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ABSTRACT 

Genodermatoses are one of the major causes of long-term morbidity including 

crippling deformities and mortality worldwide. Though, the last twenty years have 

witnessed incredible advancements in the field of genodermatoses but it mainly 

remained limited to the western populations. Unfortunately, the human genetic 

research in developing countries including Pakistan is not up to the mark. Highly 

conserved and genetically diverse ethnic groups quite different from Caucasians are 

the major contributors of Pakistani population. Continuous practice of consanguinity 

in these highly conserved groups has left large numbers of Pakistani families suffering 

from variety of hereditary disorders including genodermatoses and hence, holds great 

potential for genetic studies. To address the issue, seventeen families suffering from 

different types of genodermatoses including xeroderma pigmentosum (XP), lipoid 

proteinosis (LP) and different form of ichthyosis were clinically and genetically 

characterized. Traditional linkage analysis and high-throughput next-generation 

sequencing approaches were utilized to establish molecular basis of these 

genodermatoses. Several bioinformatics parameters as well as functional studies were 

also opted to assess impact of functional variants on skin phenotypes. 

Genetic characterization of a family with typical phenotypes of XP including severe 

sunburn, blisters, and ulcers on different parts of the body revealed a novel 

homozygous c.654delA deletion in the XPA gene. Deletion not only substituted lysine 

with asparagine (p.L218A) but also resulted in premature termination of XPA protein 

just 5 residues downstream from the point of deletion (p.K218NfsX5). Comparative 

protein structure modeling and analysis predicted incomplete synthesis of XPA 

protein product as a pathogenic cause of XP in this family. 

Ethnically diverse four LP families with hoarse voice, limited tongue mobility, waxy 

papules along the margins of both eyelids and thick yellowish skin revealed same 

homozygous nonsense c.742G>T transversion in the ECM1 gene. Mutation resulted 

in transformation of glutamic acid into premature termination codon (p.E248X). 

ECM1 sequence analysis and comparative structure modeling predicted synthesis of 

65% shorter mutant protein lacking functional domains that might have badly 

distorted ECM1 activities and led to the LP pathogenesis in these families. 
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In the present study, twelve Pakistani families including ten with non-syndromic 

autosomal recessive congenital ichthyosis (ARCI) and two with syndromic ichthyosis 

were studied. For the identification of candidate gene, families were subjected to 

targeted as well as whole exome sequencing (WES). Affected subjects from ARCI 

families displayed significant clinical heterogeneity ranging from affected individuals 

with fine, whitish scales on marked erythematic background to those with severe 

brown, plate-like scaling without visible erythema. Palmoplantar keratoderma was 

demonstrated only in affected subjects from one of the ARCI families. Likewise, most 

of the affected subjects with ARCI were premature collodion babies but still others 

were born at full term without involvement of collodion membrane. Two ARCI 

families revealed same c.527C>A mutation in exon 4 of the NIPAL4 gene that caused 

homozygous substitution of alanine to aspartic acid (p.A176D). Identification of this 

recurrent mutation in Pakistani as well as other distinct populations suggested the site 

a hotspot for NIPAL4 mutations. Four ARCI Pakistani families revealed two novel 

pathogenic variations in the ALOXE3 gene; a homozygous c.950G>C missense 

change led to the replacement of serine with threonine (p.S317T) and second 

homozygous nonsense mutation c.2026C>T caused substitution of serine with stop 

codon (p.Q676*). Targeted exome sequencing of another ARCI family with clinical 

characteristics of lamellar ichthyosis (LI) uncovered previously reported homozygous 

3’splice site variation (c.2226-2A>G) in the TGM1 gene. Genetic change might have 

resulted in abnormal splice variants of TGase-1 protein and hence, contributed to LI 

pathogenesis.  

Whole exome sequencing analysis of a family suffering from autosomal recessive 

ichthyosis with hypotrichosis (ARIH) syndrome revealed two homozygous sequence 

variations in the ST14 gene. A previously reported single nucleotide polymorphism 

c.661C>T (rs758176034) caused substitution of arginine with cysteine (p.R221C), 

whereas a novel missense mutation c.737G>C led to the conversion of tryptophan into 

serine (p.W246S). Bioinformatics evaluation of both variations for their functional 

impact on ST14 protein and sequence conservation favored p.W246S change for 

being highly pathogenic and conserved across different species.  

An affected subject from non-consanguineous family with keratitis-ichthyosis-

deafness (KID) syndrome revealed de novo dominant 3 bp deletion (c.85_87delTTC) 
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in the GJB2 gene. Mutation resulted in removal of a highly conserved phenylalanine 

(p.F29del) from GJB2 led to the KID syndrome. Histological studies of in vitro 

generated mutant transgenic skin (keratinocytes + HA- GJB2-F29del) demonstrated 

hyper-proliferated epidermis along with incomplete, disrupted morphology. Observed 

features were consistent with findings from patient’s skin biopsy and hence, 

established the genotype-phenotype correlation in the patient.  

Identification of recurrent as well as novel pathogenic variations from this study will 

not only help in quick and accurate molecular diagnosis but also improve our 

knowledge in understanding the mechanism and biochemical pathways operating 

behind these life-long disorders. 
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1 INTRODUCTION 

Nature has gifted all living creatures including the human being, with a defensive 

barricade called “skin” (Attenborough, 1980). The human skin is highly specialized 

and known to be the incredibly largest organ in human body in terms of its overall 

size and weight (Church et al., 2006). It builds the outer most part of human body, 

acting as a frontier between organs inside the body and external environment. It 

prevents body from desiccation, external impacts of extreme weather as well as other 

physical, biological and chemical stresses that would otherwise impair critical 

functions needed for survival (Hänel et al., 2013; Ruzsanyi et al., 2012). 

Anatomically, this highly dynamic organ of body is primarily composed of following 

three basic layers (Figure 1); 

1. Epidermis: It is the outermost, non-vascular, squamous epithelium that 

originates from embryonic ectoderm (Liu et al., 2013; Singh & Morris, 2011). 

Approximately 90-95% of epidermal cells are keratinocytes arranged into 4-5 

sub-layers depending on the region of the skin being considered 

(Wikramanayake et al., 2014). These layers, starting with the outermost are 

stratum corneum, stratum lucidum (only in palms and soles), stratum 

granulosum, stratum spinosum and inner most stratum basale/germinativum 

separating dermis and epidermis (Hänel et al., 2013; Singh & Morris, 2011; 

Figure 1). In stratum basale, epithelial adult stem cells proliferate and 

differentiate into keratinocytes (Candi et al., 2005). Keratinocytes move 

towards outer layers and undergo various morphological and biochemical 

changes to arrange into different starta of epidermis (Kim et al., 2012; 

Simpson et al., 2011; Mannik et al., 2010; Lechler & Fuchs, 2005). Finally, 

differentiation cascade culminates with the formation of corneocytes in the 

outermost cornified layer (Shi et al., 2013; Bragulla & Homberger, 2009). 

Corneocytes form an insoluble and rigid structure called cornified envelope 

(CE) indispensable for barricade function of the skin against outside world and 

unregulated loss of water and solutes (Hänel et al., 2013; Candi et al., 2005).  

2. Dermis: It is located just under epidermis and derived from mesoderm (Sire et 

al., 2009). It is rigidly connected to the epidermis by basement membrane that 
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Figure 1: Human skin structure; epidermis, dermis and hypodermis. 

Source: http://www.acurnica.com/healthcare-professionals/biology-of-acurncia/ 
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contributes mechanical strength to the skin (Martins-Green, 2013). The dermis 

is a softer but thickest (~ 1-3 mm thick) skin layer (Lee et al., 2013) of 

connective tissues made up of collagen and elastin fibers and a non-fibrous 

gelatin-like material called ground substance or extracellular matrix (Roh et 

al., 2013; Ritika et al., 2012).  The dermis can be divided into two discrete 

layers (Osman et al., 2013);  

 Papillary dermis; it is adjacent to the basement membrane and 

composed of thinner collagen fibers.  

 Reticular dermis; it consists of large, mature, well-organized collagen 

fibers facing the hypodermis.  

3. Subcutaneous or hypodermis layer: Below the dermis is hypodermis, 

derived from the mesoderm (Krampera et al., 2007; Figure 1). Hypodermis is 

composed of loose connective tissue with cell types found are fibroblasts, 

adipocytes and macrophages. However, adipocytes or fat cells are 

predominant ones and constitute 50% of the total body fat. Key purpose of this 

layer is fastening the skin to underlying bones and muscles. Additionally, it 

serves as a body energy reserves, provides insulation to help regulate body 

temperature and absorbs physical shocks to the body (Kolhe & Sontakke, 

2013).  

In addition to the cellular layers, a complex plexus of lymphatic vessels, arterioles, 

venules, capillaries, thousands of nerve endings and different skin appendages 

including hair follicles, sebaceous and sweat glands etc. are the integral parts of skin. 

All these structural entities collectively enable the skin to carry out several 

immunological as well as metabolic functions along with its role as a protector and an 

effective communicator between the outside environment and brain (Zeveke et al., 

2013; Church et al., 2006).  

Being the largest and outer most organ of a body that is directly exposed to the 

external environment, skin is highly susceptible to undergo several pathological 

abnormalities. These abnormalities are caused by a combination of several 

environmental as well as internal genetic factors. Genetic research has long-

established that congenital genetic abnormalities adversely affect biological activities 

of a body. Similarly, inherited defects in the skin-related genes are associated with 
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several morphological and physiological skin abnormalities that collectively establish 

a diverse group of diseases classified as genodermatoses (Wertheim-Tysarowska et 

al., 2012). To date, several unique inherited skin disorders/genodermatoses have been 

reported that constitute a broad spectrum of diseases other than infectious and 

nutritional disorders as well as many nonpathologic states (Betz et al., 2011). 

1.1 Genodermatoses or Inherited Skin Disorders 

The discovery of first human skin disorder gene, the steroid sulfatase (STS) gene on 

X-chromosome in 1987 and later in the same year the invention of polymerase chain 

reaction (PCR) have opened up new perspectives for genetic research, including 

genodermatoses (McLean & Irvine, 2007). Similarly, completion of the Human 

Genome Project in 2013 and recent advancements in molecular screening strategies 

along with availability of comprehensive internet databases has tremendously boosted 

up the identification of genes. Therefore, the last two decades have observed 

remarkable advancement towards unraveling the principal molecular basis of 

hundreds of genodermatoses.  

Presently, over 6,000 Mendelian disorders are known, of which 560 are distinct, 

common as well as rare genodermatoses associated with more than 500 unique 

protein-coding genes. The data include 60 pure genodermatoses which display skin 

phenotypes without systemic manifestations (Betz et al., 2012; Feramisco et al., 

2009). In general genodermatoses are described as a group of relatively rare (also 

known as orphan) disorders involving different modes of inheritance (Uitto et al., 

2012). Autosomal recessive and autosomal dominant are the most frequent modes that 

account for 46% and 37% respectively. X-linked recessive and X-linked dominant 

inheritance patterns account for 4.2% and 1.9% respectively. Whereas, remaining 

11% include mitochondrial, sporadic, and unknown modes of inheritance (Feramisco 

et al., 2009).  

Overall polygenic diseases are more common than single-gene disorders (Malaga-

Dieguez & Susztak, 2013); however, genodermatoses present a contradictory situation 

with 84% disorders caused by single gene defect. The remaining 16% are associated 

with two or more known genes responsible for disease phenotypes (Feramisco et al., 
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2009). Hence, monogenic genodermatoses alone contribute more than 2/3 of all the 

genetic diseases that affect integument (Itin & Burger, 2010; Feramisco et al., 2009). 

For genetic research, monogenic genodermatoses are an excellent model as single 

gene disorders are comparatively simple and easy to study than polygenic traits. 

Likewise, genetic characterization of monogenic disorders provides an invaluable 

opportunity to understand the molecular mechanism behind other forms of genetic 

anomalies such as polygenic as well as diseases with complex genetic etiology. At 

present, cutaneous pathogenic mutations in as many as 500 distinct human genes, 

including more than 350 genes associated with monogenic genodermatoses have been 

characterized at a molecular level and this figure is continuously increasing with 

discovery of new genodermatoses (Uitto et al., 2012; Itin & Burger, 2010; McGrath, 

2004). Clinicogenetical features of some of the majors genodermatoses are discussed 

here as a part of this dissertation. 

1.1.1 Xeroderma Pigmentosum  

Xeroderma pigmentosum (XP) is one of the rare autosomal recessive inherited skin 

disorders first described by Hebra and Kaposi in 1874 (von Hebra & Kaposi, 1874). 

The incidence of disease is 1: 20,000 to 1: 250,000 births in Japan and USA 

respectively and, approximately 2.3 per million live births in Western Europe have 

been reported (Hirai et al., 2006; Robbins et al., 1974).  The incidence of XP is also 

described substantially higher in certain regions, with a high level of consanguinity, 

such as North Africa and the Middle East (Messaoud et al., 2010; Soufir et al., 2010; 

Ben Rekaya et al., 2009; Kraemer & Slor, 1985). Although, the prevalence of XP in 

overall Pakistani population is not documented; however, one study described the 

frequency of disease in the southern Larkana city of Sindh province as approximately 

1: 100,000 (Bhutto et al., 2005). The ratio is higher than in the USA, but lower than in 

Japan. XP affects both genders and all races across the continents. It has been 

classified into eight complementation groups (XP-A–XP-G and XP-V) depending on 

the gene involved (Sugasawa, 2008; Gratchev et al., 2003). In general XP-A and XP-

C have relatively high frequency as compare to intermediate frequency of XP-D, XP-

F and variant form XP-V, while the incidence of XP-B, XP-E and XP-G is fairly rare 
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(Bradford et al., 2011; Tamura et al., 2010; Moriwaki & Kraemer, 2001; Bootsma & 

Hoeijmakers, 1991).  

The disorder is characterized by extreme sensitivity to ultraviolet radiation in sunlight, 

which leads to high incidence of skin sunburn, pigmentary changes, skin dryness and 

frequent neurological abnormalities such as hearing loss, tendon reflexes loss, 

walking impairment, and intellectual impairment etc. (Nasir et al., 2013; Moriwaki, 

2013; Takahashi et al., 2010). Upon exposure to UV, approximately 60% XP patients 

experience acute sunburn reaction while other 40% sense or feel less burning (Sethi et 

al., 2013). Generally, patients with XP-C, XP-E and XP-V rarely have extreme 

sunburn reactions or neurological problems, while patients from other 

complementation groups may show mild to severe sunburns or late-onset of 

neurologic abnormalities (Sethi et al., 2013; Lehmann et al., 2011). Mostly, patients 

with XP complementation group A show the most severe clinical symptoms of the 

skin and neurological abnormalities and in most cases patients survive till their second 

or third decade (Sidwell et al., 2006).  

XP can result from functional genetic variation in any one of the eight XP genes: 

(XPA, XPB/ERCC3, XPC, XPD/ERCC2, XPE/DDB2, XPF/ERCC4, XPG/ERCC5 and 

XPV/POLH (Lehmann et al., 2011). Although, XP genes have different chromosomal 

locations and code for eight different proteins; however, all are involved in the repair 

of ultraviolet (UV)-induced damages in DNA. Based on involvement of eight 

different genes and their protein products, as mentioned above, XP has been sub-

categorized into seven complementation groups plus one variant form (XP-A-XP-G 

and a variant XP-V). Out of eight, seven gene products (XPA-G) are required for the 

removal of UV-damaged part of DNA while the eighth (XPV), a variant form, is 

required for replication of DNA containing unrepaired damage (Lehmann et al., 2011; 

Anttinen et al., 2008). Any pathogenic genetic change in the XP genes may reduce or 

abolish the cell stability of UV-induced DNA repair and make cells prone to lethal 

and mutagenic effects of UV radiation damage (Cleaver, 1968). However, severity of 

the disease depends on gene involved, site of mutation and residual activity of a gene. 

Therefore, a wide variability in clinical features exists both between and within XP 

groups (Lehmann et al., 2011; States et al., 1998). 
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1.1.2 Lipoid Proteinosis  

Lipoid proteinosis (LP) is one of the rare, autosomal, recessive inherited disorders. It 

was first described by Urbach and Wiethe in 1929 and that’s why is also known as 

Urbach-Wiethe disease or hyalinosis cutis et mucosae (Urbach & Wiethe, 1929). 

Although, LP is rare but occurs worldwide with high frequency in certain 

geographical regions such as Northern Cape Province of South Africa (Nasir et al., 

2009; Hamada et al., 2002). Although, the precise prevalence of LP is unknown, 

around 300 cases have been reported in literature internationally (Mondejar et al., 

2014). Approximately 25% of all reported cases have been observed in South Africa 

where the majority of patients are of Dutch or German ancestry (Van Hougenhouck-

Tulleken et al., 2004). This is thought to be due to the founder effect after the 

introduction of a mutation into the country from a German colonizer in the mid-

seventeenth century (Chan et al., 2007). 

Clinically, LP is a heterogeneous metabolic disorder; characterized by progressive 

deposition of hyaline material/glycoprotein in the skin, mucous membrane and 

various other tissues of a body until early adult life that lead to multitude of clinical 

manifestations (Ravi Prakash et al., 2013; Rao et al., 2009). LP is usually presented 

during the first year of infancy with hoarse voice resulting from the accumulation of 

hyaline material in the mucocutaneous dermis (Hamada, 2002). Patients have 

thickened woody tongue often with indentations. Thickened sublingual frenulum 

prevents patient from protruding the tongue that is another most reliable clinical sign. 

Secondary clinical findings that usually appear simultaneously or shortly afterward 

may include a beaded arrangement of waxy papules along the margins of eye lids 

(moniliform blepharosis), waxy papular thickening of the upper and lower eyelids, 

warty skin papules, yellow discoloration of lips, facial acneiform and mild alopecia. 

With increasing age pseudo solar elastosis/yellowish thick skin of cheeks, forehead 

and neck is also a prominent feature (Nasir et al., 2011; Hamada, 2002; Dinakaran et 

al., 2001; Bozdag et al., 2000). Hyperkeratosis may appear in regions exposed to 

mechanical friction, such as hands, elbows, knees, buttocks and axillae (Nasir et al., 

2011; Rao et al., 2009). Associated findings may include respiratory tract obstruction, 

abnormal dentition, nail dystrophy, some neuropsychiatric symptoms and ocular 

abnormalities (Chan et al., 2007; Hofer, 1973). Histologically, LP is characterized by 
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deposition of hyaline-like material in dermis, surrounding blood vessels, adnexal 

epithelia and thickening of basement membrane at dermal-epidermal junction 

(Hamada, 2002).  

Molecular genetic studies of LP have identified several disease-associated mutations 

in the ECM1 gene located on 1q21.2. The ECM1 gene comprises of 10 exons and 

encodes for extracellular matrix protein 1 (ECM1). The ECM1 is a soluble protein 

and has been found to be involved in endochondral bone formation, angiogenesis, and 

tumor biology. It also interacts with a variety of extracellular and structural proteins, 

contributing to the maintenance of skin integrity and homeostasis (Sercu et al., 2009). 

All pathogenic mutations in the ECM1 gene appear to result in loss-of-function, either 

due to reduced or completely abolished expression of ECM1; however, the precise 

function of the ECM1 protein in human skin remains largely unknown (Chan et al., 

2003; Hamada et al., 2003). Currently, the ECM1 gene is known to be expressed 

alternatively as splice variants ECM1a, ECM1b, ECM1c and newly identified 

truncated splice variant, ECM1d coding for proteins of 540, 415, 559 and 57 amino 

acids respectively. The ECM1a is the most widely expressed splice variant that 

contains all 10 exons of the ECM1 gene and is predominantly expressed in the skin, 

small intestines, lung, heart etc. By contrast, the ECM1b lacks exon 7 and has an 

extremely restricted expression in tonsils and keratinocytes. The ECM1c contains an 

additional exon 5a, within intron 5 and its expression has been detected in the basal 

cell layers of epidermal keratinocytes and in dermal vessels. Recently, a fourth splice 

variant, the ECM1d has been identified which encodes for a truncated protein 

composed of 57 amino acids containing exon 1, exon 2 and a part of exon 3; however, 

biological significance and in vivo expression of ECM1d is still unknown (Nasir et 

al., 2014; Liu et al., 2012; Sercu et al., 2009; Chan et al., 2007, Sander et al., 2006). 

1.1.3 Ichthyoses  

The ichthyoses refers to a relatively uncommon large, clinically and etiologically 

heterogeneous group of Mendelian disorders of cornification (MeDOC) having 

diverse genetic background including autosomal dominant, recessive and X-linked 

inheritance. It is usually apparent during the first year of life, often at birth, and 

continues to affect a person throughout life (DiGiovanna & Robinson-Bostom, 2003). 
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Clinical characterization of inborn types of MeDOC is described by visible 

scaling/hyperkeratosis of skin varying in etiology (inherited versus acquired), onset 

(congenital to adult onset), intensity (mild to severe), and extent of involvement 

(confined to the skin versus multisystem). However, abnormal cornification 

(keratinization), as a result of abnormal epidermal differentiation, is a common 

feature that affects the normal barrier function of skin (Digiovanna et al., 2013). To 

date, around 40 genes has been described to be associated with various subtypes of 

ichthyoses, either syndromic or nonsyndromic ichthyoses (Grall et al., 2012). These 

genes encode proteins of structural importance such as cornified envelope proteins 

needed for corneocyte formation, cell-cell junction proteins and several enzymes 

required for the proteolysis of cell junctions, lipid metabolism and DNA repair 

(Schmuth et al., 2013). 

Despite tremendous advancements towards defining the molecular basis of MeDOC, 

universally accepted terminology and classification of these diseases has remained an 

issue. In 2009, the First Ichthyosis Consensus Conference has redefined several 

clinical terms and controversial disease names under the umbrella of two previously 

used principal clinical divisions; non-syndromic versus syndromic forms. For 

example, the term “keratinopathic ichthyosis” is introduced to include all diseases 

with keratin mutations. Likewise, harlequin ichthyosis, lamellar ichthyosis, and the 

congenital ichthyosiform erythroderma are grouped under the heading of "Autosomal 

recessive congenital ichthyosis". The major clinicogenetic categories of the current 

MeDOC classification are summarized below (Oji et al., 2010);  

 Non-syndromic ichthyoses 

1. Common ichthyoses;  

 Ichthyosis vulgaris (IV) and  

 Recessive x-linked ichthyosis (RXLI) 

2. Autosomal recessive congenital ichthyosis (ARCI)  

3. Keratinopathic ichthyoses (KI) 

4. Other forms of non-syndromic ichthyosis 

 Syndromic ichthyoses 

5. X-linked ichthyosis syndromes involving contiguous genes 
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6. Other ichthyosis syndromes associated with;  

 Hair abnormalities e.g ichthyosis with hypotrichosis (ARIH),  

 Hearing loss e.g keratitis-ichthyosis-deafness (KID) syndrome,  

 Neurologic involvement e.g multiple sulfatase deficiency and 

Refsum disease  

 Other symptoms like neutral lipid storage disease. 

1.1.3.1 Non-Syndromic Ichthyoses  

The non-syndromic ichthyosiforms include all subtypes of MeDCO which does not 

involve any other organ apart from the skin. These include common ichthyoses, 

autosomal recessive congenital ichthyoses, keratinopathic ichthyoses and other non-

syndromic ichthyoses. 

Common Ichthyoses are those with high prevalence in general population including 

ichthyosis vulgaris (1: 250 to 1: 1,000) and non syndromic presentation of recessive 

X-linked ichthyosis (1: 2,000 to 1: 6,000). Interestingly, both types have often delayed 

onset (Oji et al., 2010).   

I. Ichthyosis Vulgaris  

Ichthyosis vulgaris (IV) is one of the most common single gene disorders which 

accounts for 95% of all cases of ichthyosis (Oji et al., 2010; Sandilands et al., 2009; 

Okulicz & Schwartz, 2003). Clinically, IV is presented by xerosis, scaling, keratosis 

pilaris, palmar plantar hyperlinearity and often strong association with atopic 

disorders such as atopic dermatitis, or problem associated with overheating due to 

decreased sweating in these patients (Thyssen et al., 2013). In humans, the disorder is 

believed to be caused by loss-of-function mutations in the filaggrin gene (FLG), 

encoding profilaggrin. Upon terminal differentiation of keratinocytes, profilaggrin is 

converted into filaggrin which helps in aggregation of keratin filaments and hence 

plays vital role in maintaining the skin structure and homeostasis. In this context, loss 

or reduction in filaggrin expression results in excessively dry skin and impaired 

barrier function, which leads to clinical features of IV (Akiyama, 2011). Generally, IV 

is inherited as an autosomal dominant; however, recently semi-dominant mode of 

inheritance has also been reported in several large families (Sandilands et al., 2009).  
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II. Recessive X-Linked Ichthyosis  

Recessive X-linked ichthyosis (RXLI) is regarded as non-syndromic when it occurs as 

an isolated type without extra-cutaneous signs. It is characterized by generalized dark 

brown or light gray scaling and erythroderma that may appear in newborn period or 

with late onset after 2-6 months. Moreover, mild collodion-like skin at birth may be 

possible. The elbows and back of knees are usually spared but patient’s neck is often 

more severely involved (Oji et al., 2010). 

The disease is caused by mutations in the steroid sulfatase (STS) gene that result in 

steroid sulfatase deficiency. About 90 % STS mutations underlying RXLI are large 

deletions (Traupe et al., 2014). Two molecular pathways have been proposed for 

RXLI pathogenesis. (1) Steroid sulfatase initially concentrates in lamellar granules 

before secretion into intercellular spaces of the stratum corneum. Here steroid 

sulfatase degrades cholesterol sulfate to generate cholesterol for the lipid barrier. (2) 

Progressive degradation of cholesterol sulfate is essential as it permits 

corneodesmosome degradation that leads to typical desquamation. Thus, Steroid 

sulfatase deficiency may lead to both; deformity of the intercellular lipid barrier and 

corneocytes retention due to impairment in desquamation, thereby adversely affecting 

the normal skin structure (Akiyama, 2011).  

III. Autosomal Recessive Congenital Ichthyoses  

Autosomal recessive congenital ichthyoses (ARCI) is a rare condition, with estimated 

incidence rates of 1: 62,000 to 1: 500,000 (Hernández-Martín et al., 2012; Herman et 

al., 2009; Lefèvre et al., 2006). It is primarily characterized by hyperkeratosis in 

addition to dry, scaly skin. Approximately 60-70% of infants with ARCI are born 

with collodion membrane that encases the entire body and lasts for days to weeks 

(Fischer, 2009). Three major subtypes with the range of clinical features, severity and 

genetic etiology have been stated under the banner of ARCI; the spectrum of lamellar 

ichthyoses (LI), congenital ichthyosiform erythroderma (CIE) and the most severe 

and fatal form the harlequin ichthyosis (HI) (Louhichi et al., 2013; Fischer, 2009). 

The LI patients show thick, dark brown, plate-like scales over entire body with no or 

less erythroderma. On the other hand patients with CIE demonstrate fine white scales 

and variable erythroderma (Akiyama, 2010). Approximately 90% of infants with CIE 
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are born as collodion babies (Fischer et al., 2000). HI is mainly characterized by 

thick, diamond-shape scales that severely restrict movement of different body parts 

and results in deformities of face, head and extremities. Other significant clinical 

features include ectropion (outwards turning of lower eyelid), eclabium (outwards 

turning of a lip) and flattened ears (Walsh et al., 2012; Thomas et al., 2006; 

Hovnanian, 2005). 

The most common cause of LI/CIE is pathogenic mutations in the TGM1 gene. The 

TGM1 encodes transglutaminase-1, which enables the development of cornified cell 

envelope by crosslinking the proteins (Herman et al., 2009). To date, more than 130 

TGM1 pathogenic mutations have been described to be associated with LI/CIE 

phenotypic spectrum in patients from diverse ethnic backgrounds (Louhichi et al., 

2013). On the other hand, majority of the patients with HI carry mutations in lipid 

transporter ABCA12 (Akiyama et al., 2005). If individual with HI survives beyond 

infancy then he/she will develop, in most cases, severe CIE phenotype (Sakai et al., 

2009), or less likely severe LI phenotype (Lefèvre et al., 2003). Interestingly, 

mutations in the ABCA12 gene have been identified in all three subtypes of ARCI. 

The ABCA12 is a lipid transporter protein, thereby; defective ABCA12 protein result 

is abnormal development of skin barrier via affecting the lipid transport (Walsh et al., 

2012). 

Genes from lipoxygenase family, ALOXE3 and ALOX12B, have also contributed large 

number of functional variations associated with ARCI pathogenesis (Fischer, 2009; 

Eckl et al., 2005; Jobard et al., 2002). ALOXE3 and ALOX12B genes, members of 

lipoxygenase family, are functionally allied and encode an epidermis-type 

lipoxygenase 3 (eLOX-3) and arachidonate 12-lipoxygenase, 12R type (12R-LOX) 

respectively. Both proteins are preferentially synthesized in the skin and play 

significant role in the formation of epidermal lipid barrier through lipid metabolism 

pathway (Eckl et al., 2005; Krieg et al., 2001). In the skin, 12R-LOX catalyzes 

arachidonic acid conversion into 12R-hydroxyeicosatetraenoic acid (12R-HETE) to 

generate fatty acid hydroperoxide. While, eLOX-3 that lack dioxygenase activity but 

act  as hydroperoxide isomerase, utilizes arachidonic acid-derived products as 

substrate to generate epoxy alcohol metabolites, essential for the formation of 

epidermal lipid barrier (Eckl et al., 2005; Yu et al., 2003; Jobard et al., 2002).  
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In recent years, various studies have described association of pathogenic mutations in 

ALOXE3 or ALOX12B with abnormal structure and/or function of these lipid-

processing enzymes, leading to disturbed skin barrier function or ARCI (Eckl et al., 

2009; Fischer, 2009).  

Another important gene that has previously been reported associated with ARCI in 

different population of world including Pakistan is NIPAL4/ichthyin (Wajid et al., 

2010; Dahlqvist et al., 2007; Lefèvre et al., 2004). In 2012, it was suggested that 

ichthyin most likely acts as a Mg(2+) transporter and interacts with transglutaminase-

1 (TGM1) and fatty acid transporter protein 4 (FATP4) for lipid processing to 

maintain the epidermal barrier function (Li et al., 2013 & 2012). While, other studies 

suggest that ichthyin is functionally associated with keratins and desmosomes and is 

involved in lipid metabolism, possibly through processing of lamellar bodies in 

granular layer (Dahlqvist et al., 2007). Abnormal lamellar bodies in granular layer 

have been shown in patients carrying mutation in ichthyin gene (Wajid et al., 2010). 

Collectively, these studies hypothesize the role of ichthyin in lipid metabolism, 

essential for the development of a normal skin barrier. 

During the last few years, functional variants of four other genes including CYP4F22, 

PNPLA1, CERS3 and LIPN genes have been shown associated with ARCI group of 

cornification (Radner et al., 2013; Eckl et al., 2013; Grall et al., 2012; Israeli et al., 

2011; Lefèvre et al., 2006). According to the recent literature, mutations in at least 

nine different genes; ABCA12, ALOXE3, ALOX12B, CYP4F22, NIPAL4 (Ichthyin), 

TGM1, PNPLA1, CERS3 and LIPN are reported as genetic etiology of ARCI (Radner 

et al., 2013; Israeli et al., 2011). Dysfunctioning of either of these genes is associated 

with abnormal water barrier function of skin, thereby resulting in dehydrated skin 

with extensive scaling (Krug et al., 2009). In 2009, according to one comprehensive 

study on 520 ARCI families, 78% of the patients showed  mutation distribution 

spectrum in six known genes as; 32% for TGM1, 16% for NIPAL4, 12% for 

ALOX12B, 8% for CYP4F22, 5% for ALOXE3, and 5% for ABCA12 (Fischer, 2009). 

Remaining 22% did not reveal functional variations in any of the six known ARCI 

genes at that time, and anticipated the presence of additional ARCI associated loci. 

The idea came true with the recent discovery of new ARCI associated genes; CERS3, 
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PNPLA1, and LIPN and still other new loci are waiting for discovery (Radner et al., 

2013; Grall et al., 2012; Israeli et al., 2011; Oji et al., 2010).  

IV. Keratinopathic Ichthyoses  

Keratinopathic (KI) genodermatoses are individually rare (typically, less than 1: 25 to 

1: 50,000 live births), but can be devastating and occasionally lethal in severe 

episodes (Chamcheu et al., 2011). These ichthyosiforms include epidermolytic 

ichthyosis (EI, revised disease name for bullous ichthyosis, bullous CIE, 

epidermolytic hyperkeratosis, ichthyosis exfoliativa), superficial epidermolytic 

ichthyosis (SEI, revised disease name for ichthyosis bullosa Siemens) and other minor 

variants e.g. ichthyosis Curth-Macklin (ICM; Oji et al., 2010). KI is primarily 

characterized by the loss of tissue integrity, small intra-epidermal blisters and 

hyperkeratosis in severely affected tissues (Chamcheu et al., 2011).  

KI are associated with mutation in any of the 54 human keratin genes that are grouped 

into type I and type II keratins (Schweizer et al., 2006). The type I (acidic) keratins 

include K9-K10, K12-K28, and K31-K40 (including K33a and K33b) and the type II 

(basic to neutral) keratins K1-K8 (including K6a, K6b and K6c) and K71-K86. Thus, 

type I comprises 28 keratin genes, of which 17 are epithelial keratins and 11 hair 

keratins, while type II consists of 26 keratin genes including  20 epithelial keratins 

and 6 hair keratins. Altogether, these 54 keratin genes are arranged in two clusters of 

27 genes each at two different chromosomal sites: chromosome 17q21.2 (type I 

keratins, except K18) and chromosome 12q13.13 (type II keratins including K18). 

The keratin genes are designated as KRT1, KRT2, KRT3, etc. (Moll et al., 2008). 

Keratin genes encode different keratin proteins that are key structural material of 

human skin, hair and nails (Bragulla & Homberger, 2009). Primarily, keratin 

monomers assemble into bundles to form keratin intermediate filament (KIF) that 

provide structural support to keratinocytes and hence, maintain the integrity of the 

skin (Haines & Lane,  2012). These keratin genes are highly susceptible to pathogenic 

mutations that may result in atypical formation of polymeric KIFs. Abnormally 

formed polymeric KIFs may leads to skin pathologies associated with membrane 

fragility and impaired development of skin and its appendages. Although, in majority 

of cases, fragile keratinocytes carrying mutated keratin protein are associated with 

disease phenotypes; however, the severity of clinical phenotypes can vary both among 
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individuals and within families. Type of a mutated keratin gene, nature and position 

of the mutation as well as the extent to which the mutation affects keratin assembly, 

all are the determining factors of disease severity (Chamcheu et al., 2012; Chamcheu 

et al., 2011). 

V. Other Non-Syndromic Ichthyosiforms  

In addition to above mentioned ichthyoses subtypes, numbers of other relatively less 

common ichthyosis types are also described under the term of non-syndromic 

ichthyoses. These include loricrin keratoderma (LK), erythro keratodermia variabilis 

(EKV) and congenital reticular ichthyosiform erythroderma (CRIE) with autosomal 

dominant mode of inheritance. While, peeling skin disease (PSD) and keratosis 

linearis-ichthyosis congenital-keratoderma (KLICK) involve autosomal recessive 

mode of inheritance. Age of onset in all these non-syndromic cases is by birth or with 

delayed onset of one week to one year. Clinically these ichthyosiforms are 

characterized by variety of scaling phenotypes ranging from fine scales to rough 

thickened, possibly hystrix skin depending on disease type (Oji et al., 2010).  

1.1.3.2 Syndromic Ichthyosis 

It refers to MeDOC involving skin and other extra cutaneous findings or with 

involvement of other organ systems. These genodermatoses are primarily grouped 

into two categories (Oji et al., 2010). 

I. X-Linked Ichthyosis Syndromes 

Both, X-linked recessive and X-linked dominant modes of inheritance are reported for 

X-linked ichthyosis syndromes. Noteworthy, as an intermediate type, recessive X-

linked ichthyosis (caused by STS gene, steroid sulfatase) can be limited to the skin 

only as non-syndromic form or may be associated with extracutaneous manifestations 

such as undescended testes/ cryptorchidism (occur less frequently) and corneal 

opacities as syndromic form (Schmuth et al., 2013). Another notable X-linked 

recessive syndrome is Ichthyosis Follicularis, Atrichia (or Alopecia) and Photophobia 

(IFAP) syndrome. It is a rare genodermatoses mainly characterized by prominent 

cutaneous, skeletal and neurologic abnormalities. Missense or splicing mutations in 

the MBTPS2 have been associated with IFAP syndrome. MBTPS2 gene encodes a 
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membrane-bound transcription factor protease involved in the control of cholesterol 

homeostasis (Pietrzak et al., 2012). 

The X-linked dominant Conradi-Hünermann-Happle (CDPX2) syndrome belongs to 

the rare, heterogeneous group of diseases called chondrodysplasia punctata. Disorder 

is characterized by skin defects, skeletal and ocular abnormalities and short stature. 

The disease occurs almost exclusively in females. Mutations in the gene EBP, 

encoding the emopamil-binding protein (EBP), have been identified as an underlying 

cause. The EBP basically catalyses the intermediate step in conversion of lanosterol to 

cholesterol (Ausavarat et al., 2008; Has et al., 2000). 

II. Autosomal Ichthyosis Syndromes 

Autosomal ichthyosis syndromes cover a wide spectrum of ichthyosis syndromes 

associated with involvement of different body systems. Majority of the autosomal 

ichthyosis syndromes are inherited as a recessive pattern; however dominant forms 

have also been described e.g. KID syndrome (Oji et al., 2010). 

a) Ichthyosis with Hypotrichosis Syndrome 

Hair abnormalities are reported in several autosomal recessive ichthyoses such as 

autosomal recessive ichthyosis with hypotrichosis syndrome (ARIH) characterized by 

congenital ichthyosis with light brown, curly, sparse hairs, and corneal involvement 

(Avrahami et al., 2008). Mutations in the ST14 gene, encodes serine protease 

matriptase or also called suppressor of tumorigenicity 14 protein, were identified as 

the cause of ARIH (Alef et al., 2009). Serine protease matriptase play important role 

in epidermis terminal differentiation, profilaggrin processing, corneocyte maturation, 

lipid matrix formation and hair follicle growth (Yan & Yan, 2015; Basel-Vanagaite et 

al., 2007; List 2007 & 2006; Uhland, 2006). To date, 5 loss-of-function mutations in 

the ST14 gene have been described so far associated with ARIH, including 2 

missense, 2 splice site and 1 small deletion (Takeichi et al., 2015; Alef et al., 2009; 

Avrahami et al., 2008; Basel-Vanagaite et al., 2007). Netherton syndrome (NS), 

trichothiodystrophy (TTD) etc. are further examples of ichthyoses with hair 

abnormalities involving mutations in different genes (Oji et al., 2010). 
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b) Keratitis-Ichthyosis-Deafness (KID) Syndrome 

A good example of syndromic ichthyosis with autosomal dominant mode of 

inheritance is keratitis-ichthyosis-deafness (KID) syndrome.  The syndrome is mainly 

characterized by hyperkeratotic skin lesions, neurosensory hearing defects and 

ophthalmologic manifestations caused by mutations in the GJB2 gene. The GJB2 

encodes a gap junction beta-2 protein (GJB2), or also known as connexin 26 (Cx26), 

plays a key role in the formation of intercellular channels between neighboring cells 

by the juxtaposition of connexon subunits (or hemichannel). These hemichannels and 

gap junctions mediate the direct exchange of small molecules including ions, amino 

acids, nucleotides, metabolites etc and help in maintaining the normal cell physiology 

and homeostasis (Mani et al., 2009; Maeda et al., 2009; Lampe & Lau, 2004; 

Bruzzone et al., 1996; Kanno & Loewenstein, 1964; Robertson, 1963). More recently, 

it has also been shown that these hemichannels provide a pathway for cell-to-cell 

communication through paracrine signaling (Evans et al., 2006; Bennett et al., 2003).  

In recent years, numbers of pathogenic variations in connexin genes have been linked 

to dysfunction of hemichannels that lead to variety of hereditary disorders including 

hearing loss and skin disorders (Lee & White, 2009; Richard, 2005; White & Paul, 

1999). Over 100 mutations in Cx26 alone have been linked to non-syndromic hearing 

loss and syndromic hearing loss associated with a variety of skin disorders, including 

palmoplantar keratoderma, Vohwinkel syndrome, Bart–Pumphrey syndrome, and 

keratitis–ichthyosis–deafness syndrome (KIDS; Primignani et al., 2009; Richard et 

al., 2004; Van Steensel et al., 2002; Richard et al., 2002; Maestrini et al., 1999; 

Richard et al., 1998). Although, in recent years, several studies have strongly 

suggested that mutations in Cx26 lead to constitutively active hemichannels that 

significantly compromise cell viability and intracellular calcium homeostasis, but the 

role of mutant Cx26 hemichannels during epidermal differentiation and skin 

pathogenesis is still poorly understood (Sanchez et al., 2010; Terrinoni et al., 2010; 

Lee et al., 2009; Gerido et al., 2007; Stong et al., 2006; Montgomery et al., 2004). 

c) Other Ichthyosis Syndromes 

Other prominent findings associated with various autosomal ichthyosis syndromes are 

neurological signs (e.g. Refsum’s disease), fatal disease course (e.g. Gaucher 

syndrome type 2) and neutral lipid storage disease with ichthyosis etc. Recently, in 
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2010, detailed phenotype descriptions of various ichthyosis entities have been 

described (Oji et al., 2010). 

1.2 Inherited Skin Disorders in Pakistan 

Molecular bases of several genodermatoses have been established in different 

populations of the world, particularly the western populations (Hiremagalore et al., 

2008). Unfortunately, if we see the genetic perspectives of genodermatoses in context 

of Pakistan, a country which is ethnically quite different from Caucasians, the 

situation is fairly disappointing. Large numbers of multi-generation families are 

suffering from wide variety of inherited skin disorders and yet no appreciable efforts 

have been made towards this issue. One of the big reasons of inherited disorders is 

consanguineous marriages that lead to the concentration of same gene pool in a family 

(Kingston, 2002; Bittles, 2001). Despite this bitter reality and much awareness via 

different social, electronic or print media as well as educational programs etc., 

majority of the Pakistani families and highly conserved ethnic tribes separated by 

customs, cultural and geographical barriers do not prefer to marry outside the family. 

Therefore, continuous practice of inter-cousin marriages resulted in the segregation of 

wide variety of hereditary disorders in large number of Pakistani families, in 

particular, recessively inherited disorders including genodermatoses. 

Due to some reasons, the authentic data on genodermatoses prevalence in Pakistan is 

not available. One of the main reasons of data unavailability is the occurrence of cases 

in remote areas where even basic health facilities are scarce. Also, in general, families 

suffering from genetic disorder hesitate and often do not like to share disease-related 

information outside their family. However, on the basis of information shared by 

dermatologists, cases of common as well as rare genodermatoses including psoriasis, 

ectopic dermatitis, lichen planus, lipoid proteinosis, xeroderma pigmentosum, several 

types of ectodermal dysplasia and ichthyoses etc. exist in a reasonable numbers 

among Pakistani population. Some of these disorders cause symptoms that are limited 

to the skin, hair, and/or nails and can be effectively managed without affecting health; 

others are responsible for more widespread effects with multisystem pathology that 

may cause significant morbidity and even mortality e.g. Harlequin Ichthyosis (Kelsell 

et al., 2005). Apart from intensity (mild or severe), social and psychological pressure 
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of the disease can adversely affect the quality of life of a patient. The situation 

becomes more miserable with female subjects, especially in societies where a female 

is entirely dependent and remains prime responsibility of parents till her marriage e.g. 

Pakistani society. Therefore, under such circumstances, the patient as well as her 

family remain mentally disturbed and worry about socio-psychological consequences 

of the disease and its impact on different aspects of life such as marriage-related 

issues. 

A question may arise, why is it important to focus on genodermatoses as long as 

majority of cutaneous disorders are rare and not life threatening? The fact is that the 

genodermatoses are one of the major causes of long-term morbidity including 

crippling deformities and mortality worldwide (Luu et al., 2010). Despite the fact, for 

being rare, genodermatoses are continually being ignored by health authorities. 

Consequently, often these diseases are misdiagnosed or mistreated by health 

professionals before they cause substantial damage. Acknowledging the reality it is 

well stated by Alistair Kent OBE, Chair of Rare Disease UK that “The major paradox 

about rare diseases is that, collectively rare diseases are not rare” (Alistair Kent; 

http://blogs.independent.co.uk/2012/02/29/1-in-17-of-us-will-be-affected-by-a-rare-

disease). 

The notion is particularly true for genodermatoses that encompass a range of 

relatively rare cutaneous disorders associated with significant mortality and 

morbidity. Some of the research groups in Pakistan are working on genodermatoses 

and have published few reports.  But in view of genodermatoses burden in Pakistani 

population, these efforts are very limited and majority of genodermatoses are 

unattended. Therefore, realizing the situation, seventeen Pakistani families suffering 

from different genodermatoses such as xeroderma pigmentosum, lipoid proteinosis 

and several subtypes of icthyosis are included as a part of this dissertation with the 

following aims and objectives.  
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1.3 Objectives 

 Clinical and genetic characterization of available genodermatoses in Pakistani 

population. 

 To increase biological insight in molecular mechanisms involved in 

pathological abnormalities of skin and its appendages.  

 Study of possible interactions of different genes involved in skin barrier 

formation and altered phenotype in genodermatoses. 

 Enhancement of genetic research in Pakistan through network between 

hospitals and research institutes. 

 Provide genetic carrier screening and counseling to the extent possible in order 

to reduce further transmission of disease into the next generations of affected 

families.  
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2 MATERIALS AND METHODS 

With the advent of technological advances, availability of numerous online genomic 

databases and bioinformatics tools have facilitated accurate association of allelic 

variations in several genes with specific skin phenotypes. Presently, the genetic bases 

of majority of the genodermatoses have been elucidated and the number of disorders 

awaiting discovery of the underlying gene defect is steadily increasing. The discovery 

of genes and associated mutations provide invaluable insight to understand the 

molecular mechanisms behind pathological abnormalities of skin and its appendages. 

Therefore, the present study was designed with the aim to elucidate underlying 

molecular basis of several available genodermatoses in Pakistani families by using 

different molecular biology techniques.  

The study was approved by institutional ethical committee, Institute of Biomedical 

and Genetic Engineering (IBGE), Islamabad, Pakistan and Board of Advance Studies 

and Research Board (AS&RB), Quaid-i-Azam University, Islamabad, Pakistan. Study 

was in concordance with the Helsinki declaration. Informed written as well as verbal 

consent was also obtained from all individuals who participated in this study. 

2.1 Ascertainment of Affected Families  

All the patients/families who participated in the present study were enrolled from 

different hospitals and clinics in Islamabad/Rawalpindi region; they routinely visit for 

their clinical examination. Most of these families belong to the remote areas of 

Punjab, Khyber Pakhtoon Khuwa (KPK) including Federally Administered Tribal 

Areas (FATA), and Northern Areas, where medical facilities are scarce. Well-

equipped skin care facilities in twin cities and their easy access for patients from 

different geographical regions of Pakistan particularly Punjab, KPK and FATA make 

them a best source of skin patients and their families. Taking the advantage, several 

families with different inherited skin disorders were recruited for clinical evaluation. 

Detailed clinical examination of all the family members, including affected 

individuals as well as their carrier parents was carried out by well-known professional 

dermatologists in Islamabad/Rawalpindi. On the basis of detailed clinical evaluation, 
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seventeen families with under mentioned genodermatoses were included in the 

present study; 

 One family of Xeroderma pigmentosum (XP), labelled as XP-01. 

 Four families of Lipoid proteinosis (LP), labelled as LP-01, LP-02, LP-03 and 

LP-04. 

 Twelve families of Ichthyosis, labelled as IT-01, IT-02, IT-03, IT-04, IT-05, 

IT-06, IT-07, IT-08, IT-09, IT-10, IT-11 and IT-12. 

Despite living in remote areas, families’ residences were visited personally to gather 

maximum information. Different family members, specially educated elders, were 

interviewed to confirm over all consanguineous status of the family with particular 

emphasis on relationship existing among the parents of affected individuals. 

Information related to disease onset, severity, extracutaneous involvelment etc. as 

well as other clinical details from their clinical notes and photographs of affected 

body parts were collected with informed consent and mutual understanding. 

2.1.1 Pedigree Drawing 

Based on the available information, pedigree for each family was constructed to 

clarify the genetic relationship. Pedigrees were drawn using the software Cyrillic 

v2.1.3 (Cherwell Scientific Publishing Ltd, Oxford, UK). In the pedigree, male 

individuals are symbolized with squares and females with circles. Healthy and 

affected individuals are shown with unfilled and filled symbols respectively. Crossed 

symbols represent the deceased person in a family. Consanguineous marriages are 

shown with double lines between the partners. Each generation is indicated by Roman 

numerals while individuals within a generation are denoted by Roman: Arabic 

numerals. Arrow with the individual (proband) indicates the family member who 

mainly provided family history and other relevant information. The pattern of 

inheritance was predicted by analysing pedigrees and mode of segregation or 

transmission of the disorder within a family.  
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2.1.2 Blood Samples Collection 

Venous blood sample (5-10 ml) was collected form each patient, their parents and 

other first degree clinically healthy family members in a separate 8.5 ml vacutainer 

tubes (Becton DickinsonVacutainer® ACD Solution A, Franklin Lakes NJ, USA). 

Blood samples from 100 ethnically matched unrelated healthy individuals were also 

collected to be used as control, for allele frequency calculation and confirmation of 

disease-associated mutation(s). Collected blood samples were stored at 4
o
C till DNA 

extraction. 

2.2 Genomic DNA Extraction 

Genomic DNA was extracted from blood samples by using following methods; 

2.2.1 Phenol-Chloroform/ Organic Method  

Genomic DNA was extracted from peripheral blood by standard phenol-chloroform 

DNA extraction procedure (Sambrook et al., 1989). This method involve initial lysis 

of red blood cells by mixing blood and cell lysis buffer (0.32 M sucrose, 10 mM Tris-

HCl, 5 mM MgCl2 and 1 % v/v Triton X 100) in 1:3 ratio. Samples were incubated on 

ice for 30 minutes followed by centrifugation at 1200 rpm for 10 minutes at 4
o
C. The 

red cell lysate (supernatant) was discarded, and for each 5 ml of blood, the leftover 

white blood cells pellet was re-suspended in 4.75 ml of STE buffer (100 mM NaCl, 

50 mM Tris, pH 8.0, 1 mM EDTA, pH 8.0). Cellular proteins were digested by adding 

250 µl of 10% SDS (sodium dodecyl sulphate), 10 µl of proteinase K (20 mg/ml) and 

kept overnight at 55
o
C in a shaking water bath. 

The following day, phenol (pH 8.0) was added to each sample in 1:1 ratio and 

samples were extracted by centrifugation at 3200 rpm for 30 minutes at 4
o
C. Upper 

aqueous layer containing nucleic acid was carefully collected in separate tubes and re-

extracted with equal volume of chilled chloroform-isoamylalcohol (24:1v/v) by 

centrifugation at 3200 rpm for 30 minutes at 4
o
C. Again the upper aqueous layer 

containing nucleic acid was carefully removed into separate tubes. To degrade RNA, 

10 µl of RNase (10 mg/ml) was added and tubes were incubated in shaking water bath 

for 2 hours at 37
o
C. RNase and other leftover proteins in samples were removed by 
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using 10% SDS and proteinase-K followed by phenol/chloroform extraction as 

described above. Subsequently, DNA was precipitated by adding 500 µl (1/10 volume 

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

aqueous layer) and kept overnight at -20
o
C. The precipitated DNA was pelleted by 

centrifugation at 3200 rpm for 60 minutes at 4
o
C followed by washing with 70% 

ethanol and centrifugation at 3200 rpm for 40 minutes at 4
o
C. Supernatant was 

discarded carefully and pellet was air or vacuum dried. Each dried pellet was re-

suspended in 300-500 µl of TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 

8.0) according to the size of pellet. The DNA samples were transferred into labelled 

1.5 ml Eppendorf tubes and stored at 4
o
C. 

2.2.2 QIAamp® DNA Blood Mini Kit Method 

The kit method simplifies isolation of DNA from blood with fast spin-column 

procedure without requirement of phenol-chloroform extraction. Initially, 100 µl of 

blood was mixed with 100 µl of AL Buffer (lysis buffer) and 10 µl proteinase-k 

followed by incubation at 55
o
C for 5 minutes in a shaking water bath. Subsequently, 

100 µl of absolute ethanol was added and sample subjected to a labelled column. The 

column was spun at 8000 rpm for 1 minute to allow the absorption of double stranded 

DNA to silica-gel membrane in the column. Flow through discarded and samples 

were washed twice with each 250 µl of wash buffer-AW1 and AW2 at 14000 rpm for 

1 minute to completely remove the PCR inhibitors, such as divalent cations and 

proteins. Flow through discarded and column was spun again at 14000 rpm for 1 

minute to completely remove the wash buffer. Finally, DNA was eluted by applying 

100 µl elution buffer (buffer AE) on the column membrane. Sample was incubated at 

room temperature for 2-5 minutes followed by centrifugation at 8000 rpm for 1 

minute. DNA samples were stored at 4
o
C. All steps of protocols were followed 

according to the manufacturer’s instruction (Qiagen, GmbH, Hilden, Germany). 

2.2.3 QIAquick Gel Extraction Kit Method 

Excised gel slices were heat dissolved at 50
o
C in a buffer containing a pH indicator, 

allowing easy determination of optimal pH for DNA binding. Once dissolved, mixture 

was applied to the QIAquick spin column. Remaining principal and procedure of 

nucleic acid extraction is same as QIAamp® DNA Blood Mini Kit Method. Nucleic 
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acid binds to positively charged silica membrane under high salt conditions, 

impurities such as primers, nucleotides, enzymes, mineral oil, salts, agarose, ethidium 

bromide etc were removed by applying washing buffers and subsequent elution of 

pure DNA with low salt buffer. Protocol was followed according to the 

manufacturer’s instruction (Qiagen). 

2.2.4 QIAGEN® Plasmid Purification (Maxiprep) 

Before proceeding to plasmid DNA extraction, a single bacterial colony from 

ampicillin media plate was picked and inoculated as a starter culture of 2-3 ml LB 

(Luria Broth; Bio-Rad Laboratories, CA, USA) media containing ampicillin (100 

µg/ml; ChemCruz™ Biochemicals, Santa Cruz Biotechnology, Inc. TX, U.S.A). 

Culture was incubated for approximately 8 hours at 37
o
C with vigorous shaking 

(approx. 250 rpm). Starter culture was then transferred to 200-250 ml of LB broth and 

incubated at 37°C overnight with vigorous shaking (approx. 250 rpm).  

For plasmid DNA extraction and purification, bacterial cells were harvested by 

centrifugation at 6000 x g for 15 minutes at 4
o
C. Pelleted cells were re-suspended in 

P1 buffer and cell’s lysis performed with buffer P2 for 5 minutes.  Lysis reaction was 

stopped by applying chilled buffer P3 and lysate poured into the barrel of QIAfilter 

Cartridge followed by incubation at room temperature for 10 minutes.  Meanwhile 

resin containing QIAGEN-tip was equilibrated with QBT buffer and allowed the 

column to empty by gravity flow. Detergent in the buffer QBT helps reducing the 

surface tension and ease in flow. Cell lysate from QIAfilter Cartridge was filtered into 

the equilibrated QIAGEN-tip. Once the lysate passed through the resin bed by gravity 

flow, QIAGEN-tip was washed with Buffer QC. Buffer was allowed to move through 

the QIAGEN-tip by gravity flow to remove all impurities. DNA was eluted by 

applying buffer QF and precipitated with isopropanol by centrifugation at ≥15,000 x g 

for 30 minutes at 4
o
C. DNA pellet was washed with 70% ethanol by centrifugation at 

≥15,000 x g for 10 minutes. Supernatant was decanted, pellet was air-dried and re-

suspended in a suitable volume of 1X TE buffer (pH 8.0) and finally stored at 4
o
C. 

Protocol was followed according to the manufacturer’s instruction (Qiagen).  
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2.3 DNA Quantification 

Depending on the nature of experiment, following techniques were employed for 

DNA quantification; 

2.3.1 DNA Quantification by Spectrophotometer 

DNA quantification was performed using NanoDrop 2000C Spectrophotometer 

(Thermo scientific, DE, USA). NanoDrop 2000C automatically measures the ratio of 

optical densities of proteins and DNA at 280 nm and 260 nm respectively and finally 

calculates the amount of DNA in different concentration values as per user 

requirements. 

2.3.2 PicoGreen Assay 

For certain applications, higher quantitative accuracy is required in miniscule amount 

of DNA samples; such as DNA library constructions, next-generation sequencing 

reactions, sub-cloning applications and primer extension assays (Seville et al., 1996; 

Zhu et al., 1996; Ahn et al., 1996; Enger 1996). Compared to NanoDrop, PicoGreen 

assay provides a highly sensitive means of dsDNA quantitation with minimal 

consumption of sample. The assay is totally based on selective binding of the ultra-

sensitive fluorescent PicoGreen dye to double-stranded DNA (dsDNA) with 

maximum emission at 530 nm wavelength. Selective binding to dsDNA, hence, make 

the assay independent of prior purification of sample preparation. The PicoGreen 

assay was performed by using QuantiFlour
TM

 dsDNA sample Kit (Promega, WI, 

USA) in concordance with the manufacturer’s instructions. Briefly, the assay was 

performed in 384 wells format using serial dilutions of sample as well as standard 

DNA provided with the kit for reference. PicoGreen® dye was added to the DNA, 

incubated for 2-5 minutes at room temperature followed by quantification using 

fluorescence plate reader (GloMax®-Multi Detection System; Promega). The sample 

and standard DNA were measured in triplicates. Finally, the curve generated from 

serial dilutions of standards was used as a reference to accurately calculate the value 

of sample DNA. 
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2.3.3 qPCR ( KAPA Library Quantification Kits) 

An accurate measurement of the number of specifically amplified molecules in a 

DNA library is critical to the outcome of next-generation sequencing results. 

Overestimation and underestimation of DNA constructs may result in suboptimal 

sequencing capacity. In such situation qPCR is widely regarded as the gold standard 

for accurate and highly specific quantification of DNA libraries (Sah et al., 2013).  

For qPCR, KAPA Library Quantification Kit was used (Kapa Biosystems, MA, 

USA). Quantification was achieved by inference from a standard curve generated 

using six DNA standards provided with the Kit. The procedure involves the mixing of 

diluted library DNA and DNA standards with KAPA SYBR® FAST qPCR master 

mix containing KAPA SYBR FAST DNA Polymerase, primer premix and PCR-grade 

water. qPCR plate was prepared, sealed and run on real-time thermo cycler, using 

cycling conditions as per manufacturer recommendations (Figure 2). All qPCR 

reactions were set up in triplicate and concentration of undiluted library stock was 

determined using qPCR data analysis algorithm as per manufacturer 

recommendations (Table 1). 

Figure 2: qPCR parameters 
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Table 1: qPCR data analysis algorithm 

Library 

name 

Conc. (pM) calculated 

by qPCR instrument 

(triplicate data) 

Avg. 

conc. 

(pM) 

Size adjusted concentration 

(pM) 

Undiluted 

library 

stock (pM) 

1:1000 A1 A2 A3 A 

 

Standard DNA size
a 

A  X                                   = W 

Avg. fragment length
b 

 

W X 1000 

 

a 
Standard DNA size = 452 bp 

b 
Average fragment length of the library in present experiments = 392 bp 

2.4 Gene Identification 

For the identification of candidate genes involved in pathogenesis of different 

genodermatosis, classical linkage analysis, next-generation sequencing based-targeted 

exome enrichment and whole exome sequencing (WES) approaches were engaged. 

2.4.1 Genetic Linkage Analysis and Genotyping 

The genetic linkage analysis was used for the localization of disease gene in affected 

families. This approach is based on the fact that if two loci are physically close to 

each other on a chromosome there will be less chances of recombination between 

them during meiosis and hence they will co-segregate into the next generation. The 

fact provides an opportunity to find out approximate position of the disease gene 

relative to another DNA sequence called a genetic marker, which has its position 

already known. For this purpose microsatellite markers have shown to be the 

workhorse of most human disease-mapping studies due to their high degree of length 

polymorphisms in humans (Broman et al., 1998; Dib et al., 1996). Therefore, highly 

polymorphic microsatellite markers, with average heterozygosity >70%, were used 

for linkage analysis (ABI Prism® Linkage Mapping Sets version 2 by Applied 

Biosystems, CA, USA and Weber Human Screening Set Version 8/8aRG by Research 

Genetics Inc., AL, USA). Information pertaining to chromosomal locations of the 

genes, physical and cytogenetic locations of microsatellite markers and sizes of 

amplified products were obtained from the following databases; 
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 National Centre for Biotechnology Information; NCBI  

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

 LDB Genetic Maps 

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

 Comprehensive human genetic maps-Mammalian Genotyping Service (MGS) 

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

At first, genomic DNA was amplified by polymerase chain reaction (PCR). The 

amplified PCR products were subsequently analysed through non-denaturing 

polyacrylamide gel electrophoresis to obtain genotypic data of family members.  

2.4.1.1 Polymerase Chain Reaction (PCR) 

By using standard PCR protocol, amplification of genomic DNA was performed in 

0.2 ml PCR strip tubes (Axygen, CA, USA). In each reaction 80 ng of genomic DNA 

was amplified in 10 μl final reaction volumes by using Taq DNA Polymerase 

(Fermentas, Life Sciences, UK). Preparation of PCR reaction mix and thermal cycling 

conditions are given in Table 2 and Figure 3 respectively. 

Table 2: PCR reaction mix 

Reagent Final conc. Volume per reaction (μl) 

Water ˗ 4.7 

10X PCR buffer  1X 1 

MgCl2 (25 mM) 1.5 mM 0.6 

dNTPs (2.5 mM)  200 μM 0.8 

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

Primer Forward (20 μM) 0.6 μM 0.3 

Primer Reverse (20 μM) 0.6 μM 0.3 

Genomic DNA 80 ng 2.0 

Total volume  10 
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Figure 3: PCR parameters 

 

PCR was performed in MBS 0.2S Thermo Hybaid thermal cycler (Thermo electron 

corporation, MA, USA). The PCR products were separated through gel 

electrophoresis using 8% non-denaturing polyacrylamide gel. 

2.4.1.2 Non-Denaturing Polyacrylamide Gel Electrophoresis 

Different alleles of polymorphic microsatellite markers were separated through poly 

acrylamide gel electrophoresis using Sequi-Gen® GT Nucleic Acid Electrophoresis 

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

Non-denaturing polyacrylamide gel (8%) of 0.75 mm thickness was prepared by 

mixing and pouring 40 ml of 40% acrylamide stock solution (389.6 g/L Acrylamide, 

10.4 g/L N, N’-methylene bis-acrylamide), 20 ml of 10X TBE, pH 8.0 (0.89 M Tris, 

0.88 M boric acid, 0.02 M EDTA), 140 ml of d.H2O, 850 μl 25% ammonium per 

sulphate (APS) and 150 μl Tetramethylethylenediamine (TEMED). Comb was 

inserted for wells formation and gel was allowed to polymerize for ~ 2 hours. Upon 

polymerization, comb was removed and amplified PCR products mixed with 5 l of 

6X gel loading dye (0.01% bromophenol blue, 0.01% xylene cyanol, 15% Ficol) were 

loaded into the wells. Finally, using 1X TBE buffer, electrophoresis was carried out 

for ~3-5 hours in vertical position at 100 watts according to manufacturer’s 

instructions. Following electrophoresis, gel was stained in 0.5 g/ml solution of 

ethidium bromide. The amplified DNA bands were visualized and photographed by 

using SYNGENE gel documentation and analysis system (SYNGENE, Cambridge, 

UK).  
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2.4.1.3 Genotype and Haplotype Analysis 

Alleles were assigned to the individuals using gel banding pattern. Subsequently, 

genotypic analysis was performed to identify the microsatellite markers that co-

segregate with the disease gene in a family. Later on, haplotype analysis was carried 

out to identify the ancestral disease segregating chromosome and allied recombination 

events in a family. For the construction of haplotype; a linear, ordered arrangement of 

alleles on a chromosome, Cyrillic v2.1.3 software was used.  If desired, Two-point 

linkage analysis was performed with FASTLINK version 4.1P programme of 

LINKAGE software Package (Cottingham et al., 1993).  

Initially, the collected families were screened for known reported genes associated 

with each disease with the aim to exclude these known loci before proceeding to 

whole genome scan. The positively and strongly linked genes were subsequently 

sequenced to identify the pathogenic loss of function mutation responsible for disease 

phenotype in the family. 

2.4.2 Mutation Screening 

All the genes found linked to different disorders were subjected to mutation 

screening. Reference sequences of genes, mRNA, cDNA were retrieved from 

Ensembl, UCSC and NCBI databases while SNP sequences achieved using 

SNPmasker 1.1 online tool (http://bioinfo.ebc.ee/snpmasker/). Intronic and exonic 

primers (in case of large exon sizes) were designed by using Primer 3 online software 

(Rozen & Skaletsky, 2000; http://bioinfo.ut.ee/primer3-0.4.0). While designing a 

primer set, special measures were taken into account in order to amplify the complete 

exon along with its flanking intronic sequences. Selection of primers was made on the 

basis of characteristics such as specificities, percentage of GC contents, product size 

ranges, complementarities, secondary structures etc. Sequencher v.4.10.1” DNA 

sequence analysis software (Gene Codes Corporation, MI, USA; 

http://www.genecodes.com) was used to align each primer sequence with retrieved 

reference sequences to confirm that primer sequence and position is correct and not 

carrying any SNP. In present study, all primers that were used for mutation screening 

got synthesized commercially. Mutation analysis was carried out by direct DNA 

sequencing, allele specific Tetra-ARMS-PCR, and in silico characterization through 
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several bioinformatics tools. Functional studies were also carried out to study the skin 

differentiation under the influence of mutation. 

2.4.2.1 Sanger Sequencing of Candidate Genes  

In order to detect or verify the functional variations identified through linkage 

analysis or next-generation sequencing, Sanger sequencing of the candidate genes was 

performed. Following steps were followed before sequencing on ABI 3130 genetic 

analyzer (Applied Biosystems, Foster City, CA, USA) ; 

I. PCR Amplification for Sequencing  

The coding regions and splice-junction sites of the candidate genes were PCR 

amplified by using different primer pairs. Using standard PCR protocol, 250 ng of 

genomic DNA was amplified in a 50 µl final reaction volume. The amplification 

conditions used for sequencing reaction are mentioned in Figure 4.  

Figure 4: PCR parameters for sequencing  

  

To check amplified products quality and sizes, 10 µl of the PCR products were 

analysed on 2% agarose gel along with 100 bp ladder as size marker and subsequently 

visualized by UV transilluminator (SYNGENE). 

II. Agarose Gel Electrophoresis  

The amplified PCR product’s quality and fragment sizes were evaluated by 2% 

agarose gel electrophoresis. The agarose gel was prepared in 1X TBE buffer, pH 8.0. 
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Ethidium bromide, with 0.5 μg/ml final concentration, was added to the dissolved gel 

solution to facilitate the subsequent visualization of DNA following electrophoresis. 

PCR products mixed with gel loading dye (0.01% bromophenol blue, 7.50% Ficol) 

were loaded into the wells. DNA ladder of 100 bp (Fermentas) was used to determine 

the size of amplified products. Electrophoresis by using 1X TBE buffer was 

performed at 100 volts for an hour in a horizontal gel electrophoretic system 

(Maxicell TM EC360M gel electrophoretic system, E-C Apparatus Corporation, FL, 

USA). Amplified products were visualized and photographed by using SYNGENE 

gel documentation and analysis system (SYNGENE). 

III. PCR Products Purification  

Optimized PCR products were purified using QIAquick PCR Purification Kit 

(Qiagen) through bind-wash-elute procedure. To each PCR product, binding buffer 

and isopropanol was added in 1:1 ratio and mixed well. The mixture was subjected to 

the QIAquick column containing silica-based membrane. The column was spun at 

14,000 rpm for 1 minute for selective absorption of double stranded DNA to the 

silica-based column under high-salt conditions. Flow-through was discarded. To 

remove primers, nucleotides, enzymes, salts, and other impurities from DNA samples, 

500 µl of wash buffer was added to the column and spun at 14,000 rpm for 1 minute. 

Flow through was discarded, column placed back into collection tube and spun again 

at 14,000 rpm for 1 minute to completely remove the washing buffer. Column was 

placed into a 1.5 ml Eppendorf tube and added with 20-30 µl of low-salt elution 

buffer, preheated at 65
o
C. After 1-2 minutes incubation at room temperature, DNA 

was eluted out by spinning the column at 14,000 rpm for 1 minute. Purified DNA 

samples were stored at -20
o
C. 

IV. Sequencing Reaction  

Sequencing reaction was performed in a total volume of 10 μl by using BigDye® 

Terminator v3.1 cycle sequencing Kit (Applied Biosystems, CA, USA). Reaction mix 

and cycle sequencing conditions were used according to the manufacturer’s 

instructions (Table 3 and Figure 5). 
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Table 3: PCR reaction mix for sequencing 

Reagent Volume per reaction (μl) 

BigDye®Terminator v3.1 cycle sequencing standard 4 

Purified PCR product 5 

Primer (Forward or Reverse) 1 

Total volume 10 

Figure 5: Cycle sequencing conditions 

 

V. Purification of Sequencing Reaction Products/ Ethanol Precipitation 

To each 10 µl sequencing reaction, 2.5 µl of 125 mM EDTA and 30 µl of 100% 

ethanol was added in a 0.5 ml Eppendorf tube. Mixture was left at room temperature 

for 15 minutes followed by spinning at 14,000 rpm for 20 minutes. Supernatant was 

discarded and pellet re-suspended in 30 µl of 70% ethanol by vortexing for 15 

seconds. Mixture was centrifuged at 14,000 rpm for 10 minutes; supernatant 

discarded and pellet air or vacuum dried. Purified samples were stored at -20
o
C. 

VI. DNA Sequencing on ABI 3130 Genetic Analyser 

Just before loading the samples into optical 96-wells reaction plate for direct 

sequencing, each pellet was re-suspended with 10 µl of Hi-Di Formamide (Applied 

Biosystems). Samples were denatured at 95
o
C for 3 minutes followed by cooling at 

4
o
C. Direct sequencing was carried out in an ABI 3130 genetic analyzer (Applied 

Biosystems). Potential disease-associated mutation was confirmed by bidirectional 

sequencing of DNA samples from family members and 100 ethnically matched 

control samples. 
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2.4.2.2 Tetra Amplification Refractory Mutation System  

Tetra-Primer amplification refractory mutation system-polymerase chain reaction 

(ARMS-PCR) is a useful tool for the study of mutations (Ye et al., 1992; Newton et 

al., 1989). For deletion mutation identified in exon 5 of the XPA gene two inner 

mutation specific ARMS-PCR primers (5’-CGAGAAAAAATGAAACAGAAGAA 

A-3’ and 5’-GAGAAAAAATGAAACAGAAGCAA-3’) were designed to verify the 

identified deletion. Two outer primers (5’-CATTCTTTGGTACCTTTGGA-3’ and 5’-

GTAAAACACAATCCTTCACG-3’) and one inner primer were used in a single 

reaction to amplify exon 5. ARMS-PCR reaction was carried out in 25 μl final volume 

containing 200 ng genomic DNA using PCR cycling conditions as mentioned in 

Figure 3. PCR products were analysed on 2% agarose gel and band pattern was 

analysed for the confirmation of mutation. 

2.4.2.3 In silico Analysis/ Bioinformatics 

Electropherograms from healthy and affected individuals were compared with the 

reference gene sequences retrieved from Ensembl (http://www.ensembl.org) and 

NCBI (http://www.ncbi.nlm.nih.gov) genome browser databases to identify any 

nucleotide base pair change. CLC workbench 6.6.2 software (CLC bio, a QIAGEN 

Company, Aarhus C Denmark; http://www.clcbio.com) was used to study sequence 

variations by sequence alignment, affect of variations on the nucleotide coding 

sequence of a gene and its impact on the protein product. For the confirmation of 

mutation, DNA samples of other family members were also sequenced for a particular 

exon carrying the sequence variation(s). Mutation Assessor online tool 

(http://mutationassessor.org) was employed, wherever applicable, to predict the 

functional impact of amino-acid substitutions in proteins (Reva et al., 2011). Multiple 

Sequence Alignment (MSA) was performed using NCBI online web tool, whereas 

consistency of sequences among various ortholog species demonstrated using T-

Coffee (Tree-based Consistency Objective Function For alignment Evaluation) 

(Notredame et al., 2000). Comparative analysis of secondary, tertiary and 3-D 

structures of wild-type and mutated protein sequences was carried out at Institute of 

Bioinformatics and Systems Biology, Helmholtz Centre Munich-German Research 

Centre for Environmental Health, Neuherberg, Germany. For in silico characterization 

http://www.clcbio.com/
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of wild-type and mutated protein sequences various bioinformatics approaches were 

tested.   

PROFsec (Rost & Sander, 1994) in combination with ncoils (Lupas, 1996) was 

employed for the comparison of wild-type and mutated sequences to predict protein 

secondary structure and determination of coiled-coil structures. Intrinsically 

disordered regions in the protein were predicted by using globplot (Linding et al., 

2003). Protein structure stability was assessed by calculating the long distance 

interactions of disulfide bonds using DiANNA (Ferre & Clote, 2005). The position of 

functional domains was predicted by InterProScan (Zdobnov & Apweiler, 2001). 

Subcellular protein localization was assessed by WoLF PSORT (Horton et al., 2007).  

SignalP 4.0 server (Petersen et al., 2011) was used to predict the presence and 

location of signal peptide cleavage sites to determine if a protein is secreted. Tertiary 

structure prediction has been performed by phyre2 (Kelley & Sternberg, 2009) and 

3D-JIGSAW (Bates et al., 2001) algorithms. Superimposition of wild-type and 

mutated structure was achieved with Dalilite program (Holm & Sander, 1993) and the 

Pymol tool used for the visual comparison. PSI-BLAST and threading approach via 

server I-Tasser were applied to build the three dimensional (3D) structure of ECM1 

protein (Zhang, 2008). Later, 3D models of wild-type and mutant ECM1 protein were 

evaluated through RAMPAGE server (Lovell et al., 2003). All the softwares/online 

tools were practiced in default settings.  

2.4.3 Targeted Exome Sequencing 

Classical Sanger sequencing technology is appropriate for identifying majority of 

novel mutations. Since it is a medium to low-throughput technology, Sanger 

sequencing has its limitations, particularly in gene discovery efforts for previously 

described as well as novel clinical phenotypes and many rare Mendelian diseases. 

Next-generation sequencing (NGS) platforms involve high throughput technologies to 

detect genetic variations undetected by conventional methods. These include novel 

somatic mutations, SNPs, and small insertions and deletions. However, owing to 

limitations of time and resources, sequencing whole genomes especially in cases of 

reported genes with known phenotypes is not ideal. Targeted exon enrichment enables 

sequencing of the specific genes of interest and could be used as an efficient 
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alternative to whole genome sequencing (Meldrum et al., 2011). Several target-

enrichment strategies with different core reaction principles have been developed 

since the original description of direct genomic selection method by the Lovett group 

(Bashiardes et al., 2005). However, multiplexed PCR-based targeted exome 

enrichment, using small to medium-sized disease-focused gene panels, has been 

widely popular for its fast turnaround time (Xu et al., 2014). Presently, number of 

disease-based gene panels available with overlapping primer sets to amplify the 

protein-coding regions and un-translated regions (UTRs) of disease-associated genes. 

Owing to simplicity of protocol, targeted exome-enrichment drastically reduce the 

cost, provide higher coverage over regions of interest and offer relatively simple 

downstream bioinformatic data analysis for mutation identification.    

Concisely, the procedure involves DNA extraction, quantification by PicoGreen assay 

(section 2.3.2) followed by target enrichment of DNA samples.  For target enrichment 

in present study, a customized NGS panel for ichthyosis (GeneRead DNAseq Gene 

Panels; Qiagen) containing primer mix for 14 common ichthyosis genes including 9 

ARCI genes, (ABCA12, ALOXE3, ALOX12B, CYP4F22, NIPAL4 (Ichthyin), TGM1, 

PNPLA1, CERS3, LIPN, SPINK5, FLG, KRT1, KRT2 and KRT10) was used. Panel 

was used for multiplexed PCR amplification of the genomic DNA followed by 

samples pooling and purification using QIAquick PCR Purification Kit (Qiagen). The 

purified DNA then subjected to NGS library construction by using KAPA LTP 

Library Preparation Kit for Illumina sequencing platforms (Kapa Biosystems). The 

dsDNA library construction procedure involves the end repair of dsDNA to produce 

blunt ended 5’-phosphorylated fragments; A-tailing by incorporating dAMP to the 3’-

ends and finally the adapter ligation with 3’-dTMP overhangs to the A-tailed library 

fragments. In the present study, all modifications of dsDNA including adaptor ligation 

resulted in the average fragment length of ~392 bp. The adapter-modified DNA 

fragments (library) were then enriched through standard PCR and purified.  

Following the amplification, library constructs were quantified by qPCR assay using 

KAPA Library Quantification Kits for Illumina sequencing platforms (Kapa 

Biosystems). Ultimately samples were sequenced through NGS platform of choice. 

All the protocols were followed as per manufacturer instructions.  
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Data generated by NGS-based targeted exome-enrichment was analyzed by applying 

multiple filtering algorithms to shortlist potentially pathogenic sequence variants. 

Primarily data was filtered according to the mode of disease inheritance. For recessive 

disorders, homozygous as well as compound heterozygous variants are possible while, 

for dominant disorders a single heterozygous allele is sufficient to cause the disease. 

Therefore, homozygous or heterozygous data is screened on preferential basis 

depending on the mode of disease segregation in a family. For each category data was 

further filtered for non-synonymous changes, codon-deletion or stop codon and 

previously unreported single nucleotide variations (SNVs). Mostly the loss-of-

function mutations are rare with minor allele frequency (MAF) below 0.5% (Abecasis 

et al., 2010). Therefore, data was further reduced to those homozygous or 

heterozygous variants found in less than 0.5% of individuals in all different public 

databases such as UCSC or 1000 genome. For recessive disorders with underlying 

compound heterozygosity, data is filtered for heterozygous variants and at least two 

variants are searched in the same gene to satisfy the heterozygous mode of recessive 

inheritance. For dominant disorders, single heterozygous allele found in less than 

0.5% of general population can be potential cause of pathogenesis. Suspected 

pathogenic mutations, found through data analysis, were then confirmed by Sanger 

sequencing of index case along with first degree relatives.  

For comparative sequence analysis, “Sequencher v.4.10.1” DNA sequence analysis 

software (Gene Codes Corporation) was used that automatically aligned the reference 

sequences of a gene, mRNA, SNP and cDNA to sample sequences. Reference 

sequences were retrieved from genome browsers including UCSC 

(https://genome.ucsc.edu), NCBI (http://www.ncbi.nlm.nih.gov) and SNPmasker 1.1 

(http://bioinfo.ebc.ee/snpmasker). Comparative sequence analysis through Sequencher 

not only provide exact location of mutation, amino acid change but also helps to rule 

out the possibility that the identified pathogenic variation is a common polymorphism 

in general population. In cases, where pathogenic variations were not identified in a 

subject, sequence coverage of all the exons of different genes was screened by using 

Integrative Genomics Viewer tool; IGV (http://www.broadinstitute.org/igv) to make 

sure that all the coding regions have been covered. Exons with low coverage (<8 

reads) or gaps were re-amplified and Sanger sequenced. Samples failed to show any 
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pathogenic variations even after re-amplification and sequencing were finally 

subjected to Whole Exome Sequencing (WES). 

2.4.4 Whole Exome Sequencing (WES) 

Whole genome sequencing (WGS) is a high throughput alternative for identification 

of genetic variations undetected by the targeted exome enrichment methods; either 

due to involvement of novel genes for known phenotypes or identifying genotypes of 

novel phenotypes. Although, the cost of WGS has been significantly reduced in recent 

years, it remains costly and time consuming. Since exome or coding region sequences 

harbour ~85% of the mutations associated with Mendelian disorders (Rabbani et al., 

2014), WGS technology has been replaced by whole exome sequencing (WES) 

approach as a rapid, high throughput and cost effective medium for gene discovery 

(Kaname et al., 2014).  

WES uses the next-generation sequencing platforms to generate sequencing data from 

hundreds of millions of short DNA fragments in parallel, providing coverage of >95% 

of all exons (Rabbani et al., 2014). Briefly, the procedure involves genomic DNA 

shearing and fragmentation, bar-coded libraries preparation, exome capturing and 

enrichment, and finally massively parallel sequencing. In the present study 

sequencing was carried out on an Illumina HiSeq 2000 according to Illumina 

protocols. NGS generates a massive amount of raw data that involves complex post-

generation processing and analysis. Resulting sequence was first aligned to the hg19 

human reference using ELAND software (Illumina Inc., CA, USA). We employed a 

Perl script which trimmed sequence to the targeted intervals, removed PCR duplicates 

and identified single nucleotide variations (SNVs), deletions and insertions using 

SAMtools software (Li et al., 2009). Since WES reveals many sites of variation 

within the genome, careful examination of the data is required to identify a single 

causative pathogenic mutation, from within this large dataset. Data is primarily 

filtered on the basis of presumed mode of disease inheritance. For recessive mode of 

inheritance, homozygous as well as compound heterozygous variants are possible. 

While, for dominant disorders a single heterozygous allelic variant could be potential 

disease factor. Therefore, data screening for homozygous or heterozygous variants is 

done on preferential basis depending on disease mode of inheritance. For recessive 
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disorders, initially the data is analysed for homozygous variants, the predominant 

mode of inheritance. If no target is identified then the data is investigated for 

compound heterozygosity. At least two variants must be present in a gene, to satisfy 

this compound heterozygous mode of transmission. For dominant disorders, primarily 

the heterozygous variation data is screened. In more than 85% of the cases, disease 

causing mutations fall in the coding regions or splice site junctions, therefore, the data 

can further be filtered to examine coding mutations (missense, nonsense, and splice 

site SNVs and indels) with SAMtools quality scores ≥50 and coverage ≥20. Further 

screening can be made for variants found in less than 0.5% of individuals in different 

public databases such as dbSNP, 1000 Genomes Project or Exome Variant server. If 

no strong candidates for a causative mutation are found, assumptions made during the 

filtering process may be relaxed to include variants with lower quality scores as well 

as intronic variants. Potential pathogenicity of predicted sequence variations are then 

confirmed by Sanger sequencing. Depending on the gene of interest, further 

confirmation of pathogenicity can be performed by diverse functional biology 

approaches. 

2.5 Functional Analysis  

In vitro renewable keratinocytes cultures can be established from affected skin. 

Alternatively, in the absence of affected primary cells from patient, mutation can be 

modeled by directly transducing normal keratinocytes with retroviral vectors carrying 

mutant allele (Alonso & Fuchs, 2003; Fan & Khavari, 1999; Rheinwald & Green, 

1977). These approaches along with recent advances in 3D-organotypic culture 

techniques allow in vitro generation of reproducible disease features in human skin 

without using animal models (Ridky et al., 2010).  

Taking advantage of keratinocytes capability for genetic manipulation in culture, in 

present study, identified 3 bp deletion mutation in the GJB2 (c.85_87delTTC) was 

modeled by directly transducing normal keratinocytes with tetracycline-regulatable 

retroviral vector system.  In vitro 3D-organotypic culture was established to study the 

role(s) of mutation in human skin. Also, genotype/phenotype correlation was 

established between identified genetic defect and unique clinical phenotypes observed 

in patient with Keratitis-ichthyosis-deafness (KID) syndrome.  
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2.5.1 HA-Tagging and GJB2 Cloning 

The cDNA of the GJB2 gene, cloned in pCMV-sports 6 vector was obtained 

commercially (Plasmid DF/HCC DNA Resource Core, MA, USA). For downstream 

immunodetection and expression analysis, HA tag (5' TAC CCA TAC GAT GTT 

CCA GAT TAC GCT 3'; Gee et al., 2011) was introduced soon after the start codon 

(ATG) of GJB2 before cloning into tetracycline-regulated retroviral system called 

“Hermes HRSpuro-GUS” (Figure 6). Regulatable expression of gene of interest, if 

used in conjunction with a tetracycline regulated transactivator “RetroTet RTAb (+)/(-

)” or transrepressor “RetroTet RTRg (-)” plus presence of selective puromycin marker 

make this system ideal for several functional analyses (Spicher et al., 1998; Rossi et 

al., 1998;  Kringstein et al.,1998; (Figure 7, 8). 

Gibson Assembly online protocol was used for HA tagging and subsequent cloning of 

GJB2 into regulatable Retro Viral System (New England Biolabs Inc., MA, USA; 

https://www.neb.com). Gibson assembly allows successful assembly of multiple DNA 

fragments, regardless of fragment length or end compatibility. The resulted product is 

fully sealed double-stranded DNA molecule that can serve as template for PCR and 

other applications. Following the protocol, overlapping ends primers containing HA 

tag sequences were designed using the NEB builder tool (Table 4). Subsequent PCR 

amplification of primers using GJB2 as template resulted in incorporation of HA-tag 

into the insert (GJB2). In a parallel experiment, retroviral vector “Hermes HRSpuro-

GUS” was linearized at cloning site using restriction digestion. EcoR1 (at 5’) and 

Not1 (at 3’) restriction enzymes were used to remove GUS (beta-glucuronidase gene) 

from cloning site and also to generate overhangs complementary to insert (Figure 9). 

50 µl of restriction digestion mixture containing 2 µl of each enzyme, 2 µl of DNA 

and 5 µl of 10X buffer 3.1 (New England Biolabs) was incubated at 37
o
C for 2 hours 

in thermo cycler. Digestion products were then separated through 1% agarose gel. 

Appropriate sized band was cut and DNA extracted using QIA quick Gel extraction 

kit (Qiagen). Finally, vector and insert samples were quantified, mixed in 3:1 ratio to 

Gibson Assembly Master Mix (Gibson Assembly cloning kit, New England Biolabs) 

and incubated at 50
o
C for 1 hour. Vector: insert ratio was calculated through online 

manufacturer’s instructions on protocol. Ligation products were then propagated 

through transformation into chemically competent E. coli culture. 
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Figure 6: Hermes HRSpuro-GUS: Plasmid map  

Retroviral expression vector containing two distinct transcriptional cassettes. A 

tetracycline regulatable cassette oriented antisense to the viral long terminal repeat 

(LTR) contains a minimal CMV promoter (position -53 to +75) fused to heptamerized 

tet operator (O7) sequences. Cassette is located upstream of a 5' polylinker preceding 

the beta-glucuronidase gene (GUS) that is followed by a 3' polylinker and bovine 

growth hormone poly-A sequence. The second constitutively expressed cassette is 

oriented sense to the viral LTR and contains a constitutively expressed puromycin 

(puro) resistance marker gene, driven by the SV40 promoter. The vector backbone is 

an MFG-derived self-inactivating (SIN) retrovirus, which prevents transcription from 

the constitutive viral LTR.  

(A generous gift of Helen Blau, Stanford University, CA; Spicher et al., 1998) 

Hermes HRSpuro-GFP: It is similar to HRSpuro-GUS with blue-excitable green 

fluorescent protein (GFP-Bex1) replacing GUS.  
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Figure 7: RetroTet RTAb (-): Plasmid map  

A Tet-Off version of the Tet ystem where transactivator (A) binds DNA (tet operator) 

and activates transcription in the absence (-) of tetracycline or its analogs. The system 

is created by fusing wild-type bacterial tetR (tetracycline repressor) moiety containing 

B-class (b) dimerization domain with Herpes simplex VP16 transcriptional activation 

domain (= tTA of Bujard).  It is expressed in a constitutively active high titre MFG 

retroviral backbone (Kringstein et al., 1998).  
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Figure 8: RetroTet RTAb (+): Plasmid map 

A Tet-On version of the Tet system where transactivator (A) binds DNA (tet operator) 

and activates transcription in the presence (+) of tetracycline and its analogs. The 

system is created by fusing mutated bacterial tetR with VP16 transcriptional 

activation domain (= tTA of Bujard). It is expressed in a constitutively active high 

titre MFG retroviral backbone (Kringstein et al., 1998; Spicher et al., 1998; Rossi et 

al., 1998). 
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Table 4: Required oligonucleotide primers for Gibson assembly 

Overlaps Oligo (Uppercase = gene-

specific primer) 

Anneals F/R 3' Tm 

°C 

3' Ta* 

°C 

Hermes_HRS

puro-GUS 

tttaaacccacgtgggatgtacccatac

gatgttccagattacgctATGGAT

TGGGGCACGCTG 

GJB2 Fwd 66.6 64.7 

Hermes_HRS

puro-GUS 

cttgcccgggcttgcTTAAACTG

GCTTTTTTGACTTCCC 
GJB2 Rev 61.7 64.7 

* 3' Ta (recommended annealing temperature) is calculated for the gene-specific 

portion of the primer for use with selected PCR polymerase 

Figure 9: Assembly design summary 

 

2.5.2 Transformation 

Following the manufacturer’s instructions on competent cell line selection, NEB 5-

alpha competent E. coli cells were transformed with assembled DNA products using 

heat shock method (New England Biolabs). Ice thawed competent cells were mixed 

with 2 μl of chilled assembly products. Mixture was exposed to heat shock by first 

placing on ice for 30 minutes followed by incubation at 42
o
C for 30 seconds and 

finally transferring the mixture back on ice for 2 minutes. For higher transformation 

efficiency, cells suspension was mixed with 950 μl of pre-warmed nutrient rich SOC 

medium (Super Optimal Broth medium with catabolite repression; Sigma-Aldrich, 

MO, USA) and incubated for 1 hour at 37
o
C with vigorous shaking (250 rpm). 100 μl 

of cells suspension was spread on LB agar plates with ampicillin (100 µg/ml) 

followed by overnight incubation at 37
o
C. Selected bacterial colonies from agar plate 

were inoculated in LB broth with ampicillin (100 µg/ml) followed by plasmid 
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purification using plasmid purification kit (Qiagen; see section 2.2.4). Samples were 

then subjected to restriction digestion, gel electrophoresis and sequencing in order to 

verify correct insertion of gene sequences into the plasmid.   

2.5.3 Mutagenesis 

Online QuikChange® primer design program (http://www.genomics.agilent.com) was 

used to design specific primers including the mutant sequences (c.85_87delTTC or 

p.F29del; Table 5). For mutagenesis, primers were PCR amplified using HA tagged 

wild-type GJB2 gene as a template (section 2.5.1). Amplified PCR fragments as well 

as Hermes HRSpuro-GJB2 or Hermes HRSpuro-GUS were cut with EcoR1 and Not1 

enzymes and digested fragments were separated through gel electrophoresis. 

Appropriate sized bands were cut and DNA extracted (section 2.2.3). For ligation, a 

mixture of mutant GJB2 fragments (insert) and digested Hermes HRSpuro (vector) in 

3:1 ratio was added to 2 µl of 10X ligation buffer, 1 µl T4 ligase enzyme (New 

England Biolabs) and H2O up to 20 µl reaction volume. Ligation reaction was 

incubated at 16
o
C overnight.    

Transformation of chemically competent cells with Hermes HRSpuro-GJB2-F29del 

mutant was carried out using the same procedure as described above (section 2.5.2). 

Transformed bacterial colonies were selected against ampicillin (100 µg/ml) and to 

achieve high yield of plasmid DNA, selected colonies propagated in LB broth. 

Plasmid was isolated and purified using plasmid purification kit (Qiagen). Purified 

plasmid DNA was analysed through retriction digestion, gel electrophoresis and 

sequencing to confirm correct insertion of gene sequences into the plasmid. 

Table 5: Primers for site-directed mutagenesis in the GJB2 gene 

Gene Primer ID Primer sequence (5'→3') Ta 
o
C 

GJB2 

DEL29-

Sense 

5'-ATCTGGCTCACCGTCCTCATTTTTCG 

CATTATGATC-3' 
78.19 

DEL29-

Antisense 

5'-GATCATAATGCGAAAAATGAGGAC 

GGTGAGCCAGAT-3' 
78.19 
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2.5.4 Keratinocytes Isolation from Surgical Specimens 

Surgically removed fresh neonatal foreskin was obtained from Yale Children's 

Hospital, New Haven, CT, USA, in Dulbecco's Minimal Essential Medium (DMEM) 

containing 2X penicillin/streptomycin (Invitrogen). Procedures followed are similar to 

those described previously (Ridky et al., 2010; Choate et al., 1996). To avoid 

microbial contamination skin was wiped with 70% ethanol and placed in a 10 cm dish 

containing Fungizone (1%), Pen/Strep (1%), and Garamycin (1%) in CMFPBS 

(Calcium- and Magnesium-Free Phosphate-Buffered Saline; GIBCO by Life 

Technologies, CA, USA). Using sterile forceps and surgical scissor, tissues on the 

dermal portion were trimmed away until fat/flesh was gone and foreskin appeared to 

lie flat with suede-like appearance. Skin was incubated with 1X dispase (2 ml / 35 

mm dish; 5000 Caseinolytic Units; BD Biosciences) overnight at 4
o
C with dermis 

facing down on dispase. Using sterile forceps, epidermis was gently peeled off from 

underlying dermis. For isolation of keratinocytes, epidermis was trypsinized with 5 ml 

of 0.05% trypsin + EDTA (Invitrogen by Life Technologies, CA, USA) for 15 

minutes at 37
o
C. Trypsinization was quenched by adding equal volume of soy trypsin 

inhibitor or STI (0.5 mg/ml in PBS; GIBCO). A fraction of cell suspension was mixed 

with trypan blue reagent in 1:1 ratio. 10 µl of this solution was pipetted into the 

hemocytometer and cells count/ml was determined under microscope applying 

following formula;  

Avg. cell count in large corner squares X dilution factor X 10,000 

Required volume of cells suspension was centrifuged at 300 g for 5 minutes and pellet 

re-suspended in DMEM/F12 media (GIBCO). For regeneration of keratinocytes, 

approximately 5 X 10
6
 cells were seeded onto a feeder layer of mitomycin C-treated 

3T3 fibroblast (ATCC® CCL-92) in a T175 flask. Mouse 3T3 fibroblasts were 

lethally treated with 5 µg/ml mitomycin C for 2 hours, then trypsinized and plated as 

single cells in a T175 flask. Fibroblast feeder layer secrete growth promoting factors 

and inhibit human fibroblast contamination during the initiation phase of primary 

keratinocytes culture (Lu et al., 2012; Lamb & Ambler, 2013). Falsk was incubated 

for one week at 37
o
C in a humidified 5% CO2 incubator with regular media change. 

When individual colonies of keratinocytes were well-established, cells were split 1:3 

and propagated in serum free defined media.  
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2.5.5 Passaging Keratinocyte Culture  

For passaging and splitting, cells were washed twice with CMFPBS followed by 

soaking in 5 ml versene (EDTA solution; GIBCO) for 3-5 minutes to release inactive 

3T3's from dish. Once keratinocytes began to appear refractile around the edges, 

versene was aspirated. Culture was trypsinized with 5 ml of Trypsin at 37
o
C for 3-5 

minutes or until all the keratinocytes were released from dish. For detrypsinization, 5 

ml STI was added and adherent keratinocytes were washed off in a centrifuge tube. 

Cell counting was done and required suspension volume centrifuged at 300 g x 5 

minutes. Pellet was re-suspended in serum-free keratinocyte growth medium called 

EpiLife (GIBCO) and split 1:3 at cell density 2 X 10
6
 per T175 flask.  Flasks were 

incubated at 37
o
C in a humidified 5% CO2 incubator.  

2.5.6 Retroviral Packaging and Production 

Phoenix Ampho (Retrovirus producer cell lines; ATCC
®
 No CRL-3213™) were used 

for transfection, packaging and generation of recombinant retroviral particles. HEK-

293T –based phoenix cell lines are highly transfectable by either calcium phosphate- 

mediated or lipid-based transfection. The cell lines are also proficient to express gag-

pol and envelope protein, so the resultant viral particles are capable of infecting most 

dividing mammalian cells. 

Phoenix cells, stored in liquid nitrogen, were transferred into T175 culture vessel 

containing growth media (High glucose DMEM + 10% heat inactivated fetal bovine 

serum + 100 U/ml Penicillin + 100 U/ml Streptomycin + 2 mM L-Glutamine; 

GIBCO). Cells were grown as a confluent layer at 37
o
C with 5% CO2 incubator. 

Actively dividing cells provide better transfection and selection efficiency (Miah & 

Campbell, 2010), therefore, 18-24 hours before transfection, Phoenix cells were split 

1:3 per 10 cm plate. Cells were washed with 1X PBS (phosphate-buffered saline; 

GIBCO) to remove extracellular proteins/ dead cells and trypsinized at 37
o
C to obtain 

single cell suspension (Griffin et al., 2014). Trypsinization was stopped with DMEM 

+ 10% FCS followed by centrifugation at 1200 rpm for 5 minutes. Pellet was re-

suspended in DMEM + 10% FCS media and 10 ml of suspension was transferred into 

each 10 cm petri plate. Culture was grown to 70-80% confluency at 37
o
C in a 5% CO2 

incubator. 
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Adherent Phoenix cells were trypsinized, pelleted and re-suspended in Opti-Mem 

media + 10% FCS (GIBCO). Cells were counted using hemocytometer and 

suspension of 6 X 10
6
 cells density was aliquoted for transfection.  

For efficient introduction of retroviral plasmid DNA into the cells and generation of  

high yields virion-containing supernatant, lipid-based transfection of phoenix cells 

was carried out by using Lipofectamine® 2000 (Ohki et al., 2001; Invitrogen). 

Plasmid DNA and Lipofectamine® 2000 complexes were prepared according to 

manufacturer’s instructions. Briefly, 36 µl of Lipofectamine® 2000 and 12 µg of 

plasmid DNA were separately mixed with 1.5 ml Opti-Mem and kept at room 

temperature for 5 minutes. Both solutions were then mixed and kept at room 

temperature for 20 minutes. 

Transfection mix (DNA+Lipo2000) was added to phoenix cells and incubated 

overnight at 37
o
C with 5% CO2. Next day Opti-Mem media was replaced with 

DMEM + 10% FCS media and transferred to 32
o
C incubator for high yields of stable 

retroviral particle (Chen & Thorne, 2012).  

In present study, transactivator “RetroTet RTAb (+)”, recombinant Hermes HRSpuro-

GJB2 and HRSpuro-GJB2-F29del were individually packed in phoenix cell lines. 

Also, particles with empty “Hermes HRSpuro-GFP” vector, containing reporter gene 

for green fluorescent protein, were packed for use as an experiment control (Figure 6).  

2.5.7 Retroviral Transduction  

Keratinocytes isolated from surgically removed human foreskin were used for 

transduction. Following transfection, on the same day, keratinocytes from liquid 

nitrogen were thawed and grown in T75 flask containing serum-free growth media. 

Cells from culture approaching maximal growth were harvested through 

trypsinization, split in 6-well plates with 60,000 - 100,000 cells density per well (35 

mm) and returned to incubator.   

Supernatant from overnight grown Phoenix culture, containing viral particles, was 

syringe filtered using 0.45 µm cellulose acetate filter (Sigma-Aldrich) to separate free 

floating phoenix cells. Likewise, for second round of viral production, fresh media 

(DMEM + 10% FCS) was added to phoenix cells and returned to incubator for 

another 24 hours. 
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For efficient transduction, media from 6-wells plate was replaced with supernatant + 1 

µg/ml polybrene (Sigma-Aldrich) and centrifuged at 500 g for 60 minutes at 32
o
C 

(Chen & Thorne, 2012). Following centrifugation, supernatant was replaced with 

keratinocytes growth media and returned to 37
o
C with 5% CO2. Next day, second 

round of transduction was performed and plate incubated at 37
o
C with 5% CO2 for 2 

days to allow keratin filaments to develop.  

By using the same transduction protocol, keratinocytes were double transduced; first 

with transactivator “RetroTet RTAb (+)” and second with “Hermes HRSpuro-GJB2 

(wild-type) or Hermes HRSpuro-GJB2-F29del (Mutant)” or empty “Hermes 

HRSpuro-GFP” vector (control). Transduced cells were selected in a media 

containing 1 µg/ml puromycin (Sigma-Aldrich) by maintaining selection pressure for 

1-2 passages at 37
o
C. Selected population of transduced cells was split and 

subcultured in fresh keratinocyte growth media without puromycin at 37
o
C. Cells 

were harvested via trypsinization, aliquoted and stored in liquid nitrogen as stocks or 

used for downstream experiments.  

2.5.8 Tet-Inducible Expression of GJB2 & Immunoassay 

In present study, expression of HA tagged-GJB2 (wild-type or mutant) was controlled 

through Tet-on system (RetroTet RTAb+) i.e presence of tetracycline induce gene 

expression by enabling rtTA protein to bind to the operator.  

Cells were split into 4-chambered slides (Nunc Lab-Tek II; Sigma-Aldrich) and to 

figure out optimum expression, grown for 24-48 hours in media containing different 

concentrations of tetracycline (1 µg/ml, 2 µg/ml, 3 µg/ml). Cells were also grown in 

tetracycline-free media as an experimental control. Chamber was removed and to 

maintain cellular structure, slides were fixed with 1:1 methanol/acetone at -20
o
C for 

15 minutes. Slides were washed in 1X TBST (Tris-Buffered Saline with Tween 20; 

Invitrogen) for 5 minutes followed by blocking with 10% donkey serum (diluted in 

1% BSA; Sigma-Aldrich) for 1 hour at room temperature. Primary antibody (Mouse 

HA-Ab; Santa Cruz Biotechnology, Inc. TX, U.S.A), 1:100 diluted in blocking 

solution, was applied on slides for 2 hour. Slides were washed 3 times in 1X TBST 

for 5 minutes each.  

Secondary antibody (CY3-conjugated anti-Mouse HA-Ab; Santa Cruz 

Biotechnology) diluted 1:200 in blocking solution, was applied on slides for 1 hour in 
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dark. Slides were washed followed by incubation with DAPI nuclear counterstain (4', 

6-diamidino-2-phenylindole; Santa Cruz Biotechnology) for 5 minutes in dark. Slides 

were again washed 3 times in 1X PBS before mounting in Mowiol with 1% n-propyl 

gallate (Polysciences, Inc., PA, USA). Slides were gently covered with coverslip to 

preserve fluorescent signals and stored at 4
o
C until microscopy. 

2.5.9 Establishment of 3-D Organotypic Tissues 

For the establishment of 3-D skin equivalent by using primary keratinocytes from 

surgically removed foreskin and their subsequent histological studies, following steps 

were followed; 

2.5.9.1 Preparation of Devitalized Dermis 

Devitalized dermis was prepared from slit-thickness human skin via liquid nitrogen 

freeze/thaw cycles. Skin was washed and incubated in sterile PBS containing 

penicillin/streptomycin/amphotericin, for 7–10 days at 37
o
C to loosen the epidermal-

dermal attachment. Epidermis was gently peeled away and dermis was frozen in 

liquid nitrogen for 5 minutes followed by rapid thawing at 37
o
C. Freez/thaw cycle 

was repeated 3 times. Dermis was then submerged in PBS containing antibiotics and 

stored at 4
o
C for 6-12 weeks.  

2.5.9.2 Assembly of Organotypic Tissue 

A 1 cm
2
 piece of devitalized dermis was placed in a lightly scored 6-wells plate with 

dermis basement membrane side down. Dermis was allowed to dry slightly and 

attached properly to the scored surface followed by stromal side seeding with 100,000 

stromal fibroblasts. Plate was incubated at 37
o
C with daily media changes (DMEM + 

10% FCS) for 3-4 days, allowing fibroblasts to attach, migrate into dermis and invest 

their substrate. Revitalized dermis was gently elevated, basement membrane side 

oriented up and transferred into a sterilized 0.4 µm Millicell hanging cell culture 

insert (Millipore Corporation, MA, USA). Growth media (DMEM + 10% FCS) was 

added to the well containing Millicell and incubated for 10–14 days. Media was 

changed every 2 days for deeper fibroblast penetration through full thickness of the 

tissue.   
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2.5.9.3  Keratinocytes’ Seeding on Basement Membrane  

Transduced Keratinocytes at density of 0.5 x 10
6
 – 1 x 10

6
 per cm

2
, in a total volume 

of 100 μl growth media, were seeded on basement membrane side of stroma.  

Keratinocytes were grown at an air-liquid interface in 1 ml of KGM media (GIBCO) 

added into the outer/lower chamber and that allow stroma nourishing through 

capillary action of Millicell membrane at bottom. KGM is a 3:1 mixture of 

DMEM:Ham’s F12 supplemented with FBS (10%), adenine (1.8 x 10
-4

 M), 

hydrocortisone (0.4 μg/ml), insulin (5 μg/ml), cholera toxin (1 x 10
-10

 M), EGF (10 

ng/ml), transferrin (5 μg/ml) and triiodo-L-thyronine (1.36 ng/ml). Every day media 

in the lower chamber was replaced with fresh 1 ml KGM for 2-3 days incubation.  

2.5.9.4 Tetracycline-Inducible Expression of GJB2 

Following 2-3 days of incubation, 2 µg/ml of tetracycline (optimum concentration 

determined by immunofluorescence assay) was started adding in KGM media to 

induce GJB2 expression (GJB2-wild-type or GJB2-F29del) in transduced 

keratinocytes. To generate a full length 3-D organotypic skin equivalent, culture was 

maintained at 37
o
C with 5% CO2 for following 12-15 days.  Every day media in the 

lower chamber was replaced with fresh 1 ml KGM containing 2 µg/ml of tetracycline. 

2.5.10 Histology 

For paraffin sectioning, 3-D organotypic graft reconstruct was wrapped in biopsy 

paper and held in histology cassette (Uni-Cassette; Tissue-Tek, CA, USA). Graft was 

fixed by soaking the whole cassette in 10% formalin for more than 4 hours before 

sending to pathology laboratory at Yale school of medicine, New Haven, CT, USA 

for histological studies (Li et al., 2011). Histological findings were analyzed on 

microscope using SPOT 4.6 software (SPOT Imaging Solutions, Diagnostic 

Instruments Inc., MI, USA). 
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2.6 Chemicals and Reagents Suppliers 

All chemicals/kits used in this study were of molecular biology grade and purchased 

from the following different international companies. 

 Applied Biosystems, CA, USA. 

 Bio-Rad Laboratories, CA, USA. 

 GIBCO® by Life Technologies, CA, USA 

 Invitrogen® by Life Technologies, CA, USA 

 New England Biolabs Inc., MA, USA 

 Sigma-Aldrich®, MO, USA. 

Kits  

 BD Biosciences, CA, USA 

 Fermentas, Life Sciences, UK.  

 Kapa Biosystems, MA, USA 

 Millipore Corporation, MA, USA 

 Promega, WI, USA 

 Qiagen, GmbH, Hilden, Germany  

Primers  

 Applied Biosystems, CA, USA  

 Eurofins MWG Operon, AL, USA. 

 Integrated DNA Technologies (IDT), IA, USA. 

 Research Genetics Inc., AL, USA.  

Antibodies and Chemicals for Immunofluorescence Assay 

 ChemCruz™ Biochemicals, Santa Cruz Biotechnology Inc., TX, U.S.A. 

 Polysciences Inc., PA, USA 
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3 RESULTS AND DISCUSSION 

3.1 Xeroderma Pigmentosum  

Xeroderma pigmentosum (XP) is an autosomal recessive genetic disorder of DNA 

repair, characterized by cellular hypersensitivity to ultraviolet (UV) radiation 

(Lehmann et al., 2011). Though, XP affects both gender and all races globally; 

however, certain regions such as Japan, North Africa and the Middle East have high 

prevalence (Messaoud et al., 2010; Soufir et al., 2010; Ben Rekaya et al., 2009; Hirai 

et al., 2006; Kraemer & Slor, 1985). Currently, based on biallelic mutations in 

nucleotide excision repair genes: XPA, ERCC3, XPC, ERCC2, DDB2, ERCC4, 

ERCC5, ERCC1, and POLH, at least eight inherited forms/complementation groups 

(XP-A–XP-G) of XP have been identified. Mostly, mutations associated with XP 

phenotypes are reported in XPA and XPC genes (Bradford et al., 2011; Tamura et al., 

2010; Moriwaki & Kraemer, 2001). In Pakistan, consanguinity ratio is very high and 

that resulted in variety of hereditary disorders in population including XP. According 

to one study in Sindh province, the frequency of XP in general population is 

approximately 1:100,000 (Bhutto et al., 2005). However, no research work has been 

carried out to find out the molecular basis of XP in Pakistani population. Therefore, 

one Pakistani family suffering from XP was included in the present study with the aim 

to identify their genetic basis. Family was given code XP-01. 

3.1.1 Pedigrees Analysis and Clinical Description  

Pedigree analysis of multi-generation consanguineous Pakistani family XP-01 (Figure 

10) was strongly suggestive of autosomal recessive mode of inheritance in the family. 

Presence of consanguinity loops in a family anticipating the homozygous state of 

abnormal allele in all affected individuals. Absence of disease phenotypes in parents 

was anticipating their heterozygous status for the disease allele while suggesting 

homozygous status of the affected individuals for the same disease allele.   

Overall five members were affected in the family XP-01; however, three affected 

individuals (V:1, V:2, V:3) ages 2-5 years, participated in the study. All the patients 

were possibly affected by birth as symptoms of the disease appeared in the first year 
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of their life. The affected individuals had very severe clinical symptoms of XP that  

include severe sunburn, blisters, freckles, irregular pigmentary macules of varying 

sizes, atrophy, dryness, ulcers on different body parts with possible risk to develop 

basal cells carcinoma (BCC) and squamous cells carcinoma (SCC). However, no 

ocular and neurological involvement was observed in any of the affected individual 

(Figure 11). In the XPA patients, appearance of more severe clinical sign and 

symptoms such as neurological involvement is reported to be progressive. It is 

therefore, premature to comment about neurological involvement of the disease in 

patients investigated because of their young ages. Further, the patient IV: 1 and IV: 2, 

which belongs to a superior generation than the patients studied would have added 

more to clinical details, such as neurological manifestations of the disease. 

Unfortunately, both patients were not available for inclusion in this study. 

Five members including two carrier parents (IV:3 and IV:4) and three patients (V:1, 

V:2, V:3) participated in the study (Figure 10). Interestingly, affected members of the 

family had no healthy siblings. Phenotypically, carrier parents were indistinguishable 

from genotypically healthy individuals. 

3.1.2 Linkage Analysis and Genotyping 

For the identification of causative genes underlying the autosomal recessive XP, a 

traditional linkage analysis approach was followed. Currently eight complementation 

groups of XP involving eight different genes and chromosomal locations are known 

(Sugasawa, 2008; Gratchev et al., 2003; Table 6). Therefore, prior to moving to whole 

genome scan, previously reported known genes involved in XP were tested using 

microsatellite markers for co-segregation and homozygosity analysis. The aim was to 

identify shared homozygous microsatellite DNA markers in affected individuals by 

using PCR-based linkage analysis approach.  

While testing linkage to known loci by genotyping microsatellite markers, family XP-

01 established a strong linkage to previously reported locus 9q22.33 that harbouring 

the XPA gene. Microsatellite markers spanning over 42.7 cM (centi-Morgan) were 

analysed to test the XPA locus 9q22.33 (Table 6). Average heterozygosity for each 

marker was above 70%, suggesting that these markers are highly polymorphic and 

informative for genotyping pedigree members. 
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Figure 10: Pedigree of family XP-01 

Consanguinity loops are apparent in the pedigree. Squares and circles symbolize 

males and females respectively. Filled symbols represent affected subjects, whereas 

symbols with crossed sign indicate deceased individuals in the family. Dual lines 

between individuals specify consanguineous marriages. Arrow below symbol (IV:3) 

indicates the person who provided information about disease and family members. 

Individuals IV:3, IV:4, V:1, V:2 and V:3 have participated in this study. 

 

 

Figure 11: Clinical presentation of family XP-01 

Patients ages ranging from 2-5 years (A) Patient IV:1 in pedigree; pigmentary 

macules of varying sizes, atrophy, dryness, scaring, cheilitis, ulcer on nose (may 

possibly BCC), ulcer on lips and below left eye covered with scab and hyperkeratosis 

(B) Patient IV:2 in pedigree; marked atrophy with hypo-pigmentation, dry skin 

pigmentary macules, ulcer with thread like irregular margin on nose with possible risk 

to develop BCC. (C, D) Patient IV:2 in pedigree; Ulcers with irregular margins with 

peripheral atrophy and pigmentary changes on hand and around shoulder may 

possibly be SCC. (E) Patient IV:3 in pedigree; pigmentary macules, hypo-

pigmentation, atrophy, dryness, ulcer above upper lips,  ulcer and pigmentary changes 

with atrophy on right ear as well. 

A B 

C D 

E 
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Table 6: Known loci and microsatellite markers used to test linkage for XP  

S.no. Phenotype Gene Gene 

OMIM 

Locus Markers 

screened 

cM* 

1.  Xeroderma 

Pigmentosum, 

Group A (XPA) 

XPA 611153 9q22.33 D9S1118 

D9S273 

D9S301 

D9S175 

D9S303 

D9S167 

D9S924 

D9S938 

D9S930 

26.8 

55.7 

60.0 

73.2 

92.7 

92.8 

93.2 

106.3 

119.8 

2.  Xeroderma 

Pigmentosum, 

Group B (XPB) 

XPB/ 

ERCC3 

610651 2q14.3 D2S410 

D2S1328 

D2S1334 

D2S442 

125.3 

141.4 

144.5 

144.6 

3.  Xeroderma 

Pigmentosum, 

Group C (XPC) 

XPC 613208 3p25.1 D3S1304 

D3S4545 

D3S1259 

D3S3038 

2.4 

3.6 

8.7 

15.6 

4.  Xeroderma 

Pigmentosum, 

Group D (XPD) 

XPD/ 

ERCC2 

 

 

126340  

 

19q13.32 

 

 

D19S178 

D19S246 

D19S589 

D19S254 

48.5 

57.8 

59.6 

63.7 

5.  Xeroderma 

Pigmentosum, 

Group E, DDB-

negative subtype 

(XPE) 

DDB2 600811 11p11.2 D11S1392 

D11S905 

D11S1313 

D11S1985 

D11S987 

35.3 

40.6 

58.0 

60.2 

71.1 
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S.no. Phenotype Gene Gene 

OMIM 

Locus Markers 

screened 

cM* 

6.  Xeroderma 

Pigmentosum, 

Group F/ Cockayne 

Syndrome 

(XPF) 

XPF/ 

ERCC4 

133520 16p13.12 D16S2616 

D16S748 

D16S764 

4.0 

7.1 

13.4 

7.  Xeroderma 

Pigmentosum, 

Group G/ Cockayne 

Syndrome 

(XPG) 

XPG/ 

ERCC5 

133530 13q33.1 D13S788 

D13S800 

D13S156 

D13S170 

D13S317 

D13S265 

D13S159 

D13S779 

D13S173 

D13S796 

D13S285 

55.9 

69.8 

73.1 

85.0 

85.1 

86.9 

96.5 

98.6 

103.6 

104.5 

113.6 

8.  Xeroderma 

Pigmentosum, 

Variant-type 

(XPV) 

POLH 603968 6p21.1 D6S1017 

D6S2410 

D6S257 

D6S1053 

42.4 

48.8 

64.8 

67.0 
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By using genotyping data of the family, haplotypes were built to study the region of 

homozygosity/disease region and recombination events at the locus 9q22.33 (Figure 

12). Haplotype analysis revealed region of homozygosity in all affected individuals 

against microsatellite markers D9S301 (60.0 cM), D9S175 (73.2 cM), D9S303 (92.7 

cM), D9S167 (92.8 cM), D9S924 (93.2 cM). The results were therefore, consistent 

with the recessive mode of disease segregation in this family. Furthermore, haplotype 

analysis also explained the recombination events with markers D9S273 (55.7 cM) and 

D9S938 (106.3 cM) which define the centromeric and telomeric boundaries of the 

disease region respectively. Hence, the critical region or region of homozygosity 

observed between these two recombination events is spanning over 33.2 cM (Figure 

12). The mapped region of homozygosity at locus 9q22.3 harbors the previously 

reported XPA gene that involves in XP complementation group A (Nasir et al., 2013). 

To date, numbers of different loss of function mutations have been reported to be 

associated with XP complementation group A. 

3.1.2.1 Mutation Screening of the XPA Gene 

The XPA gene is composed of 6 exons spanning 25 kb on chromosome 9. Direct DNA 

sequencing of all the XPA exons and their flanking intronic sequences using specific 

primers (Table 7) revealed a novel homozygous deletion in exon 5 at nucleotide 

position 654 (c.654delA). All affected individuals of the family were homozygous for 

this deletion, whereas both healthy parents were heterozygous for the mutation 

(Figure 13 B). However, deletion was not observed in any control samples. 

ARMS-PCR using allele-specific primers revealed two bands of sizes 251 bp and 84 

bp in both heterozygous carrier parents while only one band was observed in all 

patients homozygous for the deletion mutation (Figure 13 C). ARMS-PCR analysis of 

exon 5 of the XPA gene showed that the mutant allele co-segregated with the disease 

phenotype in the family and hence results are consistent with the recessive mode of 

disease inheritance in the family. 
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Figure 12: Haplotype analysis of family XP-01 

Autosomal recessive mode of inheritance is evident from the haplotype analysis. For 

each individual who participated in the study, haplotypes of closely linked 

microsatellite markers are shown below the symbol. Filled vs unfilled regions on bars 

are representing the disease vs normal chromosomes/chromosomal regions 

respectively. Box spanning over microsatellite markers D9S301 through D9S924 

indicates the region of homozygosity in affected individuals at locus 9q22.3. 

Microsatellite markers D9S273 and D9S938 flanking the homozygosity region, 

represent the recombination sites at centromeric and telomeric boundaries of the 

disease region respectively. The genetic distance (centi Morgan) and arrangement of 

microsatellite markers are according to LDB Genetic Maps. 

(http://www.bli.uzh.ch/BLI/Projects/genetics/maps/cedar.html) 
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Table 7: Genomic primers used for mutation screening of the XPA gene 

Gene Primer ID Primer sequence (5'→3') Ta 

o
C 

Product 

(bp) 

XPA 

XPA-1F TCTCACTCAGAAAGGCCG 59 366 

XPA-1R TCGGCTTGCACGAGCCAGT 

XPA-2F GGTAACATACAGGCTT 51 222 

XPA-2R GCATGTTACTCAAAATAACC 

XPA-3F GAAACTAGAGTTCATTTTCC 53 195 

XPA-3R GTTTTGCCCTAAACCTACAC 

XPA-4F TTGCTGGGCTATTTGCAAA 54 312 

XPA-4R GCCAAACCAATTATGACTAG 

XPA-5F CATTCTTTGGTACCTTTGGA 55 251 

XPA-5R GTAAAACACAATCCTTCACG 

XPA-6F GGATTCACCTGAATAGCACC 59 410 

XPA-6R ACATTGTGCACACAACCAGG 

F = forward primer; R = reverse primer; Ta = optimal annealing temperature; bp = 

base pair 
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Figure 13: Family XP-01; sequencing analysis of the XPA gene  

(A) A branch of multi-generation consanguineous Pakistani family in which XP is 

segregating as an autosomal recessive trait. Three affected individuals (V:1, V:2, V:3) 

and two carrier parents (IV:1, IV:2) were analyzed. (B) Direct sequencing of the PCR 

product amplified from exon 5 of the XPA gene, revealed an adenine base deletion at 

position 654 (c.654delA). The affected individuals are homozygous for this deletion 

(arrow), while parents observed heterozygous (carriers) with normal as well as mutant 

allele. (C) ARMS-PCR analysis also showed a heterozygous condition of both healthy 

carrier parent and homozygous condition of all 3 affected individuals. 
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3.1.2.2 Bioinformatics 

To assess the impact of genetic variation on protein structure and function following 

different bioinformatics approaches were employed. 

I. Evaluation of Deletion Mutation 

Mutation analysis using CLC workbench 6.6.2 software (http://www.clcbio.com/) 

revealed that adenine deletion at nucleotide 654 has altered the lysine/Lys/K (AAA) 

to an asparagine/Asn/N (AAT) at codon position 218 (p.K218N). The adenine 

deletion caused a frame shift towards 5’ that ultimately resulted in downstream 

premature termination of the XPA protein at amino acid 222 (p.K218NfsX5; Figure 

14, 15). 

I. Comparative Modeling of Protein 

A comparative analysis of sequence and structure features revealed the consequences 

of the point mutation in the resulting protein. Predicted secondary structures revealed 

that the mutated amino acid is located in a coiled coil alpha helix and caused an 

interruption of the structure. 

Alignments of Interpro- and Prosite-motifs showed that the coiled coil alpha helix is 

part of the domain responsible for DNA binding. Despite the shorter structure in the 

mutated protein, the binding domain is located around 20 residues from the C-

terminal end. The same holds for the other XPA specific domains. A main difference 

is one predicted cAMP- and cGMP-dependent protein kinase phosphorylation site that 

only present in the wild-type c-terminal region. 

Furthermore, in this region two disulfide bonds are located. DIANNA detected in total 

three bonds in the wild-type structure between CYS-153, CYS-261 and CYS-129, 

CYS-264 as well as between CYS-108, CYS-126. A different binding pattern was 

predicted in the mutated structure. Here the cysteins 105 and 153 as well as 108 and 

126 form disulfide bonds (Figure 16). 

We utilized two algorithms for tertiary structure prediction. Both predictions showed 

conserved structures in the core region between residues 99 and 210 while terminal 
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(A) 

 

 

(B) 

 

Figure 14: Coding sequence of the XPA gene 

(A) Normal coding sequence of the XPA gene. Arrow indicates the site of mutation. 

(B) Mutated coding sequence of the XPA gene with homozygous adenine deletion at 

position 654 (c.654delA) resulted in frame shift towards 5’ end.  Shift in frame not 

only substituted codon (AAA) with codon (AAT) but also led to the formation of 

downstream premature termination codon (TAA) as indicated in red letters. The 

codon “ATG” represents the start codon, whereas “TGA” and “TAA” indicate the 

stop codons in normal and mutated sequences of the XPA gene respectively.  
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(A) 

 

 

(B) 

 

Figure 15: XPA protein translation sequence 

 (A) Normal XPA protein sequence consists of 273 amino acids. Red asterisk 

indicates the normal protein termination after 273 amino acids while, arrow pinpoints 

the site of deletion mutation. (B) Mutated XPA Protein sequence where frame shift 

caused substitution of Lysine (K) with Asparagine (N) at position 218 (indicated by 

arrow). Shift in frame also resulted in multiple downstream premature termination 

codons (indicated by red asterisk), first after 222 amino acid. Hence, premature 

termination of XPA translation just 5 residues downstream from the point of deletion 

led to the synthesis of truncated protein with 222 amino acids instead of normal 273 

amino acids (p.K218NfsX5).  
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Figure 16: Comparison of predicted sequence and structure features between 

wild-type and mutant XPA protein 

Secondary structure is depicted as green (alpha-helices) and orange (beta-sheets) 

boxes. Prediction of coiled coil regions is shown as grey bar. Red diamonds indicate 

cysteins involved in disulfide bonds, whereas dashed connections show predicted 

bonds between them. Blue boxes indicate regions of functional domains determined 

by Interpro and Prosite. Prosite Pattern: PS_1: Protein kinase C phosphorylation site, 

PS_2: XPA protein signature 1, PS_3: XPA protein signature 2, PS_4: Casein kinase 

II phosphorylation site, PS_5: cAMP- and cGMP-dependent protein kinase 

phosphorylation site, PS_6: N-myristoylation site. Interpro-Domains: IPR_1: DNA 

binding domain, putative, IPR_2: Zinc finger, XPA-type, conserved site, IPR_3: 

XPA-type C-terminal, IPR_4: XPA conserved site.  
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regions differed strongly from each other. However, both predictions showed a 

difference in angle of the coiled coil alpha helix in the mutated structure compared to 

the wild-type. The conserved region corresponds to the experimentally determined 

Protein Data Bank (PDB) structure of 1XPA (Figure 17). 

3.1.3 Discussion 

Xeroderma pigmentosum is a genetically heterogeneous skin disorder and among its 

eight complementation groups, XPA group is the most frequent worldwide involving 

the XPA gene (States et al., 1998). Tanaka et al were the first to map the XPA gene on 

chromosome 9q and characterized this gene (Tanaka et al., 1990). The human XPA 

gene consists of 6 exons distributed over ~25kb of genomic DNA and encodes 273 

amino acids. The XPA is required for UV-induced DNA damage verification and 

confirmation that other NER proteins are in correct position before nucleases cut on 

either side of the damage (Lehmann, 2011). To date, more than 30 mutations have 

been reported in different functional domains of the XPA associated with XP 

complementation group A (Nasir et al., 2013), which is an indicative of wide genetic 

variability across this gene and a high level of clinical heterogeneity (Sidwell et al., 

2006). Several research articles have concluded that the severity of clinical symptoms 

depends on the site of mutation in the XPA gene and the residual activity of the 

mutated XP protein. Therefore, as we move from N terminal (5’ end) towards C 

terminal (3’ end) the severity of clinical manifestations decreases, except in cases 

where splice site mutations allow synthesis of small amounts of normal protein 

(Messaoud et al., 2012). 

Here we studied a consanguineous Pakistani family with severe clinical symptoms of 

XP and identified a novel homozygous deletion mutation in exon 5 of the XPA gene. 

Deletion mutation not only led to a shift in the DNA frame but also resulted in 

premature termination of the XPA protein translation just 5 residues downstream from 

the point of deletion. Hence, the premature truncated XPA protein consists of 222 

instead of normal 273 amino acids (p.K218NfsX5). The presence of deletion mutation 

in homozygous condition in all patients, heterozygous condition in both healthy 

carriers and its absence in all unrelated 100 controls confirms disease association of 

this novel deletion with XP in Pakistani family.  



Xeroderma Pigmentosum                                                            Results and Discussion                                                                   

 

Genetic Perspectives of Inherited Skin Disorders in Pakistani Population Page 68 
 

 

Figure 17: Superimposed tertiary structure of 1XPA and predictions of wild-type 

and mutant XPA protein 

1XPA PDB-structure is illustrated in yellow. Predictions of the full wild-type and 

mutated protein are depicted in blue and red, respectively. The mutated site and its 

pendant in wild-type are indicated by arrows.  
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Analysis of sequences and their structural features shows that the mutation interrupts 

a coiled coil alpha helix that is part of the functional domain for DNA binding. 

According to the sequence alignment of the Interpro motif, the mutated part of the 

helix is not involved in the binding process; anyhow binding affinity of the whole 

helix might be affected due to the interruption. The XPA-functional domains are 

present in both wild-type and mutant proteins and are located in the core region with 

the highest structure conservation compared to 1XPA structure.  

Another main difference of the two structures is the predicted disulfide-binding 

pattern. In the wild-type protein, three disulfide bonds are predicted. One bond is 

located in the part not affected by the mutation and can therefore be found in both 

proteins, whereas in the other two cysteins from the unique part are involved and thus 

only exist in the wild-type. The residue CYS-153 is bound in both cases but is 

connected to different cysteins. These differences in long term interactions might 

affect the stability of the protein and contribute to differences in the tertiary structure.  

Super-positioning of the predicted structures and the experimentally determined PDB 

structure 1XPA shows that the core region between residues 99 and 210 is similar in 

terms of three-dimensional structure, whereas the C- and N-terminal parts differ 

strongly from each other. Explanations might be different binding pattern of disulfide 

bonds, or problems of the algorithm in modeling the structure due to missing 

templates and a lot of loop- and turn-structures in the N-terminal region. The three 

dimensional position of the shorter coiled coil alpha helix differs in both predictions 

what might also be a hint for a different binding affinity of the protein. The predicted 

cAMP- and cGMP-dependent protein kinase phosphorylation site, which is missing in 

the mutated protein, might play a role in activation or inhibition of the protein. 

To establish genotype/phenotype correlation of XP in Pakistani family, different 

functional regions of the XPA and its interacting proteins were considered. Different 

domains of the XPA play a unique role in NER reaction by interacting with 

Replication protein A (RPA), Excision repair cross complementing group 1 (ERCC1), 

DNA damage-binding protein 2 (DDB2), transcription factor II H (TFIIH) and as well 

as to UV- or chemical carcinogen-damaged DNA (Saijo et al., 2011; Asahina et al., 

1994). Our results clearly show that the deletion identified is present in the central  
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Figure 18: Schematic presentation of XPA protein with distinct functional 

domains 

Regions for binding to RPA, ERCC1, DDB2, TFIIH and location of the nuclear 

localization signal (NLS) and the zinc finger motif are shown. Numbers refer to 

amino acid numbers for the XPA protein. *Deletion mutation identified in this study. 

** Predicted Coiled coil structure formation region. 
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DNA binding domain of the XPA protein that span from residues M98-F219 (Figure 

18). DNA binding domain is one of the major functional regions of the XPA protein 

that preferentially bind to the damaged DNA (Bartels & Lambert, 2007; Buchko et 

al., 1998). Mutation in this crucial region might have altered the binding capacity of 

the XPA protein to the damaged DNA, as predicted by using in silico tools. Secondly, 

among the interacting proteins DDB2 plays a key role in DNA repair by making 

physical interaction with residues 185-226 in the XPA and initiate DDB-mediated 

NER reaction (Figure 18). Changes in this region have been reported to decrease the 

interaction between XPA and DDB2 (Wakasugi et al., 2009; Bartels & Lambert, 

2007). Therefore, we can suggest that nucleotide deletion we found in this region 

might have altered the interaction between XPA and DDB2 and, resulted in inability 

of cells to carry out efficient repairing of UV-induced DNA damages. Third aspect of 

the condition, where deletion found in codon 218 causes the termination of translation 

at codon 222 that resulted in complete elimination of exon 6 from the translated 

protein (Figure 18). Exon 6 interacts with transcription factor TFIIH, a component of 

NER complex formed at DNA damaged site, and play an important role in DNA 

repair (Bartels & Lambert, 2007). Therefore, possible explanation for severe clinical 

manifestations of XP in Pakistani family, other than prolonged sunlight exposure, 

might be the result of complete loss of exon 6 function or deletion mutation in exon 5 

itself might have altered or completely abolished the capability of XPA protein to 

interact with damaged DNA and DDB2 protein.  

In a nutshell our results suggest that the 3' half of exon 5 from 207–222 amino acids 

may play an important accessory role in DNA binding and retain a significant and 

clinically important residual function in DNA repair. The expression studies of 

mRNA and protein in clinical samples of patients would have been supportive to 

assure the relevance of in silico predictions of mutant protein and its correlation with 

clinical manifestation of the disease. Unfortunately, the fresh clinical samples were 

not available any more to conduct expression and functional studies as mentioned in 

the results section. 
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3.2 Lipoid Proteinosis  

Lipoid proteinosis (LP) is a rare autosomal recessive metabolic disorder characterized 

by progressive deposition of hyaline-like material/glycoprotein in various tissues 

resulting in several clinical manifestations (Ravi Prakash et al., 2013; Rao et al., 

2009). Loss of function mutations in any of the 10 exons of the ECM1 gene, located 

on 1q21.2 may contribute to LP phenotype. To date, 50 pathogenic mutations, mostly 

the nonsense and small deletions, in the ECM1 gene have been reported. However, 

exons 6, 7 and 8 of the ECM1 gene are the hotspots for pathological mutations (Nasir 

et al., 2014). Presently, around 300 cases of LP are described in the literature 

worldwide (Mondejar et al., 2014); however, during the last few years we traced six 

Pakistani families suffering from LP. Molecular basis of two of the families has 

already been reported (Nasir et al., 2011; Nasir et al., 2009). The remaining four 

families, labeled as LP-01, LP-02, LP-03 and LP-04, were genetically characterized in 

the present study to find out the underlying genetic causes. 

3.2.1 Pedigrees Analysis and Clinical Description  

Pedigree analysis of four multi-generation consanguineous LP families (LP-01, LP-

02, LP-03 and LP-04) with different ethnic background was strongly suggestive of 

autosomal recessive mode of Mendelian inheritance. Absence of disease phenotypes 

in the parents of affected individuals anticipating the heterozygous state of the disease 

allele while homozygous state of the disease allele in all the affected individuals.  

Details of family members including patients, carrier parents and first degree healthy 

individuals, who participated in the study from each family, are as follow;  

 Family LP-01, belongs to Pashtun ethnic group; eight members including two 

phenotypically healthy carrier parents (III:1, III:2), one affected individual 

(IV:5) and five phenotypically healthy siblings (IV:1, IV:2, IV:3, IV:4, IV:6) 

participated in the study (Figure 19). 

 Family LP-02, belongs to Rajput ethnic group; seven members including two 

phenotypically healthy carrier parents (IV:1, IV:2), two affected individuals 

(V:1, V:3) and three phenotypically healthy siblings (V:4, V:5, V:6) 

participated in the study (Figure 21). 
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 Family LP-03, belongs to Abbassi ethnic group; three members including two 

phenotypically healthy carrier parents (III:1, III:2) and one affected individual 

(IV:1) participated in the present study (Figure 23). 

 Family LP-04, belongs to Karaal ethnic group; five members including two 

phenotypically healthy carrier parents (IV:5, IV:6), two affected individuals 

(V:7 and V:8) and one phenotypically healthy sibling (V:9) participated in the 

present study (Figure 25). 

Overall, six affected individuals (ages between 13-35 years) from four ethnically 

different consanguineous Pakistani families were presented with milder but typical 

signs and symptoms of LP. In all cases sign and symptoms of LP started appearing 

during their infancy. Slight difference in the severity of the disorder among these 

patients was observed that might possibly be due to the different age and ethnic 

groups of the patients plus slow progressive nature of disease till adult life. Since, 

clinical details of the patients were overlapping; therefore, clinical data of each patient 

was not tabulated individually.  

Typical signs and symptoms of LP observed including hoarseness that started during 

infancy in all patients, beaded arrangement of waxy papules along the margins of both 

eyelids, thick yellowish skin of neck and forehead. Tongue mobility was limited due 

to thickened sublingual frenulum. Progressive skin thickening of mucosa, thickened 

woody tongue with indentations and yellow discoloration of lips were the prominent 

clinical features observed. Other clinical manifestations including warty papules and 

hyperkeratosis on the the knee, elbow, axilla and dorsum of hands were also 

manifested (Figures 20, 22, 24, 26); however, a hoarse voice was
 
a universal finding. 

Phenotypically the carrier parents were indistinguishable from genotypically healthy 

individuals. 

3.2.2 Linkage Analysis and Genotyping 

To date, only single locus (1q21.2) is known to be associated with LP (Hamada et al., 

2002). Therefore, to find disease association with this known locus, different sets of 

DNA microsatellite markers spanning 60.5 cM distance on chromosome 1 (Table 8) 

were used for linkage analysis. The aim was to identify shared homozygous DNA 
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Figure 19: Pedigree of family LP-01  

Consanguinity loop is observable in the pedigree. Squares and circles symbolize 

males and females respectively. Dark filled symbol represents the affected subject, 

whereas crossed signs are for deceased individuals in the family. Dual lines between 

individuals indicate consanguineous marriages in the family. Arrow with symbol 

(III:1) indicates the person who provided information about disease. Individuals III:1, 

III:2, IV:1, IV:2, IV:3, IV:4, IV:5 and IV:6 have participated in this study.  

 

 

Figure 20: Clinical presentation of family LP-01  

 A 15-years old female (subject IV:5) presents characteristic features of LP. (A)  

Pseudo solar elastosis/yellowish thick skin of cheeks and forehead. Also, beaded 

arrangement of waxy papules along the margins of eyelids (moniliform blepharosis) 

and waxy papular thickening of upper and lower eyelids are obvious features. (B) 

Prominent yellow-white waxy infiltrates with diffuse acneiform scars on face, yellow 

discoloration of lips and partial alopecia on the scalp (C) Thickened rigid tongue that 

patient is unable to protrude. (D,E) Thickened, warty irregular pigmented skin over 

hand and elbow.  

A B C 

D E 
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Figure 21: Pedigree of family LP-02  

Squares and circles symbolize males and females respectively. Filled symbols 

represent affected subjects, whereas symbols with crossed sign indicate deceased 

individuals in the family. Dual lines between individuals specify consanguineous 

marriages. Arrow below symbol (IV:I) indicates the person who provided information 

about disease and family members. Individuals IV:1, IV:2, V:1, V:3, V:4, V:5 and 

V:6 have participated in this study.  

 

 

Figure 22: Clinical presentation of family LP-02 

(A) A 14-years old boy (subject V:1) presents yellow discoloration of lips and 

thickened woody tongue with indentations that prevents its protrusion. Pseudo solar 

elastosis and yellow waxy infiltrates on face are also prominent. (B) Thickened, warty 

and irregular pigmented skin of hands. (C) A 16-years old male (subject V:3) shows 

yellow discoloration of lips, pseudo solar elastosis of cheeks and forehead, prominent 

yellowish waxy infiltrates with diffuse acneiform scars on face and partial alopecia on 

scalp. (D) Waxy, thickened, yellowish appearance of the skin over trunk and arms as 

well as multiple atrophic scars of various sizes. Hyperkeratosis around the elbow and 

axillae regions is also prominent.  

A 

B 

C D 
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Figure 23: Pedigree of family LP-03  

Consanguinity loop is apparent in the pedigree. Squares and circles symbolize males 

and females respectively. Black filled symbol specify the male affected subject.  

Symbols with crossed sign represent deceased individuals in the family. Dual lines 

between individuals specify consanguineous marriages. Arrow below symbol (IV:I) 

indicates the person who provided information about disease. Individuals III:1, III:2 

and IV:1 have participated in the present study.  

 

 

Figure 24: Clinical presentation of family LP-03  

A 35-years old male (subject IV:1) demonstrates characteristic features of LP. (A) 

Prominent pseudo solar elastosis of cheeks and forehead along with diffuse acneiform 

scars on the face. Beaded arrangement of waxy papules along the margins of both 

eyelids and waxy papular thickening of upper and lower eyelids are also noticeable. 

(B) Prominent thickened frenulum that prevents protrusion of woody tongue. (C) 

Hyperkeratosis of hand with warty irregular pigmented skin.  

A B C 
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Figure 25: Pedigree of family LP-04  

Squares and circles symbolize males and females respectively. Dark filled symbols 

represent affected individuals, whereas symbols with crossed sign specify deceased 

individuals. Double lines between symbols represent consanguineous union. Arrow 

indicates the person (IV:5) who provided information about disease and family 

members. Individuals IV:5, IV:6, V:7, V:8, and V:9 have participated in this study.  

 

 

Figure 26: Clinical presentation of family LP-04 

 (A) A 13-years old male (subject V:7) presents waxy papular thickening of upper and 

lower eyelids, facial acneiform, pseudo solar elastosis of cheeks and forehead. (B) 

Woody tongue attached to thickened frenulum and yellow discoloration of lips are 

other prominent features. (C) Hyperkeratosis of hands is also obvious. (D) A 15-years 

old male (subject V:8) displays partial alopecia on the scalp. (E) Hyperpigmented, 

waxy yellowish appearance of skin at the back and hyperkeratosis of axillary regions. 

    

A B 

C D 

E 
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microsatellite markers segregating with the disease gene in affected families. 

Microsatellite markers were PCR amplified and electrophoresed to obtain genotypic 

data of the families. Genotyping analysis of different microsatellite markers used for 

all four families established a strong linkage to previously reported locus 1q21.2. By 

using genotyping data of families, haplotypes were assigned to identify the region of 

homozygosity/disease region and recombination events at the locus 1q21.2 (Figures 

27, 28, 29). Haplotype analysis revealed region of homozygosity in all the affected 

individuals from different families against microsatellite markers D1S502 (113.1 cM), 

D1S1675 (115.7 cM), D1S252 (122.7 cM), D1S534 (125.0 cM), and D1S498 (130.6 

cM). Furthermore, haplotype analysis also explained the recombination events with 

markers D1S502 (113.1 cM) and D1S498 (130.6 cM) which define the centromeric 

and telomeric boundaries of the disease region respectively. Hence, the critical region 

or region of homozygosity observed between these two recombination events is 

spanning over 17.5 cM (Figures 27, 28, 29).  

The locus 1q21.2 harbours the ECM1 gene that has previously been reported to be 

associated with LP (Hamada et al., 2002). The ECM1 gene consists of 10 exons that 

encodes an extracellular matrix protein 1; ECM1 of 540 amino acids. To date number 

of loss-of-function mutations in the ECM1 gene has been reported to be associated 

with LP (Chan et al., 2003; Hamada et al., 2003).  

Linkage analysis was carried out only for LP-01, LP-02 and LP-04 families. For 

family LP-03, direct DNA sequencing of the ECM1 gene was performed due to the 

small family size as well as non-availibilty of other family members.  

3.2.2.1 Mutation Screening of the ECM1 Gene  

For direct DNA sequencing of the ECM1 gene, eight sets of primers (Table 9) were 

used to amplify DNA samples of each patient, carrier parents and healthy individuals 

in the families. Electropherogram analysis revealed the same homozygous c.742G>T 

mutation in exon 7 of the ECM1 gene from all patients of ethnically different groups 

(Figure 30). All patients were found homozygous for the mutant allele while their 

healthy carrier parents observed with heterozygous status. Moreover, the ECM1 gene 

sequencing for rest of the phenotypically healthy members in families has revealed  
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Table 8: Known locus and microsatellite markers used to test linkage for LP  

S.no. Phenotype Gene Gene 

OMIM 

Locus Markers 

screened 

cM* 

1.  Urbach-Wiethe 

Disease 

ECM1 602201 1q21.2 D1S1588 

D1S502 

D1S1675 

D1S252 

D1S534 

D1S498 

D1S1595 

D1S1653 

102.2 

113.1 

115.7 

122.7 

125.0 

130.6 

139.9 

162.7 
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Figure 27: Haplotype analysis of family LP-01   

Autosomal recessive mode of inheritance is evident from haplotype analysis. For each 

individual who participated in this study, haplotypes of closely linked microsatellite 

markers are shown below the symbol. Vertical filled vs unfilled bars/regions on bars 

are representing the disease vs normal chromosomes/chromosomal regions 

respectively. Box encompassing the microsatellite markers D1S502 through D1S498 

indicates the disease region of homozygosity in the affected individual at locus 1q21. 

Microsatellite markers D1S588 and D1S1595 flanking the region of homozygosity, 

illustrate the site of recombination at centromeric and telomeric boundaries of disease 

fragment respectively. The genetic distance (centi Morgan) and arrangement of 

microsatellite markers are according to LDB Genetic Maps  

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

A B C 
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Figure 28: Haplotype analysis of family LP-02   

Haplotype analysis is strongly suggestive of autosomal recessive mode of inheritance 

in the family. Below the symbol of each subject participated, haplotypes against 

closely linked microsatellite markers are arranged. Filled or unfilled regions on bars 

are indicating the disease and normal chromosomes/chromosomal regions 

respectively. Box spanning over microsatellite markers D1S502 to D1S498 indicates 

the disease region of homozygosity. Microsatellite markers D1S588 and D1S1595 

flanking the homozygosity region, describe the centromeric and telomeric boundaries 

of the disease region respectively. The LDB Genetic Maps were used for information 

on genetic position (centi Morgan) and arrangement of microsatellite markers. 

(http://www.bli.uzh.ch/BLI/Projects/genetics/maps/cedar.html) 
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Figure 29: Haplotype analysis of family LP-04   

Autosomal recessive mode of inheritance is apparent from the haplotype analysis. 

Below the symbol of each subject participated in this study, haplotypes against 

closely linked microsatellite markers are arranged. Filled and unfilled regions on bars 

are representing the disease and normal chromosomes/chromosomal regions 

respectively. Box encasing the microsatellite markers D1S502 through D1S498 

specifies the disease region of homozygosity. Microsatellite markers D1S588 and 

D1S1595 flanking the region of homozygosity, explain the centromeric and telomeric 

boundaries of the disease fragment respectively. The LDB Genetic Maps were used 

for information on genetic position (centi Morgan) and arrangement of microsatellite 

markers. 

(http://www.bli.uzh.ch/BLI/Projects/genetics/maps/cedar.html) 
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Table 9: Genomic primers used for mutation screening of the ECM1 gene 

Gene Primer ID Primer sequence (5'→3') Ta 

o
C 

Product 

(bp) 

ECM1 

ECM1-1F AGCTGGGACTGAGTCATGGC 

62 416 

ECM1-1R TAAAGGCTCCACTGGCCTAG 

ECM1-2/3F TCCTACACTCTTGATCTCCA 

60 622 

ECM1-2/3R GGTGTCAACAGGATCCATAG 

ECM1-4/5F CAGTGACCCTCCAGGTTTCT 

60 484 

ECM1-4/5R CAGAGCCCACCGTCTTGTCT 

ECM1-6F AGCCTTGAGAAGCAGGAGGA 

63 671 

ECM1-6R AGTGAACGGGACCTGAGGTT 

ECM1-7F TTATCTGCCTGCCCAGTGTC 

62 548 

ECM1-7R ACATGGATGGATGGACTGGC 

ECM1-8F CACATCAACAGTTGCCTCCT 

64 499 

ECM1-8R GGCATCTTCTGGCATCAGAT 

ECM1-9F AGTTGCCTAGTCCTTCCCCA 

60 408 

ECM1-9R AGGCCAGGTCAGAGTGAAGA 

ECM1-10F AATCCAGCTGTGCAAGGCAG 

62 469 

ECM1-10R GTAATGAGTGTTCAGATGGG 

F = forward primer; R = reverse primer; Ta = optimal annealing temperature; bp = 

base pair 
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Figure 30: LP families; sequencing analysis of the ECM1 gene 

Upper panel: pedigrees of four consanguineous families of LP. Middle panel: electropherograms of carrier parents from all four families. Arrow 

in each case indicates the site of heterozygous situation in carriers. Lower panel: electropherograms of patients from all four LP families. Arrow 

in each case indicates the homozygous mutation site (c.742G>T nonsense mutation). 
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several individuals for being genotypically carrier (Figure 27: family LP-01; 

Individuals IV:2, IV:6; Figure 28: family LP-02; individuals V:5, V:6) as well as 

normal (Figure 27: family LP-01; Individuals IV:1, IV:3, IV:4; Figure 28: family LP-

02; individuals V:4; Figure 29: family LP-04; individual V:9). No other sequence 

variants were observed in exonic as well as intronic DNA fragment of the ECM1 gene 

analyzed from different subjects. Ethnically matched 100 healthy controls did not 

show this sequence variation. The results were therefore, consistent with the recessive 

mode of mutant allele segregation in these affected families. 

To study the impact of mutation on nucleotide sequence and protein product, mutant 

ECM1 gene sequence was analysed using CLC workbench 6.6.2 software.  

Mutation analysis using the CLC workbench has shown that G>T transversion 

resulted in transformation of glutamic acid/Glu/E (GAG) into a termination codon X 

(TAG) at position 248 (p.E248X). The codon transformation predicted the premature 

termination of protein consisting of 247 instead of normal 540 amino acids (Figure 

31, 32).  

3.2.2.2 Bioinformatics 

To assess the impact of genetic variation on ECM1 protein’s structure and function 

following different bioinformatics approaches were employed. 

I. Sequence Analysis and Predicted ECM1 Structure Models 

The comparative approach of secondary structure analysis of wild-type and mutated 

protein sequence provided various magnitudes of the point mutation in terms of 

protein’s structure and function. Predicted wild-type protein contains six alpha helices 

and one coiled-coil alpha helix which are connected by loop-regions. In mutant 

sequence, the nonsense mutation caused a stop in a loop region shortly after the 

second alpha-helix (Figure 33). In this region we could also detect the serum albumin-

like Interpro domain, which is interrupted by the mutation and probably not functional 

in the mutant protein (Zdobnov & Apweiler, 2001). In the wild-type an additional 

serum albumin-like domain can be found which is not present in the mutant (Figure 

33). 
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Figure 31: Coding sequence of the ECM1 gene  

(A) Normal coding sequence of the ECM1 gene. Arrow indicates the site of mutation. 

(B) Represents the mutated ECM1 coding sequence with homozygous c.742G>T 

transversion which resulted in substitution of glutamic acid (GAG) into premature 

stop codon (TAG). The results are consistent in all four ethnically diverse families’ 

i.e. LP-01, LP-02, LP-03 and LP-04. “ATG” and “TGA” are representing the start and 

stop codon respectively. 
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Figure 32: ECM1 protein translation sequence  

(A) Normal ECM1 protein sequence consists of 540 amino acids. Red coloured 

asterisk indicates the normal chain termination after 540 amino acids, while arrow 

indicates the site where variation identified in mutant protein. (B) Mutated ECM1 

Protein sequence with glutamic acid (E) conversion into stop codon (X) at position 

248 displaying premature chain termination (p.E248X; Arrow indicates the position 

of chain termination). The results were consistent in all ethnically diverse families’ 

i.e. LP-01, LP-02, LP-03 and LP-04. 
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Figure 33: Comparison of predicted sequence and structure features between 

wild-type and mutant ECM1 protein 

Secondary structure is depicted as green boxes (alpha-helices, H). Prediction of coiled 

coil regions is shown as grey bar (C). Blue boxes indicate two serum albumin-like 

Interpro domains (IPR). Predicted signal peptides are depicted as orange boxes (SP). 

Intrinsically disordered regions are shown as light blue boxes (D). Globular domains 

are depicted in violet (G). 
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Differences in the pattern of long distance interactions can be observed in predicted 

disulfide bonds. DIANNA calculated 3 bonds in the mutant structure and 14 bonds in 

the wild-type protein, whereas 1 disulfide bond forms a connection between the parts 

upstream and downstream of the mutation (Holm & Sander, 1993).  

Both proteins are predicted to be secreted as a part of the extracellular matrix 

according to Wolfpsort and SignalP (Petersen et al., 2011; Horton et al., 2007). The 

predicted signal peptide located in the N-terminus of both sequences is necessary for 

the secretion (Figure 33). For the prediction of three-dimensional (3D) structure, PSI-

Blast analysis did not reveal any sequence with reasonable identity to be used as a 

template for homology modeling. Alternatively, threading approach was used to 

model the wild-type and mutant ECM1 protein. For this purpose I-TASSER server 

was used that generated five models, out of which the one with a greater value of 

parameters (C-score, Exp.TM-Score, Exp. RMSD, number of decoys and Cluster 

density) is selected as the best (Figure 34). Both, wild-type and mutant ECM1 

structures were compared through evaluation results which showed differences in the 

number of amino acids in favored, allowed and outlier regions (Table 10). 

Furthermore, Multiple Sequence Alignment (MSA) of the exon 7 region carrying 

p.E248X mutation, using T-Coffee programme, was found to be highly conserved 

across various ortholog species (Figure 35).  

3.2.3 Discussion 

The discovery of loss-of-function mutations in ECM1 as a pathological cause of LP in 

2002 by Hamada has opened a new gateway for the geneticists and dermatologists to 

explore the unrecognized multi-functional role of ECM1 protein in skin homeostasis 

(Hamada et al., 2002). In literature, so far 50 distinct loss-of-function mutations in the 

ECM1 gene, including five from Pakistani families have been demonstrated to be 

associated with LP (Nasir et al., 2011). Most of these mutations being of the nonsense 

or frame shift types that occur within the alternatively spliced exon 6 or exon 7 and 8.  

The ECM1 mutation database contains few recurrent mutations, which are specific to 

individual families or a particular population or geographical region. For example, the 

recurrence of p.Q276X mutation in over 30 LP cases in South Africa, p.R243X 

mutation in Italian population, p.R32X in Libyan and Indian LP subjects, c.507delT in  
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Figure 34: 3D-structures predicted by I-Tasser for human ECM1  

(a) Normal ECM1 Model: C-score (-1.86), Exp.TM-Score (0.49+-0.15), Exp. RMSD 

(11.9+-4.4), No. of decoys (600) and Cluster density (0.1086), (b) Mutated ECM1 

Model (p.E248X): C-score (-4.34), Exp.TM-Score (0.26+-0.08), Exp. RMSD (16.6+-

2.9), No. of decoys (1015) and Cluster density (0.0134). Structures have been shown 

in Solid Ribbon display style via Viewerlite v5.0. Structures contain Alpha Helices as 

Coils (shown in Red Color), Beta Sheets as Flat Ribbons (shown in light blue), turns 

(shown in green color) and loops (shown in gray color). 
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Table 10: Comparison of normal (wild-type) and mutant ECM1 structures by 

evaluation through RAMPAGE 

Structures of ECM1 

Evaluation using RAMPAGE 

Figure Favored 

region 

Allowed 

region 

Outlier 

region 

Normal (Wild-type) 412 (77.2%) 73 (13.7%) 49 (9.2%) Figure 34a 

Mutated (p.E248X) 215 (87.8%) 18 (7.3%) 12 (4.9%) Figure 34b 

 

 

Figure 35: T-Coffee results  

Multiple Sequence Alignment for human ECM1; Conservation of amino acid (E) 

among various ortholog species is indicated by arrow. 
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LP individuals from Thailand, Canada (Iranian descent), Japan, Turkey and India 

(Chan et al., 2007). However, to our knowledge so far, there is no report of recurrent 

mutations in LP families from Pakistan. This study describes a first report of the 

recurrence of G>T nonsense mutation in exon 7 of the ECM1 gene in four ethnically 

distinct Pakistani LP families. The demonstration of G>T nonsense mutation in 

ethnically different families suggests that this particular DNA sequence is highly 

susceptible to mutation. This may be due to some inherent instability of DNA 

sequences, their tendency toward unequal crossing over, or chemical predisposition to 

single nucleotide substitutions that make the site a mutation hotspot where mutations 

are observed with greater frequency (Brown et al., 2011; Shalimar et al., 2007). Also, 

our findings suggest that this mutation is more common in Pakistani LP families. 

Interestingly, the first report of this mutation was also from the family of the sub-

continental region that strongly supports our findings (Chan et al., 2004). Further, 

considering the previously documented mutations in the ECM1, our findings support 

the fact that exon 7 is one of the most common hotspots for mutations that cause 

lipoid proteinosis. To date, 11 loss-of-function mutations have been reported in exon 

7 alone representing the second largest figure of mutations (11/50) following exon 6 

(13/50) of the ECM1 gene. 

Since exon 7 is represented in transcripts ECM1a and ECM1c only but not in the 

ECM1b transcript (Sercu et al., 2008) therefore, presumably the ECM1b transcript 

would be normal in these families and could be the possible explanation of milder 

phenotype in these families. Additionally, homozygous nonsense mutation p.E248X 

may result in complete absence or reduced level of both full-length ECM1a and 

ECM1c transcripts through a nonsense-mediated mRNA decay mechanism (Maquat, 

2005). Exceptionally, ECM1 transcripts might be expressed stably leading to the 

production of truncated ECM1 protein. However, northern blotting or quantitative 

reverse transcriptase PCR analysis can help to establish the functional consequences 

of the premature termination codon.  

To elucidate the importance of p.E248X in LP pathogenesis, we used different 

computational approaches. Multiple sequence alignment of the exon 7 region carrying 

p.E248X mutation was found to be highly conserved across various ortholog species 

(Figure 35). The presence of mutation in highly conserved region of the ECM1 not 
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only shows the importance of exon 7 across species but also this mutation seems to be 

the pathological cause of LP in these families. 

In silico studies of the mutant ECM1 sequence have identified a big part of the protein 

to be disordered. Interestingly, the upstream part, which is also present in the mutated 

sequence, showed many disordered residues. Because of the high amount of 

disordered regions, a prediction of the tertiary structure is difficult and might not be 

meaningful. Therefore, we suggest that the high degree of disorder, lack of functional 

domains and the fact that the 65% shorter mutant sequence has influence on the 

tertiary structure of the protein, are likely to contribute to the lack of ECM1 function 

(Figure 33). Therefore, the reported mutation may have profound effects on skin 

integrity and biology, leading to the clinical features of LP. 

While studying the different functional regions / domains of the ECM1 we tried to 

predict overall impact of mutation (p.E248X) on the ECM1 function and LP 

pathogenesis. The ECM1 contains a signal peptide of 19 amino acids followed by 4 

functional domains: a cysteine-free N terminus, two tandem repeats, and a C terminus 

(Mongiat et al., 2003; Smits et al., 1997). The latter three are cysteine-containing 

domains and are involved in protein-protein interactions (Smits et al., 1997; Bhalerao 

et al., 1995) and enable the ECM1 to serve as a transporter protein (Sercu et al., 2008; 

Fujimoto et al., 2005).  

Since the nonsense mutation we identified lies in the second tandem repeat domain 

which interacts with fibulins 1C and 1D variants, extracellular matrix components of 

a wide range of connective tissues and various basement membranes, and hence is 

essential for the function of protein (Fujimoto et al., 2005). Therefore, nonsense 

mutation in this cysteine-containing domain might have badly distorted transporter 

activities of the ECM1 protein and dermal homeostasis that may lead to skin 

infiltration in these families. 

Despite extensive clinical and molecular genetics studies, our knowledge about 

molecular interactions and function of the ECM1 in LP pathology is still limited. 

Nevertheless, our findings not only suggest that the ECM1 might have a regulatory 

role in maintaining skin homeostasis and integrity but also allow carrier screening and 

the feasibility of DNA-based prenatal diagnosis for LP patients in Pakistan. 



Ichthyosis                                                                                     Results and Discussion 

 

Genetic Perspectives of Inherited Skin Disorders in Pakistani Population Page 94 
 

3.3  Ichthyosis  

Ichthyoses refers to a relatively rare, clinically and etiologically heterogeneous group 

of Mendelian disorders of cornification (MeDOC). It is a lifelong condition that 

generally presents from infancy and involve diverse genetic background including 

autosomal dominant, recessive and X-linked inheritance (DiGiovanna & Robinson-

Bostom, 2003).   

Mutations in more than 40 genes are now known to cause various inherited subtypes 

of syndromic as well as nonsyndromic ichthyoses (Grall et al., 2012). In general, 

mutations in more than one gene cause each clinical type of ichthyosis. These genes 

encode proteins of structural importance such as cornified envelope proteins needed 

for corneocyte formation, cell-cell junction proteins and several enzymes required for 

the proteolysis of cell junctions, lipid metabolism and DNA repair (Schmuth et al., 

2013). Information about some of the major subtypes of ichthyosis, causative genes 

and their chromosomal location are described in (Table 11). In Pakistan, high 

consanguinity ratio in conserved ethnic groups resulted in large numbers of families 

suffering from a variety of genetic disorders including ichthyosis. Despite this fact, no 

significant research work has been carried out to address this issue and unwind the 

molecular basis of these lifelong conditions. Therefore, several consanguineous 

Pakistani families suffering from different ichthyosis subtypes were included in the 

present chapter of dissertation with the aim to identify their genetic basis. All families 

were genetically scanned through next-generation sequencing (NGS)-based targeted 

as well as whole exome sequencing. To establish genotype-phenotype relationship in 

one of the ichthyosis subjects displaying unique clinical presentation, functional 

analysis was also performed. Overall, twelve ichthyosis families were included in 

present study and labelled as ICH-01, ICH-02, ICH-03, ICH-04, ICH-05, ICH-06, 

ICH-07, ICH-08, ICH-09, ICH-10, ICH-11 and ICH-12. 

3.3.1 Pedigree Analysis and Clinical Description  

Twelve Pakistani ichthyosis families (ICH-01 through ICH-12) from different areas 

and ethnic background were clinically investigated for skin keratinization. Pedigree 

analysis of all the collected ichthyosis families was strongly suggestive of autosomal  
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Table 11: Known loci of some major syndromic and non-syndromic ichthyoses 

S.no. Phenotype Gene Gene 

OMIM 

Locus 

1.  Autosomal Recessive Congenital, 

Ichthyosis 1 

(Lamellar;  LI1) 

TGM1 190195 14q12 

2.  Autosomal Recessive Congenital, 

Ichthyosis 2 

ALOX12B 

 

603741 17p13.1 

 

3.  Autosomal Recessive Congenital, 

Ichthyosis 3 (Lamellar; LI5) 

ALOXE3 607206  17p13.1 

4.  Autosomal Recessive Congenital, 

Ichthyosis 4A 

(Lamellar;  LI2) 

ABCA12 607800 2q35 

5.  Autosomal Recessive Congenital, 

Ichthyosis 4B (harlequin) 

ABCA12 607800 2q35 

6.  Autosomal Recessive Congenital, 

Ichthyosis 5 

(Lamellar;  LI3) 

CYP4F22 611495 19p13.12 

7.  Autosomal Recessive Congenital, 

Ichthyosis 6 

(NIPAL4-Related) 

NIPAL4 609383 5q33.3 

8.  Autosomal Recessive Congenital, 

Ichthyosis 7 

 615022 12p11.2-q13.1 

9.  Autosomal Recessive Congenital, 

Ichthyosis 8 

(Lamellar;  LI4) 

LIPN 613924 10q23.31 

10.  Autosomal Recessive Congenital, 

Ichthyosis 9 

CERS3 615276 15q26.3 

11.  Autosomal Recessive Congenital, 

Ichthyosis 10 

PNPLA1 612121 6p21.31 

12.  Ichthyosis Vulgaris FLG 135940 1q21.3 
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S.no. Phenotype Gene Gene 

OMIM 

Locus 

13.  Epidermolytic Hyperkeratosis; 

HEK 

Ichthyosis Histrix, Curth-Macklin 

type 

Ichthyosis, Cyclic, with 

Epidermolytic Hyperkeratosis 

Keratosis Palmoplantaris Striata III 

Palmoplantar Keratoderma, 

Epidermolytic 

Palmoplantar keratoderma, 

Nonepidermolytic 

KRT1 139350 12q13.13 

14.  Ichthyosis Bullosa of Siemens  KRT2 600194 12q13.13 

15.  Epidermolytic Hyperkeratosis; 

EHK 

Ichthyosis with Confetti 

Ichthyosis, Cyclic, with 

Epidermolytic Hyperkeratosis 

KRT10 148080 17q21.2 

16.  Netherton Syndrome  SPINK5 605010 5q31-q32 

17.  Ichthyosis with Hypotrichosis 

Autosomal Recessive 

ST14 606797 11q24.3 

18.  Keratitis-Ichthyosis-Deafness 

(KID) Syndrome 

GJB2 

/Cx26  

121011  13q12.11 
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recessive mode of Mendelian inheritance in these families. Absence of disease 

phenotypes in parents was suggestive of their heterozygous status for the disease 

allele, whereas affected individuals were supposed carrying the disease allele in 

homozygous state. However, upon genetic screening, a dominant-negative de novo 

mutation was identified in of one of the collected families labelled as family ICH-12.   

Skin scaling was found to be a common clinical observation in all patients from 

different families. However, being a heterogeneous group of keratinization disorders, 

increased clinical heterogeneity among the patients from different families was 

observed that ranging from mild to severe skin keratinization, presence or absence of 

collodion baby, bilateral ectropion, bilateral eclabium, palmoplantar keratoderma etc. 

Furthermore, affected subjects from two families were presented with associated 

syndromes. For each ichthyosis family, detailed clinical examination of all available 

affected subjects, their parents as well as healthy siblings was carried out.  On the 

basis of pedigree analysis and clinical presentation of patients, collected ichthyosis 

families were grouped into non-syndromic autosomal recessive congenital ichthyosis 

(ARCI) and syndromic congenital ichthyosis. 

3.3.1.1 Non-Syndromic Autosomal Recessive Congenital Ichthyosis  

On the basis of clinical phenotypes, ten ichthyosis families with varying degree of 

skin keratinization were primarily grouped as non-syndromic autosomal recessive 

congenital ichthyosis (ARCI). These families are given codes as ICH-01, ICH-02, 

ICH03, ICH04, ICH05, ICH06, ICH07, ICH08, ICH09 and ICH10. 

I. Family ICH-01 

A three-generation family (Figure 36) with four individuals including three males 

(II:4, II:5, III:2 ) and one female (III:1) affected with autosomal recessive form of 

ichthyosis was enrolled. All available family members were clinically assessed for 

skin anomalies by a dermatologist. Affected subjects were presented with varying 

degrees of skin dryness, keratinization and symptoms of palmoplantar keratoderma.  

Birth history of all affected individuals, as reported by parents, suggested their normal 

full-term birth without involvement of collodion membrane.  Subject II: 5 was a 39-

years old male who presented with flaky, yellowish and hard skin on the palms and 
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soles. Large white scales around arms and legs, grayish large scales around neck and 

brownish adherent plate-like scales on forehead were prominent (Figure 37 A,B,C). 

Subject III: I; A 13-years old female patient, presented with dry scaly skin. Semi-

adherent white scales on legs and adherent brownish scales on arms and forehead 

were prominent (Figure 37 D). Thick flaky skin, white in color, was found on palms 

and soles; however, compared to her father (II: 5), palmoplantar keratoderma was 

relatively mild.  Subject III: 2, was 5-years old kid, presented with generalized skin 

dryness. The severity of palmoplantar keratoderma was comparable to his sibling (III: 

I) but milder than the father (Figure 37 E,F). Patient displayed dark greyish to brown 

scales, prominent around the neck and wrist, whereas the face was covered with fine 

white scales. Remaining body was found to carry large white or brown plate-like 

adherent scales.  Subject II: 4, a male affected individual of 35 years of age is the 

brother of subject II: 5, presented with generalized dryness and keratinization of entire 

body. Abnormal well-demarcated yellowish thickening of the skin on palm and soles 

was quite apparent. Thickening of skin was generalized on soles; however, on hands, 

it was limited to fingers and medial half of the palm. Also, affected skin on palm was 

cracked with no bleeding. Large but dark greyish plate-like scales were seen around 

the neck while, large white and light brown scales were found on arms and legs 

(Figure 37 G,H,I). Finger prints were absent for both hands and feet in all subjects. 

Additional complaints reported including heat intolerance and hypohidrosis. 

Blood samples of six family members including four affected (II:4, II:5, III:1, III:2) 

and two phenotypically healthy (II:6, III:3) were available for the present study.  

II. Family ICH-02   

A two-generation consanguineous family (Figure 38) having six individuals, 

including a 17-years old male (II:2) and 11-years old female (II:4) affected with 

lamellar form of autosomal recessive congenital ichthyosis. All family members 

donated blood for present study and were clinically evaluated for skin abnormalities 

by a dermatologist.  Both affected siblings were presented with severe abnormal skin 

keratinization. The clinical presentation at birth was reminiscent of a collodion baby. 

A tight, shiny, translucent membrane, like a plastic wrap, encasing the entire body 

was evident at birth and that progressively shed during the first few weeks of birth. At 

the time of clinical evaluation subjects showed large, dark brown, plate-like coarse 
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Figure 36: Pedigree of ARCI family ICH-01   

Squares and circles symbolize males and females respectively. Dark filled symbols 

represent the affected subjects. Consanguineous marriages are shown by dual lines 

between individuals. Arrow with symbol (II:5) represents the proband. Individuals 

II:4, II:5, II:6, III:1, III:2, and III:3 have participated in the present study.. 

 

 

Figure 37: Clinical presentation of family ICH-01 with palmoplantar 

keratoderma  

(A) A 39-years old male (subject II:5) shows prominent brown plate-like adherent 

scales on forehead, (B) grayish large scales around neck and (C) flaky yellowish hard 

skin on palms. (D) A 13-years old female (subject III:I) with brown plate-like 

adherent scales on forehead. (E) A 5-years old kid (subject III:2) presents dark greyish 

to brown scales around neck and forehead, fine white scales on face and (F) mild 

thickening of skin over palms. (G) A 35-years old male (subject II:4) shows skin 

thickening over palm and (H) sole and also (I) lack of finger prints. 
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scales over the entire body. Additional findings were including the outward turning of 

eyelids (bilateral ectropion) and lips (bilateral eclabium). Subjects had sparse fine 

eyelashes and eyebrows, while the scalp hair distribution was appeared normal 

(Figure 39). Subjects reported heat intolerance and hypohidrosis during summer. No 

further complications were noted and subjects otherwise healthy and school going. 

All other family members including heterozygous carriers were phenotypically 

normal and clinically indistinguishable from genotypically healthy individuals. 

III. Family ICH-03  

The two-generation consanguineous family (Figure 40) consists of eight members 

including two males (II:2, II:6) and two females (II:3, II:5) affected with autosomal 

recessive ichthyosis. Ages of affected individuals ranged from 10 to 19 years at the 

time of clinical examination. Two of the affected individuals, a female (II:5) and a 

male (II:6)  were clinically examined by a dermatologist. Medical history of affected 

subjects was evident of tight shiny collodion-like membrane and everted eyelids 

(ectropion) at the time of birth. Collodion membrane progressively disappeared in 

following 2-3 weeks, exposing an almost normal-looking skin which; however, later 

developed signs of mild ichthyosis. At the time of clinical evaluation, skin of both 

patients was dehydrated and scaly. Body was mainly crowded with large whitish to 

light brown scales noticeable on back of the patient, face, trunk, arms and legs, 

whereas white fine scaling was prominent on hands. Large scales on the face seemed 

semi-adherent than more sticky scales found on other body parts (Figure 41). Both 

patients were otherwise appeared healthy. The other two unavailable affected 

individuals were reported to have similar medical history and skin phenotypes. 

Blood samples of six family members including two affected (II:5, II:6) and four 

healthy individuals (I:1, I:2, II:1, II:4) were available for the present study. 

IV. Family ICH-04  

A branch of multi-generation ichthyosis family (Figure 42) including a 7-years old 

affected girl (V:5) and phenotypically healthy four individuals (IV:3, IV:4, V:3, V:4), 

was clinically examined by a dermatologist. Medical history of the affected subject, as 

reported by the dermatologist who regularly examined her since birth, was suggestive 
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Figure 38: Pedigree of ARCI family ICH-02  

Males and females are symbolized by squares and circles respectively. Affected 

subjects are specified by dark filled symbols. Dual lines between parents indicate 

consanguineous marriage, whereas upward pointing arrow indicates the person (I:1) 

who shared information about disease and family members. All family members have 

participated in this study. 

 

 

Figure 39: Clinical presentation of family ICH-02 with lamellar ichthyosis 

(A) A 17-years old male (subject II:2) displays bilateral ectropion, bilateral eclabium 

and alopecia with receding hairline and sparse hairs on scalp, eyelashes and eyebrows. 

Tightly adherent, dark brown, plate-like coarse scales are prominent over face, (B) leg 

and (C) hand. (D) A 11-years old female (subject II:4) presents clinical features 

similar to subject II:2, including bilateral ectropion, bilateral eclabium and alopecia of 

scalp, eyelashes and eyebrows. Large, dark brown plate-like scaling is prominent over 

face and (E) hand.  
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Figure 40: Pedigree of ARCI family ICH-03  

Squares and circles symbolize males and females respectively. Dark filled symbols 

represent the affected subjects. Consanguineous marriage is shown by dual lines 

between individuals. Upward pointing arrow with symbol (I:1) indicates a family 

member who shared information about disease and family. Individuals I:1, I:2, 

II:1,II:4, II:5 and  II:6 have participated in this study.. 

 

 

Figure 41: Clinical presentation of family ICH-03  

A 10-years old female patient (subject II:5) demonstrats generalized skin dryness and 

keratinization. (A) Large, white or light brown, semi-adherent scales over face. (B) 

Large, brown, semi-adherent scales on arm. (C) Prominent fine, white scales on hand. 

 

  

 

I:1       I:2 

II:1      II:2     II:3     II:4     II:5     II:6 

I 

II 
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of collodion baby. Outward folded eyelids (ectropion) and shiny yellow film 

stretching across the body was apparent at the time of birth. The membrane dried out 

and gradually shed off within few weeks of life with the emergence of fresh normal 

skin. At the age of 5 months, sign and symptoms of ichthyosis started appearing. 

According to the dermatologist, in the beginning, skin keratinization was severe; 

however, treatment had lessened the severity of symptoms to an extent that patient 

was found much better at the time of clinical evaluation. White fine scales were 

observed from top to bottom particularly around armpit, arms and legs. Eyelashes, 

eyebrow and hairs on scalp were found normal. Presence of fine white, superficial, 

semi-adherent scaling on the erythrodermal background around the neck, legs, arms, 

face, trunk, and back of the patient was suggestive of non-bullous congenital 

ichthyosiform erythroderma (NCIE; Figure 43). No other clinical complications were 

noted and patient was healthy otherwise. All other family members including 

heterozygous carriers were phenotypically normal and clinically indistinguishable 

from genotypically healthy individuals.  

V. Family ICH-05  

A consanguineous family (Figure 44) with two affected young sisters (V:1, V:2), ages 

between 1 to 7 years, were presented with clinical features of non-bullous congenital 

ichthyosiform erythroderma (NCIE). Both subjects were born as collodion babies. 

Parents reported that both sisters were born with glue-like hyperkeratotic membrane 

covering the entire body. Membrane gradually disappeared in following 10 days. At 

the time of clinical evaluation, both affected individuals presented white fine scale on 

face with erythrodermal background suggesting a NCIE. Other common features 

observed were the darker scales on the dorsum of the neck and white scales on the 

limbs of the both affected sisters. However, scaling pattern on trunk and back of the 

affected individuals was quite different; for individual V:1, scales were small light 

brown and less adherent (Figure 45 A,B,C,D) than large more adherent brown scales 

noted in individual V:2 (Figure 45 E,F,G,H). Affected individuals did not show any 

further clinical signs and symptoms. Scalp hairs, eyelashes and eyebrow were normal 

and both patients presented healthy otherwise. Blood samples of five family members 

including two affected (V:1, V:2) and three healthy individuals (IV:1, VI:2, V:3) were 

available for the present study. Healthy family members including heterozygous 
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Figure 42: Pedigree of ARCI family ICH-04  

Squares and circles represent males and females respectively. Dark filled symbols 

indicate affected subjects, whereas symbols with crossed sign specify deceased 

individuals. Dual lines between individuals demonstrate consanguineous marriages in 

a family. Aarrow points a family member (IV:3) who introduced the family for this 

study. Five individuals including  IV:3, IV:4, V:3, V:4 and V:5 have participated in 

the present study. 

 

 

Figure 43: Clinical presentation of family ICH-04 with NCIE  

A 7-years old female patient (subject V:5) presents generalized dryness and skin 

keratinization on erythrodermal background. (A) Fine white, superficial, semi-

adherent scales on erythrodermal background are prominently spreading from face to 

neck, trunk, (B) arm and (C) legs.     
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Figure 44: Pedigree of ARCI family ICH-05  

Squares and circles symbolize males and females respectively. Black filled symbols 

represent the affected sisters. Dual lines between individuals specify consanguineous 

union, whereas aarrow indicates a family member (IV:I) who introduced the family. 

Individuals IV:1, IV:2, V:1, V:2 and V:3 have participated in this study.  

 

 

Figure 45: Clinical presentation of family ICH-05 with NCIE.  

 (A) A 7-years old female (subject V:1) displays prominent fine white, superficial, 

semi-adherent scales on erythrodermal background on face. (B) Small light brown, 

less adherent scales on back. (C) Medium sized darker scales on back of the neck. (D) 

Large light brown scales on arm. (E) A 1-year old female patient (subject V:2) 

presents fine white, superficial, semi-adherent scales with erythrodermal background 

on face. (F) Small to large brown scales on the dorsum of neck. (G) Large, brown 

adherent scales on the back and (H) trunk.  
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carrier parents were phenotypically indistinguishable from genotypically healthy 

individuals. 

VI. Family ICH-06  

A multi-generation consanguineous family (Figure 46) with a strong history of 

keratinization was clinically examined by a dermatologist. Seven available members 

of the family including three affected (IV:2, IV:4, IV:6) and four healthy subjects 

(III:1, III:2, IV:1, IV:3) were thoroughly investigated for history of skin phenotypes. 

At the time of clinical evaluation, affected individuals ages between 19 to 25 years, 

were presented with generalized dehydrated scaly skin attributed to ichthyosis. Bodies 

of the affected individuals were completely covered with coarse, adherent whitish and 

brown scales (Figure 47). History of all affected individuals did not confirm their 

birth as collodion baby. Furthermore, abnormalities related to outward folding of 

eyelids or lips were not pointed out by family during verbal investigation and clinical 

evaluation. No other clinical complications were noted and affected individuals’ 

otherwise healthy university graduate students. 

VII. Family ICH-07  

A branch of multi-generation kindred (Figure 48) comprising of two siblings (IV:1, 

IV:3) affected from congenital autosomal recessive ichthyosis was clinically 

investigated. Four available family members including a 27-years old affected female 

(IV:1) along with her both phenotypically healthy parents (III:1, III:2) and a sister 

(IV:2) were thoroughly examined for generalized severe keratinization of skin. Birth 

history of the affected subject was suggestive of 3 weeks premature collodion baby 

encased in a tight shiny membrane that gradually peeled off in following 2-3 weeks 

and caused emergence of fresh, smoother skin. Later on, subject started showing signs 

and symptoms of generalized skin keratinization and regular skin shedding at the age 

of five months. The subject had been treated by the same dermatologist since her 

early years. Her clinical history reported fish-like scaling during her adolescence; 

however, regular treatment had reduced the disease severity to greater extent. At the 

time of clinical evaluation, the patient displayed large semi-adherent brown scales on 

extremities, back and trunk. Area around neck was mainly populated with large grey 

scales, whereas brownish hyperkeratosis found prominent on face (Figure 49). Subject 
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Figure 46: Pedigree of ARCI family ICH-06  

A consanguinity loop is present in the pedigree. Affected males and females are 

shown by filled squares and circles, respectively. Symbols with crossed line indicate 

deceased individuals. Double lines between individuals represent a consanguineous 

union. Arrow indicates the person (IV:1) who first shared information about disease 

and family members. Individuals III:1, III:2, IV:1, IV:2, IV:3, IV:4 and IV:6 have 

participated in this study. 

 

 

Figure 47: Clinical presentation of ichthyosis family ICH-06  

Both photographs (A,B) are of a 23-years old male (subject IV:2) shows dry scaly 

skin, covered with whitish to brown, coarse adherent scales.   
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also complained of steady dryness of soles and palms and reported that symptoms 

become more pronounced during winter. While, during summer, frequent showers are 

required due to hypohidrosis and heat intolerance. The subject was otherwise healthy 

and a school teacher in her locality.  

Autosomal recessive mode of inheritance in the family and presence of 

consanguineous loops are sturdily suggestive of homozygous state of abnormal allele 

in affected individuals while heterozygous state in parents. Furthermore, heterozygous 

parents of the affected individual were phenotypically indistinguishable from 

genotypically healthy individuals. 

VIII. Family ICH-08  

An inbred three-generation family (Figure 50) demonstrating the congenital 

autosomal recessive ichthyosis was presented with generalized scaling and dehydrated 

skin. Three affected subjects (III:1, III:3, III:4), ages ranged from 7 to11 years, were 

evaluated for skin phenotypes attributed to ichthyosis since birth. Detailed 

information obtained from parents as well as other adults of the family did not show 

collodion baby birth of affected individuals. Superficial fine white scales were 

prominent on almost all over the body including face, trunk and back. Neck of 

affected subjects was mainly populated with small dark brown or black scales, 

whereas large, white or brown, adherent scales were manifested on arms and legs 

(Figure 51). A female affected subject (III:1) also displayed muscular dystrophy along 

with scaly skin (Figure 51 G,H). Likewise, muscular dystrophy was also demonstrated 

by a male individual (III:2) in the family but not diagnosed for ichthyosis. The 

affected subjects III:3 and III:4 who only manifested skin keratinization were found 

otherwise healthy. 

Blood samples of thirteen family members including three individuals (III:1, III:3, 

III:4) with clinical skin phenotypes and ten individuals (II:1, II:2 II:3, II:4, III:2, III:5, 

III:6, III:7, III:8, III:9) with healthy skin were collected. Autosomal recessive mode of 

inheritance in the family is strongly reminiscent of homozygous state of abnormal 

allele in affected individuals while heterozygous in parents.  
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Figure 48: Pedigree of ARCI family ICH-07  

Two consanguinity loops are apparent in the pedigree. Males and females in the 

family are symbolized by squares and circles respectively. Affected individuals are 

shown by filled symbols, whereas deceased persons by symbols with crossed sign. 

Double lines between individuals represent a consanguineous union. Arrow indicates 

the the family member (III:1) who first provided information about disease in a 

family. Four individuals including  III:1, III:2, IV:1 and IV:2 have  participated in the 

present study.  

 

 

Figure 49: Clinical presentation of family ICH-07  

A 27-years old female patient (subject IV:1) presents severe keratinization of skin. 

(A) Prominent large, brown, semi-adherent scales on face. (B) Large, grey or dark 

brown, semi-adherent scales around neck. (C) Large, light brown, plate-like scales on 

leg. (D) Large, dark brown, coarse scales on arm. 



Ichthyosis                                                                                     Results and Discussion 

 

Genetic Perspectives of Inherited Skin Disorders in Pakistani Population Page 110 
 

 

Figure 50: Pedigree of ARCI family ICH-08  

Affected males and females are represented by filled squares and circles respectively. 

Symbols with crossed sign indicate deceased persons, whereas dual lines between 

individuals represent consanguineous marriage. Arrow points the family member 

(II:3) who first provided information about disease. Individuals II:1, II:2 II:3, II:4, 

III:1, III:2, III:3, III:4, III:5, III:6, III:7, III:8 and III:9 have  participated in this study.  

 

 

Figure 51: Clinical presentation of family ICH-08  

(A) A male (subject III:3) presents generalized skin dryness with fine, white scales on 

face and (B) back. (C,D) Large, white or brown, semi-adherent scales on limbs. (E,F) 

A 11-years old male (subject III:4) with fine, white scaling on face and back, whereas 

small dark adherent scales around neck. (G, H) A female (subject III:1) displays 

muscular dystrophy in addition to large, brown, semi-adherent scales on extremities.  
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IX. Family ICH-09  

A consanguineous family (Figure 52) with one affected individual (II:1) 

demonstrating the autosomal recessive ichthyosis was presented with severe skin 

keratinization. All available family members were investigated and clinically assessed 

for skin abnormalities by a dermatologist. A 7-years old affected female was 

presented with birth history of collodion baby. Parents of the affected subject reported 

plastic wrap like white, waxy membrane encasing the entire body at the time of her 

birth. Membrane was progressively shed off in next few days and replaced with a 

fresh normal skin. However, in following month, subject started showing 

abnormalities of skin scaling that persisted till her clinical evaluation for the present 

study. Parents also mentioned subject’s outward folded eyelids (ectropion) that 

developed almost normal with passage of time. Fish-like large semi-adherent scales, 

white in color, were prominent on the whole body including the scalp, face, 

particularly the forehead, trunk, arms and legs (Figure 53). 

Blood samples of four family members including an affected subject (II:1) along with 

two phenotypically healthy carrier parent (I:1, I:2) and one sibling (II:4) were 

available for the present study. Autosomal recessive mode of inheritance in the family 

is strongly indicative of homozygous state of abnormal allele in affected subject.  

X. Family ICH-10 

The four-generation consanguineous family (Figure 54) with two siblings (IV:2, IV:3) 

affected from congenital autosomal recessive ichthyosis was clinically examined for 

the present study. At the time of clinical assessment affected siblings, a male and a 

female with ages 27 and 22 years respectively, were presented with dry, thickened, 

scaly or flaky skin. Medical history of both subjects suggests at term birth without 

involvement of collodion membrane. Small to large and light to dark brown scaling 

was observed in both patients. Diffuse skin-colored large adherent scales were more 

prominent on legs of female affected subject. Flexure areas were spared from scaling 

(Figure 55). No other clinical manifestations were identified and both patients found 

otherwise healthy. 

Six family members including two affected siblings (IV:2, IV:3) and four healthy 

individual (III:1, III:2, IV:1, IV:4) were clinically examined and who donated blood  
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Figure 52: Pedigree of ARCI family ICH-09  

Males and females are symbolized by squares and circles respectively. Affected 

subject is specified by dark filled symbol. Dual lines between parents indicate 

consanguineous marriage, whereas upward pointing arrow indicates the parent (I:1) 

who first shared information about family and disease. Individuals I:1, I:2, II:1 and 

II:4 have participated in this study. 

 

 

Figure 53: Clinical presentation of family ICH-09  

A 7-years old female patient (subject II:1) shows severe keratinization of body. (A) 

Large, white, fish-like semi-adherent scales on the the scalp and forehead. Slight 

outward folding of both eyelids (bilateral ectropion) is also prominent. (B) White fish-

like semi-adherent scales on trunk and (C) arm.  
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Figure 54: Pedigree of ARCI family ICH-10  

Consanguinity loop is apparent in the pedigree. Males and females are represented by 

squares and circles respectively. Affected individuals are shown by filled symbols, 

whereas deceased persons by symbols with crossed sign. Dual lines between 

individuals represent consanguineous union. Arrow indicates the proband (IV:2). 

Individuals III:1, III:2, IV:1, IV:2, IV:3 and IV:4 have  participated in this study.  

 

 

Figure 55: Clinical presentation of family ICH-10 

(A) A 27-years old male (subject IV:2) shows small to large and light brown to dark 

brown scaling  on  trunk. (B) Light brown scales on arm. (C) Large fish-like dark 

scales on legs. (D) A 22-years old female (subject IV:3) presents large, dark brown, 

adherent scales on arms and (E) diffuse, skin-colored, large scales on leg. Flexure 

areas are spared in both patients.  
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for the present study. Autosomal recessive mode of inheritance in the family is 

indicative of homozygous state of abnormal allele in both affected siblings while 

heterozygous state in parents. Phenotypically heterozygous carrier parents were 

normal and alike genotypically healthy individuals of the family.   

3.3.1.2 Syndromic Congenital Ichthyosis 

On the basis of clinical examination, 2 families were initially grouped as syndromic 

ichthyosis and labeled as ICH-11 and ICH-12. Family ICH-11 demonstrated 

generalized skin scaling with hypotrichosis syndrome, whereas family ICH-12 

presented with Keratitis-ichthyosis-deafness (KID) syndrome. 

I. Family ICH-11  

A branch of multi-generation consanguineous Pakistani family (Figure 56) consisting 

of two siblings (IV:1, IV:4) affected with autosomal recessive ichthyosis with 

hypotrichosis (ARIH) and four unaffected individuals (III:4, III:5, IV:2, IV:3), was 

clinically ascertained. The affected siblings, a male and a female with ages 5 and 16 

years respectively, were the offspring of parents who were first cousins. Birth history 

was not evident of collodion baby and both patients were born at full-term normal 

pregnancies. Skin keratinization and abnormal hairs were present at birth. Scaling was 

diffuse involving entire body including scalp and forehead, whereas face, hands and 

feet were spared (Figure 57). Scaling morphology was quite different in both affected 

subjects; superficial fine to sticky small-sized white or light brown scales were 

displayed by male patient (Figure 57 B,C), while small to medium, dark brown plate-

like scales were prominent in female patient (Figure 57 E,F). Hypotrichosis was also 

generalized and diffuse in both subjects. Clinically, the scalp hairs appeared brittle, 

dry, lusterless curly or wooly with black or dark brown color and uneven length. Hairs 

were relatively sparse on the scalp, eyebrow and eye lashes. Both patients also 

reported itching on the entire body during night. Male patient (IV:4) also complained 

of constant flue round the year and cough in winter only. No photophobia, corneal 

opacities or erythema were noted and subjects appeared otherwise healthy.    

Parents and other healthy individuals of the family did not show clinical findings 

related to skin keratinization and hypotrichosis and were phenotypically comparable  
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Figure 56: Pedigree of ichthyosis family ICH-11 with ARIH syndrome 

Males and females are represented by squares and circles respectively. Affected 

individuals are shown by filled symbols, whereas deceased persons by symbols with 

crossed sign. Dual lines between individuals represent consanguineous union, 

whereas upward pointing arrow indicates the person (III:4) who first provided 

information about family and disease. Individuals including III:4, III:5, IV:1, IV:2, 

IV:3 and IV:4 have  participated in this study.  

 

 

Figure 57: Clinical presentation of family ICH-11 with ARIH syndrome  

 (A) A 5-years old male (Subject IV:4) presents sparse hairs on scalp, eyebrows and 

eyelashes. Also, hairs are curly or wooly with uneven length. (B) Small-sized, light 

brown adherent scaling on arm. (C) Fine, white, superficial scaling around armpit 

area. (D) A 16-years old female patient (subject IV:1) demonstrates sparse scalp hairs 

along with scaling on scalp and forehead. (E) Small to medium, dark brown adherent 

scales on arm and (F) leg.   
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with genotypically normal individuals. Presence of consanguinity loop and apparent 

autosomal recessive mode of inheritance in the family was strongly indicative of 

homozygous state of abnormal allele in both affected siblings while heterozygous 

state in parents. 

I. Family ICH-12  

A small non-consanguineous family (Figure 58) comprising of an affected infant 

(II:1) and two phenotypically healthy parents (I:1, I:2), was clinically evaluated by the 

dermatologist. The affected subject displayed sign and symtoms of very unusual 

congenital skin disorder. The subject was several weeks premature and born with an 

erosive dermatitis involving large areas of denuded skin (Figure 59). Due to the 

progressive disease course and continued denudation of the skin, the subject was 

ultimately died secondary to sepsis. The main histological finding that was observed 

through skin biopsies was acantholysis (Figure 60). The infant had severe corneal 

erosions; however, hearing loss could not be evaluated. Infant was seemed to have 

KID syndrome characterized by eye problems, skin abnormalities, and hearing loss 

(Figure 59).  

Both parents were healthy without involvement of any clinical skin phenotypes. Also, 

parents did not mention consanguinity between them. 

3.3.2 Gene Identification by Targeted Exome Sequencing 

To identify the underlying genes and associated loss of function mutations,   

ichthyosis families were subjected to targeted exome and whole exome sequencing 

using NGS platform.  

Initially, identification of functional variants in ten non-syndromic ARCI families was 

carried out by sequencing a customized gene panel of 14 common genes, including 9 

ARCI genes (ABCA12, ALOXE3, ALOX12B, CYP4F22, NIPAL4 (Ichthyin), TGM1, 

PNPLA1, CERS3, LIPN, SPINK5, FLG, KRT1, KRT2 and KRT10) (Table 11).  Index 

cases from different families were screened for customized gene panel through 

multiplexed PCR-based targeted exons enrichment approach using NGS platform. 

NGS data analysis of seven non-syndromic ARCI families revealed different 

functional variations in ARCI genes while; three families failed to reveal any loss of  
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Figure 58: Pedigree of ichthyosis family ICH-12 with KID syndrome  

Squares and a circle represent males and a female respectively. Dark filled symbol 

shows the affected individual in the family. Arrow indicates the parent (I:1) who first 

shared information about family and disease. All family members have participated in 

this study. 

 

 

Figure 59: Clinical presentation of family ICH-12 with KID syndrome  

A several weeks premature baby (subject II:1) presents erosive dermatitis with large 

areas of denuded skin; (A) desquamated lesions with erythroderma on the scalp as 

well as severe corneal erosions at birth (B) denuded skin over fingers with poorly 

developed nails. 
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Figure 60: Skin lesion biopsy images of patient with KID syndrome  

Histopathological findings at different magnifications show hyper-proliferated 

epidermis with disrupted morphology. The dermal acantholysis (loss of intercellular 

connections such as desmosomes, resulting in loss of cohesion between keratinocytes) 

and formation of empty lacunae (cavities) shown by arrow, are the prominent 

findings.  
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function mutation. Genetic variations identified through targeted exome enrichment 

technology were subsequently verified by Sanger sequencing of affected as well as 

phenotypically healthy individuals of families. Intronic primers used for the 

verification of identified mutations in different genes through Sanger sequencing are 

listed in Table 12. Details of pathogenic sequence variantions identified in the present 

study are given bellow; 

3.3.2.1 Genetic Screening of Families ICH-01 and ICH-07 

NGS data analysis of two ARCI families (ICH-01 and ICH-07) exhibited previously 

reported homozygous functional sequence variation in the NIPAL4 gene on 

chromosome 5. A homozygous C to A change at nucleotide position 527 (c.527C>A) 

in exon 4 of the NIPAL4 gene was identified in all affected subjects from both 

families. Transversion of nucleotide C to A resulted in amino acid substitution of 

alanine/Ala/A (GCT) to aspartic acid/Asp/D (GAT) at codon number 176 (p.A176D; 

Figures 61, 62).  

PCR-based Sanger sequencing of all affected as well as phenotypically healthy 

individuals from both families confirmed the sequence variation identified via NGS 

analysis. Affected subjects were found homozygous for mutated allele, whereas 

parents and other phenotypically healthy members of both families were identified 

heterozygous. Sequence variation was not present in a panel of 100 unrelated healthy 

as well as ethnically matched control samples.   

3.3.2.2 Genetic Screening of Family ICH-02  

Targeted exome sequencing of index case (II:2; family ICH-02) revealed a 

homozygous A to G substitution at 3’acceptor splice site of intron 13 (c.2226-2A>G) 

of TGM1 gene (Figure 63).  

NGS results were verified by Sanger sequencing of all the affected as well as 

phenotypically healthy individuals in the family. Both affected subjects were 

identified homozygous for splice site sequence variation, whereas parents as well as 

one of the phenotypically healthy individuals (II:1) found heterozygous for the 

change. Individual II:3 of the family revealed homozygous status for wild-type allele 

and found genotypically normal. The identified sequence variation was not shown by 
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Table 12: Genomic primers used for mutation screening of ichthyosis genes 

Gene Primer ID Primer sequence (5'→3') Ta 

o
C 

Product 

(bp) 

TGM1 
TGM1-14F CCTGCTTCTTCCTCCTGACTG 

59 381 
TGM1-14R CCTATCTTGGGGCAATGTCCTT 

ALOXE3 

ALOXE3-5F TGAAGCCGTGTCTTTAAAGCT 
57 297 

ALOXE3-5R TAGACCCCTACCCCTCCTTC 

ALOXE3-13F CTATCTGTCTCTCTGCCGCC 
58 298 

ALOXE3-13R CTGATGGGAGTAGGGTGTGG 

NIPAL4 
NIPAL4-4F CTCCAGGGAGAGAGCGTATG 

55 452 
NIPAL4-4R GGCCTGCCTCTCTATTACCC 

ST14 
ST14-7F ACACCCACGGGGTCTCAG 56 392 

ST14-7R GAAGAAGCTGGCCCCCTA 

GJB2/ 

(Cx26) 

GJB2-1F GAGTTGGTGTTTGCTCAGGA 
58 985 

GJB2-1R TGGCATCTGGAGTTTCACCT 

F = forward primer; R = reverse primer; Ta = optimal annealing temperature; bp = 

base pair 
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Figure 61: Family ICH-01; sequencing analysis of the NIPAL4 gene  

Partial electropherograms of exon 4 of the NIPAL4 gene, where arrows indicate C to 

A substitution at nucleotide position 527 (c.527C>A). (A) Explains the heterozygous 

status (C/T) of a phenotypically healthy parent having both, a normal as well as a 

mutant allele. (B) Illustrates the homozygous status (A/A) of mutant allele in a 

patient. Nucleotide C to A substitution explains conversion of alanine codon (GCT) 

into aspartic acid codon (GAT). 

  

 

A   

    

 Carrier Parent 

 Patient 



Ichthyosis                                                                                     Results and Discussion 

 

Genetic Perspectives of Inherited Skin Disorders in Pakistani Population Page 122 
 

 

Figure 62: Family ICH-07; sequencing analysis of the NIPAL4 gene 

Partial electropherograms of exon 4 of the NIPAL4 gene, where arrows indicate C to 

A substitution at nucleotide position 527 (c.527C>A). (A) Explains the heterozygous 

status (C/T) of a phenotypically healthy parent having both, a normal as well as a 

mutant allele. (B) Displays the homozygous status (A/A) of mutant allele in a patient. 

Nucleotide substitution explains conversion of alanine codon (GCT) into aspartic acid 

codon (GAT). 
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Figure 63: Family ICH-02; sequencing analysis of the TGM1 gene  

Partial electropherograms demonstrate a homozygous A to G substitution at 3’ splice 

site of intron 13 of the TGM1 gene (c.2226-2A>G). Arrows indicate the site of 

sequence variation, where (A) explains the heterozygous status (A/G) of a 

phenotypically healthy parent having both, a normal as well as a mutant allele and (B) 

shows homozygous status (G/G) of splice site variation in a patient. Exonic and 

intronic sequences are shown by uppercase and lowercase letters respectively.  
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TGM1 sequences of 100 ethnically matched unrelated healthy control samples.   

3.3.2.3 Genetic Screening of Families ICH-03 and ICH-04  

Targeted exome sequencing analysis of two ARCI families (ICH-03 and ICH-04) 

revealed a novel homozygous pathogenic mutation in the ALOXE3 gene on 

chromosome 17. Affected individuals of both families were found homozygous for G 

to C substitution at nucleotide position 950 (c.950G>C) in exon 5 of the ALOXE3 

gene. Nucleotide transversion of G to C resulted in substitution of serine/Ser/S (AGC) 

to threonine/Thr/T (ACC) amino acid at codon number 317 (p.S317T; Figures 64, 

65). 

Identified sequence variation was further verified by Sanger sequencing of ALOXE3 

gene from affected as well as healthy individuals in both families. All affected 

subjects were found homozygous for abnormal allele, whereas phenotypically healthy 

parents and other family members displayed heterozygous status for abnormal allele.  

The abnormal sequence variation was not identified in a panel of 100 ethnically 

matched unrelated healthy control samples.    

3.3.2.4 Genetic Screening of Families ICH-05 and ICH-06 

Exome sequencing of customized gene panel for two non-syndromic ARCI families 

(ICH-05 and ICH-06) discovered an underlying novel loss of function mutation in the 

ALOXE3 gene. Index cases from both families revealed a homozygous C to T 

substitution at nucleotide position 2026 (c.2026C>T) in exon 13 of the ALOXE3 gene. 

Nucleotide transition from C to T resulted in conversion of glutamine/Gln/Q (CAG) 

into stop codon (TAG) at codon position 676 (p.Q676*; Figures 66, 67).  

Identified sequence variation was further evaluated and confirmed by Sanger 

sequencing of exon 13 of the ALOXE3 gene for all family members. Loss of function 

mutation was homozygous in all affected individuals of both families. Only individual 

IV:1 of family ICH-06 was found genotypically normal otherwise all phenotypically 

healthy individuals of both families including parents and siblings were heterozygous 

for abnormal allele. The identified genetic variation was not found in ALOXE3 

sequences from100 ethnically matched unrelated healthy control samples. 
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Figure 64: Family ICH-03; sequencing analysis of the ALOXE3 gene  

Direct sequencing of the PCR product amplified from exon 5 of the ALOXE3 gene, 

shows a G to C substitution at position 950 (c.950G>C). Arrows indicate the site of 

mutation. (A) Illustrates the heterozygous status (G/C) of a phenotypically healthy 

parent having both, a normal as well as a mutant allele. (B) Explains homozygous 

status (C/C) of a patient for mutant allele. Exonic and intronic sequences are shown 

by uppercase and lowercase letters respectively. 
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Figure 65: Family ICH-04; sequencing analysis of the ALOXE3 gene  

Partial electropherograms of exon 5 of the ALOXE3 gene explains G to C substitution 

at position 950 (c.950G>C). Arrows indicate the site of mutation. (A) Illustrates the 

heterozygous status (G/C) of a phenotypically healthy parent having both, a normal as 

well as a mutant allele. (B) Explains homozygous status (C/C) of a patient for mutant 

allele. Exonic and intronic sequences are shown by uppercase and lowercase letters 

respectively. 
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Figure 66: Family ICH-05; sequencing analysis of the ALOXE3 gene 

Direct DNA sequencing of exon 13 of the ALOXE3 gene demonstrates C to T 

substitution at nucleotide position 2026 (c.2026C>T). Arrows indicate the site of 

mutation. (A) Illustrates the heterozygous condition (C/T) of a phenotypically healthy 

parent having both, a normal as well as a mutant allele. (B) Shows homozygous status 

(T/T) of a patient for abnormal allele. Nucleotide substitution explains conversion of 

glutamine codon (CAG) into stop codon (TAG). 
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Figure 67: Family ICH-06; sequencing analysis of the ALOXE3 gene  

Partial electropherograms of exon 13 of the ALOXE3 gene, where arrows indicate C 

to T substitution at nucleotide position 2026 (c.2026C>T). (A) Illustrates the 

heterozygous state (C/T) of a phenotypically healthy parent having both, a normal as 

well as a mutant allele. (B) Shows homozygous status (T/T) of a patient for abnormal 

allele. Nucleotide substitution explains conversion of glutamine codon (CAG) into 

stop codon (TAG). 
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3.3.3 Gene Identification by Whole Exome Sequencing  

Overall, five ichthyosis families including three non-syndromic ARCI families (ICH-

08, ICH-09, ICH-10) and two syndromic ichthyosis families (ICH-11, ICH-12) were 

subjected to whole exome sequencing (WES). Syndromic families were including 

ICH-11 with hypotrichosis and ICH-12 with Keratitis-ichthyosis-deafness (KID).  

3.3.3.1 WES of ARCI Families ICH-08, ICH-09 & ICH-10 

All three non-syndromic ARCI families were initially screened through targeted 

exome enrichment approach using a customized gene panel of 14 common genes, 

including 9 ARCI genes, as described above. Targeted exome sequencing data was 

carefully analyzed; however, no functional variations were identified in these 

families. Furthermore, sequences/gaps that skipped from reading as well as exons 

with low coverage (< 8 reads) were traced out by data analysis using online IGV tool 

(http://www.broadinstitute.org/igv/). Skipped sequences and low coverage exons were 

re-amplified and screened through Sanger sequencing to identify any functional 

variants. However, none of the affected families revealed functional sequence 

variations attributed to skin phenotypes of ARCI in affected subjects.  

Subsequently, to determine the genetic basis of disease, all three families were 

subjected to whole exome sequencing (WES). WES data was received from Genome 

Analysis Center, Yale University, West Campus, New Haven, CT, USA. Data was 

carefully analyzed and several genes probably associated with disease phenotypes 

were selected. Screening of preferred genes is currently in progress to establish the 

genetic basis of ARCI in these families. 
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3.3.3.2 WES of Syndromic Ichthyosis Family ICH-11 

WES data analysis of index case from syndromic ARCI family ICH-11 identified two 

homozygous sequence variations in the ST14 gene located on chromosome 11. A 

previously reported C to T single nucleotide polymorphism (SNP; rs758176034) at 

position 661 (c.661C>T; Figure 68 A) and a novel missense G to C variation at 

position 737 (c.737G>C; Figure 68 B) were both identified in exon 7 of the ST14. 

Substitution c.661C>T resulted in substitution of amino acid arginine/Arg/R (CGC) 

with cysteine/Cys/C (TGC) at codon 221 (p.R221C), whereas novel genetic change 

c.737G>C lead to the conversion of amino acid tryptophan/Trp/W (TGG) into 

serine/Ser/S (TCG) at codon position 246 (p.W246S; Figure 68).  

Identified sequence variations were further evaluated and confirmed through Sanger 

sequencing of all available affected as well as phenotypically healthy individuals by 

using specific primers (Table 12). Affected subjects of the family were found 

homozygous for both mutations, whereas their parents and individual IV:2 revealed 

heterozygous status for the same variations. Individual IV:3 of the family was found 

homozygous for wild-type allele. Novel sequence variation was not identified in a 

panel of 100 ethnically matched unrelated healthy control samples.    

Nevertheless, the identified variation c.661C>T (p.R221C) has previously been 

described as SNP, for comparative studies it was subjected to bioinformatics analysis 

along with novel c.737G>C (p.W246S) mutation. Conservation of variation sites was 

studied by aligning 10 vertebrate (from frog to human) sequence homologues to the 

human ST14 protein using multiple sequence alignment (MSA) tool of NCBI 

(http://www.ncbi.nlm.nih.gov). Comparative sequence analysis predicted that amino 

acid tryptophan (W) is highly conserved among the species and p.W246S substitution 

cannot be tolerated (Figure 69). Moreover, functional impact (FI) of amino-acid 

substitutions on ST14 protein was predicted using online Mutation Assessor tool 

(http://mutationassessor.org). The tool predicts the functional consequences based on 

evolutionary conservation of the affected amino acid in protein homologs (Reva et al., 

2011). Predicted results revealed that amino acid substitution p.R221C is neutral or 

non-functional with FI score 0.69, whereas p.W246S has high functional impact on 

ST14 protein with FI score 3.55.  

http://www.ncbi.nlm.nih.gov/
http://mutationassessor.org/
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Figure 68: Family ICH-11; sequencing analysis of the ST14 gene  

Sanger sequencing of the ST14 gene, exon 7, displays two homozygous sequence 

variations. (A) Left panel: arrows indicate previously reported C to T SNP 

(rs758176034) at position 661 (c.661C>T). Nucleotide substitution explains the 

conversion of arginine (CGC) into cysteine (TGC). (B) Right panel: arrows indicate a 

novel homozygous G to C substitution at position 737 (c.737G>C) and explain the 

conversion of tryptophan (TGG) into serine (TCG). In both (A) and (B) panels, a 

phenotypically healthy parent represents heterozygous carrier status, while patient 

explains homozygous status for both mutant alleles. 
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Figure 69: Sequence conservation analysis of human ST14 and its orthologs 

Multiple sequence alignment (MSA) using 10 protein sequences of vertebrates 

matriptase, including from frog to human displaying that amino acid tryptophan (W)  

involved in p.W246S change is consistent and conserved across the different species 

(Shown in red bar)  as compared to arginine associated with p.R221C change (shown 

in black bars).  

 

 

 

 

 

 

 

 

 

 

 



Ichthyosis                                                                                     Results and Discussion 

 

Genetic Perspectives of Inherited Skin Disorders in Pakistani Population Page 133 
 

3.3.3.3 WES of Syndromic Ichthyosis Family ICH-12 

Whole family ICH-12, including index case and parents, was screened through WES. 

Data analysis revealed a heterozygous 3 bp (TTC) de novo deletion mutation in the 

GJB2 (connexin 26) gene, located on chromosome 13. The 3 bp (TTC) deletion 

(c.85_87delTTC) resulted in omission of a single highly conserved 

phenylalanine/Phe/F amino acid at position 29 (p.F29del) in the first transmembrane 

region of Cx26 (Figure 70).   

WES results were further evaluated and confirmed by Sanger sequencing of 

bothparents and the affected individual for GJB2 (Cx26) gene. Affected baby was 

heterozygous for de novo c.85_87delTTC mutation, whereas both phenotypically 

healthy parents were genotypically normal (Figure 70). Sanger sequencing of 100 

ethnically matched unrelated healthy control samples did not reveal this deletion 

mutation.     

Due to unique and quite an unusual presentation for KID syndrome by the family 

ICH-12, functional studies were also carried out to establish genotype- phenotype 

correlation. Details of findings from functional studies are given below. 

3.3.4 Tet-Inducible Expression of GJB2 & Immunoassay 

Deletion mutation (c.85_87delTTC or p.F29del) was successfully generated in the 

GJB2 gene and verified through Sanger sequencing. To study the expression of GJB2 

(wild-type or mutant) in primary keratinocytes, a tetracycline-inducible expression 

system was developed. GJB2-wild-type or GJB2-F29del was sub-cloned into 

tetracycline-inducible Hermes HRSpuro vector and co-transfected into primary 

keratinocytes with pTet-On plasmid. Also, in a parallel experiment, empty Hermes 

HRSpuro-GFP (experimental control) was co-transfected into keratinocytes with 

pTet-On plasmid. Three different concentrations of tetracycline (1 µg/ml, 2 µg/ml, 3 

µg/ml) were used to induce GJB2 expression in keratinocytes using Tet-On system. 

Successfully transfected cells produced a robust signal accumulated at cell-to-cell 

interfaces and expressed high levels of GJB2-wild-type or GJB2-F29del or GFP 

(Figure 71 A,B,C) after 24 hours of incubation with tetracycline. In each situation 

(GJB2-wild-type or GJB2-F29del or GFP), immunofluorescence microscopy revealed 

a maximum expression of GJB2/GFP by keratinocytes grown at 2 µg/ml tetracycline  
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Figure 70: Family ICH-12; sequencing analysis of the GJB2 gene  

Sanger sequencing of the GJB2 gene demonstrate a de novo heterozygous 3bp 

deletion at nucleotide position 85-87 (c.85_87delTTC). Arrows indicate the site of 

nucleotides deletion. (A) Indicates the homozygous status of healthy parent for 

normal allele. (B) Explains the heterozygous status of patient for deletion mutation. 
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Figure 71: Immunofluorescence assay  

Inducible expression of GJB2-wild-type, GJB2-F29del and GFP by Tet-On system: 

Primary human keratinocytes (blue DAPI stain) transfected with (A) GJB2-wild-type 

and (B) GJB2-F29del, grown at different tetracycline concentration displayed strong 

GJB2 labelling (red/Cy3 fluorescence) that accumulated at cell-to-cell interfaces 

(Composite DAPI/Cy3). (C) A control expriment, where Hermes HRSpuro-GFP-

transfected keratinocytes (blue DAPI stain) expressed a strong inducible GFP  signal 

(green/GFP).  As evident from  accumulated fluourescence signals, each (A), (B) and 

(C) panels explain the maximum GJB2/GFP expression (Red/green) in keratinocytes 

grown at 2 µg/ml tetracycline concentration (A: h,n; B: k,q; C: e,h). 
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concentration as evident by increased fluorescence (red/green; Figure 71 A: h,n; B: 

k,q; C: e,h). High level expression of GJB2-wild-type or GJB2-F29del by 

keratinocytes not only confirmed the successful transduction but also validated 

tetracycline-inducible expression system. 

3.3.5 Histological Studies of 3-D Skin Equivalent 

Full length 3-D skin equivalents for wild-type and mutant GJB2 were successfully 

generated by seeding transduced keratinocytes on revitalized dermis and tetracycline-

inducible expression of GJB2 by adding 2 µg/ml tetracycline in the growth media. For 

histological studies of transgenic skin, paraffin sections were made. Histological 

features revealed significant differences between wild-type and mutant transgenic 

skins. Microscopic examination of cross sections of 3-D epidermal model established 

from Hermes HRSpuro-GJB2-wild-type transfected keratinocytes demonstrated 

normal epidermal morphology after 2 weeks of tetracycline application. Above the 

dermis layer complete epidermal structure including basal, spinous, granular and 

cornified layers, was visible (Figure 72 A). In contrast, organotypic culture 

established from primary keratinocytes transfected with mutant Hermes HRSpuro-

GJB2-F29del displayed hyper-proliferation of epidermis after 2 weeks of tetracycline 

induction. Increased thickening (acanthosis) along with incomplete, disrupted 

morphology of the epidermis as well as presence of empty lacunae and perinuclear 

vacuolization were common histological findings observed in mutant skin graft and 

patient’s skin biopsy (Figures 60, 72 B).  

3.3.6 Discussion 

Autosomal recessive congenital ichthyosis (ARCI) is clinically and genetically 

heterogeneous group of disorders characterized by atypical desquamation of skin and 

disrupted epidermal barrier function. To get new insights and improve our knowledge 

in understanding the molecular basis of such life-long health conditions, twelve 

ethnically diverse Pakistani families with ichthyoses were recruited from various 

secluded regions of the country. Comprehensive clinical evaluation of all the families 

was carried out by a dermatologist prior to their genetic screening. Regardless of 

syndromic or non-syndromic ichthyosis, pedigree analysis primarily suggested 

autosomal recessive mode of disease inheritance in all families. The comprehensive  
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A. Transgenic human skin carrying wild-type GJB2 

 

B. Transgenic human skin carrying mutant GJB2-F29del 

 

Figure 72: Histological analaysis of transgenic skins  

(A) Cross section of a 3-D epidermal model established from wild-type GJB2- 

transfected primary human keratinocytes, shows normal epidermal morphology after 

2 weeks of tetracycline induction. Above the dermis layer, complete epidermal 

structure is visible that includes the basal, spinous, granular and cornified layers. In 

contrast, (B) organotypic culture established from GJB2-F29del-transfected primary 

keratinocytes, shows incomplete, disrupted epidermal morphology after 2 weeks of 

tatrecycline treatment. Mutant transgenic skin also shows hyperproliferation of 

epidermis with increased thickening (acanthosis) and perinuclear vacuolization. Both 

(A) and (B) skin models are examined at different magnifications using 10X, 20X and 

40X objectives. 
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clinical examination of families exhibited variable degree of skin keratinization 

among the affected individuals. Families ICH-11 and ICH-12 were presented with 

hypotrichosis and KID syndrome respectively along with generalized skin scaling, 

whereas families ICH-01 to ICH-10 primarily categorized as non-syndromic ARCI. 

The clinical and genetic heterogeneity of ARI combined with the small number of 

patients in affected families made it difficult to apply traditional approaches for gene 

mapping. Therefore, for genetic characterization using advanced molecular biology 

techniques, DNA of the families were brought to Yale University, New Haven, CT, 

USA. High throughput DNA sequencing technology including targeted exome 

enrichment and whole exome sequencing using NGS platform were employed for 

rapid identification of disease causing genes or associated mutations. For genetic 

screening of ten non-syndromic ARCI families (ICH-01 to ICH-10) a customized 

panel of 14 genes (ABCA12, ALOXE3, ALOX12B, CYP4F22, NIPAL4 (Ichthyin), 

TGM1, PNPLA1, CERS3, LIPN, SPINK5, FLG, KRT1, KRT2 and KRT10), containing 

9 ARCI genes, was sequenced using targeted exome enrichment approach.  

NGS-based targeted exome sequencing analysis of seven families (ICH01-ICH07) 

revealed different functional variants of previously reported genes involved in ARCI 

pathogenesis. However, three families (ICH-07-ICH-10) primarily categorized as 

non-syndromic ARCI, failed to show disease association to any previously reported 

genes and therefore, were subjected to whole exome sequencing to identify the 

disease genes.  

Consistent with previously reported clinical data, two ethnically different Pakistani 

ARCI families (ICH-01 and ICH-07) demonstrated striking variability of clinical 

symptoms and severity. However, genetic screening of affected individuals of both 

families revealed same mutation (c.527C>A) in exon 4 of the ichthyin/NIPAL4 gene 

causing homozygous substitution of alanine to aspartic acid at position 176 

(p.A176D). Affected subjects of the family ICH-01 were presented with palmoplanto 

keratoderma, in addition to keratinization, but born at normal term without 

involvement of collodion membrane. Whereas, affected individual of the family ICH-

07 was born as premature collodion baby and did not display palmoplanto 

keratoderma. Also, skin keratinization was severe in affected subject of family ICH-

07 as compared to affected subjects of family ICH-01. The mutation identified in 
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ichthyin gene has previously been reported associated with ARCI, but the exact role 

of ichthyin in maintaining the epidermal barrier function remains obscure (Dahlqvist 

et al., 2007; Lefèvre et al., 2004).  

In 2012, it was suggested that ichthyin most likely acts as a Mg(2+) transporter and 

interact with transglutaminase-1 (TGM1) and fatty acid transporter protein 4 (FATP4) 

to maintain epidermal barrier function via lipid processing (Li et al., 2012 & 2013). 

While, other studies suggest that ichthyin is functionally associated with keratins and 

desmosomes and is involved in lipid metabolism, possibly through processing of 

lamellar bodies in granular layer (Dahlqvist et al., 2007). Abnormal lamellar bodies in 

granular layer have been demonstrated in patients carrying mutation p.A176D in 

ichthyin gene (Wajid et al., 2010). Collectively, these studies enable us to hypothesize 

the role of ichthyin in lipid metabolism, essential for the development of a normal 

skin barrier. However, further studies are needed to get new insights on the role of 

ichthyin in ARCI pathogenesis and general mechanisms regulating terminal 

differentiation and keratinization in epidermis. 

In conclusion, identification of recurrent mutation c.527C>A in two ARCI Pakistani 

families and earlier documentation of the same mutation in distinct populations not 

only suggests but strongly supports the previous assumption that the site is mutation 

hotspot in ichthyin (Wajid et al., 2010). Furthermore, demonstration of distinct 

disease-related phenotypes by two different families, while sharing the same 

mutation/gene, is supportive of clinical heterogeneity in this subgroup of ARCI. Our 

clinical data has not only extended the spectrum of clinical features but may also be 

helpful for accurate diagnosis and clinical explanation for some patients belonging to 

this diverse group of disorders.  

Affected subjects of four Pakistani families (ICH-03 to ICH-06) displayed remarkable 

inter-familial as well as intra-familial clinical heterogeneity. A spectrum of clinical 

features ranging from affected individuals with fine, whitish scales on marked 

erythematic background to those with brown, plate-like scales without visible 

erythema was observed in these families. Likewise, collodion baby birth of affected 

subjects was reported in three families (ICH-03 to ICH-05) but not in the affected 

subjects from family ICH-06. Despite diverse presentation of clinical phenotypes, 

genetic screening of all four families linked them to two novel pathogenic variations 
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in the ALOXE3 gene. Affected subjects from families ICH-03 and ICH-04 were found 

homozygous for c.950G>C missense mutation in exon 5 of the ALOXE3, lead to the 

substitution of serine with threonine at position 317 (p.S317T). Whereas, affected 

individuals from two other families, ICH-05 and ICH-06, were identified homozygous 

for c.2026C>T nonsense mutation in exon 13 of the ALOXE3, resulted in conversion 

of serine into stop codon at position 676 (p.Q676*). The identification of same 

pathogenic mutations in ALOXE3 gene at same position but in different families that 

are belonging to the same geographical region may indicate a common ancestor or a 

single founder effect among the families (Fackenthal & Olopade, 2007). Since 

haplotype analysis of families could not be done to examine the founder effect and 

ethnicities of the families are not confirmed, therefore, it can also be assumed that 

identification of same mutation in different families may be a coincidence or the sites 

are mutation hotspots. Identification of similar mutations in future may confirm these 

assumptions. Similarly, affected subjects have displayed distinct disease-associated 

phenotypes despite carrying the same ALOXE3 disease genotypes. This clinical 

heterogeneity can best be explained by different genotype-environment interactions, 

host body response to treatment and genetic make up of the individual (Baye et al., 

2011). 

The ALOXE3 gene is a member of lipoxygenase family and functionally allied with 

ALOX12B gene of the same family. ALOXE3 and ALOX12B genes encode for 

epidermis-type lipoxygenase 3 (eLOX-3) and the arachidonate 12-lipoxygenase, 12R 

type (12R-LOX) respectively and are preferentially synthesized in the skin to play 

vital role in the formation of epidermal lipid barrier through lipid metabolism pathway 

(Eckl et al., 2005; Krieg et al., 2001). In skin, 12R-LOX catalyzes arachidonic acid 

conversion into 12R-hydroxyeicosatetraenoic acid (12R-HETE) to generate fatty acid 

hydroperoxide. While, eLOX-3 that lack dioxygenase activity but act  as 

hydroperoxide isomerase, utilizes arachidonic acid-derived products as substrate and 

generate epoxy alcohol metabolites essential for the formation of epidermal lipid 

barrier (Eckl et al., 2005; Yu et al., 2003; Jobard et al., 2002).  

In recent years, several studies have defined the association of pathogenic sequence 

variation in ALOXE3 or ALOX12B with abnormal skin barrier function or ARCI as a 

result of altered structure and/or function of these lipid-processing enzymes (Eckl et 
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al., 2009; Fischer, 2009). To date, 13 distinct pathogenic sequence variations in the 

ALOXE3 gene alone have already been reported in HGMD (Human Gene Mutation 

Database; http://www.hgmd.cf.ac.uk); five missense, three nonsense, three splice site 

and two small deletions (Vahlquist et al., 2010; Eckl et al., 2009 & 2005; Jobard et 

al., 2002). In the present study, we have identified two novel pathogenic mutations 

including a missense and nonsense in the ALOXE3 gene. In view of the previously 

defined mechanism of ALOXE3 in ARCI pathogenesis, it can be anticipated that most 

likely these novel mutations have altered the structure and/or function of eLOX-3 

protein. Moreover, abnormal eLOX-3 protein was possibly unable to generate 12R-

HETE-derived epoxy alcohol metabolites essential for the normal skin barrier 

function and hence, lead to hyperkeratosis/ichthyosis in these families.  

Though, it was a small cohort of families, but has revealed a significant occurrence of 

the ALOXE3 pathogenesis in ARCI families of Pakistani origin. Previous three studies 

(two large and one small) on ARCI included 250 (from Germany, Austria, Spain, 

Belgium, Israel, the United Arab Emirates, and Sri Lanka), 520 (from Algeria, France, 

Morocco, Tunisia, and Turkey) and 15 patients (from Scandinavia) have demonstrated 

1.2%, 5% and 25% affected individuals with ALOXE3 pathogenic variants 

respectively (Vahlquist et al., 2010; Eckl et al., 2009; Fischer, 2009). However, in the 

current study, out of 10 non-syndromic ARCI families (with 21 affected subjects), 4 

families (with 8 affected subjects) involved ALOXE3 gene pathogenesis. This data 

accounts for 38% ALOXE3 pathogenic variants in individuals/ Pakistani families 

affected from ARCI, and presents higher percentage than reported earlier. Also, no 

functional variants of the ALOX12B gene were found in Pakistani families. Overall, 

identification of two novel pathogenic variants in ALOXE gene not only demonstrated 

the genetic heterogeneity but further elaborated the spectrum of clinical phenotypes in 

this subgroup of ARCI. Also, this study suggests higher occurrence of the ALOXE3 

pathogenesis in Pakistani families suffering from ARCI.  

Affected subjects from another Pakistani family (ICH-02) with typical sign and 

symtoms of lamellar ichthyosis (LI) were found to carry recurrent splice site mutation 

in the TGM1 gene (Herman et al., 2009). Consistent with the documented clinical data 

on TGM1 pathogenesis, affected subjects were born as collodion baby and presented 

abnormal thickened skin with severe keratinization, bilateral ectropion and eclabium 
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(Farasat et al., 2009; Ganemo et al., 2003). Targeted exome sequencing of known 

ARCI genes revealed a homozygous 3’ splice site mutation (c.2226-2A>G) in intron 

13 of the TGM1 gene. The TGM1 gene encodes a Ca
2+

 dependent transglutaminase 1 

enzyme (TGase 1) which plays significant role in the development of cornified cell 

envelope (CCE) and provides essential structure for normal skin barrier function 

(Boeshans et al., 2007; Robinson et al., 1997; Kim et al., 1992). CCE is composed of 

lipid-enriched extracellular layer and inner cytoplasmic layer. Inner layer made up of 

proteins cross-linked by Nε-(γ-glutamyl) lysine bonds is arranged on the inside of the 

keratinocytes plasma membrane in stratum corneum (Kalinin et al., 2002; Huber et 

al., 1995; Rothnagel & Rogers, 1984). During the development of cytoplasmic sheet 

of CCE, TGase-1 catalyzes the critical N
ε
-(γ- glutamyl) lysine crosslinking of 

precursor proteins, such as involucrin, loricrin, and small proline rich proteins 

(Robinson et al., 1997; Steinert & Marekov, 1995; Huber et al., 1995). It is also 

proposed that during the CCE formation, TGase-1 cross-links ω-hydroxyceramides to 

CCE precursor proteins including involucrin and play critical role in the structure of 

outer layer of CCE (Candi et al., 2005; Nemes et al., 1999; Steinert & Marekov, 

1995; Wertz et al., 1989).  

Several previous studies have shown decreased or complete absence of TGase-1 

activity in patients carrying germline mutations in the TGM1 gene. In this study, 

outcome of identified TGM1 splice-site mutation could not be tested directly as we 

were unable to obtain fresh tissue samples from the family. However, it can be 

suggested that splice site mutation might have resulted in abnormal splice variants of 

TGase-1 including variants with possible retention of intron 13, or one with 

completely skipped exons 14 or other unexpected variants in the mature mRNA. In 

either case, changes could have resulted in production of an abnormal/nonfunctional 

TGase-1 protein that led to structurally defective cornified cell envelop in the 

epidermis of affected subjects. However, reverse transcription polymerase chain 

reaction (RT-PCR) analysis of mRNA from affected individuals carrying the 

homozygous splice site mutation (c.2226-2A>G) can further highlight the 

characteristics of spliced variants (Shevchenko et al., 2000).  

To date, over 100 loss-of-function mutations in the TGM1 gene have been reported to 

be associated with LI pathogenesis including 5 splice site mutations (Farasat et al., 
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2009). These pathogenic variations in the TGM1 gene are reported in patients from 

diverse racial and ethnic backgrounds including Afghani, African-Americans, 

Caucasian Americans, Dutch, Egyptian, Finnish, French, German, Hispanics, 

Hungarian, Iranian, Italian, Japanese Korean, Moroccan, Norwegians, Portuguese, 

South African, Swedish, Swiss and Tunisian (Herman et al., 2009). However, to the 

best of our knowledge no report on TGM1 pathogenesis in Pakistani families has been 

reported so far. Hence, identification of recurrent mutation in Pakistani family has 

widened the geographical and ethnic spectrum of TGM1 pathogenesis.   

In the present study, three non-syndromic ARCI families (ICH-08, ICH-09 and ICH-

10) failed to show exonic as well as splice site functional variats in any previouly 

reported ARCI genes. Therefore, for the identification and genetic characterization of 

underlying candidate genes responsible for ARCI, these families were subjected to 

whole exome sequencing. A careful preliminary data analysis has suggested several 

genes; those may need to be screened to establish genetic association of disease 

phenotypes in affected families. Currently, screening of preferred genes is in progress. 

Failing to identify functional sequence variants in previously reported ARCI genes 

not only show the genetic heterogeneity but also imply the existence of more loci in 

ARCI group. 

Genetic screening of family ICH-11 presented with ARIH syndrome has revealed two 

homozygous variations including a previously reported SNP (rs758176034) and a 

novel missense mutation in exon 7 of the ST14 gene on chromosome 11. Recently, 

autosomal recessive ichthyosis with hypotrichosis (ARIH) syndrome has been 

described in an Israeli Arab family and identification of functional mutation in the 

ST14 gene shown to be associated with this novel dsyndrome (Basel-Vanagaite et al., 

2007). The ST14 gene encodes serine protease matriptase, a member of the type II 

transmembrane serine proteases that is specifically synthesized in terminally 

differentiating keratinocytes as an inactive zymogen (List et al., 2006). Inactive 

zymogen undergoes a complex cycle of auto-activation through its proteolytic 

cleavage tightly regulated by hepatocyte growth factor activator inhibitor-1 (Yan & 

Yan, 2015; List et al., 2006). Activated matriptase in turn regulates other proteolytic 

events in the skin including profilaggrin proteolytic processing and prostasin 

proteolytic cleavage, both essential for epidermal barrier formation (Alef et al., 2009; 
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List et al., 2006; Leyvraz et al., 2005). In recent years, low level of matriptase in 

ST14 hypomorphic mice has revealed reduced prostasin proteolytic activation and 

profilaggrin proteolytic processing in epidermis and demonstrated phenotypes 

resembling ARIH (Avrahami et al., 2008; List et al., 2007). Thus, impaired 

profilaggrin processing establishes the link between matriptase enzyme and loss of 

epidermal barrier function that leads to skin keratinization disorder (Alef et al., 2009).  

So far, 5 functional variations in the ST14 gene including 2 missense, 2 splice site and 

1 small deletion have shown loss of auto-cleavage and proteolytic activity of 

matriptase resulting in ARIH pathogenesis (Takeichi et al., 2015; Alef et al., 2009; 

Avrahami et al., 2008; Désilets et al., 2008; Basel-Vanagaite et al., 2007; List et al., 

2007). Structurally, matriptase contains a cytoplasmic N-terminal domain, a C-

terminal serine protease catalytic domain, and a cross- transmembrane stem domain 

composed of a SEA (sea urchin sperm protein, enteropeptidase, agrin) domain, two 

CUB (complement factor 1R-urchin embryonic growth factor-bone morphogenetic 

protein) domains, and four LDLRA (low density lipoprotein receptor class A) repeats 

(Yan & Yan, 2015; Basel-Vanagaite et al., 2007). In this study, identified both novel 

variations; p.R221C and p.W246S are lying in the first CUB domain (residues 214-

334) which is a part of extracellular stem domain and reported to be associated with 

proteolytic activation of matriptase (Oberst et al., 2003). Overall, CUB domains are 

involved in mediating interactions of matriptase with substrates and inhibitors such as 

HAI-1 and HAI-2, as well as other cytosolic proteins. These interactions may 

potentially regulate the proteolytic activity of matriptase; however, much of the roles 

of the stem domain remain unknown (Yan & Yan, 2015; Ge et al., 2006; List et al., 

2006). From this background knowledge, it can be concluded that identified sequence 

variations in first CUB domain might have altered or completely lost the interaction 

ability of matriptase with inhibitor HAI-1, a crucial step in the proteolytic auto-

activation of matriptase. Consequently, this might have resulted in loss of matriptase-

dependent proteolytic events including profilaggrin proteolytic processing and 

prostasin proteolytic activation and hence, causing ARIH phenotypes in Pakistani 

family.  

To assess the significance of identified novel sequence variation in the ST14 gene and 

possible association with ARIH, sequence conservation of mutated sites was tested. 
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Multiple sequence alignment using 10 protein sequence homologues (from frog to 

human) predicted that amino acid tryptophan (W) at position 246 is highly conserved 

across the species and p.W246S change cannot be tolerated. Also, the assessment of 

functional impact (FI) of both sequence variations using online Mutation Assessor 

tool predicted that amino acid substitution p.R221C is neutral or non-functional with 

FI score 0.69, whereas p.W246S has high functional impact on matriptase protein 

with FI score 3.55. The functional impact distribution scale ranges from -5.76 to 5.37, 

where functional impact scores greater than 1.938 resulted in functional damage and 

those below 1.938 resulted in non-functional damage (http://mutationassessor.org).  

In conclusion, not only bioinformatics evaluation favours the p.W246S for being a 

pathogenic variant but also occurance of mutation in homozygous state in patients, 

heterozygous state in phenotypically healthy parents and absence in 100 unrelated 

healthy controls strongly suggests that p.W246S is the genetic cause of ARIH in a 

Pakistani family. Functional studies are needed to elucidate the exact role of this 

mutation in ARIH pathogenesis. Clinical phenotypes presented by both affected 

subjects of the family, though closely resembles the ones reported earlier in literature, 

but the difference in scaling pattern between two depicts clinical heterogeneity of 

ARIH within a family.  

Whole exome sequencing analysis of family ICH-12 with quite unusual skin 

phenotypes revealed a 3 bp deletion (c.85_87delTTC) in the GJB2 gene (also known 

Connexin 26). The mutation resulted in removal of a highly conserved amino acid 

within the first transmembrane helix (p.F29del; Richard, 2005). The GJB2 or 

connexin26 (Cx26) protein known to form hemichannels and gap junctions to mediate 

direct exchange of small molecules including ions, amino acids, nucleotides, 

metabolites and hence, maintain normal cell physiology and homeostasis (Mani et al., 

2009; Maeda et al., 2009; Lampe & Lau, 2004; Bruzzone et al., 1996; Kanno & 

Loewenstein, 1964; Robertson, 1963). In recent years, numbers of pathogenic 

variations in connexin genes have been linked to malfunctioning hemichannels lead to 

a variety of hereditary disorders including hearing loss and skin disorders (Lee & 

White, 2009; Richard, 2005; White & Paul, 1999).  

To date, 10 mutations in GJB2 have been reported linked with KID syndrome. (Mese 

et al., 2011; Sanchez et al., 2010; Terrinoni et al., 2010; Lee et al., 2009; Gerido et 
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al., 2007; Stong et al., 2006; Montgomery et al., 2004). Likewise, identified 3 bp 

deletion in the present study has previously been reported as dominant-negative GJB2 

mutation associated with KID syndrome (Richard, 2005). However, due to quite an 

unusual presentation of KID syndrome, functional studies were carried out to 

establish genotype-phenotype correlation. Transgenic full-length wild-type 

(keratinocytes + HA-GJB2) and mutant (keratinocytes + HA- GJB2-F29del) skins 

generated using Tet-On tetracycline-inducible expression system demonstrated 

marked differences between two 3-D organotypic tissues. Histological findings of the 

wild-type skin equivalent displayed morphologically normal epidermis with distinct 

sublayers. In contrast, organotypic culture established using primary keratinocytes 

transfected with mutant GJB2-F29del presented hyper-proliferated epidermis with 

disrupted morphology. Increased thickening (acanthosis) of epidermis along with 

incomplete, disrupted morphology as well as presence of empty lacunae and 

perinuclear vacuoles were common histological findings observed in both; the mutant 

skin graft and patient’s skin biopsy (Figures 60, 72 B) Thus, histological studies of 

both transgenic skins established the correlation between underlying genotype and 

clinical phenotypes observed in the patient.  

In recent years, several studies have described that mutations in Cx26 lead to 

constitutively active hemichannels that significantly compromise cell viability and 

intracellular calcium homeostasis (Sanchez et al., 2010; Terrinoni et al., 2010; Lee et 

al., 2009; Gerido et al., 2007; Stong et al., 2006; Montgomery et al., 2004). Such 

previous findings can better explain the hyper-proliferation and incomplete disrupted 

morphology of the skin observed in biopsy samples of the patient. However, the exact 

role of mutant Cx26 hemichannels during epidermal differentiation and skin 

pathogenesis is still poorly understood (Mese et al., 2011). Further functional studies 

can be helpful in establishing the relationship between increased hemichannel activity 

and epidermal differentiation and skin pathogenesis. 

Overall, 12 Pakistani families suffering from different subtypes of ichthyoses were 

clinically and genetically characterized in this study. Autosomal recessive mode of 

disease segregation in all families, except one with KID syndrome (ICH-12), is 

suggestive of high consanguinity ratio a major cause of cornification disorders in 

Pakistani population. Presentation of distinct clinical phenotypes among families and 
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in some cases, within a family supports earlier findings of clinical heterogeneity in 

this group. While working on Pakistani ichthyosis families, we identified different 

novel as well as recurrent functional genetic variants of ichthyosis genes as 

summarized in Table 13. Also, three families were failed to show genetic association 

to any previously reported gene. Absence of genetic linkage in these families is 

indicating the existence of further loci in ARCI group. These results collectively 

support the genetic heterogeneity of ichthyosis group in ethnically diverse Pakistani 

population. In summary, present study on a small cohort of Pakistani families has 

further improved the clinical and genetic spectrum of cornification disorders. 

Furthermore, these findings will help in understanding the mechanism and 

biochemical pathways behind these life-long keratinization disorders. 
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Table 13: Summary of identified mutations in ichthyosis families 

S. No. Ichthyosis 

type 

Family 

ID 

No. of 

patients 

Inheritance Gene Sequence 

change 

Amino acid 

change 

Type of 

mutation 

Reported/Novel 

1. ARCI ICH-01 4 autosomal recessive NIPAL4 c.527C>A p.A176D missense Lefèvre et al., 2004 

2. ARCI ICH-02 2 autosomal recessive TGM1 c.2226-2A>G - splice site Herman et al., 2009 

3. ARCI ICH-03 2 autosomal recessive ALOXE3 c.950G>C p.S317T missense Novel 

4. ARCI ICH-04 1 autosomal recessive ALOXE3 c.950G>C p.S317T missense Novel 

5. ARCI ICH-05 2 autosomal recessive ALOXE3 c.2026C>T p.Q676* nonsense Novel 

6. ARCI ICH-06 3 autosomal recessive ALOXE3 c.2026C>T p.Q676* nonsense Novel 

7. ARCI ICH-07 1 autosomal recessive NIPAL4 c.527C>A p.A176D missense Lefèvre et al., 2004 

8. ARCI ICH-08 3 autosomal recessive - - - - *Not linked

9. ARCI ICH-09 1 autosomal recessive - - - - *Not linked

10. ARCI ICH-10 2 autosomal recessive - - - - *Not linked

11. ARIH ICH-11 2 autosomal recessive ST14 c.737G>C p.W246S nonsense Novel 

12. KIDS ICH-12 1 autosomal dominant GJB2 c.85_87delTTC p. F29del deletion Richard, 2005 

ARCI: Autosomal recessive congenital ichthyosis 

ARIH: Autosomal recessive congenital ichthyosis with hypotrichosis 

KIDS: Keratitis-ichthyosis-deafness (KID) syndrome 

*Not linked: did not show association to previously reported ARCI genes
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Conclusions and Future Perspectives 

A mojor portion of Pakistani population is composed of highly conserved ethnic 

groups. Constant practice of consanguinity by these groups led to a high incidence of 

wide range of hereditary disorders particularly those with recessive mode of 

inheritance. Among the predominant hereditary disorders, genodermatoses are one of 

the major contributors. In the present study, seventeen Pakistani families suffering 

from different types of genodermatoses including xeroderma pigmentosum, lipoid 

proteinosis and various subtypes of syndromic as well as non-syndromic ichthyosis 

were clinically and genetically characterized. The recessive mode of disease 

segregation in sixteen out of seventeen families strongly supports the conclusion that 

continuous practice of consanguinity is a major cause of genodermatoses in Pakistani 

population. Since genodermatoses are clinically and genetically heterogeneous group 

of hereditary disorders characterized by impaired development of skin and its 

appendages, their characterization at phenotypic as well as molecular level is of 

crucial importance. Identification of novel clinical phenotypes, causative genes and 

associated mutations will not only facilitate disease categorization but also improve 

our knowledge in understanding the different molecular mechanisms behind skin 

development and differentiation.  

In the present study, clinical and genetic characterization of Pakistani families with 

different genodermatoses unveiled significant results. High degree of clinical 

heterogeneity was demonstrated particularly well by affected individuals from 

different ARCI families. Inter-familial as well as intra-familial clinical heterogeneity 

was so profound that disease characterization merely on the basis of clinical 

phenotypes is not possible. Molecular genetic characterization of these families using 

various advanced techniques has revealed intriguing findings. Some of the families 

were found to carry identical disease genotypes despite exhibiting varied pathological 

features, still others revealed different genotypes yet presented similar disease 

phenotypes. Furthermore, genetic screening of the Pakistani families unveiled various 

recurrent as well as novel functional variants of different genodermatoses as 

summarized in table 14. Three of the ARCI families failed to identify any pathogenic 

mutation in known genes, indicating existence of further loci not reported yet. 



Conclusion and Future Perspectives 

 

Genetic Perspectives of Inherited Skin Disorders in Pakistani Population Page 150 
 

Overall, this study has not only elucidated the clinical and genetic heterogeneity in 

ethnically diverse Pakistani population but has also increased the clinical and genetic 

spectrum of genodermatoses studied to date.  

In the present study, identification of recurrent mutations in families with lipoid 

proteinosis and ichthyosis and also earlier reports for the same mutations in other 

populations mark them hotspots for these genodermatoses. Similarly, Pakistani ARCI 

families analyzed here showed genetic association to only three genes; TGM1, 

NIPAL4 and ALOXE3, out of the nine reported ARCI genes. Interestingly, 38% of the 

ARCI patients/families were found carrying functional variantions in ALOXE3 gene 

alone, a ratio higher than reported in other populations. Together, these findings could 

be helpful for quick and accurate pre/postnatal molecular diagnosis of these disorders 

in Pakistani population. Despite the fact that genetic disorders are incurable at present, 

findings of this study are of great importance in reducing further transmission of the 

disease into the next generations by providing genetic counselling and carrier 

screening to the affected families. Such efforts will significantly contribute towards 

the eradication of genodermatoses from population. 

In future, based on findings of the present study, genetically modified appropriate 

animal models can be generated to test new forms of cells and proteins. Such studies 

will be helpful in elucidating the multi-functional role of different genes and proteins 

in human skin. Moreover, being a living system, an animal model can provides deeper 

and much closer insight into the biochemical pathways regulating human skin 

development and differentiation. Taken together, such in vivo studies will not only 

improve our knowledge on disease pathogenesis but also provide invaluable 

information towards the development of novel therapies and selection of more 

accurate drugs for treatment.  
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Table 14: Overall summary of identified mutations in present study 

S. No. Disorder Family 

ID 

Inheritance Gene Sequence 

change 

Amino acid 

change 

Type of 

mutation 

Reported/Novel 

1. XP XP-01 autosomal recessive XPA c.654delA p.K218NfsX5 Frameshift Novel 

2. LP LP-01 autosomal recessive ECM1 c.742G>T p.E248X nonsense Chan et al., 2004 

3. LP LP-02 autosomal recessive ECM1 c.742G>T p.E248X nonsense Chan et al., 2004 

4. LP LP-03 autosomal recessive ECM1 c.742G>T p.E248X nonsense Chan et al., 2004 

5. LP LP-04 autosomal recessive ECM1 c.742G>T p.E248X nonsense Chan et al., 2004 

6. ARCI ICH-01 autosomal recessive NIPAL4 c.527C>A p.A176D missense Lefèvre et al., 2004 

7. ARCI ICH-02 autosomal recessive TGM1 c.2226-2A>G - splice site Herman et al., 2009 

8. ARCI ICH-03 autosomal recessive ALOXE3 c.950G>C p.S317T missense Novel 

9. ARCI ICH-04 autosomal recessive ALOXE3 c.950G>C p.S317T missense Novel 

10. ARCI ICH-05 autosomal recessive ALOXE3 c.2026C>T p.Q676* nonsense Novel 

11. ARCI ICH-06 autosomal recessive ALOXE3 c.2026C>T p.Q676* nonsense Novel 

12. ARCI ICH-07 autosomal recessive NIPAL4 c.527C>A p.A176D missense Lefèvre et al., 2004 

13. ARCI ICH-08 autosomal recessive - - - - *Not linked

14. ARCI ICH-09 autosomal recessive - - - - *Not linked

15. ARCI ICH-10 autosomal recessive - - - - *Not linked

16. ARIH ICH-11 autosomal recessive ST14 c.737G>C p.W246S nonsense Novel 

17. KIDS ICH-12 autosomal dominant GJB2 c.85_87delTTC p. F29del deletion Richard, 2005 

XP: Xeroderma pigmentosum 

LP: Lipoid proteinosis 

ARCI: Autosomal recessive congenital ichthyosis 

ARIH: Autosomal recessive congenital ichthyosis with hypotrichosis 

KIDS: Keratitis-ichthyosis-deafness (KID) syndrome 

*Not linked: did not show association to previously reported ARCI genes
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In silico characterization of a novel pathogenic
deletion mutation identified in XPA gene in a
Pakistani family with severe xeroderma
pigmentosum
Muhammad Nasir1, Nafees Ahmad1, Christian MK Sieber2, Amir Latif3, Salman Akbar Malik4 and Abdul Hameed1*
Abstract

Background: Xeroderma Pigmentosum (XP) is a rare skin disorder characterized by skin hypersensitivity to sunlight
and abnormal pigmentation. The aim of this study was to investigate the genetic cause of a severe XP phenotype
in a consanguineous Pakistani family and in silico characterization of any identified disease-associated mutation.

Results: The XP complementation group was assigned by genotyping of family for known XP loci. Genotyping
data mapped the family to complementation group A locus, involving XPA gene. Mutation analysis of the candidate
XP gene by DNA sequencing revealed a novel deletion mutation (c.654del A) in exon 5 of XPA gene. The c.654del A,
causes frameshift, which pre-maturely terminates protein and result into a truncated product of 222 amino acid (aa)
residues instead of 273 (p.Lys218AsnfsX5). In silico tools were applied to study the likelihood of changes in structural
motifs and thus interaction of mutated protein with binding partners. In silico analysis of mutant protein sequence,
predicted to affect the aa residue which attains coiled coil structure. The coiled coil structure has an important role
in key cellular interactions, especially with DNA damage-binding protein 2 (DDB2), which has important role in
DDB-mediated nucleotide excision repair (NER) system.

Conclusions: Our findings support the fact of genetic and clinical heterogeneity in XP. The study also predicts the
critical role of DDB2 binding region of XPA protein in NER pathway and opens an avenue for further research to
study the functional role of the mutated protein domain.

Keywords: Genetic skin disorder, Novel mutation, Nucleotide excision repair, Xeroderma pigmentosum, XPA
Background
Xeroderma Pigmentosum (XP) is one of the rare auto-
somal recessive inherited skin disorders. The incidence
of the disease is 1 in 20,000 to 1 in 250,000 births in
Japan and USA respectively and, approximately 2.3 per
million live births in Western Europe has been reported
[1,2]. XP was first described by Hebra and Kaposi in
1874 [3]. The disorder is characterized by extreme sensi-
tivity to sunlight which leads to high incidence of skin
sunburn, pigmentary changes, skin dryness and frequent
neurological abnormalities. The UV exposed areas of the
* Correspondence: ahameed0786@hotmail.com
1Institute of Biomedical and Genetic Engineering, 24-Mauve area, G-9/1,
Islamabad 44000, Pakistan
Full list of author information is available at the end of the article
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reproduction in any medium, provided the or
skin, tongue and eye have a high cancer risk [4,5]. XP
can result from mutation in any one of the eight XP
genes (XPA-XPG and XPV) and affects both gender, and
all races across the continents [6]. Although XP genes
have different chromosomal locations and code for eight
different proteins; however, all are involved in the repair
of ultraviolet (UV)-induced damages in DNA. Based on
involvement of eight different genes and their protein
products, XP has been sub-categorized into seven com-
plementation groups plus one variant form (XP-A-XP-G
and a variant XP-V) [7,8]. Out of eight, seven gene prod-
ucts (XPA-G) are required for the removal of UV-
damaged part of the DNA while the eighth (XPV), a
variant form, is required for the replication of DNA
containing unrepaired damage [6,9]. Any pathogenic
d. This is an open access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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genetic change in the XP genes may reduce or abolish the
cell stability of UV-induced DNA repair and prone them
to the lethal and mutagenic effects of UV radiation dam-
age [10]. However, severity of the disease depends on the
gene involved, site of mutation and residual activity of the
gene. Therefore, a wide variability in clinical features exists
both between and within XP groups [6,11].
Generally, patients with XP complementation group A

show the most severe clinical symptoms of skin and
neurological abnormalities and in most cases, patients
survive till their second or third decade [12]. Tanaka
et al. were the first to map XPA gene on chromosome
9q and characterized this gene [13]. Human XPA gene
consists of 6 exons distributed over ~25 kb of genomic
DNA and encodes 273 aa. XPA is required for UV-
induced DNA damage verification and confirmation that
other NER proteins are in correct position before nucle-
ases cut on either side of the damage [6].
In this study, we have identified a two generational

Pakistani family suffering from XP. All the patients
exhibited signs and symptoms of varying degree depend-
ing on age, sunlight exposure and elevated possibility to
develop basal and squamous cells carcinoma. To find
out the underlying molecular basis of XP, genetic ana-
lysis was carried out and we have identified a novel
homozygous deletion mutation in exon 5 of XPA gene in
this Pakistani family.

Methods
Sample collection and DNA extraction
A consanguineous Pakistani family with severe clinical
skin symptoms was ascertained from Rawalpindi district,
Pakistan. Three individuals, ages 2–5 years in the family
were affected. Detailed clinical examination of all the
family members including affected individuals and their
carrier parents was carried out by a dermatologist in
Rawalpindi. All the affected individuals were presented
with severe clinical skin symptoms of XP. Blood sam-
ples were collected from all the affected and normal
family members. Blood samples were also collected
from 100 ethnically-matched unrelated normal individ-
uals and used as a control for allele frequency calcula-
tion and confirmation of disease-associated mutation.
Genomic DNA for linkage analysis was extracted from
peripheral blood by standard phenol–chloroform DNA
extraction procedure [14]. The study was approved by
institutional ethnic committee (Ethical Committee,
IB&GE, Islamabad, Pakistan) and was in concordance
with the Helsinki declaration.

Genotyping
Polymerase chain reaction (PCR)-based linkage analysis
using microsatellite markers was used for the genotyping
of genomic DNA of the family members. In each
reaction 80 ng of genomic DNA was amplified in 10 μl
final reaction volume using standard PCR protocol. Amp-
lification was performed with an initial denaturation for
5 min at 94°C, followed by 35 cycles of denaturation at
94°C for 45 sec, annealing at 55°C for 45 sec, extension at
72°C for 45 sec and a final extension at 72°C for 10 min.
The PCR product was separated on 8% non-denaturing
polyacrylamide gel stained with ethidium bromide and al-
leles were assigned by visual inspection.

Mutation analysis
For mutation analysis, six pairs of intronic primers were
used to amplify coding DNA sequences of XPA gene.
250 ng of genomic DNA in 50 μl final reaction volume
was amplified using standard PCR protocol. The amplifi-
cation conditions were; 95°C for 5 min, followed by
35 cycles at 95°C for 45 sec, primer-specific annealing
temperature for 45 sec, 72°C for 45 sec and a final ex-
tension at 72°C for 10 min. 10 μl of the PCR products
were analysed on 2.5% agarose gel and remaining PCR
products were purified using QIAquick PCR Purification
Kit (Qiagen, U.K.) and sequenced directly using Big
Dye®Terminator v3.1 cycle sequencing kit on an ABI
3130 genetic analyzer (Applied Biosystems, U.S.A.). Po-
tential disease-associated mutation was confirmed by bi-
directional sequencing, allele specific-PCR and by
assessing 100 control samples having ethnic back-
grounds matching the patients. Sequences were com-
pared with the NCBI reference sequence [NG_011642.1]
and sequence data from this study have been deposited
in GenBank [Accession No. KC899693].

Tetra amplification refractory mutation system (tetra
ARMS-PCR)
Two inner mutation specific ARMS-PCR primer (5′-CG
AGAAAAAATGAAACA GAAGAAA-3′and 5′-GAGA
AAAAATGAAACAGAAGCAA-3′) were designed to ver-
ify the identified deletion. Two outer primers (5′-CAT
TCTTTGGTACCTTTGGA-3′ and 5′-GTAAAACACAA
TCCTTCACG-3′) and one inner primer were used in sin-
gle reaction to amplify exon 5. ARMS-PCR reaction was
carried out in 25 μl final volume containing 200 ng gen-
omic DNA and 1 U Taq DNA polymerase. Amplification
was performed with an initial denaturation for 5 min at
95°C, followed by 35 cycles of denaturation at 95°C for
45 sec, primer-specific annealing temperature for 45 sec,
72°C for 45 sec and a final extension at 72°C for 10 min.
PCR products were analysed on 2% agarose gel and geno-
types were assigned on visual examination.

In silico analysis
To study the effect of deletion mutation on the coding
nucleotide sequence and its impact on the protein
product of XPA gene, CLC workbench 6.6.2 software
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(http://www.clcbio.com/) was used. We also used PROFsec
[15] for the comparative secondary structure prediction
of wild-type and mutated protein sequence in combin-
ation with ncoils [16] in order to determine coiled coil
structures. The prediction of intrinsically disordered re-
gions done by globplot [17], sections of low complexity
were determined using seg algorithm [18]. Long dis-
tance interactions due to disulfide bonds that might
contribute to protein structure stability were predicted
by DIANNA [19]. For the localization of functional
domains we scanned for Interpro [20] domains and
Prosite [21] patterns.
The prediction of tertiary structure has been performed

by phyre2 [22] and 3djigsaw [23] algorithms. Super-
positioning of wild-type and mutated structure was done
by Dalilite [24], for the visual comparison we used Pymol
(www.pymol.org).

Results
Clinical observations
All the patients possibly affected by birth as the symp-
toms of the disease appeared in the first year of their life.
The affected individuals had very severe clinical symp-
toms of XP that include severe sunburn, blisters,
freckles, irregular pigmentary macules of varying sizes,
atrophy, dryness, ulcers on different body parts with
possible risk to develop basal cells carcinoma (BCC) and
squamous cells carcinoma (SCC). However, no ocular
and neurological involvement was observed in any of
the affected individual (Figure 1). In XPA patients the
appearance of more severe clinical sign and symptoms,
Figure 1 A two generation Pakistani family suffering from severe ma
A. Patients ages ranging from 2–5 years (A) patient IV:1 in pedigree; pigme
on nose (may possibly BCC), ulcer on lips & below left eye covered with sc
hypo-pigmentation, dry skin pigmentary macules, ulcer with thread like irre
IV:3 in pedigree; pigmentary macules, hypo-pigmentation, atrophy, dryness
on right ear as well. (D, E) patient IV:2 in pedigree; Ulcer with irregular mar
be SCC.
such as neurological involvement is reported to be pro-
gressive. It is therefore, premature to say anything about
the neurological involvement of the disease in patients
investigated because of their young ages. Further, the pa-
tient III: 8 and III: 9 (Figure 2A), which belongs to a su-
perior generation than the patients studied would have
added more to clinical details, such as neurological man-
ifestations of the disease. Unfortunately, both the pa-
tients were not available for inclusion in this study.

Genotyping
Genotyping of affected family members and their carrier
parents (Figure 2A) was carried out using PCR-based
linkage analysis. Genotyping analysis revealed an evi-
dence of linkage with microsatellite markers; D9S301,
D9S303, D9S924, and D9S167 at 9q22.3. All the micro-
satellite markers mentioned above were fully informative
and homozygous in all the affected individuals. The re-
sults were therefore, consistent with the recessive mode
of segregation of the disease in this family. The mapped
region of homozygosity at locus 9q22.3 harbors previ-
ously reported XP associated XPA gene [13].

Mutation screening of XPA gene
Direct DNA sequencing of PCR products from exon 5
revealed a novel homozygous deletion in the XPA coding
sequences at nucleotide position 654 (c.654 del A). All
the affected individuals of the family were homozygous
for this deletion, whereas both the normal parents were
heterozygous for the mutation (Figure 2B). However, de-
letion was not observed in any control samples.
nifestations of xeroderma pigmentosum complementation group
ntary macules of varying sizes, atrophy, dryness, scaring, cheilitis, ulcer
ab & hyperkeratosis (B) patient IV:2 in pedigree; marked atrophy with
gular margin on nose with possible risk to develop BCC (C) patient
, ulcer above upper lips, ulcer and pigmentary changes with atrophy
gin with peripheral atrophy and pigmentary changes may possibly

http://www.clcbio.com/
http://www.pymol.org


Figure 2 The XP family pedigree and DNA sequence analysis. (A) A multi-generation consanguineous Pakistani family in which XP is
segregating as an autosomal recessive trait. Three affected individuals (IV-1, IV-2, IV-3) and two carrier parents (III-1, III-2 were analysed. (B) Direct
sequencing of the PCR product amplified from exon 5 of XPA gene, revealed an adenine base deletion at position 654 (c.654 del A). The affected
individuals are homozygous for this deletion (arrow), while the parents are heterozygous (carriers) having a normal allele as well as a mutant
allele. (C) ARMS-PCR analysis also showed a heterozygous condition of both normal carrier parent and homozygous condition of all 3
affected individuals.
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ARMS-PCR using allele specific primers revealed two
bands of sizes 251 bp and 84 bp in both heterozygous
carrier parents while only one band was observed in
all patients homozygous for the deletion mutation
(Figure 2C). ARMS-PCR analysis of exon 5 of XPA gene
showed that the mutant allele co-segregate with the dis-
ease phenotype in the family.

Evaluation of deletion mutation
Mutation analysis using CLC workbench 6.6.2 software
(http://www.clcbio.com/) revealed that adenine deletion
at nucleotide 654 has altered the Lys/K-218 codon
(AAA) to an Asn/N-codon (AAT) and resulted in down-
stream premature termination of XPA protein at amino
acid 222.

Comparative modeling of protein
A comparative analysis of sequence and structure fea-
tures reveals the consequences of the point mutation
in the resulting protein. Predicted secondary structures
showed that the mutated amino acid is located in a
coiled coil alpha helix and causes an interruption of
the structure.
Alignments of Interpro- and Prosite-motifs show that

the coiled coil alpha helix is part of the domain that is
responsible for DNA binding. Despite the shorter struc-
ture in the mutated protein, the binding domain is lo-
cated around 20 residues from the C-terminal end. The
same holds for the other XPA specific domains. A main
difference is one predicted cAMP- and cGMP-dependent
protein kinase phosphorylation site that is only present in
the wild-type c-terminal region.
Furthermore, in this region two disulfide bonds are lo-

cated. DIANNA detected in total three bonds in the WT
structure between CYS-153, CYS-261 and CYS-129,
CYS-264 as well as between CYS-108, CYS-126. A dif-
ferent binding pattern is predicted in the mutated struc-
ture. Here the cysteins 105 and 153 as well as 108 and
126 form disulfide bonds (Figure 3).
We utilized two algorithms for tertiary structure pre-

diction. Both predictions show conserved structures in
the core region between residues 99 and 210 while the
terminal regions differ strongly from each other. How-
ever, both predictions show a difference in angle of the
coiled coil alpha helix in the mutated structure com-
pared to the wild-type. The conserved region corre-
sponds to the experimentally determined Protein Data
Bank (PDB) structure 1XPA (Figure 4).

Discussion and conclusions
Xeroderma pigmentosum is a genetically heterogeneous
skin disorder and among its eight complementation
groups, XPA form is the most frequent worldwide [11].
To date, more than 30 mutations have been reported in
different functional domains of XPA gene (Additional
file 1: Table S1), which is an indicative of wide genetic

http://www.clcbio.com/


Figure 3 Comparison of predicted sequence and structure features between wild-type and mutant XPA protein. Secondary structure is
depicted as green (alpha-helices) and orange (beta-sheets) boxes. Prediction of coiled coil regions is shown as grey bar. Red diamonds indicate
cysteins involved in disulfide bonds, whereas dashed connections show predicted bonds between them. Blue boxes indicate regions of
functional domains determined by Interpro and Prosite. Prosite Pattern: PS_1: Protein kinase C phosphorylation site, PS_2: XPA protein signature
1, PS_3: XPA protein signature 2, PS_4: Casein kinase II phosphorylation site, PS_5: cAMP- and cGMP-dependent protein kinase phosphorylation
site, PS_6: N-myristoylation site. Interpro-Domains: IPR_1: DNA binding domain, putative, IPR_2: Zinc finger, XPA-type, conserved site, IPR_3:
XPA-type C-terminal, IPR_4: XPA conserved site.
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variability across this gene and high level of clinical het-
erogeneity [12]. Several research articles have concluded
that the severity of clinical symptoms depend on the site
of mutation in XPA gene and the residual activity of the
mutated XP protein. Therefore, as we move from N ter-
minal (5′ end) towards C terminal (3′ end) the severity
of clinical manifestations decreases, except in cases where
splice site mutations allow synthesis of small amount of
normal protein [25].
Here we studied a consanguineous Pakistani family

with severe clinical symptoms of XP and identified a
novel homozygous deletion mutation in exon 5 of XPA
gene. Deletion mutation not only led to a shift in the
DNA frame but also resulted in premature termination
of XPA protein translation just 5 residues downstream
from the point of deletion. Hence, resulted premature
truncated XPA protein consists of 222 aa instead of
normal 273 aa (p.Lys218AsnfsX5). The presence of dele-
tion mutation in homozygous condition in all the pa-
tients, heterozygous condition in both normal carriers
and its absence in all unrelated 100 controls confirms
disease association of this novel deletion with XP in
Pakistani family.
Analysis of the sequences and their structural features

shows that the mutation interrupts a coiled coil alpha
helix that is part of the functional domain for DNA
binding. According to the sequence alignment of the
Interpro motif, the mutated part of the helix is not in-
volved in the bidding process; anyhow binding affinity of
the whole helix might be affected due to the interrup-
tion. The XPA-functional domains are present in both
wild-type and mutant proteins and are located in the
core region with the highest structure conservation
compared to 1XPA structure.
Another main difference of the two structures is the

predicted disulfide-binding pattern. In the wild-type pro-
tein three disulfide bonds are predicted. One bond is
located in the part not affected by the mutation and can
therefore be found in both proteins, whereas in the
other two cysteins from the unique part are involved



Figure 4 Superimposed tertiary structure of 1XPA and predictions of wild type and mutant XPA protein. 1XPA PDB-structure is illustrated
in yellow. Predictions of the full wild-type and mutated protein is depicted in blue and red, respectively. The mutated site and its pendant in
wild-type are indicated by arrows.
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and thus only exist in the wild-type. The residue CYS-
153 is bound in both cases but connected to different
cysteins. These differences in long term interactions
might affect the stability of the protein and contribute to
differences in the tertiary structure.
Super-positioning of the predicted structures and the

experimentally determined PDB structure 1XPA shows
that the core region between residues 99 and 210 is similar
in terms of three-dimensional structure whereas the
C- and N-terminal parts differ strongly from each other.
Explanations might be different binding pattern of disul-
fide bonds, or problems of the algorithm in modeling the
Figure 5 Schematic presentation of XPA protein with distinct function
location of the nuclear localization signal (NLS) and the zinc finger motif ar
*Deletion mutation identified in this study. ** Predicted Coiled coil structur
structure due to missing templates and a lot of loop- and
turn-structures in the N-terminal region. The three di-
mensional position of the shorter coiled coil alpha helix
differs in both predictions what might also be a hint for a
different binding affinity of the protein. The predicted
cAMP- and cGMP-dependent protein kinase phosphoryl-
ation site, which is missing in the mutated protein might
play a role in activation or inhibition of the protein.
To establish genotype/phenotype correlation of XP in

Pakistani family, different functional regions of XPA
and its interacting proteins were considered. Different
domains of XPA play a unique role in NER reaction
al domains. Regions for binding to RPA, ERCC1, DDB2, TFIIH and
e shown. Numbers refer to amino acid numbers for the XPA protein.
e formation region.
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by interacting with Replication protein A (RPA), Exci-
sion repair cross complementing group 1(ERCC1),
DNA damage-binding protein 2 (DDB2), transcription
factor II H (TFIIH) and as well as to UV- or chemical
carcinogen-damaged DNA [26,27]. Our results clearly
show that the deletion identified is present in the central
DNA binding domain of the XPA that span from resi-
dues M98-F219 (Figure 5). DNA binding domain is one
of the major functional regions of XPA protein that pref-
erentially bind to the damaged DNA [28,29]. Mutation
in this crucial region might have altered the binding cap-
acity of XPA protein to the damaged DNA, as predicted
by using in silico tools. Secondly, among the interacting
proteins DDB2 plays a key role in DNA repair by mak-
ing physical interaction with residues 185–226 in XPA
and initiate DDB-mediated NER reaction (Figure 5).
Changes in this region has been reported to decrease the
interaction between XPA and DDB2 [28,30]. Therefore,
we can suggest that nucleotide deletion we found in this
region might have altered the interaction between XPA
and DDB2 and, resulted in inability of cells to carry out
efficient repairing of UV-induced DNA damages. Third
aspect of the condition, where deletion found in codon
218 causes the termination of translation at codon 222
that resulted in complete elimination of exon 6 from the
translated protein (Figure 5). Exon 6 interacts with tran-
scription factor TFIIH, a component of NER complex
formed at DNA damaged site, and play an important
role in DNA repair [28]. Therefore, possible explanation
for severe clinical manifestations of XP in Pakistani fam-
ily, other than prolonged sunlight exposure, might be
the result of complete loss of exon 6 function or deletion
mutation in exon 5 itself might have altered or com-
pletely abolished the capability of XPA protein to inter-
act with damaged DNA and DDB2 protein.
In a nutshell our results suggest that the 3′ half of exon

5 from 207–222aa may play an important accessory role
in DNA binding and retain a significant and clinically im-
portant residual function in DNA repair. The expression
studies of mRNA and protein in clinical samples of pa-
tients would have been supportive to assure the relevance
of in silico predictions of mutant protein and its correl-
ation with clinical manifestation of the disease. Unfortu-
nately, the fresh clinical samples were not available any
more to conduct expression and functional studies as
mentioned in the results section.

Additional file

Additional file 1: Table S1. XPA gene reported so far.
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Abstract Lipoid proteinosis (LP) is one of the rare,

recessive autosomal disorders clinically characterized by

widespread deposition of hyaline-like material in the skin,

mucosa and viscera. Classical features include beaded

eyelid papules, laryngeal infiltration and hoarseness of

voice caused by pathogenic mutations in the ECM1gene

located on 1q21.2. In present study ethnically different,

three consanguineous Pakistani families with typical cuta-

neous features of LP were analysed to investigate the

underlying molecular basis. PCR based linkage analysis

using microsatellite markers localized the families to locus

1q21.2, harboring ECM1 gene. To identify the mutation in

the candidate gene (ECM1), Sanger sequencing was carried

out. All the families were found to carry c.742 G[T non-

sense mutation in exon 7 of the ECM1 gene that resulted in

a truncated ECM1 protein containing 247 amino acids

instead of 540 (p.E248X). To further investigate the impact

and importance of mutation in LP pathogenesis we applied

different bioinformatics tools. In silico studies has pre-

dicted lack of functional domains and 65 % shorter ECM1

mutant protein. It is the first report of recurrence mutation

from Pakistan as c.742G[T nonsense mutation was found

in three ethnically different Pakistani families with LP.

Study strengthens the conclusion that c.742G[T mutation

is the pathological cause of LP. Furthermore, data also

support the fact that exon 7 is one of the most common hot

spots of pathological mutations in ECM1. The absence of

functional domains and truncated sequence most likely

contribute to the lack of ECM1 function and thereby

influence several aspects of dermal homeostasis that leads

to LP pathogenesis.

Keywords Extracellular matrix protein 1 �
Genodermatosis � Hyalinosis cutis et mucosae �
Urbach–Wiethe disease

Introduction

Lipoid proteinosis (LP) is one of the rare, autosomal,

recessive inherited disorders. It was first described by Ur-

bach and Wiethe in 1929 that’s why also known as Urbach–

Wiethe disease or hyalinosis cutis et mucosae (OMIM

247100; [1]). Although LP is rare but occur worldwide with

high frequency in certain geographical regions such as

Northern Cape Province of South Africa [2]. Approximately

25 % of all reported cases have been observed in South
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Africa where the majority of patients are of Dutch or German

ancestry [3]. This is thought to be due to the founder effect

after the introduction of a mutation into the country from a

German settler in the mid-seventeenth century [4].

Clinically LP is a heterogeneous disorder; presented

during the first year of infancy with beadlike papules and

hoarseness result from the accumulation of hyaline mate-

rial in the mucocutaneous dermis. Thickened sublingual

frenulum prevents a patient from protruding the tongue is

another most reliable clinical sign. Secondary clinical

findings that usually appear simultaneously or shortly

afterward may include a beaded arrangement of waxy

papules along the margins of both eye lids (moniliform

blepharosis), warty skin papules, facial acneiform and mild

alopecia [5]. Associated findings may include respiratory

tract obstruction, abnormal dentition, nail dystrophy, some

neuropsychiatric symptoms and ocular abnormalities [4, 6].

Histologically, LP is characterized by deposition of hyaline

like material in the dermis, surrounding blood vessels,

adnexal epithelia and the basement membrane thickening

at the dermal-epidermal junction [5].

Molecular genetic studies of LP have identified several

disease-associated mutations in the ECM1 gene located on

1q21.2. The ECM1 gene comprises of 10 exons and encodes

for the extracellular matrix protein 1 (ECM1). All patho-

genic mutations in LP appear to result in loss-of-function

with a reduced or completely abolished expression of ECM1;

however, the precise function of the ECM1 protein in human

skin remains largely unknown [2, 7]. Currently, the ECM1

gene is known to be expressed alternatively as splice variants

ECM1a, ECM1b, ECM1c and newly identified truncated

splice variant, ECM1d coding for proteins of 540, 415 559

and 57 amino acids respectively. ECM1a is the most widely

expressed splice variant that contains all 10 exons of the

ECM1 gene and predominantly expressed in skin, small

intestines, lung, heart etc. By contrast, ECM1b lacks exon 7

and has an extremely restricted expression in tonsils and

keratinocytes. ECM1c contains an additional, named exon

5a, within intron 5 and its expression has been detected in the

basal cell layers of epidermal keratinocytes and in dermal

vessels. Recently, a fourth splice variant, ECM1d has been

identified which encodes for a truncated protein composed of

57 amino acids containing exon 1, exon 2 and a part of exon

3; however, biological significance and in vivo expression of

ECM1d is still unknown [4, 8–10].

In Pakistan, cases of LP are very rare and during the last

several years, we could trace out only few LP families from

different parts of the country. In this study, we tried to

determine the molecular basis of LP in three ethnically

different Pakistani families. The genetic linkage analysis

approach was used to map the candidate gene. Genotyping

mapped all the families to 1q21.2 locus, carrying ECM1

gene.

Materials and methods

Clinical details and sample collection

Four patients from three ethnically different Pakistani LP

families (Fig. 2; Family A: Pashtoon; Family B: Rajpoot,

Family C: Abbassi) were ascertained through dermatolo-

gist. Informed written consent was obtained from all the

individuals who participated in this study. Blood samples

were collected from patients (Fig. 2 family A-II:5; family

B-II:1, II:3, family C-II:1) and their first degree healthy

relatives. Genomic DNA was extracted from peripheral

blood by standard phenol–chloroform procedure [11]. The

study was approved by the institutional ethics committee

(Ethical Committee, IBGE, Islamabad, Pakistan) and was

in concordance with the Helsinki declaration.

Sequence acquisition

Reference nucleotide and amino acid sequences of ECM1

were retrieved through Ensembl database; Ensembl ID:

ENST00000369047 and ENSP00000358043 respectively.

The coding transcript length is 1,623 nucleotides that

results in ECM1 protein of 540 amino acid residues.

ECM1 mutation analysis

All coding exons and adjacent splice sites of the ECM1

gene were directly sequenced as described previously in

affected individuals as well as available first degree healthy

relatives [12]. To ensure that the mutation does not rep-

resent a neutral polymorphism in the Pakistani population,

in each case 100 ethnically matched healthy individuals

were also screened for the identified mutation.

To study the effect of nonsense mutation on the coding

sequence of the ECM1 gene and its protein product, CLC

workbench 6.6.2 software (http://www.clcbio.com/) was used.

ECM1 sequence analysis and structure prediction

For comparison of the wild-type and mutated protein

sequence we used PROFsec (https://www.predictprotein.

org; [13]) to predict the secondary structure in combination

with ncoils for the determination of coiled-coil structures

[14]. The prediction of intrinsically disordered regions was

done by globplot (http://globplot.embl.de; [15]). We used

DiANNA for the calculation of long distance interactions by

disulfide bonds which might contribute to protein structure

stability (http://clavius.bc.edu/*clotelab/DiANNA; [16]).

The location of functional domains was done by InterPro-

Scan (http://www.ebi.ac.uk/Tools/pfa/iprscan; [17]).

For predicting the three-dimensional (3D) structure, the

retrieved sequence of ECM1 was subjected to the PSI-
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BLAST to find homologous proteins [http://www.ncbi.nlm.

nih.gov). Later, we used threading approach via server

I-Tasser to build the three dimensional (3D) structure of

ECM1 protein (http://zhanglab.ccmb.med.umich.edu/I-

TASSER; [18]). For evaluation of 3D models of wild-type

and mutant ECM1 protein, RAMPAGE server was used

(http://mordred.bioc.cam.ac.uk/*rapper/rampage.php; [19]).

All the bioinformatics tools were used in default setting.

Multiple sequence alignment

Multiple sequence alignment (MSA) was performed using

T-Coffee (tree-based consistency objective function for

alignment evaluation) to show the consistency of sequence

among various ortholog species of Human ECM1 (http://

www.tcoffee.org/Projects/tcoffee; [20]). Twelve ortholog

species with reference to Human (Homo sapiens) have

been considered for this study (Fig. 5).

Results

Four affected individuals (ages 15–35 years) from three

ethnically different consanguineous Pakistani families were

presented with milder but typical signs and symptoms of

LP that started appearing during their infancy. However, a

slight difference in the severity of the disorder among these

patients was observed that could be due to different age

groups or genetic makeup. Signs and symptoms of LP were

observed including hoarseness, pseudo solar elastosis of

the cheeks and forehead. Waxy papules along the margins

of eyelids, scarring, progressive skin thickening of mucosa

and sublingual frenulum, limited tongue mobility and

yellow discoloration of lips were the prominent clinical

features observed (Fig. 1) Other clinical manifestations

including warty papules on the hands and limbs, hyper-

keratosis on the palm and dorsum of the hands were also

manifested; however, a hoarse voice was a universal

finding.

Mutation analysis

Direct DNA sequencing of the ECM1 gene revealed a same

homozygous nonsense mutation c.742G[T in patients from

three ethnically distinct families (Fig. 2 family A; II:5,

family B; II:1, II:3, family C; II:1). All the patients found

homozygous for this mutation while their healthy parents

were in heterozygous status (Fig. 2). However, this

sequence variation was not observed in healthy control

subjects. The results were therefore, consistent with the

Fig. 1 Clinical appearances of LP demonstrating skin infiltration and

scarring: a Family A; patient II:5. A 15 years old female patient with

remarkable yellow-white waxy infiltrate and diffuse acneiform scars

on the face; prominent pseudo solar elastosis of cheeks and forehead.

Beaded papules along the margins of eyelids (moniliform blepharosis)

and waxy Papular thickening of the upper and lower eyelids are

noticeable. b Family B; patient II:1. Yellow discoloration of lips and

thickened woody tongue with indentations. c Family C; patient II:1. A

35 years old male patient with thickened sub-lingual frenulum

resulting in reduced tongue mobility. d Family C; patient II:1.

moniliform blepharosis. e, f Family B; patient II:3 and Family A;

patient II:5 respectively. Hand and elbow with thickened, warty and

irregular pigmented skin
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recessive mode of segregation of the disease in these

families.

Mutation analysis using the CLC workbench 6.6.2

software (http://www.clcbio.com/) revealed that G[T

transversion has altered the Glu/E-248 codon (GAG) to

stop codon X (TAG) predicting premature termination of

protein (p.E248X) containing 247 amino acid instead of

540 amino acids. In the studied subjects, no other sequence

variants were observed in exonic and intronic DNA frag-

ments of the ECM1 gene analyzed.

Sequence analysis and predicted ECM1 structure

models

In a comparative approach analyzing wild-type and mutated

protein sequence, we focused on the consequences of the

point mutation in terms of structure and function. The sec-

ondary structure analysis predicted that the wild-type protein

contains six alpha helices and one coiled-coil alpha helix

which are connected by loop-regions. In the mutant sequence

the nonsense mutation causes a stop in a loop region shortly

after the second alpha-helix. In this region we could also

detect the serum albumin-like Interpro domain, which is

interrupted by the mutation and probably is not functional in

the mutant protein [17; Fig. 3].

Differences in the pattern of long distance interactions

can be observed in predicting disulfide bonds. DIANNA

calculated three bonds in the mutant structure and 14 bonds

in the wild-type protein, whereas one disulfide bond forms

a connection between the parts upstream and downstream

of the mutation [21].

Both proteins are predicted to be secreted as a part of the

extracellular matrix according to Wolfpsort and SignalP

[22, 23]. The predicted signal peptide located in the

N-terminus of both sequences is necessary for the secretion

(Fig. 3).

For the prediction of three-dimensional (3D) structure,

PSI-Blast analysis did not reveal any sequence with rea-

sonable identity to use as a template for homology mod-

eling. Alternatively, we used threading approach to model

the wild-type and mutant ECM1 protein. For this purpose

I-TASSER server was used that generated five models, out

of which the one with a greater value of parameters (C-

score, Exp.TM-Score, Exp. RMSD, number of decoys and

cluster density) is selected as the best (Fig. 4). Both, wild-

type and mutant ECM1 structures were compared through

evaluation results which showed differences in the number

of amino acids in favored, allowed and outlier regions

(Table 1).

Discussion

The discovery of loss-of-function mutations in ECM1 as a

pathological cause of LP in 2002 by Hamada has opened a

new gateway for the geneticists and dermatologists to

explore the unrecognized multi-functional role of ECM1

Fig. 2 Sequencing analysis:

upper panel pedigrees of three

consanguineous families of LP.

Middle panel electropherograms

of patients from all three LP

families. Arrow in each case

indicates the homozygous

mutation site (c.742G[T

nonsense mutation). Lower

panel electropherograms of

carrier parents from all three

families. Arrow in each case

indicates the site of

heterozygous situation in

carriers
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protein in skin homeostasis [2]. In literature, so far 50

distinct loss-of-function mutations in ECM1 gene, includ-

ing five from Pakistani families have been demonstrated to

be associated with LP ([12]; Online Resource 1; Table S1).

Most of these mutations being of the nonsense or frame

shift types that occur within the alternatively spliced exon 6

or exon 7 and 8.

The ECM1 mutation database contains few recurrent

mutations, which are specific to individual families or a

particular population or geographical region. For example,

the recurrence of p.Q276X mutation in over 30 LP cases in

South Africa, p.R243X mutation in Italian population,

p.R32X in Libyan and Indian LP subjects, c.507delT in LP

individuals from Thailand, Canada (Iranian descent) Japan,

Fig. 3 Comparison of predicted sequence and structure features

between wild type and mutant ECM protein: secondary structure is

depicted as green boxes (alpha-helices, H). Prediction of coiled coil

regions is shown as grey bar (C). Blue boxes indicate two serum

albumin-like interpro domains (IPR). Predicted signal peptides are

depicted as orange boxes (SP). Intrinsically disordered regions are

shown as light blue boxes (D), globular domains are depicted in violet

(G). (Color figure online)

Fig. 4 3D-structures predicted by I-tasser for human ECM1: a normal

ECM1 model: C-score (-1.86), Exp.TM-score (0.49 ± 0.15), Exp.

RMSD (11.9 ± 4.4), No. of decoys (600) and cluster density

(0.1086), b mutated ECM1 model (p.E248X): C-score (-4.34),

Exp.TM-score (0.26 ± 0.08), Exp. RMSD (16.6 ± 2.9), No. of

decoys (1,015) and cluster density (0.0134). Structures have been

shown in solid ribbon display style via Viewerlite v5.0. Structures

contain alpha helices as coils (shown in red color), beta sheets as flat

ribbons (shown in light blue), turns (shown in green color) and loops

(shown in gray color). (Color figure online)
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Turkey and India [4]. However, to our knowledge so far

there is no report of recurrent mutation in LP families from

Pakistan. This study describes a first report of the recur-

rence of G[T nonsense mutation in exon 7 of the ECM1

gene in three ethnically distinct Pakistani LP families and

suggests that this mutation is more common in Pakistan.

Interestingly, the first report of this mutation was also from

the family of the sub-continental region that supports our

findings [24].

Further, considering the previously documented muta-

tions in ECM1 (Online Resource 1; Table S1), our findings

supports the fact that exon 7 is one of the most common hot

spots for mutations that causes LP. To date, 11 loss-of-

function mutations have been reported in exon 7 alone

presenting the second largest number of mutations (11/50)

following exon 6 (13/50) of ECM1 (Online Resource 1;

Table S1).

Since exon 7 is represented in transcripts ECM1a and

ECM1c only but not in the ECM1b transcript [25] there-

fore, presumably the ECM1b transcript would be normal in

these families and could be the possible explanation of

milder phenotype in these families. Additionally, homo-

zygous nonsense mutation p.E248X may result in complete

absence or reduced level of both full-length ECM1a and

ECM1c transcripts through a nonsense-mediated mRNA

decay mechanism [26]. Exceptionally, ECM1 transcripts

might be expressed stably leading to the production of

truncated ECM1 protein. However, northern blotting or

quantitative reverse transcriptase PCR analysis can help to

establish the functional consequences of the premature

termination codon.

To elucidate the importance of p.E248X in LP patho-

genesis, we used different computational approaches. MSA

of the exon 7 region carrying p.E248X mutation was found

to be highly conserved across various ortholog species

(Fig. 5). The presence of mutation in the highly conserved

region of ECM1 not only shows the importance of exon 7

across species but also this mutation seems to be the

pathological cause of LP in these families.

In silico studies of mutant ECM1 sequence have iden-

tified a big part of the protein to be disordered. Interest-

ingly, the upstream part, which is also present in the

mutated sequence, showed many disordered residues.

Because of the high amount of disordered regions, a pre-

diction of the tertiary structure is difficult and might not be

meaningful. Therefore, we suggest that the high degree of

disorder, lack of functional domains and the fact that the

65 % shorter mutant sequence has influence on the tertiary

structure of the protein are likely to contribute to the lack

of ECM1 function (Fig. 3). Therefore, the reported muta-

tion may have profound effects on skin integrity and

biology, leading to the clinical features of LP.

While studying the different functional regions/domains

of ECM1 we tried to predict the overall impact of mutation

(p.E248X) on ECM1 function and LP pathogenesis. ECM1

contains a signal peptide of 19 amino acids followed by 4

functional domains: a cysteine-free N terminus, two tan-

dem repeats, and a C terminus [27, 28]. The latter three are

cysteine-containing domains and are involved in protein–

protein interactions [28, 29] and enable ECM1 to serve as a

transporter protein [30–32].

Table 1 Comparison of normal and mutant ECM1 structures by

evaluation through RAMPAGE

Structures of

ECM1

Evaluation using RAMPAGE Figure

Favored

region

Allowed

region

Outlier

region

Normal 412 (77.2 %) 73 (13.7 %) 49 (9.2 %) Fig. 4a

Mutated

(p.E248X)

215 (87.8 %) 18 (7.3 %) 12 (4.9 %) Fig. 4b

Fig. 5 T-Coffee results: multiple sequence alignment for human ECM1. Conservation of amino acid (E) among various ortholog species is

indicated by arrow
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Since the nonsense mutation we identified lies in the

second tandem repeat domain which interacts with fibulins

1C and 1D variants, extracellular matrix components of a

wide range of connective tissues and various basement

membranes, and hence is essential for the function of the

protein [32]. Therefore, nonsense mutation in this cysteine-

containing domain might have badly distorted transporter

activities of ECM1 protein and dermal homeostasis that

may lead to skin infiltration in these families.

Despite extensive clinical and molecular genetics studies,

our knowledge about the actual molecular interactions and

function of ECM1 in pathology of LP is still limited. Nev-

ertheless, our findings not only suggest that ECM1 might

have a regulatory role in maintaining skin homeostasis and

integrity but also allow carrier screening and the feasibility

of DNA based prenatal diagnosis for LP patients in Pakistan.
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