pigors et al., 2014).

JEB is another subtype of EB segregating in autosomal recessive manner described by
the development of blisters within the dermo-epidermal basement membrane at the
level of lamina lucida. Clinically, it is further classified into JEB generalized severe
(JEB-gen sev) and JEB generalized intermediate (JEB-gen intermed) (Fine et al.,
2008).
Genetic alterations in the three genes including LAMA3 (MIM 600805) gene, located
on chromosome 18q11.2, LAMB3 (MIM 150310) gene, located on chromosome
1q32.2, laminin gamma-2 (LAMC2; MIM 150292) gene, located on chromosome
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1q25.3 have been identified for both JEB-gen sev and JEB-gen intermed (Nakano et
al., 2002).
Genes other than the above mentioned three genes, collagen type 17 (COL17A1; MIM
226650), located on chromosome 10q25.1, has been reported in JEB-gen intermed
and JEB late onset (Tasanen et al., 2000; Yuen et al., 2011) whereas integrin beta-4
(ITGB4; MIM 147557) gene on chromosome 17q25.1 has been reported in JEB-gen
intermed and JEB with pyloric atresia (Dang et al., 2008).
Three other genes including integrin alpha-6 (ITGA6; MIM 147556), located on
chromosome 2q31.1 in JEB associated with features of pyloric atresia (Ruzzi et al.,
1997), integrin alpha-3 (ITGA3; MIM 605025), located on chromosome 17q21.33 in
JEB associated with features of respiratory and renal involvement (Has et al., 2012)
and LAMA3 (MIM 600805), located on chromosome 18q11.2 in laryngo
onychocutaneous syndrome (McLean et al., 2003) has also been reported.
Dystrophic Epidermolysis Bullosa (DEB)
DEB is another subtype of EB in which the patients develop blister in the sub-lamina
densa of the skin basement membrane zone (BMZ) segregating in autosomal
recessive and dominant fashion (Fine et al., 2008). Disease pathogenesis have been
associated with variants in the COL7A1 (MIM 120120) gene mapped to human
chromosome 3p21.31 have been identified causing DEB (Fine et al., 2008; Shah et
al., 2017).
Kindler Syndrome (KS)
KS (MIM 173650) is the fourth subtype of EB, segregating in autosomal recessive
manner. KS is demonstrated by the development of blisters and skin cleavage at
multiple points and in addition skin atrophy, intolerance to light, fragile skin and skin
scaling has also been reported. KS is associated with biallelic pathogenic sequence
variants in the FERMT1 (KIND1; MIM 607900) gene, mapped to human chromosome
20p12.3 (Has et al., 2011; Shah et al., 2017).
High inbreed population is an excellent source of studying genetic disorders due to
decreased allelic and non-allelic heterogeneity and increased linkage disequilibrium
which thus provides a better way to establish associations between markers and
disease. Homozygosity or autozygosity mapping through microsatellite markers is a
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powerful technique specifically in autosomal recessive disorders to localize a gene.
Microsatellite markers are repeated sequences spread throughout the genome with a
single hit and thus predicted to provide maximum information about genetic linkage
with a minimal number of affected individuals. Each individual possesses a unique
identity by SNPs which together forms a unique stretch of DNA sequences which can
be screened by typing additional SNPs or microsatellite markers to localize the
disease locus harboring the causative gene.
DNA sequencing through Next Generation Sequencing (NGS) bring revolution in the
field of genetics and diagnosis of diseases. NGS such as exome sequencing is a time
saving and economical fast moving technology generating sequences from hundreds
of millions of short DNA fragments thus provides substantial effect towards disease
gene identification in both the research and diagnostic setting. Exome sequencing
provides the opportunity to study protein-coding part of the patient genome in a single
experiment. Whole exome sequencing is an attractive and a preferred technique due to
its wide range of applications in the area of diagnostic and research purpose across the
world.
Consanguineous unions are common practice in various regions of Pakistan due to
strict custom of marriages within the families and tribes thus providing an ideal
platform for studying genetic disorders. The present research work aimed to clinically
and genetically evaluate eighteen Pakistani families with congenital syndromic and
non-syndromic skin disorders originated from different regions of Pakistan. It
included four families with autosomal recessive congenital ichthyosis (ARCI) of
which three were of isolated form and one was of syndromic form; four families with
hair loss disorders of which three were of isolated form and one of syndromic form;
one family with ectodermal dysplasia syndactyly syndrome; one family with hair,
nail, teeth and skin type ED; one family with hair, nail and palmoplanter keratoderma;
one family with hair, nail and postaxial polydactyly; two families with hypohidrotic
ectodermal dysplasia; two families with juctional epidermolysis bullosa and two
families with autosomal dominant spoon shaped nail dysplasia.
Homozygosity mapping, using microsatellite and/or SNP markers, was used to map
the disease gene in each family. This was followed by exome and/or Sanger
sequencing to hunt down the disease causing sequence variants. Combination of these
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techniques facilitated the identification of three novel genes (ARHGAP5, NRG1,
KRT86), seven novel mutations in seven different genes (PNPLA1, ST14, LIPH,
CDH3, LAMA3, PVRL4, EDAR) and six previously reported mutations in six different
genes including LPAR6, DSP, EDAR, LIPH, RSPO4 and COL17A1.

26

CHAPTER 2
MATERIALS AND
METHODS

MATERIALS AND METHODS
Recruitment of Research Subjects and Ethical Approval
The study was carried out according to the guideline approved by Institutional Review
Board (IRB) of Quaid-i-Azam University (QAU) Islamabad, Pakistan. Informed
consent for the participation in the study and for the presentation of facial
photographs for publications was obtained from the family members and their
relatives.
The research work, presented in this thesis, included eighteen families with a variety
of syndromic and non-syndromic genetic skin disorders. These families were the
resident of remote areas in Punjab, Sindh, Khyber Pakhtunkhwa and Azad Jammu and
Kashmir, Pakistan. Each family was visited at its residential area and detailed clinical
information was recorded after interviewing parents of the affected members and
other elders in the families. The clinical data of each affected member in these
families was described and refined by medical officers working at the local
government hospitals. Elders and associated members of the family helped in
providing related information about family structure and disease history which
enabled to construct family pedigree. Standard Bennett et al, (2008) protocol was
followed to construct pedigrees. Males and females in a pedigree were designated by
squares and circles respectively. Affected and unaffected members were differentiated
by shaded and clear symbols. Diagonal line on a symbol indicates deceased members
of the family. A consanguineous union between parents was represented by double
lines. Generation gap and members in a generation were described by Roman and
Arabic numbers.

Collection of Human Blood Samples
All the participating family members including affected and unaffected underwent
blood drawing procedure which was carried out using 10 ml syringes and collected in
10 ml EDTA vacutainer tubes. Special vacutainer tubes were used for the collection
of blood sample from the children below two years and were then kept at 4 degree
centigrade.
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DNA Extraction from Venous Blood Samples
Standard Organic (Pheno1-Chloroform) method by Sambrook et al, (1989) and
commercially available kit from Sigma- Aldrich (Gene-Elute Blood Genomic DNA
kit) were used for the extraction of genomic DNA.
Standard Organic (Phenol-Chloroform) Method
In an eppendorf tube, equal volume (0.75 m1) of blood and solution A (Sucrose (0.32
M), MgCl2 (5 mM), Tris (10 mM pH 7.5)) was mixed. Following room temperature
incubation for 10-15 min, centrifugation was done at maximum speed (13,000 rpm)
for 60 sec. Pellet was recovered from the supernatant and suspended in 500 μ1 of
solution A and subjected to centrifugation at maximum speed for 60 seconds.
Supernatant was cleared and 500 μl of solution B, 14 µl SDS (20%) and 7 µ1 of
proteinase K (PK) was added to the tube containing the pellet, and left over at 65°C
for 3 hours in the shaker water bath or in the incubator at 37°C for overnight
incubation. Next day procedure began with the addition of 500 μl mixture (freshly
prepared) of equal volume of phenol and solution D (a mixture of Isoamyl alcohol and
Chloroform in the ratio of 1:24) to the eppendorf tube, mixed well, and centrifuged at
maximum speed for 10 min. The supernatant containing the DNA was transferred to a
fresh eppendorf tube and 500 μ1 of solution D was added, and again subjected to
centrifugation at a maximum speed for 10 min. The top aqueous layer was again
pipetted to a fresh eppendorf tube and 55.0 μl of sodium acetate (3M, pH 6) and 500.0
μ1 of 2-propanol (chilled). The mixture was centrifuged at maximum speed (13,000
rpm) for 600 sec to get the DNA pellet. Upon clearing the supernatant, washing of
DNA pellet was performed with 70% ethanol (chilled) and then subjected to
centrifugation for 7 min at maximum 13,000 rpm speed. Following washing, ethanol
was cleared and the pellet in the tube was vacuum dried at 30°C for 5-7 min with the
help of concentrator 5301. After drying, DNA stock was prepared by adding 160 µl
volume of TE (Tris-EDTA (10 mM Tris-HCl; 1 mM EDTA; pH 7.4) (Sigma-Aldrich,
St Louis, MO, USA)) dissolving buffer and stored at 4°C.
DNA Extraction with Commercially Available Kit
Venous blood sample was processed for DNA extraction using commercially
available GeneElute Blood Genomic kit. 200 microliter of blood, 20 microliter of PK
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and lysis solution C were mixed in 1.5 m1 of tube and then vortexed for 15 sec. After
vortexing, the sample was incubated in water bath at 55oC for 10 min. To further
proceed the process, first binding column was prepared (Sigma-Aldrich, USA) with
600 µ1 volume of Column Preparation Solution (CPS) and subjected to centrifugation
for l min at 10,000 rpm. Following centrifugation, to the lysate, 250 microliter of
ethanol (100%) was added and vortexed for 10-15 sec. The lysate was shifted to a
column (Sigma-Aldrich, USA) and centrifuged for 60 sec at a speed of 10,000 rpm.
Upon clearing the flow through, the column was shifted to a fresh 2 ml collection
tube. Washing of the column was performed with prewash solution (500 µl) and given
a 1 min spin at 10,000 rpm. The flow through was cleared and the column was shifted
to a fresh collection tube. Washing of the column with wash solution (500 µl) was
followed by spinning at maximum speed for l min. The flow through was discarded
and empty spin for 2-3 min to the column was given at maximum speed to remove the
residual wash solution. Following empty spin, DNA from the column was eluted with
200 µl of Tris-EDTA elution buffer (10 mM Tris-HCl; 1 mM EDTA; pH 7.4) (SigmaAldrich, USA) in a fresh collection tube and incubated for 10-15 min and then
centrifuged at maximum speed for 1 min. The eluted DNA was collected in fresh l.5
ml microfuge tube.

DNA Quantification
To quantify genomic DNA, Nanodrop-1000 spectrophotometer was used. DNA
quantification readings were taken at an optical density (OD) of standardized 260 nm
wavelength and diluted to 40 ng/μ1.

RNA Extraction and cDNA Construction
A total of 3 ml blood was used for this purpose. Tempus™ Blood RNA collection
tubes and Tempus™ Spin RNA Isolation kit was used to isolate of total RNA from
the whole blood following instructions contained in the kit. To remove genomic DNA
contaminant, RNA was purified using 10X DNase (Ambion®, USA) and was
immediately stored at -80°C to avoid degradation. Reverse transcriptase polymerase
chain reaction (RT-PCR) was performed to construct cDNA using RNA as a template.
TaqMan® PreAmp Master Mix kit was used following manufacturer instructions.
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Polymerase Chain Reaction (PCR)
Polymerase chain reaction (PCR) was performed in Thermocycler T3000 (Biometra,
Germany). The reaction mixture was prepared in 0.2 ml PCR tube. 25 µl of total PCR
reaction volume consists of 1 µ1 template DNA (40-50 ng/μ1), 0.2 mM of dNTPs
mix, 2.5 µ1 of 10X PCR buffer (50 mM KCl, 750 mM Tris HC1 pH 8.8, 0.1% Tween
20), 2.0 µl (1 mM) MgC12, 0.3 µ1 (10-20 pmo1) of each primer and Taq DNA
polymerase (one unit) (MBI Fermentas, UK) and final volume of reaction mixture
was adjusted with nuclease free water. Standard thermal cycling conditions includes
DNA Denaturation (96°C for 10 min)
40 cycles of polymerization consists of 3 steps:1. DNA Denaturation (96°C for 60 sec).
2. Primer attachment (55°C- 61°C for 60 sec).
3. Primer extension (72°C for 60 sec).
Final polymerization of unextended strands (72°C for 10 min).
PCR Amplification with One Taq 2X Master Mix
PCR amplification with One Taq 2X Master-Mix was carried out. A 25 µ1 reaction
mixture volume was prepared containing 10 µM of each forward primer (FP) and
reverse primer (RP), 25 ng genomic DNA, 12.50 µ1 One Taq 2X Master Mix and
final volume adjusted with nuclease free water to 25 µl. Touch-Down hot PCR
program was employed for the PCR amplification of primer against the genomic
DNA. Thermocycling conditions include:
DNA Denaturation (98°C for 5 min)
11 cycles of amplification consists of 3 steps:1. DNA denaturation (97°C for 30 sec).
2. Primer attachment (68°C for 60 sec).
3. Primer extension (68°C for 90 sec).
Further 24 cycles of amplification consists of 3 steps:1. DNA denaturation (97°C for 30 sec).
2. Primer attachment (58°C for 30 sec).
3. Primer extension (68°C for 90 sec).
Final extension of unextended strands (68°C for 10 min).
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Polymerase chain reaction was performed in SansoQuest Labcycler 96 (SansoQuest,
Goettingen, Germany). The amplified products were stored at 4oC until used.
Amplification of GC Rich Regions
Regions with high abundance of GC sequences (greater than 60%) were amplified
with One Taq 2X Master-Mix with GC Buffer. The reaction mixture was prepared in
0.2 ml PCR tube. 25 µl of total volume reaction mixture was prepared by adding 10
µM of each FP and RP, 25 ng DNA (template), 12.5 µ1 of One Taq 2X Master Mix
with GC Buffer, 0.2 mM of dNTPs mixture and DNase/RNase free water up to 25 µ1.
A Touch-Down hot PCR program was followed with same thermalcycling conditions
as described above. PCR was performed in SansoQuest Labcycler 96 (SansoQuest,
Goettingen, Germany). The amplified products were stored at 4oC until used.

Search for Diseased Gene by Linkage Analysis
Genotyping using Microsatellite Markers to Test Linkage to Known Genes
To search for the defective genes intricate in the families, presented here, initially
microsatellite markers with average heterozygosity of >75% flanking previously
reported genes/loci involved in the hereditary hair loss (HHL), ectodermal dysplasias,
ichthyosis and epidermolysis bullosa were typed. Table. 2.1 summarizes
microsatellite markers flanking the known gene/loci used for linkage analysis. The
chromosomal location and related information about the tested genes were retrieved
from human GRChg37/hg19 assembly of UCSC genome browser. The official website was used in the analysis, and genetic and physica1 locations of the microsatellite
markers were assigned using second-generation combined linkage physical map of the
human genome build 36.2 (Matise et al., 2007). Microsatellite markers were
amplified using the same PCR-based amplification protocol as mentioned earlier in
this chapter. Non-denaturing poly-acrylamide gel of concentration of 8% was used to
resolve the amplified products. After electrophoresis, the gel was stained with
ethidium bromide (EB) and genotype was assigned visually. Once a convincing
linkage was established, subsequently, the same gene was sequenced to search for a
potential disease causing variant/s.
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Human Genome Scan via SNP Microarray
Human genome scan with SNP based DNA microarray was conducted using
GeneChip Mapping 250K Nsp1 array (Affymetrix, USA) and Infinium high-density
(HD) assay (Illumina Inc, USA).
Highly purified 250 ng amount of genomic DNA was used for array-based genotyping
with Affymetrix Gene-Chip Mapping 250K Nsp1. DNA (template) was fragmented
using DMM (Digestion Master Mix) having 2 μ1 NE buffer 2.0 (10X), 1 μ1 Nsp1 and
0.50 μ1 BSA (100X; 10 mg/m1). Following digestion, Nspl adaptor ligation was
performed using T4 DNA ligase. PCR-amplification of ligated adopter along with the
fragmented DNA was performed with 2 μ1 Titanium Taq DNA polymerase (50X)
and 100 μM PP (PCR primer). For purification of PCR-based amplification, samples
were added to Clean-up plate, and purified products were eluted using RB buffer. The
products were then processed for fragmentation using Fragmentation Reagent
containing DNase l in a volume of 0.05 U/μ1 and leftover for 30 minutes at 37°C.
Following fragmentation, Labeling Master Mix (LMM) (30 mM GeneChip® DNA
Labeling Reagent and 30 U/μ1 Terminal Deoxynucleotidyl Transferase) was used to
label the fragmented product at 37°C. Hybridization Master Mix (HMM) was
employed to the labeled product, denatured on thermoblock, and then samples were
loaded onto GeneChip® Human Mapping 250K Nsp1 Array for hybridization.
Hybridization was performed for 16-18 hour in Hybridization Oven 640.
Unhybridized fragments were washed from the array and then stained using an
automated F1uidic Station 450. After staining, GeneChip® Scanner 3000 7G was
utilized to scanned the array. With the help of BRLMM algorithm, the genotype of
each incorporated SNP in the Affymetrix Genotyping Console was determined. Thus
a promising >98% call rate was achieved. SNP data was analyzed using online
AutoSNPa tool.
Illumina Infinium high-density (HD) assay was performed on Illumina human Omni
express DNA array. Genomic DNA of 250 ng was used for this purpose. DNA was
processed for denaturation, neutralization and amplification at 37°C for 22 hours.
DNA fragmentation was carried out on a specialized MSA1 plate. Fragments of DNA
were generated using fluorous multiple system (FMS) reagent for 1 hour at 37°C.
Following fragmentation and precipitated, DNA was then suspended at 48°C for 1
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hour in resin iron reagent (RA1) (Illumina, Huntsville, USA) and then denatured at
95°C for 20 minutes. The denatured DNA was then added to BeadChips for
hybridization for 20 hours at 48°C. After hybridization, washing and staining of
BeadChips were carried out. Furthermore, BeadChips were coated with XC4 reagent
and then dried. Finally, BeadChips were subjected to I-scan Scanner (Illumina,
Huntsville, USA). SNP genotypes data were analyzed with the help of Illumina
Genome Studio software.
DNA SNPs Microarray Data Analysis
SNPs data analysis was performed using online tool HomozygosityMapper (Seelow et
al., 2009). A complete penetrant autosomal recessive and minor allelic frequency
(MAF) of 0.001 models were used for multipoint linkage analysis. Founders and
reconstructed founders from the pedigrees presented in this thesis were considered for
the marker allele frequencies. MERLIN was used for the analysis of SNPs data
(Abecasis et al., 2002). Rutgers combined linkage physical map (build 37) (Matise et
al., 2007) was used to assign the genetic map positions.

Whole Exome Sequencing (WES)
Samples of interest were subjected to WES either at Cologne Center for Genomics
(CCG), University of Cologne, Germany or Centre for Mendelian Genomics,
Washington USA.
Briefly, 1 μg of genomic DNA was fragmented ultrasonically (Covaris, USA). After
fragmentation, the ends of DNA were repaired followed by adapters ligation. DNA
fragment of appropriate size were selected for the enrichment of exonic sequences and
sequences lies in the splice site using Seq-Cap EZ Human-Exome Library v2.00. The
sequencing

reads

were

generated

on

sequencer

Illumina

HiSeqTM-2000.

Approximately, 10 Gb sequence data was produced bidirectionally of 2.0 × 100 bp.
Filtration the primary data was conducted using Illumina Realtime Analysis (RTA)
software v1.8 and reads were mapped against the Human Genome reference (HGR)
build version hg19 with the help of ELAND v2 alignment algorithm. BAM file was
generated using CASAVA v1.8. SAM tools version 0.l.7.0 for call variants. Protein
changes, affected splice sites were detected using an in-house script developed at
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CCG. All variants were filtered against in-house and public databases including EVS
(Exome Variant Server), 1000 Genomes database, ExAC and gnomAD.
CCG Varbank pipeline v2.24 was used for exome data analysis. Different filtering
steps were applied to screen for rare potential variants including coverage of
minimum 6 reads, an allele frequency between 75% to 100 % for homozygous
variants and between 25% and 75% for heterozygous variants, and MAF of 0.1% in
the 1,000 Genomes dataset, gnomAD and in the EVS. The filtered variants were also
checked in the in-house database of the CCG containing exome sequencing data of
511 patients with epilepsy. The filtered variants were then subjected to Sanger
sequencing.

Sanger Sequencing
Sanger sequencing following dideoxy chain termination method was performed on
ABI3730 Genetic Analyzer using ABI Prism Big-Dye terminator kit version 3.1.0.
Sanger dideoxy chain termination sequencing of genes was performed in the families
which showed linkage to the known genes. In addition, potential variants selected in
the novel candidate genes identified through WES were sequenced in all the family
members by the same method. Sequencing data was generated for the exon and exonintrons boundaries of the gene(s). For this purpose, genomic DNA of the family
members (including affected and unaffected) was used and targeted regions were PCR
amplified. Pre-sequencing PCR reaction mixture was prepared containing 2.50
microliter DNA of affected individua1, 2.50 µ1 of each FP and RP of respective exon,
5 µ1 PCR buffer (10X), 4 µl MgCl2, l µl 10 mM dNTPs, 0.6 microliter Taq
polymerase (1.0 unit) and final volume was adjusted to 50 microliter with nuclease
free water. Thermocycler conditions were the same as described earlier in this
chapter. The PCR amplified product was run on 2% agarose ge1 to check for the nonspecificity and quality of the product. AxyPrepTM PCR Cleanup Kit (Axygen, USA)
or with exo-nuclease 1 (Exosap) purification method were followed. For this purpose,
14 μ1 reaction mixture was prepared containing 7.5 microliter of PCR amplified
product, 0.25 μl of Exo I (New England BioLab, Inc, USA), 1 μl of 10X Fast AP
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Buffer (New England BioLab, Inc, USA) and 6.25 microliter of PCR H2O. Reaction
mixture (RM) was mixed by vortexing and incubated (37°C for 15 min) in the
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thermocycler and in order to inactivate the enzyme, the samples were then reincubated at 85°C for 15 min in the thermocycler.
For sequencing PCR, a volume of 10 microliter RM was prepared containing 2 µ1 of
purified product (template DNA), 2 µ1 of sequencing reaction buffer, 0.25 µ1 of
BigDye terminator v3.1 ready reaction mixture, l µ1 of primer (F/R) and 4.5 µ1 of
PCR water. Thermalcycler conditions used included:
DNA denaturation (96oC for 3 min).
30 cycles of amplification consisting of 3 steps:1. DNA denaturation (95oC for 10 sec).
2. Primer attachment (55oC for 10 sec).
3. Primer extension (60ºC for four min).
Final extension of unextended strands (60ºC for 10 min).
Standard ethanol precipitation method was followed for the purification of sequencing
PCR product. First, to the reaction samples, 100 µl of precipitation mixture (1 µl of
Sodium Acetate (3M, pH 5.7) and 99 µl absolute ethanol) was added and then
subjected to centrifugation (3,000 rpm for 30 min) at 25ºC. After discarding the
supernatant, washing of pellet was done with 100 µl ethanol (70%) by centrifugation
(3,000 rpm for 8 min) at 25ºC. After washing and drying, 20 µ1 of Hi-Di- formamide
to dissolve the pellet, and then loaded into the sample loading tray, and then
sequencing was performed with ABI3730 DNA analyzer.
Sanger Sequencing Data Analysis
To identify the potential variants(s), Sanger sequencing data analysis was done by
aligning it against the reference sequence obtained from UCSC human genome
database using BioEdit sequence alignment software, BioEdit editor version 7.2.3.
The sequencing data was aligned with the reference sequence using Clustal W tool.
After analysis, the identified variants were checked in the dataset of nucleotide
sequences obtained from the 200 healthy Pakistani individuals. The disease causing
nature of variants was identified using multiple online protein prediction tools such as
Polyphene 2, SIFT and MutationTaster. Furthermore, to exclude frequently reporting
variants, different public databases like ExAC, gnomAD, 1000 genomes and dbSNP
were consider and the variants were cross checked.
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In Silico Analysis and Evolutionary Conservation
In silico analysis of variants were performed to check the damaging effect of variant
on the protein using different online protein prediction tool like Mutation Taster
software, PolyPhen-2.0, SIFT. Multiple sequence alignment tool ClustalW was used
to determine the evolutionary conservation of amino acids.
Number of Genes Sequenced
Screening and selection of candidate genes lie within the linkage intervals were based
on the information on their functional and tissue specific expression that correlates
with the disease pathogenesis, animal model, sub-cellular localization, available at the
online databases of UCSC and NCBI. Coding exonic and the adjacent flanking splice
sites sequences of the genes were considered for primer designing using online
Primer3.0 (Rozen and Skaletsky, 2000) and online AmplifX software (v1.5.4.0).
Details information about primers are listed in Table. 2.2-2.14.
In order to find functional pathogenic sequence variant(s) in the families included in
the present thesis, 9 candidate genes were sequenced including HR (MIM 602302),
lipase-H (LIPH; MIM 607365), U2HR (MIM 146550), LPAR6 (MIM 609239), DSP
(MIM 125647), ST14 (MIM 606797), PNPLA1 (MIM 612121), COL17A1 (MIM
113811), EDAR (MIM 604095). In addition to these, sequence variants identified after
WES were Sanger sequenced for co-segregation analysis in the families. This
included seven genes CDH3 (MIM 114021), LAMA3 (MIM 600805), PVRL4 (MIM
609607), NRG1 (MIM 142445), ARHGAP5 (MIM 602680), KRT86 (MIM 601928)
and RSPO4 (MIM 610573).

Protein Modeling and Molecular Docking Analysis
In order to study and evaluate effect of pathogenic mutations on structure and
function of the protein, protein modeling and molecular docking analysis were carried
out. Computational approaches such as comparative protein modeling was carried out,
and protein tertiary structure was generated using the available protein and its
sequences information (Tramontano, 1998). The primary sequence of protein was
retrieved from UniProt and to get suitable template, it was BLAST with online data
bank of protein (http:// www.rcsb.org). The three dimensiona1 structure of protein
was generated using SWISS-MODEL software (Schwede et al., 2003), and visual
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inspection of structure was done using PYMOL viewer (http://www.pymol.org).
Ramachandran Plot and ProSA server were used to validate and evaluate the qualities
of models (Lovell et al., 2002). ZDOCK server was utilized for protein-protein
docking to predict and evaluate the interactions (Pierce et al., 2014).

Mini-gene Splice Assay
Aberrant splicing as a result of donor splice site variant, identified in the KRT86 gene
was evaluated using Mini-gene splice assay. This assay was carried out using
Gateway® Technology (Invitrogen life sciences, Darmstadt, Germany).
Amplification of Genomic DNA of KRT86 with Gateway Primers
A pair of primers were designed (Table. 2.12) with the help of CLC Genomics
Workbench v7.0.3.0 to amplify the splice donor site variant along with flanking exons
and introns. These primers were used to amplify a region of 2.5Kb. DNA of affected
and normal individuals was used and PCR amplified with Q5® High-Fidelity 2X
Master-Mix. PCR reaction mixture was prepared containing 12.5 µ1 of Q5® HighFidelity 2X Master-Mix, 1.25 µl of each FP and RP, 2 µl of genomic DNA and 8 µl of
PCR water. SansoQuest Labcycler 96 thermocycler (SansoQuest, Goettingen,
Germany) was used and PCR conditions used included initia1 denaturation of DNA
(98ºC for 30 seconds), followed by three repetitive steps of denaturation (98ºC for 10
seconds), primer annealing (65ºC for 20 seconds) and primer extension (72ºC for 80
seconds) for 35 cycles and final extension at 72ºC for 2 minutes. Amplified product
was resolved on 2% agarose ge1.
BP Recombination Reaction
BP recombination reaction was carried out between an attB-flanked DNA fragment
and an attP-containing donor vector (pDONR 211 vector). The reaction was carried
out in 1.5 ml tube containing BP PCR reaction product (1.5 µl), pDONR 211 vector
(1.45 µl) and 5X BP Clonase™ reaction buffer. After vortexing and short spun, it was
kept at room temperature for incubation for 1 hour.
Transformation into E-coli Competent Cell
DH5α strain was used for transformation of competent E-coli cell. 50 microliter of
competent E-coli cell was added to the reaction tube, mentioned above, and mixed
carefully without vortexing and then incubated at 42ºC for 45 sec in the thermoblock.
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After incubation, immediately the samples were added with 300 µl of Luria-Bertani
(LB) liquid medium without antibiotics and again incubated for 1 hour at 37ºC in the
thermoblock (1000 rpm). Following incubation, 100 µl of the cell suspension taken
and was spread on LB Kanamycin agar plate and kept in incubator at 37ºC for
overnight incubation. After successful growth of colonies on the plate, inoculation of
3 ml of liquid LB Kanamycin medium was performed with one colony (eight colonies
in total) and kept in shaker incubator at 200 rpm for overnight incubation at 37ºC.
Plasmid DNA Extraction
After successful growth in the liquid LB Kanamycin medium, the samples were
subjected to plasmid DNA extraction with the help of ZyppyTM plasmid Miniprep kit
using manual intructions. Control digestion of isolated plasmid DNA was performed
with an appropriate restriction enzyme (ApaL1 and Nde1) with buffer (NEB 2.1). The
digestion was performed in PCR tube containing 5 µ1 of PCR water, 1 µ1 of
restriction buffer, 1 µl each of restriction enzyme 1 and restriction enzyme 2 and 2 µl
of plasmid. The samples were incubated at 37ºC for 2 hours in the Heratherm IGS180
Incubator (Thermo Scientific, USA). The digested products were run on 1% agarose
gel. Positive colonies were Sanger sequenced with appropriate primers given in Table.
2.13.
LR Recombination Reaction
LR recombination reaction was carried out between an attL-containing entry clone
(pDONR vector including the insert) and an attR-containing destination vector
(expression plasmid (pSplice plasmid)) to generate an expression clone. The reaction
was performed in 1.5 µl microcentrifuge tube containing 1.5 µl pDONR vector
including the insert of interest, 1.5 µl expression plasmid (pSplice plasmid) and 1.5 µl
5X LR clonase™ reaction buffer and incubated at 37ºC for 1 hour. After incubation,
transformation into the competent E-coli (DH5α) cell, colonies growth on LB
Kanamycine plate, inoculation in the liquid LB Kanamycine medium, plasmid DNA
extraction, control digestion with restriction enzyme and Sanger sequencing was the
same as described in the previous section of this assay.
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Transfection in Hela Cell Lines
Transfection in Hela cell was carried out in 96 wells plate in which cells were seeded,
and upon 70-90% confluent after incubation at 37 ºC for 24 hours in CO2 (5%),
recombinant extracted plasmid (2 μg) was added for transfection with the help of
fugene HD transfection reagent according to the manual instructions. Transfection of
mutant-type and wild-type KRT86 construct in Hela cell lines was performed in
triplicate, and then kept in the incubator for 48 hours at 37ºC in 5% CO2. Following 1
hour initial incubation, the media was changed. After 48 hours of incubation, RNA
isolated by Nucleospin RNA extraction kit following manufacturer instructions. From
RNA, cDNA was constructed with the help of Revert Aid First Strand cDNA
Synthesis Kit following instructions outlined in the manual. Specific KRT86 gene
primers set (Table. 2.14) was used to amplify cDNA and the PCR-amp1ified products
were then resolved on 1% agarose ge1. Following amplification, bidirectional Sanger
sequencing was carried out to validate the sequence.
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S.No

Phenotype

Chromosome

01

Lamellar
ichthyosis

6p21.31

02

Ichthyosis with
hypotrichosis
syndrome

11q24.3

03

Netherton
syndrome

5q32

04

Ichthyosissclerosing
cholangitis
syndrome

3q28

05

Localized
Autosomal
Recessive
Hypotrichosis
(LAH1)

18q12.1

06

Localized
Autosomal
Recessive
Hypotrichosis
(LAH2)

3q27.3

07

Localized
Autosomal
Recessive
Hypotrichosis
(LAH3)

13q14.2

Gene

Markers
D6S1568
D6S439
PNPLA1 D6S1051
D6S1548
D6S943
D11S4091
D11S4123
ST14
D11S4150
D11S4131
D11S874
D5S2847
D5S2490
SPINK5 D5S434
D5S1469
D5S2013
D3S3628
D3S3596
CLDN1 D3S1580
D3S3530
D3S1294
D18S877
D18S965
DSG4
D18S47
DSC3
D18S456
D18S1133
D3S3583
D3S3592
LIPH
D3S1530
D3S1617
D3S1602
RH9514
RH42051
LPAR6 D13S1307
D13S165
HS126ZA5

cM*
56.26
57.00
58.42
59.76
60.29
144.06
145.13
146.09
152.89
155.18
152.54
152.54
152.88
155.90
155.91
203.5
204.1
205.83
207.05
207.74
51.98
53.29
54.83
55.74
56.29
205.94
206.82
208.48
208.47
209.79
51.58
52.00
52.00
52.38
52.84

Mb+
34.1
35.2
36.7
37.6
38.2
128.4
128.8
128.9
131.6
132.3
147.6
147.7
148.0
148.0
150.3
187.8
188.1
188.6
189.2
189.7
26.82
27.10
29.88
31.26
32.19
184.3
184.5
185.4
185.9
186.1
48.92
48.99
49.30
50.02
50.41
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S.No

08

Atrichia with
Papular Lesions

8p21

HR
U2HR

09

Hypohidrotic
ectodermal
dysplasia

2q11-q13

EDAR

10

Hypohidrotic
ectodermal
dysplasia

1q42.2-q43

EDARADD

11

Odonto-onychodermal dysplasia

12

Cardiomyopathy
, dilated with
woolly hair and
keratoderma

2q35

6p24.3

WNT10A

DSP

D8S282
D8S1116
D8S322
D8S136
D8S1733
D2S340
W5228
W6748
D2S1891
W4819
D1S517
D1S2670
D1S1149
D1S1594
D1S2785
D2S173
D2S104
D2S1338
D2S163
D2S1242
D6S1668
D6S1547
D6S1674
D6S410
D6S940

39.81
41.93
42.82
43.63
43.89
122.08
122.14
122.08
122.08
123.64
263.64
263.89
265.45
267.2
268.13
219.91
219.91
221.61
223.93
224.10
18.14
20.85
22.28
23.33
26.02

22.06
21.53
22.06
22.53
22.62
108.39
108.43
109.33
109.57
109.73
239.29
239.48
240.08
240.71
240.81
218.00
218.05
218.11
220.02
220.45
6.74
7.61
8.14
9.09
9.94

cM* (centiMorgan), Mb (mega base pairs)
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S.No
1

PNPLA1-1F

CCAGCTTCCGAATTCTAGGT

2

PNPLA1-1R TAAGGCATCGGGTTGAGC

59.9

3

PNPLA1-2F

58.4

4

PNPLA1-2R TCTCCAACTCTAGGTCCTCC

5

PNPLA1-3F

6

PNPLA1-3R CCCCAGTGGCTCTCTAACC

64.5

7

PNPLA1-4F

AATTCAAGAGCAATGGGAGT

56.3

8

PNPLA1-4R CCCTTTACATGGAGATCCTAC

60.6

9

PNPLA1-5F

55.3

10

PNPLA1-5R CGGTTATCAGCCCTGGTGT

62.3

11

PNPLA1-6F

62.4

12

PNPLA1-6R GCAGCTAAGGTGGTGGAAG

13

PNPLA1-7F

14

PNPLA1-7R CTCGGAATCTCTCTGAACAC

AATTTAAGGAGGTCTGGGCT

ATGGGCCATTTCGATGTAC

TTTTGCAAAGGCCATGCT

AGTCCCACGACATGACTCTG

GGGTTGAGAACCACAGC

60.4

452

296

62.4
58

361

371

753

332

62.3
59.6

311

60.4

S.No
1

ST14-1F

GGACGACGCCTGTGAGAC

58

2

ST14-1R

CTGTGCGCCCAGAGCTC

60

3

ST14-2F

GTAAGCAATGATCGCCTGG

57

4

ST14-2R

CGTGTACTCAGTAGGTGGCC

56

242

530
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S.No
5

ST14-3F

GGCCACCTACTGAGTACACG

56

6

ST14-3R

GGTCCCCTTTGCAGATCAC

58

7

ST14-4F

GACATGCCTCGCCTGTG

58

8

ST14-4R

GTAACGCACAGGAGGACACAG

59

9

ST14-5F

CATGTGTCCTGGAGTCGC

56

10

ST14-5R

CAGCACGTAGTCTTCTCTCTGG

57

11

ST14-6F

CCAGAGAGAAGACTACGTGCTG
G

61

ST14-6R

CTGGGCCTCGGGAAATCAG

63

13

ST14-7F

CAGGCCCTTCTGAGAAGC

57

14

ST14-7R

CCCAATCGTTGAAGAAGC

55

15

ST14-8F

GTGGATGGGACCAGAGTTAGG

59

16

ST14-8R

CTGACCTAGGCCAGCTCG

58

17

ST14-9F

CTGAAGCTTGAGCCAAAGGC

60

18

ST14-9R

CACGACATCTGGCTGCCTC

61

19

ST14-10- CTGGTCCATGCCGCTGC
11F

21

22

ST14-10GACACAGTGTGTGCCAGCG
11R
ST1412F
ST1412R

GGAACCCCTTTGTCACAGC

368

366

330

12

20

433

486

388

555

63
663
60
59
456

CAGGCCAAGATCTCCATATGG

60
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S.No
23

ST14-1314F

GGTATCTCGGAAGTGCTGAG

57
661

ST14-1314R

CTGCTACAGGTTCTCCACC

55

25

ST14-15F

CCATTGGTGGTTTCTGG

55

26

ST14-15R

GAGCTGCTAAGTGAGGTGC

56

27

ST14-16F

GGCACACACTGCATGTCC

57

28

ST14-16R

CGGTGCCAACCTATCCTG

58

29

ST14-17F

CCATCGTCTTCTCGTAGCA

57

30

ST14-17R

TTACTAAAGGCCTCCATTCC

55

31

ST14-1819F

CTGAGTAGACGCGGATTACC

56

24

346

559

705

ST14-1819R

GAGGCTGAGGAAGCGAGAG

1

LIPH-1F

AAAGATCCTGAAAGGGTTGG

58.1

2

LIPH-1R

CTATGGACTTAAGTTCACCG

52.5

3

LIPH-2F

ATAGAACAGCACTCTTGCTT
G

55

32

305

59

S.No

529

4

LIPH-2R

5

LIPH-3F

CTCCAAAGTCAACAGCCAGG

60.8

6

LIPH-3R

CCACACTCAGAGAGGTTAGG

54.8

GCTCACTGTAGCTATCTCTTG

333

52.1

323
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S.No
7

LIPH-4F

TCATCCAGAAGGATCAAAGG

57.5

8

LIPH-4R

TAGAGGAACCTGATCTGCTC

54.5

9

LIPH-5F

TTCCTGCTTATACCTGGCAGG

61.5

10

LIPH-5R

TCGTCTCAAACTCCTGACCTC

59.5

11

LIPH-6F

AATACACTGAAAGAGCGCAGG

59.5

12

LIPH-6R

GGATTACAGGCATGAGCCAC

60.5

13

LIPH-7F

CTCTCAGAAGTGGTGGATAC

54.4

14

LIPH-7R

TCCAGCTCCAAAGTTGATGC

61.3

15

LIPH-8F

CTTTGCAGAGAAACCAGAGAG

56.9

16

LIPH-8R

GCAACTAAGCAATAGTTCCCC

61.3

17

LIPH-9F

TACCAGTGACTTGCAGGCTTC

60.4

18

LIPH-9R

CCCATCATGTCCCTCATTGTG

63.5

19

LIPH-10F

TGGGATTACAGGCATGAGTC

58.5

20

LIPH-10R

ATGTGACATCCATAGGACGC

58.4

277

310

433

327

389

377

394

S.No
1

LPAR6-1F1

CTGAATCCCAAAGGAGACTG

57.3

2

LPAR6-1R1

GCTTCTGAGGCATTGTTACC

57.4

3

LPAR6-1F2

TGGTTAACTGTGATCGGAGG

58

4

LPAR6-1R2

CCCAGTGAGTCCTAATGG

54

567

640
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S.No
1

HR-2F1

CTTGCCTTACTGGTTTGAGC

57.6

2

HR-2R1

AGCCAGTTGACCTTCCTCTC

58.5

3

HR-2F2

AGGACATGCTCCCACTTGTG

61.1

4

HR-2R2

AGACAATGGGTGAGTCAGTG

56.0

5

HR-3F1

GTGAGGGCTTCAGTATTCTC

53.9

6

HR-3R1

GAGGCCTTGTTCACTTCCTC

58.9

7

HR-3F2

AGAATCCTTGCCCGCTCTTC

63.3

8

HR-3R2

TGTGGTCCACTCATAAAGCC

58.0

9

HR-4-5F

TGGTCCACTCTTGCTGGTTC

61.3

10

HR-4-5R

TTCTGAGGTTGCCTTAGGTC

57.0

11

HR-6F

TGGAAGCTGCTCCTTGCTTC

64.2

12

HR-6R

AAGGGCATTGAGCCATGGTG

65.5

13

HR-7-8F

ATGTCCTGACCTTCTCTGAC

54.0

14

HR-7-8R

CAGGCTTCTCTCTCTTCATC

54.2

15

HR-9F

GGTAGAAGTCCATGAGCAAC

54.8

16

HR-9R

AAGGTGTTTGGAGGCATGTC

60.0

17

HR-10F

TGCAGGAAAAGCAGTAGAGC

58.4

18

HR-10R

CACAGGGGCTTAGGACCCAC

64.0

19

HR-11F

TAGGAGCCAGGGGACCAGAG

63.9

20

HR-11R

TAAGGGCAGTAGAACAGCTC

54.9

430

644

594

725

678

423

573

422

429

459

46

S.No
21

HR-12F

AGCTGTTCTACTGCCCTTAC

53.9

22

HR-12R

CAGCAACACCTGCTTCCAGC

64.4

23

HR-13-14F

CTGGAAGCAGGTGTTGCTGC

64.4

24

HR-13-14R

GAGATGACAGGCAGACAGGC

61.0

25

HR-15-16F

TTGAGGCTGGTCTCAAACTC

58.0

26

HR-15-16R

TTCTCTGCACCTGTCTGTGC

60.2

27

HR-17F

AGCCAAATGTGTGTTCTGCC

61.1

28

HR-17R

TGACTTCAAGGCCTCTTGGC

62.8

29

HR-18F

GACTTTAGGGTCTCTCCAGC

55.6

30

HR-18R

GGATCTGCTATGTCCACTGC

58.3

31

HR-19F

AGTAGACGTGGGGTTTCACC

58.9

32

HR-19R

TTGACCAGAAATCCCCAAGT

59.4

1

U2HR-F

CAGCTTCCCCACTCTCAGTTGC

65.7

2

U2HR-R

CCTGAAAGTTAGGAAGCCCG

61.1

1

KRT86-1F

GCCTTCTAATTGCTCCGACC

59

2

KRT86-1R

GCATCTTGAGTGCCTGTGTG

58

366

552

624

529

417

378

S.No

740

S.No

711

47

S.No

Product(bp)

3

KRT86-2F

GACACAGATCATGACCAGG

53

4

KRT86-2R

CCTCTTACACAGGTGTCTGG

54

5

KRT86-3F

GTGTGATGTGATGGTGGC

55

6

KRT86-3R

GGTGCTGGTAGATATTCCC

53

7

KRT86-4F

CAGGCTTCATGGAATGGGTG

62

8

KRT86-4R

GCCTCAGGGACTGCAACCTC

63

9

KRT86-5F

GAGGTTGCAGTCCCTGAGGC

63

558

338

287

431
10

KRT86-5R

CCTACCACCCCAACATCAGAG

60

11

KRT86-6F

CTCTGATGTTGGGGTGGTAGG

60

12

KRT86-6R

CACCTGGGACTCACAGAGAC

56

13

KRT86-7F

GTCTCTGTGAGTCCCAGGTG

56

14

KRT86-7R

GAACATGAGAGACTCAAACGG

55

15

KRT86-8F

GTGACCCGAGTCTACACTGGC

60

16

KRT86-8R

CAGAGATCGCCACAGACAACG

62

17

KRT86-89F

GTGACCCGAGTCTACACTGGC

55

KRT86-9R

GGACAACAAATTGACTACCAG
G

18

418

538

372

748
57

S.No
1

DSP-1F

GCCGACCAACACCAACAC

60.1

2

DSP-1R

TACGACCGAGTCCCTGTTC

59.3

667

48

S.No
3

DSP-2F

AGGGCATGGTTATTCTCAAGTG

58.8

DSP-2R

CGTGAAAGAGGTCAGTGAATA
GG

59.2

5

DSP-3F

TCATGAATCTCCGTCTGTTTAC

56.0

6

DSP-3R

CCCTGGGTCATGGAATTG

55.9

7

DSP-4F

CGCACTTTGAACCTCTTCCT

58.6

8

DSP-4R

CCCAAGCCACACTGAAATCT

58.7

9

DSP-5F

TCTGAAGTAAAGCCGTGATG

55.7

10

DSP-5R

GAAGAAACTCCCTGGGATTG

56.4

11

DSP-6F

GTCTTTAAGTGACCCTGATCTG

56.5

12

DSP-6R

CAACATTAGCATCGATGAACAG

55.7

13

DSP-7F

CCAGGTGGTCAGTGAATGC

59.3

14

DSP-7R

TGTTGTTGCCCTCGATGTATC

58.7

15

DSP-8F

CAGCGTGATTCTTTGGCATTG

58.9

16

DSP-8R

AGTTGGCACGGCTTTAAGTC

59.2

17

DSP-9F

CATGGTGTCTATTTGTGAAAGC

55.9

18

DSP-9R

CTTTGACAGGTGGCTAAAGG

56.3

19

DSP-10F

TGCCATCAGTCCTACAAATAG

55.1

20

DSP-10R

AGAGTAGTTGGGCATGTAAAG

55.3

21

DSP-11F

AGCTTCTGGAGAGTGTTGTC

57

22

DSP-11R

TGTTCCATAGCTGCTGATTTC

56

23

DSP-12F

TCGGTATTGTTGGGTTGTATG

55

24

DSP-12R

CATCGTGTGTCTAAGCTTCAG

56

454
4

400

581

300

413

595

338

553

488

482

412

49

Tm(oC)

S.No
25

DSP-13F

TGAGCGTGTCCAGGTTTC

57.2

26

DSP-13R

TGCTAATCCCTCCTGTTCTC

56.3

27

DSP-14F

GCTTTGAGTCCCATCTAGTG

55.5

28

DSP-14R

ACGAAGAACACTGGCTATATAG

55.2

29

DSP-15F

CCAGTGTTCTTCGTGCACTA

57.8

30

DSP-15R

CCAGCCTGATAACCGTCTAC

57.4

31

DSP-16F

ACCATGGAAGTTGACTGATGTG

58.5

32

DSP-16R

GCGAGGCTAGCGGAATTAAC

59.1

33

DSP-17F

GCTTTGACGTTGTTCCCTTTC

58.2

34

DSP-17R

TGGCCACTGAAACCCAATAATC

58.9

35

DSP-18F

TCCCTGGATTGACTGTTAACAC

57.9

36

DSP-18R

TCAGTGGTTCCCTTCAAGTG

57.3

37

DSP-19F

CAAGTGAATTTCTGGGTGATTC

55.6

38

DSP-19R

CCTCTGGGCATTCTTTAAGC

56.4

39

DSP-20F

GCTTGCTTCTCTTCTCTGAATG

57.4

40

DSP-20R

ACCTACCACCAGTCAAAGAATA
G

57.5

41

DSP-21F

ATTAGACGTGCAGCCCAATG

58.6

42

DSP-21R

CACACTGGAGGGCACATAAC

58.5

43

DSP-22F

TCAGAGACTATCGTACCTGTCA

57.5

44

DSP-22R

CCCAGACTTACAAACAAGCA

55.8

Product(bp)

384

426

557

479

359

420

397

500

393

493

50

Tm(oC)

S.No
45

DSP-23F1

46

DSP-23R1 TCTCGTACTCCTTCTCCTTGAT

57.7

47

DSP-23F2

58.0

48

DSP-23R2 CTTGGCCTCCTCCTGAAAC

57.7

49

DSP-23F3

CCTGTGGCTCTGAGATAATGC

58.5

50

DSP-23R3 TCCGGTCATTTGTTTCTTTGTC

57.4

51

DSP-23F4

GGAGGTTGAGCTGAGACAAG

57.9

52

DSP-23R4 TGAGCTTGTTTGACACTTTCC

56.9

53

DSP-23F5

57.6

54

DSP-23R5 GCAGAAAGAGCACAGTTCAG

57.0

55

DSP-24F1

55.9

56

DSP-24R1 GGGAGCGTTCTGTTTCTAAC

56.4

57

DSP-24F2

57.5

58

DSP-24R2 TGTCGACAGTCAGCTTCTC

59

DSP-24F3

60

DSP-24R3 CAGTGGACGGTCTCAATATACC

61

DSP-24F4

62

DSP-24R4 GGCTCTCCTTTGGGTCAATG

58.9

63

DSP-24F5

GAGCTGTCACTGGGTATAATG

55.8

64

DSP-24R5 TGCTCACACAGTTCTTTGAAG

56.6

65

DSP-24F6

55.5

66

GCCTAGTCACTCTTTGCATGTA

GATCACCCGACTGACTTATGAG

CATGAGGAGGTCGCTGAAG

ATAACAAGCTCACAGTGTATCC

CGCAAGGAGGAGGCTATTAG

GCCCAGAATCCACAGTCATG

TGAAGGAACGGTGCAGAATC

GTTGACCCAGAAACCAATAAA
G

DSP-24R6 GTGGTTGGGTGGATGATG

58.1

Product(bp)

568

688

657

696

656

680

595

56.8
58

576

58
58.1

594

496

590
55.2

51

Tm(oC)

S.No
67

DSP-24F7

GCGTCAGGAATTTAACCATAAG

68

DSP-24R7 TCTACCATGGAGCGATTTATG

55.2

69

DSP-24F8

58.1

70

DSP-24R8 AAAGCCAGAACAGCCTTTAC

GGAAGTGCATGGGAGGATAAG

COL17A1- ATCCCAGCAAAATGAGGTG
10F

2

COL17A1AGGATGGCAAACATTCTGAG
10R

3

COL17A1- CACGTCGTTGAAAGCAAG
16F

4

COL17A1AGAGTCTGGTGGCTTCTGTG
16R

5

COL17A1- ATCCCTTGTGTCAGGCTCTC
18F

6

COL17A1CGCTATTGAGAGGATCAGGG
18R

7

COL17A1- TGAATCCCACTAGTGACTGC
21-22F

8

COL17A1CTCCAGAGCCTAAAACAAGG
21-22R

9

COL17A1- AATGTGCTTCAAGGCCAC
30-31F

10

COL17A1GCACACACATGCCTACATC
30-31R

592

569

56.2

Tm(oC)

S.No

1

55.5

Product(bp)

Product(bp)

57
337
57
55
281
55
55
453
55
55
386
55
57
536
57

52

Tm(oC)

S.No

11

COL17A1- CAGCAATCATGGATCTTGG
42-43F

12

COL17A1GATGAGTACTTGCTGCCATC
42-43R

13

COL17A1- GCATGTTATCATGTGCTTCAG
46F

14

COL17A1AAACAGCAAACGAGGAGATG
46R

15

COL17A1- AGGAGCCAGTTTGTGCAG
48F

16

COL17A1TCACAGGGAAGTTCACGC
48R

17

COL17A1- CTCTTCTGTATCCGACCTCC
49-50F

18

COL17A1GAGCACTTAGACTGCCCTTG
49-50R

19

COL17A1- ATCCCCTCCTTTCAGGTG
51F

20

COL17A1CTTTAAGTGCCTCCCTGC
51R

21

COL17A1- TCTCTCAGGGGCATTGAC
52F

22

COL17A1CTGGGGGTTCCACAAAC
52R

23

COL17A1- TTTGGGAGTTTGACACTCGG
53-54F

Product(bp)

57
379
57
57
315
57
63
319
63
57
473
57
61
334
61
57
578
57
59
814

24

COL17A1GGAGCAGTCAACACTTACCTTT
53-54R
G

59

53

Tm(oC)

S.No
1

EDAR-2F

AGCTTCAGCTTCATGTCTGC

58

2

EDAR-2R

GGGACTATGATCAGCATTCC

57

3

EDAR-3F

CCAGGTGATCAACCAGGAGC

63

4

EDAR-3R

CCTGAGCCTGCCTTGCTGTG

66

5

EDAR-4F

GACAACTCAGGAAACCAAGG

57

6

EDAR-4R

GGAGACACAGAGGCAGAGC

58

7

EDAR-5F

CTGTCCAGCTCACCTGTCTC

58

8

EDAR-5R

GATTCACCTTGTCCAGGTG

56

9

EDAR-6F

GAATCCAGATCCATGAGCTC

57

10

EDAR-6R

GAAGCGCACCATAATCATC

56

11

EDAR-7-8F

CAGGGTTCCCTGAAAGCATC

61

12

EDAR-7-8R

CATGTGAGAGCAGAAGCAGC

59

13

EDAR-9F

CTCTGCCCAACAGGAAGAGC

62

14

EDAR-9R

CCTCACACCACCTGACCCCT

64

15

EDAR-10F

CACAAGGTGCCCAGTAAACA

59

16

EDAR-10R

TCTTGCAGGAGAGCTGATTC

58

17

EDAR-11F

TGCTGACATGGAGGATTTGC

62

18

EDAR-11R

CAGTTCCCCTCACAGGAGCC

64

19

EDAR-12F

AGGGTACATGCACAGCCCTC

62

20

EDAR-12R

TTGGCACCACTCACAGCTCC

64

Product(bp)

328

404

540

239

276

516

343

402

230

611

54

Tm(oC)

S.No

1

2

KRT86
attB1-F

KRT86
attB2-R

GGGGACAAGTTTGTACAAAAA
AGCAGGCTAATTCCAAGCTGGA
GGCTGC

65

GGGGACCACTTTGTACAAGAAA
GCTGGGTCTAGCACCTCTTACA
GCTGC

65

1
2

3

4
5

S.No

2500

Tm(oC)

S.No
KRT86-F1

GATGCCCGCTGCAAGTTG

60

KRT86-F2

GGACAGCTTCAGATAGATGACA
C

57

KRT86-F3

GGAGATGGCATTGGAATCTGAG
TG

64

KRT86-F4

CGCAAGAGATCTACGAAGTAG
G

57

KRT86-R1 CCACCACGTTGCTGTTGC

Primer
Name
KRT86cDNA-2F

Sequence (5'→3')
GATGCCCGCTGCAAGTTG

Product(bp)

2395

62

Tm(oC)

Product(bp)

64
260

1
KRT86cDNA-2R

Product(bp)

CCACCACGTTGCTGTTGC

64

55

CHAPTER 3
GENETICS OF
SCALY SKIN
DISORDERS

GENETICS OF SCALY SKIN DISORDERS

Syndromic form of ichthyosis, particularly the one which is associated with hair
abnormality has been associated with mutations in the genes SPINK5 (MIM 605010)
(Chavanas et al., 2000), ST14 (MIM 606797) (Basel-Vanagaite et al., 2007; Ahmad et
al., 2018c, present study), ERCC3/XPB (MIM 133510) (Weeda et al., 1997), ERCC2/
XPD (MIM 126340) (Broughton et al., 2001) and CLDN1 (MIM 603718) (Feldmeyer
et al., 2006). Gene for another syndromic form of ichthyosis where it is associated
with amino aciduria and splitting of scalp hairs (MIM 242550), reported by Yesudian
et al, (1977), has not been characterized yet.
In the current chapter of this thesis, four consanguineous families of Pakistani origin
with scaly skin disorders were clinical and genetic characterization evaluated. This
included three families segregating isolated ARCI (A-C) and one family (D)
segregating syndromic form of ARCI. The available DNA samples of the families
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were subjected to homozygosity mapping. This was performed using either SNP or
microsatellite markers. Search for the potential disease causing variants was carried
out by exome and Sanger sequencing.

Family A
History and Clinical Features of the Family
Family A (Fig. 3.1) was sampled from remote area in district Bannu of Khyber
Pakhtunkhwa (KPK) province, Pakistan. ARCI related clinical hallmarks were visible
in the affected members. The seven generation pedigree had 6 affected individuals
(IV-2, VI-3, VII-2, VII-3, VII-4, VII-7) and 10 unaffected individuals (IV-5, IV-6, V3, V-4, V-5, VI-4, VI-5, VI-7, VII-5, VII-6) (Fig. 3.1). All these provided blood
samples for the study.
Affected members in the family were born after full-term uncomplicated pregnancies.
No signs of ectropion or collodion membrane were observed at the time of birth. They
had generalized slightly thick, dry, dark brown scales on the body. Scales were more
prominent around the neck, shoulders, chest, back and belly with mild
erythroderma of skin lesions (Fig. 3.2).

Family B
History and Clinical Features of the Family
Family B (Fig. 3.3) was the residence of Swat valley in KPK province, Pakistan.
Affected members in the family manifested typical clinical hallmarks of ARCI. The
four generation pedigree had two affected individuals (IV-3, IV-6) in the fourth
generation and two unaffected individuals (III-4, III-5) in the third generation (Fig.
3.3). All these provided blood samples for the study.
Affected individuals exhibited dark brown scales especially on the abdomen. Fine,
dry scales associated with exfoliation were observed covering nearly the entire
cutaneous surface. Severe dry thick scaling on the limbs and thickened, mildly
hyperkeratotic skin around the knee were also observed in the affected members (Fig.
3.4).
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Family C
History and Clinical Features of the Family
Family C (Fig. 3.5) was the residence of a remote area of district Lakki Marwat in
KPK province, Pakistan. Affected members showed typical features of ARCI. The
four generation pedigree had two affected (VI-1, VI-3) and four unaffected
individuals (III-1, III-3, III-4, IV-2) whose blood were available for the study. They
showed the characteristic features of exfoliative dermatitis and severe dark brown
scales affecting area around the neck and face. Patients also had fine dry scales
covering the entire skin (Fig. 3.6).
Homozygosity Mapping and Mutational Screening
In order to search for the disease genes in families (A and B), whole genome scan was
done using SNP markers. For this purpose Illumina Infinium High-definition assay
was performed on illumina human Omni express DNA array (Materials and
Methods). In family A and B, available DNA from affected and unaffected
individuals was SNP genotyped. In family A, SNP data analysis identified 14.04-Mb
autozygous region, among affected members in family A, on chromosome 6p22.3p21.2. Multipoint LOD score was calculated with a significant value of 5.91 with
several SNPs in the family. In family B, analysis identified a 7.79-Mb autozygous
region among affected members on chromosome 6p21.31-p21.1. Several SNPs in the
family showed a maximum multipoint LOD score of 1.80.
In case of family C, available DNA samples of affected and unaffected individuals
was genotyped with highly polymorphic microsatellite markers (D6S1568, D6S439,
D6S1051, D6S1548, D6S943) flanking the PNPLA1 gene on chromosome 6p21.31.
Haplotype was generated using the genotyped microsatellite markers which
established convincing linkage to the PNPLA1 gene (Fig 3.5) in the family.
WES was performed in family A and B to identify the potential pathogenic sequence
variant. DNA samples of an affected member (IV-2) in family A and (IV-3) in family
B were used in WES at the University of Washington Center for Mendelian
Genomics. Solution hybridization exome capture was carried out using the Roche
NimbleGen SeqCap EZ Human Exome Library v2.0. Nucleotide sequences of the
captured regions were generated on Illumina HiSeq and NextSeq 500 platforms,
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respectively. Analysis of WES data resulted a biallelic novel missense sequence
alteration (c.102C>A; p.Asp34Glu) in the PNPLA1 gene (NM_173676.2) mapped to
chromosome 6p21.31. Interestingly the same variant was found in affected members
in the family B. The novel missense mutation (p.Asp34Glu) was sequenced in the
remaining DNA samples of both families. Analysis of the sequence data showed the
variant segregating in the families (Fig. 3.7).
In family C, linkage was established on chromosome 6p21.31 residing the PNPLA1
gene. Sanger sequence analysis revealed the variant p.Asp34Glu in affected members.
This was the same variant which was found in other two families (A and B). For
validation and co-segregation analysis, the variant of interest was Sanger sequenced in
other members of the family (Fig. 3.7).
Furthermore, the PNPLA1 variant (p.Asp34Glu) identified in all three families, was
also absent in the ExAC, in 94 control samples belonging to different regions of
Pakistan and in-house dataset containing 215 exome sequence data from Pakistani
individuals without ichthyosis. The mutation (p.Asp34Glu) involves substitution of a
residue aspartic acid which is highly conserved across different species (Fig. 3.7). The
disease causing nature of the variant (p.Asp34Glu) was confirmed by online protein
predication tools PolyPhen-2.0 and SIFT.
Protein Modeling of Wild-Type and Mutated PNPLA1
Homology modeling (Materials and Methods) was employed to predict the PNPLA1
normal and mutated 3D models and online protein structure analysis tools was used to
characterized the predicted protein structures. Protein modeling predicted that the
variant (p.Asp34Glu) lies in the conserved PNPLA1 patatin domain (Fig. 3.7).
Because of the short side chain and slightly more rigid within the protein structures
than the very similar glutamate, thus strongly preferred to be involved in the protein
active site and performed its catalytic activity. Thus the change (p.Asp34Glu) may
causes distortion in the structural confirmation of the mature PNPLA1 protein and
may leads to protein miss-folding and protein destabilization (Fig. 3.7).
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Family D
History and Clinical Features of the Family
This family (Fig. 3.8) was sampled from Sindh province, Pakistan. Affected members
in the family showed ARIH syndrome related clinical features. The five generation
pedigree had 6 affected (V-3, V-5, V-8, V-9, V-10, V-12) and 7 unaffected
individuals (IV-3, IV-4, IV-6, IV-7, IV-8, IV-9, V-2) (Fig. 3.8). These members
contributed in the study through their blood sample for clinical and genetic study.
Affected members of the family were born after full-term, uncomplicated
pregnancies. At birth, clinical features like ectropion, eclabium and collodion
membrane were not present. However, mild diffused hypotrichosis was present which
gradually progressed with the age to sparse stage. Body hair appeared sparse, woolly,
curly and lusterless with very fine texture and light brown color (Fig. 3.9). Eyebrows
and eyelashes were also sparse. Plucked hair did not reveal any gross abnormality.
Slow-growing scalp hair with receding frontal hairline was observed. Skin showed
generalized scaling that appeared very dry, diffused which had affected the scalp,
face, neck, chest and lower back. Scales were more prominent and severe at the lower
back with dark brown color (Fig. 3.9). Abnormalities like erythema, palmoplantar
hyperkeratosis, mucosal changes, abnormal sweating, hyperthermia, blepharitis,
intellectual disability, tooth, nail, visual and hearing were not present in the affected
members. Except for woolly hair, clinical features in the family were consistent with
previous reports on ST14-related ARIH.
Homozygosity Mapping and Mutational Screening
In family D, based upon the recorded clinical hallmarks and autosomal recessive
transmission of the disease, the family was subjected to linkage analysis. For this
purpose microsatellite markers were typed mapped in vicinity of the three genes
including ST14, SPINK5, and CLDN1 (Table. 2.1). Haplotype analysis revealed a
convincing linkage to the ST14 gene mapped to chromosome 11q24.3 (Fig. 3.8). The
gene ST14 (NM_021978.3) was then Sanger sequenced in all the available DNA
samples of the family. Sanger sequencing data analysis resulted a novel biallelic
missense variant (c.1315G>A; p.Gly439Ser) co-segregating within the family (Fig.
3.10). The variant (c.1315G>A) resided in exon 11 of the gene and caused gly439 to
serine substitution. The Gly439 is highly conserved from human to Xtropicalis (Fig.
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3.11). This variant was not found in the ExAC dataset and was also absent in 200
Pakistani control chromosomes. Online protein prediction tools PolyPhen-2.0 and
SIFT and MutationTaster supported the disease causing nature of the variant.
Homology Modeling and Molecular Docking Analysis
Three dimensional structure of CUB domain of human ST14 was constructed using
Homology modeling techniques and EGF domain of TMEFF1 protein with the help of
Molecular Operating Environment (MOE). The crystallographic structure of Homo
sapien Plasma Kallikrein (PDB code 2ANY; Resolution 1.4 Å) catalytic Domain was
selected as a template to model the wild type and mutant CUB functional domain
(Tang et al., 2005) and to model the EGF domain of TMEFF1 protein, PDB code
1XDT was used as template (Louie et al., 1997). Ramachandran Plot and ProSA
server was used to validate the qualities of models (Lovell et al., 2002). For visual
inspection of the protein structure, PYMOL viewer was used.
To investigate interactions, wild type and mutant type ST14 was docked with
TMEFF1 protein. To inspect protein-protein docking, unrestrained pair-wise rigid
body docking for ST14 and TMEFF1 was used. Energy minimization was carried out
using AMBER99 force field implemented in MOE software. In order to predict and
evaluate the interactions in ST14-TMEFF1 complex, ZDOCK server was employed
(Pierce et al., 2014).
Ramachandran Plot and ProSA scores were calculated to validate the standard levels
of modeled structures. As a result, 95.2% residues were observed in the allowed and
0.5% in the disallowed region in case of Wild ST14 protein model obtaining a z-score
value of −2.73, whereas, 96.4% residues were observed in the allowed and 0.7% in
disallowed region in the case of mutant ST14 protein model obtaining a z-score value
of −2.26. TMEFF1 modeled structure showed 92.7% residues in allowed, 0.3% in
disallowed region and z-score value of −3.20, predicting that the modeled structures
met the required standard for protein- protein docking studies.
In the native structure, the glycine residue (Gly439) located in the beta sheet region
lack intermolecular bonding capabilities. Serine residue (Ser439) in mutant possesses
an extra hydrogen bonding with the side chain of nearby Ser353 residues. As a
consequence of difference of contacts and different nature of amino acids, a slight
local perturbation of the loop conformation in the protein is observed (Fig. 3.12).
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Docking of wild and mutant type ST14 with TMEFF1 was performed using ZDOCK
server. Docking analysis revealed binding of wild type ST14 to TMEFF1 through
Cys214, Arg221, Glu270, Tyr279, Ser283, Asn302, Arg323, Arg345, Lys346, Tyr350
and Asn352 residues was noted, while TMEFF1 specific residues included Glu157,
Gly158, Asp193, Asn212, Arg217, Glu265, Tyr282, Ser303, Leu331, Ile332 and
Ala333. In case of mutated ST14, Cys214, Arg221, Tyr279, Lys346, Ala394, Gln433
and Asn352 residues were detected to bind with Glu156, Gly187, Asp193, Gly196,
Asn212, Glu218, Glu225, Glu265, Arg230, Tyr282 and Ser303 residues of TMEFF1
protein (Fig. 3.12).

Discussion
Four consanguineous Pakistani families segregating various types of scaly skin
disorders were clinical and genetic characterized in the present chapter of the
dissertation. Of these, three families showed features of autosomal recessive
congenital ichthyosis (ARCI) and the fourth family showed features of ARIH
syndrome.
In three families (A-C), segregating ARCI, linkage was established to PNPLA1 gene
located on chromosome 6p21.31-p21.1. In two families (A and B) the diseased gene
was mapped using SNP microarray and in the family C it was achieved by typing
microsatellite markers. WES in the family A and B, and Sanger sequencing in family
C resulted in a novel homozygous missense variant (p.Asp34Glu) in the gene
PNPLA1 segregating in the family with the disease phenotype. In family D,
segregating ARIH, linkage was established to the ST14 gene on11q24.3 by typing
microsatellite markers. ST14 gene was Sanger sequenced which resulted in a novel
biallelic missense sequence variant (p.Gly439Ser), co-segregating within the family.
It is pertinent to mention here that this is the first convincing report presenting
involvement of sequence variants in the PNPLA1 and ST14 genes causing ARCI and
ARIH, respectively in the Pakistani population (Ahmad et al., 2016a; 2018c-present
study).
Comparison of the clinical features in families carrying mutations in the PNPLA1
gene, identified here, with those reported previous (Grall et al., 2012; Fachal et al.,
2014) clearly showed high degree of similarity. However, some of the previously
reported features for PNLPA1-related ARCI including alopecia, eclabium, ectropion,
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and pseudo-syndactyly were not noted in the families presented here. To date, only
three mutations in the PNPLA1, causing ARCI, have been known. This included a
homozygous nonsense mutation (p.Glu131*) in a family of Algerian origin, a
homozygous missense mutation (p.Ala59Val) in a family of Moroccan origin (Grall et
al., 2012) and another biallelic missense sequence variant (p.Ala34Thr) in a Spanish
family (Fachal et al., 2014). The variant p.Asp34Glu, identified here in three
Pakistani consanguineous families, is the fourth novel and a third missense mutation
in the PNPLA1 causing ARCI. Since the variant p.Asp34Glu was identified in three
unrelated Pakistani families, it is highly likely that this is representing a founder
mutation spread across the country.
Patatin-like phospholipase domain (PNPLA) is a family of proteins, comprising of 9
members, classified into 3 subgroups. The first subgroup includes protein PNPLA1 to
PNPLA5, second subgroup includes neuropathy target esterases (PNPLA6 and
PNPLA7), and third subgroup includes two phospholipases (PNPLA8 and PNPLA9).
Members of this family share a highly conserved patatin domain, known for its
involvement in the metabolism of lipid and signal pathway. The domain also
possesses diverse lipolytic and acyltransferase activities (Kienesberger et al., 2009).
The open reading frame (ORF) of the PNPLA1 gene is 1599-bp long and encodes 532
amino acids, which contains a proline-rich domain to the C-terminus and a conserved
patatin domain to the N-terminus. The active site within the patatin domain consists of
a catalytic dyad of Ser53-Asp172 and an oxyanion hole motif of PNPLA1 (residues
20-26) which stabilize the enzyme-substrate transition state (Chang et al., 2013). All
three mutations known to-date and the novel mutation (p.Asp34Glu) reported in
current investigation resides in the conserved patatin domain and causes ARCI.
Previous studies provided evidence for the presence of PNPLA1 in the epidermis and
strong expression in the stratum granulosum layer which further associates its
involvement in the accumulation of lipid droplets in the keratinocytes (Grall et al.,
2012). Mutations in the PNPLA1 causes eradication of lipid droplet accumulation in
the keratinocytes and cause ARCI in human and dog, suggesting PNPLA1 function
not in triglyceride hydrolase activity but in glycerophospholipid synthesis or
remodeling, which could be mediated by acyl-CoA dependent or independent
acyltransferase activity (Grall et al., 2012).
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In family D, the novel biallelic sequence variant (p.Gly439Ser) identified in ST14
gene causing ARIH has been presented. Two different conditions ARIH syndrome
and IFAH syndrome have been associated with loss of function variants in the ST14
gene. ARIH syndrome was identified by Basel-Vanagaite et al, (2007) and IFAH was
described by Lestringant et al, (1998). In the ST14 gene, only six mutations are
known so far causing of ARIH and IFAH syndrome (Fig 3.11). This included three
(p.Gly827Arg) (Basel-Vanagaite et al., 2007); (p.Met1leu) (Avrahami et al., 2008);
and IVS5+1G>A (Takeichi et al., 2105) causing ARIH syndrome and the remaining
three IVS17+1G>A (c.2269+1G>A); (p.Leu678PhefsX84) (Alef et al., 2009); and
(p.Glu519Gln) (Neri et al., 2015) are responsible for developing IFAH phenotype.
Affected members in family D showed high degree of similarity with the previously
reported families with ARIH caused by ST14 gene mutations (Vanagaite et al., 2007;
Avrahami et al., 2008). However, some of the features including teeth notching,
blepharitis (inflammation of the eyelids) and photophobia, reported earlier, were
absent in affected members of the current family except for the woolly scalp hair
phenotype which is unique to the family of the present report.
Matriptase/suppressor of tumorigenicity14 (ST14) was first isolated by Shi et al,
(1993) from human breast carcinoma cell. ST14 is a multi-domain trans-membrane
serine protease and belongs to the S1 trypsin-like protein family. The enzyme was
initially called gelatinase because of its gelatinolytic properties but later on due to its
involvement in matrix degradation and trypsin-like specificity it was named as
matriptase (Lin et al., 1999). Matriptase exist in membrane bound and as well as in
soluble forms (Lin et al., 1997; Cho et al., 2001). The one-chain zymogen form of
matriptase needs a successful proteolytic cleavage to turn into an active two-chain
protease (Oberst et al., 2003).
MT-SP1/ST14 is 3539 bp long, encoding 855 amino acids polypeptide, is a
multidomain proteinase consists of N-terminal transmembrane, a conserved
extracellular C-terminal serine protease domain, a SEA domain, two tandem repeats
of the complement sub-component C1r/s (CUB) domains and four tandem repeats of
the low density lipoprotein receptor (LDLR) class A domains. The catalytic triad
(His-484, Asp-539, Ser-633) lies within the C-terminal serine protease domain (Lin et
al., 1999; Takeuchi et al., 1999).
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ST14 predominately expressed in the epithelial cells of the surface-lining epithelium,
thymic stroma and other epithelial cells and involved in the normal development of
epidermis and stratum corneum. Matriptase deficient mouse display striking abnormal
features of extreme dryness, redness, shiny and wrinkledness of skin with dysmorphic
and pleomorphic corneocytes within the stratum corneum and marked deficient
vesicular bodies in the transitional layer cells resulted in the malfunctioning of inward
and outward epidermal barrier leading to excessive and fatal dehydration and cause
postnatal lethality. Additionally, matriptase deficiency also contributes to abnormal
hair follicle development and elevated thymocyte apoptosis leading to marked
depletion of thymocytes. Thus matriptase/MT-SP1 plays its pivotal role in
maintaining the integrity of epidemis, hair follicles development and cellular immune
system (List et al., 2002).
In the family D, the novel missense mutation (p.Gly439Ser) produces a protein
product which is anticipated to lack a highly conserved amino acid glycine at position
439 in 855 amino acids protein. The change from glycine to a serine as a result of a
mutation (p.Gly439Ser) lies in COOH-terminal of the second CUB domain of the
MT-SP1 protein which is believed to promote protein-protein interactions or proteinligand interactions.
The amino acid substitution caused by mutation (p.Gly439Ser) resulted in the
formation of an extra hydrogen bond as predicted by the model, which may cause
local perturbation in the structural confirmation. Moreover, substitution of glycine at
position 439 by serine is highly conserved and is crucial due to its small and neutral
side chain which prefers sharply turning regions or often within the loops, providing
high flexibility to these regions. Thus, the alteration causes substitution of polar,
bulky serine side group for a glycine hardly to accommodate the serine residue in the
position normally occupied by glycine would predict to compromise normal structural
conformation, which might result in loss of ST14 function or interaction with other
protein necessary for ST14 activation and proteolytic cleavage. A CUB domain
interacting protein TMEFF1 was docked with normal and mutated ST14 which also
suggests an atypical interaction between normal and mutant ST14 protein with
TMEFF1 (Fig. 3.12). Although TMEFF1 and ST14 co-expressed in human breast
cancer cells (Ge et al., 2006) but there might be another pathway involved in causing
ARIH syndrome which is yet to be explored.
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The identification of novel variants in the PNPLA1 and ST14 will improve our
knowledge about ARC1 and diagnosis of the disease in families of Pakistani origin.
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Fig. 3.1: Pedigree of family A segregating isolated ARCI. Filled squares and circles
in the pedigree are used to show affected males and females, respectively whereas
unfilled symbols are used to show unaffected males and females, respectively.
Consanguineous unions are designated by double lines. Roman and Arabic letters in
the pedigree indicating generation and individuals within each generation,
respectively. Asterisks (*) indicates the available blood samples of the family
members.

Fig. 3.2: Clinical photographs of affected members of family A with isolated ARCI.
Images (a, b) presenting extreme dry skin with scales and prominent patchy skin
erosion on the entire body surface. Scales were more prominent around the neck,
shoulders, chest, back and belly with mild erythroderma of skin lesions.
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Fig. 3.3: Pedigree of family B segregating isolated ARCI.

Fig. 3.4: Clinical photographs of affected individual of family B with isolated
autosomal recessive congenital ichthyosis (ARCI). Images (a, b) representing dark
brown scales on the abdomen and severe dry thick scales on the limbs, and mildly
hyperkeratotic skin around the knee.
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Fig. 3.5: Pedigree of family C segregating isolated ARCI and haplotypes analysis of
the most closely associated STS markers shown under each genotyped individual.
Marker names along with their centimorgans (cM) are mentioned.
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Fig. 3.8: Pedigree of family D segregating ARIH syndrome with haplotypes construct
of the most closely associated STS markers shown under each genotyped individual.
Marker names along with their centimorgans (cM) are mentioned.
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CHAPTER 4
GENETICS OF
BLISTERING
SKIN DISORDERS

GENETICS OF BLISTERING SKIN DISORDERS
Epidermolysis bullosa (EB) is a collective term used for a group of skin blistering
disorder which is clinically diverse and genetically heterogeneous in nature. The
disease is described by erosion of skin or development of superficial blisters upon
minor injury or trauma. There are four major subtypes of epidermolysis bullosa
namely epidermolysis bullosa simplex (EBS), junctional epidermolysis bullosa (JEB),
dystrophic epidermolysis bullosa (DEB) and Kindler syndrome (Fine et al., 2008).
The subtype EBS is due to pathogenic sequence variants in the genes TGM5 (MIM
603805) (Kiritsi et al., 2010), DSP (MIM 125647) (Bolling et al., 2010), PKP1 (MIM
601975) (McGrath and Mellerio, 2010), JUP (MIM 173325) (Cabral et al., 2010;
Pigors et al., 2011), KRT5 (MIM 148040) (Fine et al., 2014), KRT14 (MIM 148066)
(Fine et al., 2014), EXPH5 (MIM 612878) (McGrath et al., 2012; Pigors et al., 2014),
PLEC (MIM 601282) (Fine et al., 2014; Ahmad et al., 2018d) and DST (MIM
113810) (Pigors et al., 2014).
The subtype JEB is due to alteration in the genes including LAMA3 (MIM 600805),
LAMB3 (MIM 150310) and LAMC2 (MIM 150292) (Nakano et al., 2002). In
addition, COL17A1 (MIM 226650) (Tasanen et al., 2000; Yuen et al., 2011), ITGB4
(MIM 147557) (Dang et al., 2008), ITGA6 (MIM 147556) (Ruzzi et al., 1997), ITGA3
(MIM 605025) (Has et al., 2012) and LAMA3 (MIM 600805) (McLean et al., 2003)
have also been reported in causing various subtypes of JEB.
COL7A1 gene (MIM 120120) mutations have been associated with recessive and
dominant DEB (Fine et al., 2008; Shah et al., 2017). Kindler syndrome (KS; MIM
173650) is caused by sequence alteration in the FERMT1 gene (KIND1; MIM
607900) (Has et al., 2011; Shah et al., 2017).
Two consanguineous families (E and F), displaying clinical features of autosomal
recessive form of junctional epidermolysis bullosa, were investigated and described in
the present chapter. Whole genome scan via SNP markers followed by WES were
employed to find potential variants underlying junctional epidermolysis bullosa.
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Family E
History and Clinical Features of the Family

Clinical spectrum, observed in affected members, diagnosed the disorder JEB-gen
intermed. Moderate generalized blistering phenotypes were seen since birth. Affected
members had very fragile skin which upon mild trauma or injury transform into
bleeding blistering condition which heals very slowly. Blisters were mostly observed
on extremities. Affected members also suffered with skin depigmentation along with
finger- and toe-nails dystrophy. Wide variation in severity of nail dystrophy, varied
from less severe to complete loss was seen among the affected members. Irregular
claw shaped, thick hyperkeratinized and discoloration from dark to blackish
appearance of nails were also observed in the affected individuals (Fig. 4.2). Teeth
and hairs were not affected. No signs of hyperkeratosis, mucosal involvement or eye
abnormalities were noted. They had normal growth and mental status.

Family F

Affected members showed features representing clinical condition JEB-gen intermed.
They had very soft, shiny and delicate skin. History of trauma induced blisters was
noticed in all the affected individuals. Blisters were often reported on the exposed
areas specifically on the lower extremities and tips of the fingers of both hands. A
certain type of nail dysplasia was also observed in the affected individuals. Nails of
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both fingers and toes were very fine, thin, soft and fragile. Nail plates were
degenerate, and in few fingers and toes complete loss of nails was observed.
Abnormalities like hyperthermia, hair loss and dental related manifestations were not
seen in the affected members (Fig. 4.5).
Genetic Linkage Analysis and Mutational Screening
In both the families (E and F), genome-wide SNP genotyping was carried out in all
the available DNA of affected, and normal individuals including their parents using
Affymetrix GeneChip Human Mapping 250K Nsp1 array as described in chapter 2
(Materials and Methods).
In family E, SNP data analysis identified a single autozygous 7 Mb region, starting
from 19,832,958 to 26,095,560 kbs on chromosome 18 flanked by rs12454873 and
rs9304523. In the second family, F, analysis revealed a single homozygous 6 MB
region on chromosome 10 (102,708,700-108,298,747 kb).
In family E, DNA of two affected individuals (IV-3, IV-9) was subjected to WES.
The sequencing was performed using Illumina NextSeq 500 instrument. Simultaneous
analysis of WES data of the two affected individuals were carried out for homozygous
variants based on occurrence in the public variant databases [dbSNP], 1000 Genome,
ExAC, in house 64 exomes and 200 ethnically matched control chromosomes. This
approach resulted in variants in eleven different genes (Table. 4.1) including a novel
homozygous nonsense variant (c.9893C>A; p.Ser3298*) (Ahmad et al., 2018dpresent study) in the LAMA3 gene. The variant was absent in the dbSNP, gnomAD,
in-house dataset containing exomes of 64 Pakistani control individuals and 200
ethnically matched control chromosomes. For co-segregation analysis, the variant was
Sanger sequenced in the rest of the family members. A pair of primers (LAMA3-75F:
5′-CAGCCAATTTGACGACACTG

-3′),

(LAMA3-57R:

5′-

CACATGTAGCACTGAATGCC-3′) was used to sequence the variant and its
flanking sequences. Sequence analysis of the LAMA3 variant validated its segregation
with the disease phenotype in the family (Fig. 4.3). The mutated serine was found
highly conserved from H. sapiens to O.aris (Fig. 4.3).
In family F, 6 Mb homozygous region on chromosome 10 was identified by scanning
the genome by SNP markers. The region harbors the COL17A1 gene. Previously,
mutations in this gene resulting in clinical spectrum compatible to that observed in the
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family F were reported. Therefore, COL17A1 was Sanger sequenced in the family.
Sanger sequencing data analysis resulted a COL17A1 gene recurrent missense
alteration (c.3908G>A; p.Arg1303Gln) in the exon 52 (Fig. 4.6), Co-segregating
within the family. The variant (p.Arg1303Gln) was found conserved from human to
Mmusculus (Fig. 4.6).

Discussion
In this chapter of the dissertation, two large consanguineous Pakistani kindred origin
segregating autosomal recessive JEB-gen intermed were clinically and genetically
characterization. The families were collected from Sindh province, Pakistan. Affected
individuals in family E and F manifested classical clinical features of JEB-gen
intermed. Clinical features in the patients were the same as reported previously by
other investigators (Fine et al., 1991; Schumann et al., 1997; Nakano et al., 2002).
In order to search for the disease causing genes, human genome was scanned in both
the families. Affymetrix GeneChip Human Mapping 250K Nsp1 array was used for
the purpose. In the family E, the disease gene LAMA3, located on chromosome 18,
and in family F, the disease gene COL17A1, located on chromosome 10 were mapped.
This was followed to hunt down the disease causing sequence alterations in the genes
causing skin blister disorders. In family E, combination of WES and Sanger
sequencing revealed a LAMA3 gene novel non-sense variant (p.Ser3298*), whereas in
family F, sequence analysis identified a previously reported missense variant
(p.Arg1303Gln) in COL17A1 gene (Schumann et al., 1997).
Laminins are a group of proteins which are involved in cell growth/movement, and
organization of basement membrane etc. The LAMA3 encodes alpha subunit of a
protein called laminin-332/laminin-5. Beta and gamma subunit are encoded by two
other genes. Laminin-5 (laminin-332) isoform, previously known as nicein/kalinin, is
specifically confined to epithelial cells and in association with the anchoring filament
establishes a connecting bridge by joining the hemidesmosomes to the lamina densa
of the dermal–epidermal junction. The encoded protein molecule of the distinct gene
consists of three chains of 165 kDa (α3), encoded by LAMA3, 140 kDa (β3) encoded
by LAMB3, and 105 kDa (γ2) encoded by LAMC2. The protein is predominantly
expressed in skin and various other specialized tissues including nervous system,
respiratory, digestive epithelia and urinary (Vidal et al., 1995). Impaired expression of
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laminin-5 was detected in some forms of JEB (Fine et al., 1991) and has been linked
with abnormal synthesis of one of the three chains (Baudoin et al., 1994), and
mutations in genes encoding the α3 subunit (LAMA3), the β3 subunit (LAMB3), and
the γ2 subunit (LAMC2) have previously been known (McGrath et al., 1995; Nakano
et al., 2002; Fine et al., 2008).
The laminin subunit alpha-3 of the laminin-5 protein contains N-terminal domain,
laminin IV type A domain, alpha-helical domain I and II, 15 EGF-like domains and 5
laminin G-like domains. Previous studies have reported the involvement of LAMA3 in
JEB-gen

severe,

JEB-gen

intermed

(Nakano

et

al.,

2002)

and

laryngoonychocutaneous syndrome (Barzegar et al., 2013; Di Zenzo et al., 2014).
In family E, the non-sense variant (p.Ser3298*), may either cause non-sense-mediated
mRNA decay or cause truncation of the normal protein by 37 amino acids. In the later
event, the truncated protein lacking of LG5 domain along with residues cys3302 and
cys3300 which are thought to be involved in disulphide bridges, typical of LG folds.
This result in local misfolding and contributes to protein destabilization. Loss of LG5
domain, which has the binding capacity to syndecans, could significantly contribute to
disease pathogenesis like delayed wound repair (Rousselle et al., 2013).
In family F, investigated here, a previously reported missense mutation
(p.Arg1303Gln) was identified. The COL17A1 gene (NM_000494.3) consists of 56
exons (Giudice et al., 1992). The COL17A1 gene encodes collagen XVII Alpha 1
which is type II transmembrane protein. Protein structural organization showed that
collagen XVII comprises of trimer of three 180 kDa α1 (XVII)-chains, an intracellular
N-terminal domain (466 amino acids), a transmembrane (23 amino acids) and an
extracellular domain (1008 amino acids) at the C-terminal. The ectodomain of
collagen XVII consists of 15 collagenous (COL) sub-domains which are separated by
16 non-collagenous (NC) sequences, which through proteolytic activity of ADAMs
proteinases sheds from the cell surface. The short form of protein due to proteinases
activity of ADAMs remains stable in the ECM (Franzke et al., 2005). Collagen XVII
has dual role, as cell surface receptor and as a part of extracellular matrix. It is also
involved in maintaining adhesion between the basement membrane and basal
keratinocytes. The collagen XVII is involved in epidermal differentiation or healing
of wound and regeneration of tissues through its ectodomain (Nishie et al., 2010).
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Table 4.1: List of variants identified in affected members in family E through exome
sequencing. The affected members shared a homozygous haplotype on Chr #18.
Chr#

Start

End

Ref

Allele

Gene

Transcript

Mut cDNA

Mut Prot

18

21534503

21534503

C

A

LAMA3

NM_198129.2

c.9893C>A

p.S3298X

1

201285751

201285751

G

A

PKP1

NM_001005337

c.772G>C

p.D258H

17

78176002

78176002

C

G

CARD14

NM_001257970

c.2002C>G

p.L668V

15

28197023

28197023

C

T

OCA2

NM_001300984

c.1786G>A

p.G596R

9

71854881

71854881

C

T

TJP2

NM_001300984

c.1786G>A

p.G596R

17

73746884

73746884

G

A

ITGB4

NM_001005619

c.3598G>A

p.G1200R

11

18332420

18332420

C

T

HPS5

NM_007216

c.3G>A

p.M1I

7

94035028

94035028

A

G

COL1A2

NM_000089

c.530A>G

p.K177R

8

145024845

145024845

G

C

PLEC

NM_201380

c.30C>G

p.D10E

6

15638035

15638035

C

A

DTNBP1

NM_001271668

c.111G>T

p.R37S

19

51920063

51920063

T

A

SIGLEC10

NM_001171157

c.563A>T

p.Q188L
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Fig. 4.1: Pedigree of family E segregating autosomal recessive JEB-gen intermed.
Filled squares and circles in the pedigree are used to show affected males and
females, respectively whereas unfilled symbols are used to show unaffected males and
females, respectively. Consanguineous unions are designated by double lines. Roman
and Arabic letters in the pedigree indicating generation and individuals within each
generation, respectively. Asterisks (*) indicates the available blood samples of the
family members.
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Fig. 4.3: Sequence analysis of the LAMA3 novel nonsense mutation (c.9893C>A;
p.Ser3298*) in the family E with JEB-gen intermed. Upper panel (a) represents the
nucleotide sequences in homozygous affected individual, middle panel (b) in a
heterozygous carrier and lower panel (c) in a homozygous unaffected individual.
Panel (d) indicates conservation of the serine residue at position 3298.
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Fig. 4.4: Pedigree design of family F displaying autosomal recessive inheritance of
JEB-gen intermed. Filled squares and circles in the pedigree are used to show affected
males and females, respectively whereas unfilled symbols are used to show unaffected
males and females, respectively. Consanguineous unions are designated by double
lines. Roman and Arabic letters in the pedigree indicating generation and individuals
within each generation, respectively. Asterisks (*) indicates those family members
whose blood samples were available for the study.

Fig. 4.5: Clinical photographs showing JEB-gen intermed related features in affected
members in family F. Panel (a, b) highlight soft, shiny and delicate skin of foot and
hand of an affected individual leading to bleeding blistering condition upon minor
injury or trauma. A kind of nail dysplasia was observed in the affected individuals.
Nail texture of in fingers and toes appeared very fine, thin, soft and fragile. Nail plates
were degenerate, and in few fingers and toes complete loss of nails was observed.
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Fig. 4.6: Characteristics of COL17A1 recurrent mutation (c.3908G>A; p.R1303Q) in
the family F with JEB-gen intermed. Upper panel (a) represents the nucleotide
sequences in homozygous affected individual, middle panel (b) a heterozygous carrier
and lower panel (c) a homozygous unaffected individual. Panel (d) indicates
conservation of the arginine residue at position 1303 across different species.
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CHAPTER 5
HUMAN HAIR
LOSS DISORDERS

HUMAN HAIR LOSS DISORDERS

88

In the present chapter clinical and genetic characterization of four families (G, H, I, J),
segregating hair loss disorders in autosomal recessive manner, have been described.
Clinical data was obtained with assistance of expert dermatologists working at local
government and private hospitals. The disease causing sequence variants were
searched employing various genetics techniques including microsatellite and SNP
markers based-genotyping followed by WES and Sanger sequencing.

Family G
History and Clinical Features of the Family
Family G with the clinical feature of woolly hair/hypotrichosis, was sampled from
AJK, a region bordering Pakistan and India (Fig. 5.1). Pedigree structure suggesting
autosomal recessive transmission of the disease. The four generation pedigree
drawing showed four individuals (IV-1, IV-6, IV-7, IV-8), affected with the disorder,
and four other unaffected individuals (III-1, III-4, IV-5, IV-9) (Fig. 5.1). All these
eight individuals provided blood samples for extraction of DNA and its usage to
conduct genetic studies.
Clinically, affected members were manifested woolly hair/hypotrichosis (ARWH).
One of the four affected individuals, (IV-6), aged 30 years at time of the study,
presented scalp hair abnormality of sparse tightly curled woolly type with dwindle
frontal hair line. He had sparse beard hair, and normal eyebrows and eyelashes (Fig.
5.2). Another affected member, a female (IV-8), aged 20 years, also had sparse and
woolly scalp hair. Hair patches were noted at various regions of the scalp (Fig. 5.2).
Examination of the plucked scalp hair, under light microscope, revealed dystrophic
status of the hair. The hair shaft was twisted with tapered distal end, indicating a
growth defect (Fig. 5.2). Affected members were devoid of any other abnormalities
related to teeth, nails, sweating and brain.

Family H
History and Clinical Features of the Family
Family H, a resident of Azad Jammu and Kashmir, was the second family
investigated for the present chapter. The four generation pedigree had four affected
(IV-4, V-1, V-2, V-3) and two unaffected members (IV-5, V-4) (Fig. 5.4). All these
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six individuals provided blood samples for extraction of DNA and its usage to
conduct genetic studies.
Clinically, affected members showed features of ARWH leading to hypotrichosis.
They had sparse scalp hairs, and sparse eyebrows and eyelashes since birth. Scalp
hairs appeared woolly and light brown in color. Teeth, nails and sweating were not
affected (Fig. 5.5).

Family I

Family I, segregating clinical features of autosomal recessive complete hair loss, was
the residence of Sindh province, Pakistan. Three affected (IV-2, IV-3, IV-4) and three
unaffected individuals (III-2, III-3, IV-4) provided consent to conduct clinical and
genetic study of the family (Fig.5.7).
Scalp hair was missing in all three affected members. They had less dense and/or
absent eyebrows, eyelashes, missing beard, moustache, armpit, pubic and hair on
other parts of the body. Prominent flat, big bulbous nose with wider nostrils and
heavy lower lips were observed in all affected individuals (Fig. 5.8). Intellectual
disability, abnormal ophthalmologic features, dental related abnormalities and nail
dysplasia were not observed in the affected members. Abnormal sweating,
palmoplantar keratoderma, ichthyosis, and epidermolytic features were not reported.

Family J
History and Clinical Features of the Family
The family was located in Sindh province, Pakistan. Affected members were
manifested with the typical clinical features of HJMD. The pedigree drawing showed
five affected (IV-1, IV-6, IV-11, IV-12, IV-13) and eight unaffected individuals (III3, III-4, III-7, III-8, IV-3, IV-5, IV-9, IV-10) (Fig. 5.10). All these individuals
provided blood samples for DNA extraction and genetic study.
Hypotrichosis with Juvenile Macular Dystrophy (HJMD) related features were
observed in all five affected members. They had slow-growing hair on the scalp since
birth. The hairs were fine and hypopigmented. The sparse hairs made scalp
persistently visible. Hair pull test turned negative in all the affected members (Fig.
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5.11). Eyebrows, eyelashes, pelvic and pubic hairs were normal. Age of the affected
members IV-1, IV-12 and IV-13 at the time of visit were 5, 12 and 8 years,
respectively with no observable abnormal ophthalmologic features. However, two
elder affected members including IV-6 (30 years) and IV-11 (18 years) shared
information about facing vision problem at night. In addition, they had blurred and
weak focused eyesight in the daylight which provided clear evidence of onset of
macular dystrophy (Fig. 5.11). Both of them however did not agree for
electroretinography examination. None of the affected members had nails, teeth and
sweating anomalies.
Homozygosity Mapping and Mutational Screening
In order to search for the sequence variants in family G and H, microsatellite markers
based-genotyping was performed. In the family G and H, genotyping using
microsatellite markers flanking the LIPH, LPAR6, DSG4 and HR genes was carried
out. For this purpose, the DNA of all available members of the family (Table. 2.1)
was used.
Haplotype analysis established linkage in family G at LAH2 locus harboring LIPH
gene located on chromosome 3q27.3 (Fig. 5.1) and in family H on chromosome
13q14.2 at LAH3 locus residing the LPAR6 gene (Fig. 5.4). Subsequently, Sanger
sequencing identified a novel biallelic nonsense mutation (c.688C>T; p.Gln230*) in
exon 5 of the LIPH gene segregating with the disease within the family G (Fig. 5.3)
(Ahmad et al., 2018b-present study). In the family H, sequence analysis detected a
previously reported missense mutation (c.188A>T; p.Asp63Val) (Fig. 5.6) in the
LPAR6 gene (Ahmad et al., 2018b-present study). Both the variants p.Gln230* and
p.Asp63Val identified in the LIPH and LPAR6 genes, respectively were not present in
the ExAC dataset and in a total of 200 ethnically matched control individuals. The
Glutamine (Gln230) at this position was found highly conserved from human to
g.gallus (Fig. 5.3) whereas the Aspartate (p.Asp63) was found conserved from human
to xtropicalis (Fig. 5.6). The protein prediction tools PolyPhen-2.0, SIFT and
MutationTaster predicted the variants (p.Gln230*, p.Asp63Val) identified in the two
genes (LIPH and LPAR6) as probably damaging.
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In order to test availability of LIPH transcript in blood of affected members in family
G, RNA was isolated from blood and cDNA was synthesized as described in
Materials and Methods (Chapter 2). Amplification of cDNA was performed via PCR
using two sets of primers including set 1 [forward primer (LIPH-4F: 5′CTGCAGGCCCTTTATTCAA-3′)

and

reverse

primer

(LIPH-6R:

5′-

CGCAGCTGACACACTTGC-3′) designed from exon 4 and 6 of the LIPH gene,
respectively], and set 2 [forward primer (LIPH-1F: 5′- GACACACGATCTCTCCAG3′) and reverse primer (LIPH-2R: 5′- GGTCTTACTAGAGGCATGG-3′) designed
from exon 1 and 2, respectively]. Glyceraldehyde-3-phosphatase dehydrogenase
(GAPDH) mRNA was used as a control. In family G, cDNA analysis revealed
complete absence of LIPH transcript in blood of affected members whereas in case of
carriers and unaffected individuals, the expected size of the LIPH transcript was
observed (Fig. 5.3).
In family I, search for the diseased gene was performed by scanning human genome.
Available DNA samples of the family were scanned using Affymetrix 250K Nspl
array (Materials and Methods). SNP data analysis identified a large homozygous
region, starting from 21,488,845 to 96,438,987 kb, on chromosome 8 (Fig. 5.9). The
identified homozygous region was shared by all affected individuals and flanked by
SNP rs4270957 and rs7846448. The identified region had previously reported disease
causing gene HR and its upstream regulating U2HR sequences. Therefore, both HR
and U2HR were Sanger sequenced which failed to identify any disease causing
mutation. An affected individual (IV-4) DNA was used to carry out WES. Step by
step filtration was performed to analyze the WES data. This led to the identification of
homozygous sequence variants in six genes including NRG1 (NM_013962), TMEM67
(NM_153704), DLG5 (NM_004747), GPC6 (NM_005708), MUC16 (NM_024690)
and PLEC (NM_201380) (Table. 5.1).
All the six variants were checked for co-segregation in the remaining family members
using Sanger sequencing. Sequence analysis validated co-segregation of the variant
(c.368G>C; p.Arg123Pro) (NM_013962), in the NRG1 gene, within the family (Fig.
5.9). The variant (p.Arg123Pro), identified in the NRG1, is a part of the transcript
GGF2 (glial growth factor-2 (GGF2) (Isoform 9). The residue arginine at amino acid
position 123 is highly conserved from Homo sapiens to callithrix jacchus (Fig. 5.9).
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The variant (p.Arg123Pro) was found absent in 1000 genomes, dbSNP, EVS and
gnomAD database entries. The variant was also absent in in-house database of CCG
containing exomes of 511 individuals with epilepsy.
In family J, disease causing gene was searched first by human genome scan and then
exome sequencing. Human genome was scanned using Affymetrix Nspl 250K array
(Materials and Methods). All the available members DNA samples of the family were
subjected to genotyping with SNPs. Analysis of SNP data resulted in a single
autozygous region of 10-Mb (63.7-73.3Mb) on chromosome 16q22.1, flanked by
rs12443855 and rs9934948 SNP markers (Fig. 5.12). This was followed by WES for
which an affected member (IV-1) DNA sample of the family was used. WES data
analysis revealed a novel biallelic nonsense sequence alteration (c.1454G>A;
p.Trp485*) in the CDH3 gene (Fig. 5.10) (Ahmad et al., 2016b-present study). Sanger
sequencing further confirmed the co-segregation and validation of the variant in the
remaining members of the family. As a result of the mutation (p.Trp485*), a
premature stop codon is introduced which results in the production of truncated
protein which might be unstable and might be degraded by NMD. The nonsense
variant (p.Trp485*) was found absent in the ExAC database, public variant databases
[dbSNP], 1000 Genomes, EVS and in 150 unrelated ethnically matched control
samples.
Effect of the non-sense variant was determined by generating CDH3 protein three
dimensional (3D) structure. The structure was predicted using C-cadherin (PDB
code1L3W) as a template. Replacement of Trp485 with premature stop codon
(p.Trp485*), identified in the family, lie in the loop between third and fourth β-strands
of EC4 domain. The Trp485 is involved in hydrophobic interaction with Leu501
residue of the domain (Fig. 5.13). Missing of Trp485 might cause in a protein lacking
both its intracellular and extracellular EC5 domain, and thus might leads to loss of
function of CDH3.

Discussion
In the current chapter, four consanguineous families (G, H, I, J) were clinically and
genetically investigated, segregating slightly variable features of hair loss in
autosomal recessive manner. All these four families belonged to different ethnic
groups and were recruited from different remote areas of the country. Clinical

93

spectrum, in each family, was determined with assistance of medical officers and
dermatologists working at local government and private hospitals. Characterization of
the family at molecular level was performed by genotyping microsatellite and SNP
markers and sequencing using exome and dideoxy chain termination methods.
Spectrum of the clinical hallmarks in the four families (G-J) was similar to those
described in several cases and reported in the past 5-7 years. Slight variations in
features including hypotrichosis, absent scalp hair and loss of hair from other body
parts, less dense and patchy hair on the scalp and on different parts of the body were
reported.
Additionally, less dense eyelashes and eyebrows have been reported in most nonsyndromic hair loss disorders. On the other hand, similar features have been found in
syndromic forms in association with eye abnormalities or intellectual disability in
majority of the reported cases. The same pattern of isolated form of hair loss have
been found in three families (G, H, I) and a syndromic form associated with eye
abnormalities (HJMD) in the family J described in the present chapter.
In order to search for the disease causing genes and the sequence variants, genotyping
was performed by typing either polymorphic microsatellite markers or SNP markers.
This strategy led to the establishment of the linkage in the family G on chromosome
3q27.3 harboring the LIPH gene and to the LPAR6 gene on chromosome 13q14.2 in
family H. Sanger sequencing, based upon dideoxy chain termination method, resulted
in a novel biallelic non-sense sequence alteration (p.Gln230*) in the LIPH and a
previously known missense mutation (p.Asp63Val) in the LPAR6. Both the variants
showed perfect segregation within the respective family. Disease causing nature of the
two variants was further substantiated by not finding these in ethnically matched
controlled individuals and in at least three data bases (ExAC, dbSNP, 1000 Genomes,
EVS) and protein prediction tools (SIFT, PolyPhen-2, MutationTester).
Several previously reported studies have shown number of mutations in the LIPH and
LPAR6 genes, involved in causing ARWH phenotype. To date, variants in the LIPH
(Mehmood et al., 2015; 2016) and in LPAR6 (Shimomura et al., 2008; Pasternack et
al., 2008) have been reported. The families carrying these mutations are belonged to
different ethnic backgrounds including Pakistan, Middle East, Europe etc. However,
15 of these variants have been identified in families of Pakistani origin.
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It is pertinent to mention here that functional studies carried on the two proteins
shown that Lipase-H, encoded by LIPH and P2RY5, encoded by LPAR6 are involved
in the same pathway of hair follicle development and differentiation (Pasternack et
al., 2008; Shimomura et al., 2008). The liphase-H gene is consisting of 10 exons and
approximately spans a region of 45-kb on chromosome 3q27. The encoded protein is
of 451 amino acids with a predicted molecular mass of 50,859 Da. The protein was
first cloned and characterized by Sonoda et al, (2002). This gene expressed in various
tissues, and also predominantly in the hair shaft and hair follicle (Shimomura et al.,
2009). The human lipase H belongs to triglyceride lipase gene family.
The protein is predicted to have two-domain structure, including NH2-terminal and a
COOH-terminal. The 18-amino-acid hydrophobic sequence at the N-terminal domain
act as a secretory signal peptide followed by three highly conserved amino acid
sequences serine (Ser-154), aspartic acid (Asp-178), histidine (His-248) forming a
catalytic triad. In addition, it also contains a short lid domain and a β9 loop. Substrate
recognition and conversion into product occurs through the lid and β9 loops of the
LIPH protein (Jin et al., 2002; Sonoda et al., 2002). The human LPAR6 is a nested
gene residing within the largest intron 17 of the retinoblastoma 1 (RB1) gene. It
encodes 344 amino acids P2RY5 protein. It belongs to a nucleotide receptor family
that is coupled to G protein and spans a region of 180 kb on chromosome 13q14
(Herzog et al., 1996). The encoded protein contains four potential extracellular
domains, four cytoplasmic domains and seven predicted hydrophobic transmembrane
regions (http://au.expasy.org/uniprot/P43657).
It has been reported that 2-acyl lysophosphatidic acid (LPA), the product of lipase H
(LIPH), serves as a ligand for P2RY5 and thus maintain the hair growth and
differentiation (Pasternack et al., 2008). The novel mutation (p.Gln230*), identified in
the family G, might cause nonsense-mediated mRNA decay leading to loss of
function of LIPH or produced a truncated protein lacking both critical lid and β9 loops
along with His248 which is required for its catalytic activity. In the latter case, the
truncated protein would be highly unstable and non-functional. In the family H, the
missense mutation (p.Asp63Val), was reported previously by Shimomura et al,
(2008), might cause alteration in the structural conformation and thus may leads to
protein destabilization.
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Clinically, affected individuals in the family I showed resemblance in clinical
manifestations to patients with HR gene mutations mapped on human chromosome
8p21.1. In addition, establishment of the linkage in this family on the same
chromosome made it highly likely that mutation in the HR would be responsible for
causing hair loss. Therefore, the HR was sequenced however it failed to detect any
potential disease causing variant. Exome sequencing was then performed and it
detected a novel biallelic missense sequence alteration (p.Arg123Pro) in the NRG1
gene, co-segregating within the family with the disease phenotype. The variant lies in
the NRG1 transcript GGF2 (glial growth factor-2 (GGF2) (Isoform 9). The residue
arginine 123 is conserved across different species. The NRG1 variant was absent in
1000 genomes, dbSNP, EVS and gnomAD database entries. The variant was also
absent in in-house database of CCG containing exomes of 511 individuals with
epilepsy. Though the variant is predicted as benign and tolerated by PolyPhene 2 and
SIFT, respectively but further characterization of the variant is required to ensure that
this variant is causing hair loss disorder in affected members of the family.
The missense variant (p.Arg123Pro) is the first report of involvement of NRG1 gene
in causing hair loss disorder. Interestingly, previous studies have shown its
involvement in causing schizophrenia different population including Icelandic
(Stefansson et al., 2002), Scottish (Stefansson et al., 2003) and Chinese population
(Li et al., 2004). The variant lies in the exon 1 of the NRG1 (NM_013962) which
encodes for a 422 amino acid protein. Neuregulins belongs to a structurally related
proteins family consisting of four members (NRG-1, NRG-2, NRG-3 and NRG-4.
They serve as ligand for the four Erbb (Erbb1, Erbb2, Erbb3, Erbb4) receptor tyrosine
kinases and thus activate the downstream pathways to mediate development and
growth of various organs. All major isoforms of neuregulin can directly interact with
the erbB3 and the erbB4 receptors. It has been demonstrated that type-I NRG1
isoforms show somewhat higher affinity for erbB4 than for erbB3 (Tzahar et al.,
1994). In addition, differences in binding affinities of type-I NRG1 might be due to
the α- or β-type EGF like domains (Marikovsky et al., 1995).
Neuregulin 1 (NRG1) is encoded by NRG1 gene, a signaling protein that induces cellcell interactions and thus promotes growth and development of various organ systems
such as nervous system, heart and breast (Tan et al., 2007). The Neuregulin-1 (NRG1)
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gene encodes different secreted and transmembrane isoforms (Falls, 2003). The
NRG1 isoforms are mainly divided into three main types (type-I, type-II, type-III)
based on different amino-terminals.
The type-I NRG1 also called heregulin have an Ig-like domain and a glycosylation
region, the type-II NRG1 also called the Glial Growth Factor 2 (GGF-2) have a
kringle-like domain and an Ig-like domain and the type-III NRG1 also known as
sensory and motor neuron-derived factor (SMDF) having the cysteine-rich domain.
Most of the NRG1 isoforms belong to a group of transmembrane proteins, having an
intracellular cytoplasmic domain, a transmembrane region, and an EGF-like
extracellular domain. In addition to the above three isoforms, other isoforms of NRG1
have also been identified namely, type IV, V, and VI (Steinthorsdottir et al., 2004).
NRG1 plays a critical function in synaptic transmissions both its forward and
backward signaling pathways (Buonanno et al., 2008; Mei and Xiong, 2008). During
the NRG1 forward signaling pathways, the extracellular domains binds to the erbB
receptors, which contribute substantially to the maturation and development of the
glial cells (Taveggia et al., 2005; Birchmeier and Nave, 2008). In the backward
NRG1 signaling pathways, binding take place through the nuclear translocation of the
cytoplasmic domain, which up-regulate synaptic and apoptotic gene expression (Bao
et al., 2003; 2004). The type-III NRG1 protein is highly expressed in the cochleal
postsynaptic spiral ganglion neurons (SGNs). As its erbB receptors are located in the
presynaptic hair cells, cells of the organ of Corti and the Schwann glial cells (Zhang et
al., 2002; Bao et al., 2003; Hume et al., 2003; Stankovic et al., 2004). Therefore, the
NRG1 signaling is vital for the synaptic transmission between SGNs and the hair
cells.
Fourth family, J, investigated for the present chapter was carrying features of HJMD.
Human genome scan followed by exome sequencing identified non-sense mutation
(p.Trp485*) in CDH3 gene on chromosome 16q22.1. Non-polymorphic nature of the
variant was validated by searching it in ExAC database, public variant [dbSNP]
databases, EVS, 1000 Genomes and in 150 unrelated Pakistani control samples.
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Mutations in P-cadherin, encoded by CDH3 gene, were previously identified in
familial cases of HJMD and its close associated form called as ectodermal dysplasia,
ectrodactyly, macular dystrophy (EEM), with architectural abnormalities involving
hands and feet, in addition to alopecia and ocular manifestations (Kjaer et al., 2005;
Basel-Vanagaite et al., 2010).
In the family J, the novel nonsense mutation (p.Trp485*) reside in the CDH3 EC-4
domain. The Trp485 exist in the loop that joins third and fourth β-strands of CDH3Ex-4 domain and is involved in hydrophobic interaction with Leu501 (Fig. 5.13). Due
to variant (c.1454G>A; p.Trp485*), a premature termination codon is introduced
translating a truncated CDH3 protein leading to loss of both IC domain and EC-5
domain. This is predicated to cause loss of function of CDH3 or its degradation by
nonsense mediated mRNA decay resulting in complete absence of CDH3 leading to
disruption of cell adhesion in hair follicles and retinal epithelium resulting in
characteristic hair and ocular pathology of HJMD.
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Table 5.1: List of variants identified in an affected member in family I through
exome sequencing
Chr
#

Ref

Allele

ENsprot

Gene

Mut cDNA

Mut prot

ExAC frequency

PPH2

SIFT

8

G

C

ENSP00000434640

NRG1

c.368G>C

p.R123P

Not reported

Benign 0.064

Tolerated
0.21

8

G

A

ENSP00000389998

TMEM67

c.37G>A

p.V13I

0/20/121102/0.0001652

Benign 0.008

Tolerated
0.08

10

G

A

ENSP00000361467

DLG5

c.1657C>T

p.R553C

Not reported

Probably
damagin 1.000

Damaging
0

13

C

T

ENSP00000366246

GPC6

c.722C>T

p.T241I

1/5/121186/0.00004126

Benign 0.089

Damaging
0.01

19

G

A

ENSP00000381008

MUC16

c.43067C>T

p.A14356V

0/30/120758/0.0002484

8

C

A

ENSP00000323856

PLEC

c.2189G>T

p.C730F

Not reported

Probably
damaging
0.997
Possibly
damaging
0.561

Damaging
0.01
Damaging
0.02
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Fig. 5.1: Pedigree of family G segregating autosomal ARWH/H. Filled squares and
circles in the pedigree are used to show affected males and females, respectively
whereas unfilled symbols are used to show unaffected males and females,
respectively. Consanguineous unions are designated by double lines. Roman and
Arabic letters in the pedigree indicating generation and individuals within each
generation, respectively. Asterisks (*) indicates those family members whose blood
samples were available for the study. The disease-associated haplotypes are shown
below each individual genotyped.
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Fig. 5.2: Panel (a) presenting clinical photograph of 20 years old affected female (IV8) in family G. Scalp hairs were sparse and woolly. Hair loss was also observed in the
form of patches severely affecting frontal, temporal, occipital and parietal regions of
the scalp. (b) 30 years old affected male (IV-6) in family G manifested with woolly
scalp hair. Scalp and beard hair appear sparse and patchy. Panel c and d showing light
microscopic examination of hair shafts of affected individuals IV-6 and IV-8 in
family G. (c) a tapered end and (d) twisting of hair shaft.
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Fig. 5.3: Sequence analysis of novel nonsense mutation (c.688C>T; p.Q230*) in the
LIPH gene in family G, showing nucleotide sequence in a homozygous affected
member (a), heterozygous carrier in panel (b) and homozygous unaffected member in
panel (c). Panel (d) schematic representation of coding region of LIPH gene with all
known structural and functional domains of the mature LIPH protein. The novel
nonsense mutation is shown in red bold writing affecting the β9 loop of the mature
LIPH protein and conservation of Gln230 affected by mutation. An arrow indicates a
conserved glutamine residue across different species. Panel (e) represents cDNA
analysis of the carriers, normal, ethnically matched control and affected individuals of
family G. RT-PCR using mRNA template presented cDNA bands in carriers (Lane 1,
Lane 2), ethnically matched control (Lane 3), normal individual (Lane 4) but no
cDNA was detected in affected members of family (Lane 5, Lane 6, Lane 7).

102

Fig. 5.4: Pedigree of family H segregating autosomal ARWH/H. Filled squares and
circles in the pedigree are used to show affected males and females, respectively
whereas unfilled symbols are used to show unaffected males and females,
respectively. Consanguineous unions are designated by double lines. Roman and
Arabic letters in the pedigree indicating generation and individuals within each
generation, respectively. Asterisks (*) indicates those family members whose blood
samples were available for the study. The disease-associated haplotypes are shown
below each individual genotyped.
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Fig. 5.5: Photograph of affected member in family H displaying sparse scalp hairs,
sparse eyebrows and eyelashes. Scalp hairs appeared woolly and light brown in color.
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Fig. 5.7: Pedigree presentation of a consanguineous family I with complete hair loss
disorder. Filled squares and circles in the pedigree are used to show affected males
and females, respectively whereas unfilled symbols are used to show unaffected males
and females, respectively. Consanguineous unions are designated by double lines.
Roman and Arabic letters in the pedigree indicating generation and individuals within
each generation, respectively. Asterisks (*) indicates those family members whose
blood samples were available for the study.

Fig. 5.8: Panel a and b representing clinical photographs of affected individual in
family I with complete hair loss from the entire scalp, and sparse to absent eyebrows
and eyelashes. Beard hair, moustaches and hair on other parts of the body are missing.
Affected member has flat, big bulbous nose with wider nostrils and heavy lower lips.
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Fig. 5.9: (a): Schematic presentation of a region of homozygosity (ROH) mapped in
family I, starting from 21,488,845 to 96,438,987 kb, shared by all affected individuals
on chromosome 8. Sequence analysis of a missense variant (c.368G>C, p.Arg123Pro)
in NRG1 in family I. Upper panel (b) representing the nucleotide sequences in
homozygous affected individual, middle panel (c) a heterozygous carrier and lower
panel (d) represents a homozygous unaffected individual. (e) Evolutionary
conservation of p.Arg123 across different species. An arginine residue is indicated by
an arrow which is conserved across different species.
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Fig. 5.10: Pedigree presentation of a consanguineous family J segregating autosomal
recessive HJMD phenotype. Filled squares and circles in the pedigree are used to
show affected males and females, respectively whereas unfilled symbols are used to
show unaffected males and females, respectively. Consanguineous unions are
designated by double lines. Roman and Arabic letters in the pedigree indicating
generation and individuals within each generation, respectively. Asterisks (*)
indicates those family members whose blood samples were available for the study.
The disease-associated haplotypes are shown below each individual genotyped.
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Fig. 5.11: Panels (a, b) clinical photographs representing affected members in the
family J displaying clinical signs and symptoms of hypotrichosis (less dense) with
very fine, sparse and hypopigmented scalp hairs.
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Fig. 5.12: (a): Schematic representation of a region of homozygosity (ROH) in family
J, starting from 63.7-73.3Mb shared by all affected individuals on chromosome 16.
Sanger sequencing analysis of novel nonsense mutation (c.1454G>A; p.Trp485*) in
CDH3 gene showing nucleotide sequence in a homozygous affected member (b),
heterozygous carrier in panel (c) and homozygous unaffected member in panel (d).
Panel (e) Schematic representation of known structural and functional domains of
mature P-cadherin protein. Representation of all mutations known to date causing
HJMD (in normal text) and EEM (in italics). The nonsense mutation identified here is
in bold.
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Fig. 5.13: Upper panel (a) represents the predicted Human CDH3 3D protein
structure. Five cadherin domains Ec1, Ec2, Ec3, Ec4 and Ec5 are shown in red, blue,
green, yellow and cyan color, respectively. The novel variant (c.1454G>A;
p.Trp485*) identified in family J, lies in CDH3-Ec4 domains highlighted by an arrow.
Calcium ions are shown as black dotes. Lower panel (b) presenting close up view of
EC4 domain of CDH3 protein affected by the variant.
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CHAPTER 6
ISOLATED NAIL
DISORDERS

ISOLATED NAIL DISORDERS
Isolated or non-syndromic congenital nail disorder (NCND) segregates in both
autosomal dominant and autosomal recessive manner. At least 10 various types of
NCND, involving abnormalities of fingers- and/or toe-nails, have been characterized.
This included NCND1/ twenty-nail dystrophy or trachyonychia (Sehgal, 2007),
NCND2/ koilonychia, or spoon shaped nails (Hellier, 1950; Bergeson and Stone,
1967; Schleutermann et al., 1970; Char, 1971; Bumpers and Bishop, 1980),
NCND3/leukonychia caused by pathogenic sequence alterations in the PLCD1 gene
(Kiuru et al., 2011); NCND4/anonychia has been associated with RSPO4 gene
sequence alterations (Blaydon et al., 2006), NCND5/onycholysis (Bazex et al., 1990),
NCND6/complete absence of nails or partial congenital anonychia (Charteris, 1918),
NCND7/isolated congenital onychodysplasia mapped to chromosome 17p13 (Hamm
et al., 2000, Krebsova et al., 2000), NCND8/isolated toe-nail dystrophy has been
linked with sequence alterations in COL7A1 gene, NCND9/anonychia of toe-nails and
onycholysis of finger-nails, mapped to chromosome 17q25.1-q25.3 (Refiq et al.,
2004), and NCND10 caused by mutations in the FZD6 gene (Frojmark et al., 2011).
Additionally, three other types of isolated nail dysplasia including ICNC (isolated
congenital nail clubbing) results from sequence alterations in the HPGD (Tariq et al.,
2009), ICNC involving clubbing of bilateral finger- and toe-nails has been linked with
sequence alterations in the SLCO2A1 gene (Shah et al., 2017) and isolated finger-nail
dysplasia has been linked with sequence alterations in in the SLC25A16 gene (Khan et
al., 2017) have been reported.
The present chapter described characterization of two unrelated consanguineous
families (K and L), segregating congenital spoon shaped nails (koilonychias) in
autosomal dominant manner. In both families, search for the potential sequence
variants was carried out using whole exome sequencing.

Family K
History and Clinical Features of the Family
This family displaying features of spoon shaped nails (koilonychia) was the residence
of Sindh province, Pakistan. The four generation family pedigree had five affected
(III-2, IV-3, IV-5, IV-7, IV-8) and three unaffected members (IV-2, IV-4, IV-6) (Fig.
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6.1). All these individuals showed contribution through their blood samples for
clinical and genetic analysis.
Affected members showed nail disorder called koilonychias/spoon shaped nails.
Marked bilateral central depression was noted in both toe- and finger-nails. The
texture of the nails was thin and flat with everted distal edges and developed into
characteristic spoon-shaped (Fig. 6.2). Hair, teeth, mental and physical status were not
affected.

Family L
History and Clinical Features of the Family
Family, segregating features of spoon-shaped nails, was sampled from Sindh
province, Pakistan. The four generation pedigree drawing of the family had three
affected (III-2, IV-2, IV-5) and three unaffected members (III-1, IV-1, IV-3) (Fig.
6.3). Blood samples were provided by all these six members.
Affected members presented features of koilonychias (spoon-shaped nails). Nails
were thin, smooth and flat with everted distal edges. Bilateral central depression was
observed in the finger-nails. Partial leukonychia (white nail), covering the lunula and
margins on both sides of the nail plate, was also noted. An affected member (IV-2)
had brachyonychia, representing short finger-nails, which probably developed due to
erosion of terminal nail plate. Affected individuals had normal hair, teeth, mental and
physical status (Fig. 6.4).
Search for the Disease Causing Sequence Variants
In both the families, disease causing sequence variants were searched by WES.
Genomic DNA of two affected members (IV-5, IV-8) in family K and another
affected member (IV-2) in family L was subjected to WES at the Cologne Center for
Genomics (CCG), University of Cologne, Germany. For WES, Exome Library v2.0
kit (Roche NimbleGen Inc., Madison, USA) was used and sequencing reads were
generated on an Illumina HiSeqTM 2000 sequencer as described in chapter 2
(Materials and Methods). Exome data was analyzed using the CCG Varbank pipeline
v2.24. WES data analysis identified a previously unreported heterozygous splice
donor site variant (c.1279+5G>C) in the KRT86 gene. A pair of primers (KRT86-8F:
5′

GTGACCCGAGTCTACACTGGC-3′

and

KRT86-9R:

5′
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GGACAACAAATTGACTACCAGG-3′) was then used to sequence the variant,
following Sanger dideoxy chain termination method, in all the available members in
the two families. Analysis of the sequence data validated co-segregation of the variant
(c.1279+5G>C) with the disease within the families (Fig. 6.5). Searching the online
databases revealed the variant was absent in the dbSNP and gnomAD. The variant
was also not found in in-house database of CCG containing exomes of 511
individuals with epilepsy and 200 ethnically matched control chromosomes. Analysis
by multiple splice site effect prediction tools including NetGene2 Server, Oriel, and
Berkeley Drosophila Genome Project predicted the variant (c.1279+5G>C) abolish
the normal splicing in the KRT86 gene at the donor site.
In order to check the pathogenic effect of the KRT86 splice donor site variant
(c.1279+5G>C), Mini Gene Splice Assay was carried out. Analysis of the results
obtained from the splice assay confirmed the aberrant splicing and pathogenicity at
transcriptional level. As a result of the variant, the canonical splice donor site was
skipped which ultimately results in skipping of exon 10 consisting of 32bp leading to
mutant transcript of 228bp as compared to its wild type transcript of 260bp (Fig. 6.6).
Sanger sequencing analysis of Mutant cDNA revealed the deletion of 32bp resulting
in the skipping of whole exon 10 and cause frameshift leading to premature
termination codon (p.Leu417Argfs*28) leading truncated protein lacking the tail
domain helix termination motif.

Discussion
The present chapter of the thesis described characterization of two families,
segregating a nail disorder “koilonychias” in autosomal dominant manner. Both the
families belonged to Sindhi speaking population living in the Sindh province of the
country. In order to search for the disease causing sequence variants, recently wellestablished technique of exome sequencing was followed. Genomic DNA of three
affected members, including two (IV-5, IV-8) from family K and one (IV-2) from
family L, were used in exome sequencing. Analysis of the exome data revealed a
novel heterozygous splice donor site variant (c.1279+5G>C) in the KRT86 gene,
segregating within the families.
The present study reported the first variant (c.1279+5G>C) in the KRT86 gene leading
to koilonychia (spoon-shaped nails), segregated in autosomal dominant pattern, in
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Pakistani families. Previously, mutations have been reported in the KRT86 gene
causing hair disorder monilethrix (Winter et al., 2000; Van Steensel et al., 2015).
Although, the nail disorder koilonychias has been described previously by few authors
but the causative gene was not identified. Previous studies have reported at least five
familial cases of autosomal dominant koilonychias. Relevant information about these
cases is available in the OMIM directory. This included a large family with 14
members displaying koilonychia in both hands and feet (Hellier, 1950). Bergeson and
Stone, (1967) reported a family with 12 members showing varying degree of nails.
Schleutermann et al, (1970) reported another familial case, displaying more severe
koilonychia in nails of thumb and great toes. The fourth familial case of koilonychia
was reported by Char, (1971). The family of Indian origin had 8 affected members.
Koilonychia was severe in the finger-nails as compared to the toe-nails. Bumpers and
Bishop, (1980) described a four generation pedigree with 16 members showing
koilonychias in both finger- and toe-nails. In a rare case, koilonychia has been
reported in association with leukonychia and multiple pilar cysts (Mutoh et al., 2015).
The human keratins encoding genes are multi-gene family, which consists of 54 αkeratins organized into 28 type-I keratin (17 epithelial and 11 hair keratins) and 26
type-II keratins (20 epithelial and 6 hair keratins) clustered to human chromosomes
17q21.2 and 12q13.3, respectively. The epithelial keratins strongly expressed in
numerous types of epithelial cells, and as the name indicate hair keratins or hard
keratins significantly involved in the morphogenesis of hard keratinized structures of
hair and nails (Schweizer et al., 2006). 50% of all keratin encoding genes (54 genes)
show strong expression in the hair follicle. All keratins belong to intermediate
filament (IF) family of proteins with common protein structural features. The central
α-helical

rode domain of IF consists of approximately 310 amino acids which are

flanked by non-helical head and tail domains. The head domain further consists of
subdomains V1 and H1 followed by central α-helical rode subdomains (1A, 1B, 2A,
2B) joined by linkers domain (L1, L12, L2). The tail domain of IF comprises of two
subdomains (H2 and V2) (Geisler and Weber, 1982; Lane and McLean, 2004; Parry
et al., 2007). The keratins (type-I and type-II) linked to each other through its αhelical rode domain thus forming the fundamental binding units of IF known as
heterodimers (Lu and Lane, 1990). Thus keratins are the scaffolding protein involved
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in maintaining structure of the cell and tissues, cell growth, hair cycle, wound repair,
apoptosis and tissue remodeling.
The KRT86 gene encodes a type II hair keratin protein known as KRT86 (K86) which
heterodimerizes with type I protein to form hair and nails. It consists of 9 coding
exons translating 486 amino acids long polypeptide with 53501 daltons molecular
weight. KRT86 share protein structural features with other keratins and consists of
head domain (1-106 amino acids), subdomain 1A (107-141), linker domain L1 (142151), 1B subdomain (152-252), L12 domain (253-269), 2A domain (270-288), L2
domain (289-296), 2B domain (297-417) and tail domain (418-486). KRT86 protein
expresses in the hair shaft (mid-cortex) (Ramot and Paus, 2014), in the nail matrix and
nail bed, and thus ensure formation of the hard tissue of nail plate (Perrin et al., 2004;
Perrin, 2007; Rice et al., 2010; Barthélemy et al., 2012). Mutations in the gene KRT86
have been associated with hair disorder monilethrix which is described by deformed
hair shafts with a beaded appearance (Winter et al., 1999). Another type-II hair keratin
encoded KRT85 gene has previously been known for causing a rare genetic disorder
of PHNED (Naeem et al., 2006).
The present investigation showed a splice donor site mutation (c.1279+5G>C) in the
KRT86 resulted in isolated nail disorder koilonychias in two families. Previous studies
have shown that mutation in the two highly conserved regions the helix initiation
motif (HIM) and the helix termination motif (HTM) resulted in the disease
pathogenesis. These two regions play important role in maintaining high-order keratin
IF assembly and mutation in these two regions resulting in disorganized and
destabilized structures (Danciulescu et al., 2004; Khandpur et al., 2004). The
mutation (c.1279+5G>C), identified in the present study resulted in aberrant splicing
leading to skipping of exon 10 and frameshift leading to premature termination codon
(p.Leu417Argfs*28), producing truncated protein lacking the HTM which is critical
for maintaining keratin intermediate filaments assembly and stability thus leading to
disease pathogenesis.
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Fig. 6.1: Pedigree design of family K with autosomal dominant inheritance pattern of
koilonychia. Filled squares and circles in the pedigree are used to show affected males
and females, respectively whereas unfilled symbols are used to show unaffected males
and females, respectively. Consanguineous unions are designated by double lines.
Roman and Arabic letters in the pedigree indicating generation and individuals within
each generation, respectively. Asterisks (*) indicates those family members whose
blood samples were available for the study.

Fig. 6.2: Panel (a-d) representing clinical photographs of finger-nails and toe-nails in
affected members in family K. Spooning of nails, called koilonychias, are visible in
all four panels.
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Fig. 6.3: Pedigree design of family L with koilonychia and partial leukonychia
segregating in autosomal dominant manner. Filled squares and circles in the pedigree
are used to show affected males and females, respectively whereas unfilled symbols
are used to show unaffected males and females, respectively. Consanguineous unions
are designated by double lines. Roman and Arabic letters in the pedigree indicating
generation and individuals within each generation, respectively. Asterisks (*)
indicates those family members whose blood samples were available for the study.

Fig. 6.4: Clinical photographs presenting finger-nails and toe-nails with visible
features of koilonychias in affected members in family L. (a) Finger-nails with
koilonychias, partial leukonychia (white nail) and brachyonychia. (b) Finger-nails
with visible features of koilonychia with leukonychia. (c, d) Toe-nails with prominent
feature of koilonychia and leukonychia.
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Fig. 6.5: Sequence analysis of a novel heterozygous splice site variant (c.1279+5G>C) in

the KRT86 gene in family K and L. Upper panels (a, b, c) represent nucleotide
sequence in the heterozygous affected members whereas panels (d, e, f) represent
wild type homozygous nucleotide sequence in the normal members.
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Fig. 6.6: (a) cDNA analysis of wild type transcript (lane 1, 260bp), heterozygous mutant
KRT86 transcript (Lane 2, 260bp (wild type); 228bp (mutant) and lane 3 representing
H2O used as a control. The bands were compared with 2-Log DNA ladder shown on both
sides of the gel. Panel (b) representing nucleotide sequence of cDNA of wild type and
panel (c) representing nucleotide sequence of the mutant KRT86 cDNA showing skipping
of nucleotide sequence of exon 10 (32bp).
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CHAPTER 7
ECTODERMAL
DYSPLASIAS

ECTODERMAL DYSPLASIAS
The term “ectodermal dysplasias” (EDs) explains a diverse group of genetic disorders
in which at least one or more of the ectodermal derived appendages (hair, nail, teeth,
sweat glands) fails to develop properly (Lamartine, 2003). EDs affects 7 out of 10
thousand births. Approximately 200 types of EDs resulting from mutations in 80
genes have been reported so far (Itin, 2014).

Ectodermal dysplasia such as PHNED (MIM 602032) is caused by mutations in the
KRT85 (MIM 602767) (Naeem et al., 2006; Shimomura et al., 2010a), KRT74 (MIM
608248) (Raykova et al., 2014) and HOXC13 (MIM 142976) (Lin et al., 2012)
located on chromosome 12p11.1-q21.1. Tariq et al, (2008) mapped hair, nail and teeth
type ED also designated as ECTD8 (MIM 602401) on chromosome 18q22.1 to q22.3.
Another similar form of ED involving hair, nail and pigmented skin has been mapped
on chromosome 18p11.32 to p11.31 (Habib et al., 2015) however the disorder has not
been characterized at molecular level yet.
Ectodermal Dysplasia of tooth and nail type, also known as Witkop syndrome (MIM
189500) has been linked with heterozygous sequence alterations in the MSX1 gene
(MIM142983) mapped to chromosome 4p16.2 (Jumlongras et al., 2001). EEM
Syndrome is due to alteration in the CDH3 (MIM 114021), encoding P-adhering,
mapped to chromosome 16q22.1 (Kjaer et al., 2005). Ectodermal Dysplasia/Skin
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Fragility Syndrome (MIM 604536) is a rare skin disorder linked with biallelic
sequence alterations in the PKP1 (MIM 601975) on chromosome 1q32 (McGrath et
al., 1997; Whittock et al., 2000). Odonto-Onycho-Dermal Dysplasia (OODD) (MIM
257980) is caused by WNT10A (MIM 606268) on chromosome 2q35 (Adaimy et al.,
2007). Ectodermal Dysplasia-Syndactyly Syndrome 1 (EDSS1; MIM 613573) is
caused by PVRL4 (MIM 609607) on chromosome 1q23.3 (Brancati et al., 2010;
Ahmad et al., 2018a, present study). Cleft-lip/Palate Ectodermal Dysplasia Syndrome
(CLPED1; MIM 225060) is caused by pathogenic mutation in the PVRL1 (MIM
600644) on chromosome 11q23.3 (Suzuki et al., 2000).
The present chapter described six consanguineous families (M-R) segregating
different forms of ED. This included family M and N segregating hypohidrotic
ectodermal dysplasia, family O ectodermal dysplasia cutaneous syndactyly syndrome,
family P hair loss, nail dysplasia and palmoplantar keratoderma, family Q hair loss,
nail dysplasia and postaxial polydactyly, and family R hair, nail, teeth and skin type
ED. After establishing microsatellite/SNP based linkage in the families, WES and
Sanger sequencing were performed to hunt down the potential pathogenic sequence
variant(s).

Family M
History and Clinical Features of the Family
This family was the residence of district Mardan, Khyber Pakhtunkhwa province of
Pakistan (Fig. 7.1). Clinically, affected individuals were manifested with the features
of HED phenotype. The four generation pedigree had two members (IV-1, IV-3)
affected by the disorder and 3 unaffected members (III-3, III-4, IV-2). All these five
members participated in this study through their blood samples for DNA extraction
and further study.
Skin disorder hypohidrotic ectodermal dysplasia was found segregating in autosomal
recessive manner in the family. Affected members had sparse thin scalp hair, which
were light brown in color. Sparse hairs were present on the other body parts.
Eyebrows and eyelashes were completely missing. Other features observed included
prominent dark brown circle around the eyes, hypodontia with serrated teeth, and
hypohidrosis leading to life threatening hyperthermia (Fig. 7.2). Affected members
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were devoid of any other abnormality like nail dysplasia, intellectual disability,
palmoplantar keratoderma, and ichthyosis.

Family N
History and Clinical Features of the Family
Family N was studied in Malakand district in KPK province, Pakistan (Fig. 7.4). The
affected member in the family presents the clinical characteristics of HED. The four
generation pedigree comprised of one affected (IV-4) and six unaffected individuals
(III-1, III-2, IV-1, IV-2, IV-3, IV-5). Blood samples were provided by these
individuals for genetic analysis.
The only affected member (IV-4) in the family displayed the typical hallmarks of
HED. Clinical features noted included sparse scalp hair, which were light brown in
color and with fine thin texture. Receding of frontal hairline was also observed.
Eyebrows and eyelashes were completely missing. Beard and moustache hair was
sparse. Characteristic dark brown circle around the eyes was present. Affected
member showed teeth abnormalities including serrated teeth in the upper jaw and
complete absence in the lower jaw. The sweating anomaly (hypohidrosis) was present
as well. This condition becomes more severe in the summer. The skin was extremely
dried (Fig. 7.5). Abnormalities like intellectual disability, nail dysplasia, ichthyosis,
and palmoplantar keratoderma were not observed.
Genotyping and Mutational Screening
Linkage was searched in both the families (M and N) with the help of highly
polymorphic microsatellite markers flanking the EDAR, EDARADD and WNT10A
genes (Table. 2.1). Haplotype analysis established a convincing linkage on
chromosome 2q11-q13 harboring EDAR gene. Upon establishing linkage, Sanger
sequencing of the EDAR gene was carried out in the available members of the
families. Analysis of the sequencing data of EDAR resulted in a novel biallelic
nonsense mutation (c.1249C>T; p.Gln417*) in the exon 12 in family M (Fig. 7.3) and
a previously reported missense sequence variant (c.1144G>A; p.Gly382Ser) in the
same exon 12 in family N (Fig. 7.6). Both the variants showed co-segregation within
the respective family. The mutated residues in the variant p.Gln417* and p.Gly382Ser
show its conservation from human to Xtropicalis (Fig. 7.3, 7.6). Both the variants
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were predicted as pathogenic by SIFT, MutationTaster and PolyPhen-2 and were also
absent in 200 ethnically matched individuals lacking HED.

Family O
History and Clinical Features of the Family
This family was sampled from AJK, bordering Pakistan and India. Clinical
characteristics of EDSS1 were observed in the affected members in the family. The
five generation pedigree comprised of four affected (V-2, V-6, V-8, V-9) and three
unaffected members (IV-2, V-5, V-7) (Fig. 7.7). All these individuals provided blood
samples for genetic analysis.
The EDSS1-related features observed in affected members included straight, thin, and
less dense hair on the scalp with shunted growth. Eyebrows and eyelashes, armpit and
pubic hair, and hair on other body parts were thin and sparse to absent. Follicular
hyperkeratosis was observed on hands and feet (Fig. 7.8). Affected members had nail
dystrophy with discoloration, thickened nail plate, flat and hypoplastic nails.
Characteristic conical and cylindrical shaped teeth with ill-defined surface
morphology were also noted. Widely spaced teeth were present in both upper and
lower jaws (V-8). Excessive hyperhidrosis was noted on hands, face and scalp (Fig.
7.8). Surface of the skin was rough, inflexible and stretched. Generalized body
scalings, mild epidermolytic hyperkeratosis and mild to severe keratoderma were
present on palms and soles. Facial features included large prominent ear pinnae,
pointed nose, and thin upper lips (Fig. 7.8).
Bilateral partial cutaneous syndactyly was observed in both the fingers (involving
three fingers, sparing thumbs and little fingers) and toes (involving four fingers,
sparing thumbs) in affected members (Fig. 7.8). Radiological examination of an
affected individual (V-8) did not reveal presence of any bony lesion or injury or
abnormal joint spacing. Systemic abnormality involving hearing, brain, eyesight,
height, and growth was not found.
Exome and Sanger Sequencing
WES was performed at the CCG, Germany using DNA of an affected member (IV-8)
as mentioned in Chapter-2 (Materials and Methods). Sequence reads were generated
on Illumina HiSeq 2000 sequencer via a paired-end 100-bp protocol. For data
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analysis, the Cologne Center for Genomics (CCG) Varbank pipeline v2.24
(https://varbank.ccg.uni-koeln.de/) was used. Analysis of exome data revealed a novel
homozygous missense variant (c.242T>C; p.Leu81Pro) in the PVRL4 (NM_030916).
A pair of primers (PVRL4-F: 5′-CTGGATTGGGTGCGAGGATAG-3′), (PVRL4-R:
5′-CGGTCACCTTTGCTGTCATT-3) was then designed and used to sequence the
variant and its flanking sequences in the PVRL4. Sanger sequencing of the PVRL4
variant in rest of the family members validated its segregation within the family with
the disease phenotype (Fig. 7.9). The mutated residue in the variant (p.Leu81Pro)
shows conservation from human to Armadillo (Fig. 7.10). The variant was absent in
the dbSNP, ExAC, EVS, gnomAD and was predicted damaging by SIFT (damaging
score 0.01); MutationTaster (disease causing); PolyPhen-2 (probably damaging, score
1.000). The variant was also absent in 511 in-house exomes of individuals with
epilepsy.
Protein Modeling
Three dimensional structure of human nectin-4 with a resolution of 3.5 Å was
retrieved from the Protein Data Bank (http://www.rscb.org./ PDB code: 4FRW) (Johal
et al., 2014). All the water molecules were removed from the structure and hydrogen
atoms were added. The structure was then energy minimized in the Molecular
Operating Environment (MOE) packages (http://www.chempcomp.com). Using the
Protein Design module of MOE, the structure of the mutant was developed by
changing the Leu81 residue into Pro81 followed by refinement of structures by
subjecting to a LowModeMD, which generated the mutant structure before applying
MDS (Molecular Dynamics Simulation) at constant temperature for a short time and
energy minimization of resulting mutant under the force field. Subsequently, change
in stability of the mutant relative to wild type was calculated.
In case of p.Leu81Pro, an aliphatic amino acid leucine is replaced by a distinctive
cyclic structure amino acid proline (Fig 7.11). As a result, a cyclic structure amino
acid proline is predicted to reduce the beta sheet and distorted the protein
conformation in the local structure (Fig. 7.11). Relative thermal stability indicated that
the mutant protein is less stable (stability = -11.05 kcal/mol) as compared to the wild
type protein (stability= -13.75 kcal/mol).
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Family P

Family P was collected from Tank district in KPK province, Pakistan (Fig. 7.12).
Affected members exhibited clinical features of hypotrichosis, palmoplantar
keratoderma and nail dysplasia. The four generation pedigree had 3 affected (IV-2,
IV-3, IV-4) and 3 unaffected individuals (III-2, III-3, IV-1) (Fig. 7.12). These
individuals actively participated by contributing their blood samples for clinical and
genetic analysis.
Affected members presented abnormalities of hair, nails and skin. This included
hypotrichosis, keratoderma of palms and soles, and nail dysplasia. Scalp showed
sparse hair and fluid filled vesicles. Woolly and sparse scalp hair was also noted in the
observed in the affected (IV-2) member. Eyebrows and eyelashes were sparse to
absent. Keratoderma was observed on palms and soles. Both finger- and toe-nails
were clubbed shaped, thick and hyperkeratinized (Fig. 7.13). Abnormality of any
other organ was not observed.
Genotyping and Mutational Screening
Highly polymorphic microsatellite markers flanking the DSP gene on chromosome
6p24.3 (Table. 2.1) was genotyped for linkage analysis. Haplotype analysis revealed a
convincing linkage on 6p24.3 harboring the DSP gene. Sanger sequencing of the DSP
gene was performed. Sequencing data analysis of the DSP gene identified a
previously known missense sequence variant (c.1493>T; p.Pro498Leu) (Jan et al.,
2015b) in the exon 12 (Fig. 7.14), segregating within the family. The mutated residue
in the variant (p.Pro498Leu) is highly conserved from human to Drerio (Fig. 7.14).

Family Q
History and Clinical Features of the Family
Pedigree of the family Q was constructed after visiting its residence in district Mardan
in Khyber Pakhtunkhwa province of Pakistan. Affected members in the family
displayed the features of hypotrichosis, nail dysplasia (anonychia) and post-axial
polydactyly. The six generation extended pedigree comprised of eight affected (IV-7,
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IV-12, V-3, V-4, V-5, V-6, V-7, V-9) and 3 unaffected members (IV-5, IV-6, V-2)
(Fig. 7.15). All these individuals provided blood samples for DNA-based analysis.
Generally affected members showed combination of features of hypotrichosis,
anonchia of finger- and toe-nails, and post-axial polydactyly. However, these features
were not consistent among the affected members. Hypotrichosis was found in V-4, V5, and V-6, anonchia of finger- and toe-nails in V-5, V-6, V-7 and V-9, and bilateral
post-axial polydactyly in IV-7, IV-12, V-3, V-4, V-5, and V-7 (Table. 7.1). Varying
degree of hypotrichosis ranging from sparse to complete absence of scalp hair, and
sparse to absent eyebrows and eyelashes were observed in affected members.
Similarly, finger- and toe-nails were either very short or completely missing
(anonychia). Clinical feature of post-axial polydactyly involving both hands and feet
was also observed in some of the affected members (Fig. 7.16). Dental anomalies,
ichthyosis, epidermolysis bullosa, palmoplantar keratoderma, and intellectual
disability were not noted in any affected member.
Exome and Sanger Sequencing
The DNA samples of two affected members (V-5, IV-7) of the family were submitted
for WES at the CCG, Germany as described earlier (Materials and Methods).
Sequence reads were generated on Illumina HiSeq 2000 sequencer via a paired-end
100-bp protocol. For data analysis, the Cologne Center for Genomics (CCG) Varbank
pipeline v2.24 was used. Considering the phenotypes were not consistent among the
affected members therefore three classes of genes targeting three different features
were searched for the potential disease causing variants. First, exome data was
analyzed for the variant causing hypotrichosis in the affected member of the family.
This approach resulted in a previously known nonsense sequence variant (c.328C>T;
p.Arg110*) in the LIPH gene (NM_139248) on chromosome 3q27.3 (Mehmood et
al., 2015). The variant and its flanking sequences were Sanger sequenced in the rest
of

the

family

members

using

CTTCCCTGGGGCTTATTCACATT-3′),

a

set

of

primers
(LIPH-R:

(LIPH-F:

5′5′-

GCCCAGCTAAGGAAAGACCTGT-3′) which further confirmed the segregation of
the variant in the family (Fig. 7.17). The exome data was analyzed for the variant
causing nail dysplasia (anonychia) and a recurrent missense variant (c.3G>A;
p.Met1Ileu) (Ishii et al., 2008) was found in the RSPO4 gene (NM_001029871)
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mapped on chromosome 20p13. Here also, variant and its flanking sequences were
Sanger sequenced in the rest of the family members using a set of primers (RSPO4-F:
5′-CTTGGCCCACCCTACTCAAT-3′),

(RSPO4-R:

5′-

CTGCGGGACAGATCGAACT) which also confirmed the segregation of the variant
in the family (Fig. 7.18).
Search for the mutation causing post-axial polydactyly was carried out by analyzing
the exome data for additional biallelic variants in other genes. Analysis identified
eleven homozygous variants in eleven genes including ADH4 (NM_000670.3),
TMEM206

(NM_001198862),

PTPN14

(NM_005401.4),

C1orf95

(NM_001003665.3), ANKRD30B (NM_001145029.1), PEX11A (NM_003847.1),
OLFM4 (NM_006418.4), SP8 (NM_182700.4), PKD1L1 (NM_138295.3), ZNF415
(NM_018355.3), and C20orf202 (NM_001009612.2) (Table. 7.2). Segregation
analysis however failed to find single variant co-segregating with the disease within
the family.

Family R

Family R was sampled from Punjab province, Pakistan. Affected members were
manifested with clinical features of hypotrichosis, nail dysplasia, teeth abnormality
and generalized fluid filled skin vesicles. The five generation pedigree comprised of
three affected (V-1, V-2, V-3) and three unaffected individuals (III-3, IV-1, V-4) (Fig.
7.19). The members actively participated through their blood samples for DNA-based
analysis.
Affected members were manifested with visible abnormal clinical features of skin and
its appendages (hair, nail, teeth). Hypotrichosis with varying degree of hair loss,
ranging from very dense to sparse/less-dense hair in the form of patches, was noticed
on the scalp. The hairs were thin and de-pigmented with black to dark brown in color.
Receding frontal hair line was observed in the affected individuals. They also have
less dense to absent eyebrows and eyelashes (Fig. 7.20).
Affected members presented deformed, carious, yellow, irregular maxillary and
mandibular teeth. Few teeth were missing in both upper and lower jaws. Affected
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member also have visible features of finger- and toe-nails dystrophy. Finger-nail plate
was thin and flat. Toe-nail plate appeared degenerate and spooning (Fig. 7.20).
Abnormal skin manifestation in the form of fluid filled vesicles/cysts was observed in
all three affected individuals. Although, the vesicles were present on the entire skin
but more substantial on chest, abdomen, face and neck (Fig. 7.20). Other types of skin
abnormalities like ichthyosis and palmoplantar keratoderma were not found in the
affected members.
Exome Sequencing and Screening Candidate Genes
DNA of an affected individual (V-1) was submitted to WES at the CCG, Germany as
described earlier (Materials and Methods). Sequence reads were generated on
Illumina HiSeq 2000 sequencer via a paired-end 100-bp protocol. For data analysis,
the Cologne Center for Genomics (CCG) Varbank pipeline v2.24 was followed.
Analysis of the exome data detected variants in the LIMD1 (NM_014240), SLC6A20
(NM_022405),

ATXN7

(NM_001030055),

(NM_000333),

FOXA1

(NM_004496),

MBD2

(NM_003927),

FRMD6

ARHGAP5

(NM_152330),

CES5A

(NM_001190158), EXOC3L1 (NM_178516), and ZNF117 (NM_015852) (Table.
7.3). For co-segregation analysis, the variants were Sanger sequenced in rest of the
family members. Analysis of the sequenced data validated segregation of the variant
(c.3890G>A; p.Arg1297His) in the ARHGAP5 gene with the disease within the
family (Fig. 7.21). The Arg1297 showed conservation across different species (Fig.
7.22). The variant was absent in 1000 genomes, dbSNP, EVS and gnomAD database
entries. The mutation was found also absent in the CCG in-house database containing
511 exomes data of epilepsy patients. It was predicted as damaging SIFT [not
tolerated with score 0, PolyPhene 2 damaging score 1.000 and MutationTaster
(disease causing)].

Discussion
Six consanguineous families (M-R), segregating various forms of ectodermal
dysplasias, were clinically and genetically investigated and the results obtained are
presented here in this chapter. All the six families were of Pakistani origin and studied
by the author himself by visiting some of the very far flung areas of the country. In
the two families (M and N), affected displayed features of HED, in family O
hallmarks of EDSS1, in family P palmoplantar keratoderma/complete hair
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loss/dysplastic nails, in family Q hypotrichosis/anonychia/post-axial polydactyly and
in family R ED involving hair, nail, teeth and skin.
Detailed clinical spectrum of affected members in each family was generated by the
author with assistance of the Medical Officers/Dermatologists working at local
Government hospitals. Features recorded in the six families showed resemblance to
the previously reported families with different ethnic background.
In order to hunt down for the pathogenic variants in the families, presented here,
microsatellite-based genotyping and/or WES and Sanger sequencing were performed.
Use of these techniques revealed novel/recurrent disease causing variants in five
genes including EDAR, DSP, PVRL4, RSPO4 and LIPH. In addition, a novel gene
ARHGAP5, involved in causing ED of hypotrichosis, nail dysplasia, teeth abnormality
and generalized fluid filled skin vesicles in a consanguineous family has been
identified. It is pertinent to mention here that involvement of this gene causing ED
was not reported previously. Furthermore, the validation of the variant, their absence
in the genome databases and ethnically matched control individuals, and their
prediction as damaging and disease causing by various online protein prediction tools
(SIFT, Polyphene 2.0 and MutationTaster) further support the pathogenic nature of
the variant.
In two families (M and N), linkage to EDAR gene on chromosome 2q11-q13 was
established by microsatellite maker-based haplotype analysis. Sequence analysis
resulted a previously unreported non-sense mutation (p.Gln417*) in the EDAR in
family M. In the second family N, a previously reported missense variant
(p.Gly382Ser) was detected. The variant (p.Gly382Ser) was reported earlier, in
another consanguineous family of Pakistani origin, by my senior colleague in the
laboratory (Naeem et al., 2005).
The ectodysplasin A receptor (EDAR) gene produces a polynucleotide consisting of
448 amino acids which is a member of tumour necrosis factor (TNF) receptors family.
The protein EDAR comprised of an amino terminal signal peptide (SP), an
extracellular domain (EC), a single trans-membrane region and an intracellular
domain containing a death domain (DD) (Headon and Overbeek, 1999). The EDARmediated intracellular signaling initiates by interacting with its ligand ectodysplasin
A1 isoform (EDA-A1) through C-terminal TNF-ligand motif. The intracellular DD
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interacts with the adapter protein EDARADD, which by involving/interacting other
proteins TAB2, TRAf6 and TAK1 activate the downstream NF-kB signaling pathway.
As described previously (Headon and Overbeek, 1999; Morlon et al., 2005), this
pathway is crucial for the normal development and morphogenesis of ectodermal
derivative structures namely hair and teeth etc.
The novel non-sense variant (p.Gln417*) in family M, resides in the EDAR protein
DD domain. Since the change (p.Gln417*) introduced a premature termination codon
therefore it is highly likely that either the abnormal transcript would be degraded by
its recognition by nucleases or a truncated protein would be produced. In the latter
case, the protein would certainly lack death domain (DD) resulting in disruption of its
interaction with EDARADD to activate the NF-kB pathway. The previously known
missense sequence alteration (p.Gly382Ser) in the family N, also lies in the EDAR
protein DD domain. The change causes a replacement of a nonpolar glycine with
polar serine leading to localized protein structural conformation, which result in
protein miss folding and destabilization. Considering expression of the EDAR in hair
follicle and other tissues, the end result would be production of HED pathology.
In a family, segregating ectodermal dysplasia syndactyly syndrome 1 (EDSS1),
exome sequencing revealed a novel homozygous missense variant (p.Leu81Pro) in the
PVRL4 gene. Previously, five disease causing variants (p.Arg284Gln, p.Pro212Arg,
p.Val242Met, p.Asp61*, p.Thr185Met/p.Pro304-Hisfs*2) in the PVRL4 gene were
reported in families of Algerian, Italian, Pakistani, Afghani origin (Brancati et al.,
2010; Jelani et al., 2011; Fortugno et al., 2014; Raza et al., 2015).
The 510 amino acids (55.5 kDa) adhesion receptor nectin-4 polypeptide is encoded by
poliovirus receptor-related 4 (PVRL4) gene containing nine exons (Reymond et al.,
2001). Nectin-4 is a multi-domains protein comprised of an N-terminal signal peptide,
an extracellular domain with three immunoglobulin-like sub-domains (V-type1, C2type1, C2-type2), a transmembrane domain and a cytoplasmic domain. The novel
missense variant (p.Leu81Pro), identified in the present family, lies in the
extracellular immunoglobulin-like sub-domain V-type 1 of the PVRL4, which is
highly conserved across different species.
Adherens junction, tight junction and desmosomes are three major types of adhesive
proteins that are involved in the formation of epithelial cell-cell junctional complexes

131

which ensure tissue renewal, wound healing, and establishing new cell contacts with
the neighbor cells and also play its pivotal role during various stages of development
and morphogenesis. Nectins (N-1 to N-4) are calcium-independent immunoglobulins
like cell adhesion molecules (CAMs) which facilitate cell-cell adhesion by forming
adherent junction (AJ’s) through hemophilic or heterophilic interactions (Takai et al.,
2008; Irie et al., 2004; Takai and Nakanishi, 2003). Among nectins, nectin1 and
nectin 4 have been found associated with human genetic disorders of cleft lip-palate
ED (CLPED1) and ectodermal dysplasia syndactyly syndrome 1 (EDSS1),
respectively (Suzuki et al., 2000; Brancati et al., 2010). Similar predominant
expressions of PVRL1 and PVRL4 have been reported in the skin, hair shaft, tooth
and different stages of limb development in the mouse embryo (Brancati et al., 2010).
Two types of interactions, including homophilic and heterophilic, occur through Ig
like-domains of nectins. In particular, nectin trans-interactions have vast significance
in promoting and regulating various developmental pathways like actin cytoskeleton
reforming through the activity of Rho GTPases which further promote adhesion
molecule to cluster and strengthen their connections (Jamora and Fuchs, 2002;
McCormack et al., 2013). Nectins are also involved in the regulation of Rac1 activity.
Rac1 deficient mice due to altered nectin-1 and nectin-4 showed abnormal skin, interdigital webbing, and severe hair loss, which are similar to those observed in patients
of CLEPD1 and EDSS1 (Suzuki et al., 2009; Benitah et al., 2005; Chrostek et al.,
2006; Jelani et al., 2011, Raza et al., 2015).
In family P, Sanger sequencing analysis of DSP gene, segregating hypotrichosis,
palmoplantar keratoderma and nail dysplasia, detected a previously reported missense
sequence variant (p.Pro498Leu) (Jan et al., 2015b). Although, the variant was not
found in homozygous state but reported in heterozygous state in ExAC database with
a very low allelic frequency of 0.00002440.
Prior to this study, in the DSP gene, both homozygous and heterozygous mutations
were known. Different combinations of skin-related phenotypes result due to
mutations in the DSP gene. This included epidermolysis bullosa, complete hair loss or
hypotrichosis to woolly hair, palmoplantar keratoderma, acantholytic epidermolysis
bullosa (AEB) and cardiac anomalies (Jonkman et al., 2005; Petrof et al., 2012).
Affected members in the family of the present study, showed clinical features of
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palmoplantar keratoderma, complete hair loss from the scalp and nail dysplasia. The
patients did not have any history of cardiac related manifestations.
The DSP gene, encoding desmoplakin, belongs to a member of cytoskeletal linkers
plakin family. The gene encodes two protein isoforms of 322kDa and 259 kDa. It has
24 exons and spans ~45 kb on chromosome 6p24.3 (Green et al., 1998; Monreal et
al., 1999; Lai et al., 2005). Predominant expression of both isoforms of desmoplakin
has been described in a variety of tissues (Angst et al., 1990; Delva et al., 2009).
Plakins are essential for the normal function of desmosomes (Garrod, 1993; Whittock
et al., 1999). Desmosomes play crucial role in mediating adhesion between cells and
also act as linker between intermediate filaments (IFs) of one cell to the nearby cells
(North et al., 1999). Desmosomes are abundantly found in the epidermis and heart
(Garrod, 1993; North et al., 1999).
Domain features of desmoplakin consist of six spectrin repeats (SRs), 1 SH3 domain
and 17 plectin repeats. Primary protein structure of desmoplakin is classified into 3
distinct regions i.e, N-terminal domain (DPNT; 1056 amino acids), central coiled- coil
dimerization domain (890 amino acids) and a C-terminal IF binding domain (925
amino acids). Tandem spectrin like repeats lies within the DPNT plakin like domain
(Jefferson et al., 2007). C-terminal regions of desmoplakin featured variable number
of IF-binding plakin repeat domains (Leung et al., 2002). The recurrent missense
mutation (p.Pro498Leu) in the family P, resides in the SH3 domain of desmoplakin
and cause the substitution of proline residue at position 498 with leucine and is highly
likely to contribute in miss-folding and instability of the protein.
Affected members in family Q showed clinical features of hypotrichosis, anonychia
and post-axial polydactlyly. Analysis of exome sequencing data revealed two variants
including a non-sense p.Arg110* in the LIPH and a recurrent biallelic missense
mutation p.Met1Ileu in the RSPO4 gene (Ishii et al., 2008) segregating with disease
phenotypes hypotrichosis and anoncychia, respectively within the family. Previously,
several published reports showed mutations in the LIPH and RSPO4 result only in
hypotrichosis and anoncyhia, respectively. Keeping this in mind, it was assumed that
post-axial polydactlyly might be the result of a variant in another gene involved in
development of human limbs. Therefore, variants in eleven genes including ADH4
TMEM206, PTPN14, C1orf95, ANKRD30B, PEX11A, OLFM4, SP8, PKD1L1,
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ZNF415, and C20orf202, detected by searching the exome sequencing data, were used
in segregation analysis. However, none of these variants segregated within the family.
Previously several missense, nonsense, insertion, and deletion mutations causing
hypotrichosis/woolly hair are known in the literature (Mehmood et al., 2015; 2016;
Ahmad et al., 2018b). The LIPH gene comprised of 10 exons and translates 451
amino acids long polypeptide with a predicted molecular weight of 50,859 Da. The
human LIPH showed expression in a wide variety of tissues and predominantly
expressed in the hair shaft and hair follicle (Shimomura et al., 2009). Lipase –H
belongs the triglyceride lipase gene family. The LIPH protein is predicted to have
two-domain structure, including an amino-terminal and a carboxy-terminal. An 18amino-acid hydrophobic sequence at the N-terminal domain act as a secretory signal
peptide followed by three highly conserved amino acid sequences serine (Ser-154),
aspartic acid (Asp-178), histidine (His-248) forming a catalytic triad. In addition, it
also contains a short lid (7-12 amino acids) and a β9 loop (12-13 amino acids)
encoded by exon 5 and 6 of the LIPH gene, respectively. Both the lid and β9 loops
play significant role in substrate recognition (Jin et al., 2002; Sonoda et al., 2002).
The recurrent homozygous variant (p.Arg110*), identified in the family under study,
lies in the LIPH gene coding exon 2 and causes substitution of Arg110 by premature
termination codon. This might direct the translation of a non-functional truncated
protein including deletion of Ser154, Asp178, His248) involved in the catalytic
activity of LIPH. However, it is more likely that the abnormal mRNA, resulting from
the mutation, is degraded by nucleases.
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WES data analysis in family R, segregating ED type involving hair-nail-teeth-skin,
identified a novel biallelic missense variant (p.Arg1297His) in the ARHGAP5 gene on
human chromosome 14q12, segregating within the family. It is pertinent to mention
here that this is the first report describing the involvement of ARHGAP5 gene in
development of skin and its appendages.
Ectodermal dysplasia involving hairs, nails, teeth and skin have been described in the
literature (Jumlongras et al., 2001; Naeem et al., 2006; Adaimy et al., 2007; Lin et al.,
2012). However, combination of features involving these organs, observed in the
family R, presented here, has not been reported earlier. In the past few years,
mutations in two genes including HOXC13 (Lin et al., 2012) and KRT85 (Naeem et
al., 2006) have been reported causing ED of hair and nail type. The ARHGAP5 is
probably the third gene in which the mutations can develop such ED type.
The ARHGAP5 gene encodes p190-B RhoGAP, which belongs to RhoGAP (Rho
GTPase-activating protein) family. Members of this family are believed to promote
actin cytoskeleton organization and alter gene expression in response to extracellular
signals (Hall, 1998). It is involved in the hydrolysis of GTP of several Rho family
members through its carboxyl terminus ROH GAP domain. The p190-B RhoGAP
protein predominantly expresses in kidney, brain, liver, and lung (Burbelo et al.,
1995). Additionally, p190-B RhoGAP also express in the skin (Fagerberg et al.,
2014). Domain organization of p190-B RhoGAP comprised of N-terminal GTPase
domain, a C-terminal Rho GAP domain separated by four FF domains (FF1, FF2,
FF3,

FF4)

(http://www.uniprot.org/uniprot/Q13017).

The

novel

variant

(p.Arg1297His) in the ARHGAP5 lies in the C-terminal Rho GAP domain (1262-1449
amino acids) (Fig. 7.22) and is predicated to perturb structural conformation that may
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leads to protein misfolding and destabilization which might alter protein function.
This in turn disturbs stability of cadherin and adheren junctions (AJs), which are
involved in cell to cell adhesion and regulating various intracellular signaling
pathways (Samuelov et al., 2015).
Clinical and molecular investigation of six consanguineous families, presented in this
chapter, led to the identification of three novel mutations in the genes EDAR, PVRL4
and ARHGAP5 causing various types of disorders of ectodermal appendages. The
current study will not only help in better understanding of various types of ectodermal
dysplasias but will also help in establishing accurate genotype-phenotype correlation,
diagnosis, genetic counseling and better management of patients with ectodermal
dysplasia.
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Table 7.2: List of variants identified in an affected member in family Q through
exome sequencing
Chr
#

Position

Ref

Allele

ENsprot

Gene

Mut
cDNA

Mut prot

ExAC fre

PPH2

SIFT

4

100052852

C

G

ENSP000002
65512

ADH4

c.646G>C

p.G216R

0/3/121342/0.000024
72

damagin
g 1.000

*Damagin
g0

1

212553313

G

A

ENSP000004
38863

TMEM206

c.745C>T

p.R249C

0/12/121250/0.00009
897

damagin
g 1.000

*Damagin
g 0.01

1

214625250

G

C

ENSP000003
55923

PTPN14

c.242C>G

p.P81R

0/2/121158/
0.00001651

damagin
g 0.997

Damaging
0

1

226736634

C

G

ENSP000003
55752

c.29C>G

p.T10R

0/5/1670/ 0.002994

benign
0.002

Tolerated
0.48

18

14791495

G

C

ENSP000003
51875

ANKRD30B

INT.16

c.1825+5G>
C

0/7/113842/0.000061
49

----

----

15

90226963

G

C

ENSP000003
00056

PEX11A

c.389C>G

p.S130C

0/1/121388/0.000008
238

----

----

13

53616141

A

G

ENSP000002
19022

OLFM4

c.454A>G

p.T152A

0/3/121210/0.000024
75

benign
0.016

Tolerated
0.3

7

20824691

C

T

ENSP000004
08792

SP8

c.745G>A

p.G249S

0/3/73486/0.0000408
2

benign
0.006

Tolerated
0.8

7

47832242

T

C

ENSP000002
89672

PKD1L1

c.8509A>G

p.S2837G

0/1/121104/0.000008
257

benign
0.000

Tolerated
0.15

19

53612327

C

T

ENSP000002
43643

ZNF415

c.971G>A

p.G324E

Not reported

damagin
g 1.000

Damaging
0.04

20

1187655

G

A

ENSP000003
83474

c.278G>A

p.G93D

Not reported

damagin
g 1.000

Tolerated
0.11

3

185252642

G

A

ENSP000002
96252

LIPH

c.328C>T

p.R110*

0/2/121406/0.000016
47

----

Damaging
0

20

982805

C

T

ENSP000003
83475

RSPO4

c.3G>A

p.M1I

not reported

damagin
g 0.908

Damaging
0.01

C1orf95

C20orf202
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Table 7.3: List of variants identified in an affected member in family R through
exome sequencing
Homozygous
Regions
chr3:31,789,72477,644,200
chr18:21,912,86554,815,025

chr14:30,047,58055,154,053
chr16:55,862,72070,161,414
chr7:63,213,00672,413,443

Position

Refe

Allele

Gene

Feature_ID

MutcDNA

MutProt

SIFT

Polyphen2

gnomAD frequency

45637198

C

G

LIMD1

NM_014240

c.827C>G

p.P276R

Tolerated

Damaging

0/25/246134/0.0001016

45812863

C

T

SLC6A20

NM_022405

c.670G>A

p.A224T

Damaging

Damaging

0/27/246246/0.0001096

63898390

A

C

ATXN7

NM_000333

c.116A>C

p.Q39P

Tolerated

Benign

Not reported

51750788

C

G

MBD2

NM_003927

c.142G>C

p.G48R

Damaging

Benign

0/5/8052/0.0006210

32615493

G

A

ARHGAP5

NM_001030055

c.3890G>A

p.R1297H

Damaging

Damaging

Not reported

38060808

T

G

FOXA1

NM_004496

c.1181A>C

p.Y394S

Damaging

Damaging

0/1/240896/0.000004151

52156627

G

A

FRMD6

NM_152330

c.73G>A

p.D25N

Damaging

Damaging

0/12/276824/0.00004335

55907877

C

G

CES5A

NM_001190158

c.233G>C

p.G78A

Damaging

Damaging

Not reported

67222791

G

T

EXOC3L1

NM_178516

c.260C>A

p.A87D

Benign

Tolerated

0/27/245248/0.0001101

64439745

TC

-

ZNF117

NM_015852

c.203_204delGA

p.G68Afs*2

----

----

Not reported
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Fig. 7.1: Pedigree drawing along with disease-associated haplotype of family M
segregating autosomal recessive HED. Filled squares and circles in the pedigree are
used to show affected males and females, respectively whereas unfilled symbols are
used to show unaffected males and females, respectively. Consanguineous unions are
designated by double lines. Roman and Arabic letters in the pedigree indicating
generation and individuals within each generation, respectively. Asterisks (*)
indicates those family members whose blood samples were available for the study.
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Fig. 7.2: Photographs of affected members in family M displaying sparse scalp hairs,
sparse eyebrows and eyelashes, a prominent dark brown circle around the eyes,
hypodontia and serrated teeth (a-d).
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Fig. 7.4: Pedigree presentation and disease-associated haplotypes of family N
segregating autosomal recessive HED. Filled squares and circles in the pedigree are
used to show affected males and females, respectively whereas unfilled symbols are
used to show unaffected males and females, respectively. Consanguineous unions are
designated by double lines. Roman and Arabic letters in the pedigree indicating
generation and individuals within each generation, respectively. Asterisks (*)
indicates those family members whose blood samples were available for the study.
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Fig. 7.7: Pedigree drawing of family O segregating ectodermal dysplasia syndactyly
syndrome 1 (EDSS1) in autosomal recessive manner. Filled squares and circles in the
pedigree are used to show affected males and females, respectively whereas unfilled
symbols are used to show unaffected males and females, respectively.
Consanguineous unions are designated by double lines. Roman and Arabic letters in
the pedigree indicating generation and individuals within each generation,
respectively. Asterisks (*) indicates those family members whose blood samples were
available for the study.
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Fig. 7.8: Panel (a) represents an affected member with sparse scalp hair in family O.
(b) Palms of an affected individual with keratoderma and bilateral cutaneous
syndactyly. (c) Feet of a patient with keratoderma, bilateral cutaneous syndactyly and
dystrophic nails. (d) Lower limbs with scaly skin and keratoderma. (e) Keratoderma
of foot. (f) Irregular and widely spaced cylindrical/conical shaped teeth with
hypoplasia of tooth enamel.
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Fig. 7.10: Schematic view of nine exons of PVRL4 with all known structural and
functional domains of the mature PVRL4 protein and localization of all mutations
known to date. The novel missense variant (p.Leu81Pro) reported here is indicated in
red. It is localized in the Ig-like V-set domain. The panel also shows the evolutionary
conservation of Leu81 across different species.
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Fig. 7.11: (a) Ribbon representation of 3-dimensional structure of human nectin-4
with close-up view of mutant (b) and wild type (c) at position 81 showing the local
conformation induced by the substitution of leucine by proline.
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Fig. 7.12: Pedigree design and disease-associated haplotype haplotype of family P
with hypotrichosis, palmoplantar keratoderma and nail dysplasia. Filled squares and
circles in the pedigree are used to show affected males and females, respectively
whereas unfilled symbols are used to show unaffected males and females,
respectively. Consanguineous unions are designated by double lines. Roman and
Arabic letters in the pedigree indicating generation and individuals within each
generation, respectively. Asterisks (*) indicates those family members whose blood
samples were available for the study.
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Fig. 7.15: Pedigree presentation of a consanguineous family Q with hypotrichosis,
anonychia and post-axial polydactyly. Filled squares and circles in the pedigree are
used to show affected males and females, respectively whereas unfilled symbols are
used to show unaffected males and females, respectively. Consanguineous unions are
designated by double lines. Roman and Arabic letters in the pedigree indicating
generation and individuals within each generation, respectively. Asterisks (*)
indicates those family members whose blood samples were available for the study. P:
polydactyly, H: hypotrichosis, N: nail dysplasia/anonychia
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Fig. 7.16: Panel (a) represents an affected member with sparse scalp hair in family Q.
Panel b, c, d showing post-axial polydactyly in both hand and foot of an affected
member. Panel c and d displaying anonychia of finger- and toe-nails in an affected
member of family Q.
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Fig. 7.19: Pedigree drawing of consanguineous family R segregating ED of hair,
nails, teeth and skin in autosomal recessive manner. Filled squares and circles in the
pedigree are used to show affected males and females, respectively whereas unfilled
symbols are used to show unaffected males and females, respectively.
Consanguineous unions are designated by double lines. Roman and Arabic letters in
the pedigree indicating generation and individuals within each generation,
respectively. Asterisks (*) indicates those family members whose blood samples were
available for the study.
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Fig. 7.20: Affected individuals in family R. Panel a represents an affected member in
family R manifesting dark brown hairs on scalp, sparse to absent eyebrows and
eyelashes, with receding frontal hairline. (b) Occipital hair loss. (a, c) generalized
fluid filled skin vesicles severely affecting face, neck, chest and abdomen. (d) Dental
abnormality including irregular, misshaped, carious and missing teeth. (e) Foot of an
affected individual with toe-nail dystrophy including thin, progressive degeneration of
nail plate and spoon shaped nail. (f) Hands of an affected individual showing thin, flat
finger-nail plate.
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Fig. 7.21: Sequence analysis of a novel missense variant (c.3890G>A; p.Arg1297His)
in ARHGAP5 in family R. Upper three panels (V-2, V-1, V-3) represent nucleotide
sequences in homozygous affected individuals, (IV-1, III-3) in heterozygous
unaffected parents and (V-4) heterozygous unaffected son.
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Fig. 7.22: (a) Schematic representation of all coding exons of ARHGAP5 gene
(NM_001030055) with an arrow representing the variant (c.3890G>A; p.Arg1297His)
identified in exon 4 in the present family R. The exons and introns are not drawn to
scale. Panel (b) highlights all structural and functional domains of the mature p190-B
RhoGAP protein encoded by ARHGAP5 gene. Panel (c) represents the evolutionary
conservation of Arg1297 across different species.
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CONCLUSION

CONCLUSION
A consanguineous marriage refers to the marital union between two individuals
sharing a common ancestor. In a study presented by Bittles and Black, (2010), South
Asian, Middle Eastern, Northern and sub-Saharan African countries showed highest
rate of consanguineous marriages. In another study by Hussain et al, (1998), 60%
Pakistani population has been shown to prefer consanguineous marriages. Strict
ethnic, economic, social and culture bindings in this part of the world contribute for
this high rate of consanguineous marriages. In different parts of Pakistan, high levels
of homozygosity exist even in those couples who consider themselves unrelated. This
is probably due to the fact that marriages within tribe or biraderi, caste or clan
boundaries have been a long-established custom. Cousin marriages increase the
coefficient of inbreeding, which increases the chance of occurrence of disease-causing
gene in a homoallelic state (Bittles and Black, 2010). Increased coefficient of
inbreeding inside Pakistani population resulted in various rare genetic disorders of
skin, hairs, teeth, nails and bones.
The study presented in the dissertation includes eighteen families belong to different
regions of Pakistan. Various types of syndromic and non-syndromic genetic disorders
of skin and skin derived appendages (hair, nails, teeth, sweat glands) were
investigated in these families. Detailed clinical examinations of the families were
performed by expert medical officers/dermatologists working at the local government
hospitals. For molecular analysis, genotyping using microsatellite and SNP markers,
exome and Sanger sequencing were employed.
Three novel genes including ARHGAP5 on chromosome 14q12 responsible for
causing hair, nails, teeth and skin type ED, NRG1 on chromosome 8p12 for complete
hair loss disorder, and KRT86 on chromosome 12q13.13 for spoon-shaped nails are
major findings of the research work presented in the dissertation.The NRG1 gene is
located on chromosome 8p12 where previously reported hairless (HR) gene was
mapped. Affected individuals carrying mutations in both NRG1 and HR developed
mostly similar phenotypes including complete hair loss of the scalp with characteristic
papular lesions, absent eyebrows and eyelashes. Additional features found in the
family studied here included flat, big bulbous nose with wider nostrils and heavy
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lower lips. Although, affected members in the family presented here had mutation
only in NRG1 and not in HR, even then additional studies are needed to characterize
expression pattern of the NRG1 in hair follicles etc. The KRT86 splice donor site
variant leads to isolated nail dysplasia with spoon-shaped nails. Prior to this study
probably variants only in two genes causing isolated forms of nail dysplasia have
been reported. Importantly, this is the first report of the variant causing spoon shaped
nail dysplasia.
In addition to identifying three novel genes, the study have also contributed novel
mutations in seven other genes including PNPLA1, ST14, LIPH, CDH3, LAMA3,
EDAR and PVRL4. Previously reported mutations have been identified in six genes
including EDAR, DSP, LIPH, LPAR6, RSPO4 and COL17A1. Significant of the
mutations identified in the families, presented here, is characterization of development
of novel clinical features not reported previously. The study has expanded not only
spectrum of the mutations in the responsible genes but also expanded spectrum of the
clinical features developed because of these variants. This has raised a question of
addressing roles of other gene(s) in expanding the spectrum of the features occur due
to mutations in the principal causative genes.
A country like Pakistan, having a high rate of consanguinity, provides an excellent
platform to study genetic disorders specifically those segregating in autosomal
recessive manner. The significance of conducting such study will help in the
identification of carriers, future new therapeutic goal, prenatal diagnosis and
counseling of families affected with genetic disorders, which can not only
substantially decrease the incidence of affected newborns but will also improve the
diagnosis of affected patients. Furthermore, proper disease diagnosis and disease
genes identification will improve our knowledge about gene function and the
biological pathways associated with the disorders that might be used for
accomplishing therapeutic goals. Using modern technologies such as WES in the field
of genetics has brought revolution especially in the identification of genes involving
Mendelian disorders. Exome sequencing is cost effective and time saving thus
generating huge amount of data in lesser time leading to better and improved clinical
diagnosis, identification of new rare genomic variations providing new insights into
the role and pathophysiology involved and establishing more accurate genotypephenotype correlations.
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