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Abstract 

Human Genome Project (HGP) revealed the existence of some 25,000 genes in the 

human genome; however the function of most of these genes, especially their role in 

human health and disease, remains uncovered. Elucidating the basis of inherited 

human disease essentially involves linking genomic variation to clinical phenotype. In 

this context rare monogenic diseases, often referred to as Mendelian disorders, are of 

substantial interest because identification of their genetic bases provides insights into 

the physiological role of the underlying protein, disease pathways and potential 

therapeutic targets. The recent introduction of next generation sequencing (NGS) 

technologies has enhanced the disease gene discovery process by replacing the 

laborious positional cloning studies. Of particular importance is exome sequencing 

whereby a single streamlined laboratory workflow identifies most of the coding 

genomic variations. 

This thesis is an effort to explore the genetic basis of alopecia and skeletal dysplasia 

in Pakistani populace. Alopecia is a rare heterogeneous common form of hereditary 

hair loss characterised by a sudden patchy hair loss most commonly occurring on the 

scalp but occasionally extended to the entire surface of the body. Hypotrichosis refers 

to diffuse thinning of the scalp hair without any gross defect of the hair shaft 

morphology while woolly hair is the anomalous variant of strongly curled hair. 

Evidence for the genetic basis of these disorders has been well established, however a 

phenotype to genotype relationship is still lacking. 

Skeletal dysplasias encompass a genetically heterogeneous group of more than 250 

disorders of bone and cartilage. They are characterized by abnormal pattering, linear 

growth, differentiation and maintenance of the human skeleton with the resultant 

uneven short stature, or dwarfism. Progressive pseudorheumatoid dysplasia (PPD) is a 

rare autosomal recessive disease characterised by axial and peripheral skeletal 

dysplasia. Patients with PPD present with stiffness and swelling of joints, motor 

weakness and joint contractures. Just like alopecia, a phenotype to genotype relation 

is lacking for skeletal dysplasia, mainly due to variation in clinical phenotype. 

In this study, 10 unrelated consanguineous families (A to J) were ascertained from 

different areas of Pakistan. Eight of these families (A to H) were segregating alopecia 



 

 xv 

 

and two families (I and J) were inheriting skeletal dysplasia. Of the 8 alopecia 

families, seven families (A to G) showed autosomal recessive mode of inheritance 

while family H inherited alopecia in autosomal dominant fashion. Both family I and J 

were segregating skeletal dysplasia in autosomal recessive fashion. Following 

candidate gene approach all the families were investigated for the involvement of 

reported genes. Families excluded to known loci/genes were subjected to genome 

wide scan through microsatellite markers. In the absence of a candidate gene families 

were subjected to exome sequencing. 

Families A, B and C were linked to P2RY5 gene locus on chromosome 13q14.11–

q21.32. Direct sequencing of the gene revealed a novel mutation (c.insT583) in family 

A, and a previously known mutation (c. 436 G>A) in the rest of the two families (B 

and C). Families D, E, F and G were linked to LIPH gene locus on chromosome 

3q27-q28. Direct sequencing revealed two known mutations; c.659_660delTA in 

family D and c.280_369dup in family E. Family F revealed a novel nonsense 

mutation c.778A>T. Family G was linked to LIPH gene locus but no functional 

variation could be found when the gene was sequenced. Family H was linked to a 

novel locus on chromosome 16p13.3. Exome sequencing did not show any functional 

variant in the entire coding portion of the genome. In both families G and H, the 

possibility of a mutation in the regulatory region cannot be ruled out. 

Family I was linked to a large region on chromosome 16 through genome wide scan 

with microsatellite markers. Exome sequencing identified a missense mutation 

(c.1415C>G) in the conserved part of a novel gene IRX5 which encodes a 

transcription factor. This gene will be subjected to further functional assays to get an 

insight into the mechanism underlying skeletal dysplasia. Family J was subjected to 

exome sequencing exclusion to a candidate gene. A nonsense mutation (c.156 C>A) 

associated with a missense mutation (c.248 G>A) in WISP3 gene on chromosome 

6q21. Exon 3 of WISP3 gene which carries these mutations is suspected to harbour a 

mutation hotspot. 

These findings will provide the basis for genetic counselling and carrier screening in 

families inheriting alopecia and skeletal dysplasia. These results will also help to 

establish prenatal diagnosis for the disorders under study. The novel findings of this 



 

 xvi 

 

study will serve as a starting point for future investigations towards understanding the 

pathogenesis of skeletal dysplasia. 
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Chapter 1 

Introduction and Review of Literature 

During the last 60 years genetics has been moving aggressively into the field of 

medicine. The merger of these two fields has not only changed the field of medicine, it 

has made genetics familiar to all. Although the idea that most diseases are genetic was 

around even in the 19th century, it lacked any specificity until genetics moved into 

medicine. Genetics has revolutionised the field of medicine by changing its 

typological thinking into population thinking; thinking that is required to answer the 

question as to why a person has a particular disease (Childs and Valle, 2000). 

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

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

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

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

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

25,000 genes; the function of the most of their products remains uncovered (Lopez-

Bigas et al., 2006). Genetic analysis is a powerful tool to dissect the function of a gene 

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

(International Human Genome Sequencing, 2004), various systematic approaches are 

being sought to determine the functions of their genes (Kile et al., 2003). With the 

introduction of novel high-throughput, low-cost sequencing methods, sequencing and 

genotyping will soon converge with far-reaching implications for the elucidation of 

genetic disease and health care (Ropers, 2007). It is anticipated that soon strategies 

will be developed that systematically link clinical features to genomic elements 

(Giallourakis et al., 2005). 
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1.1. Human Genetics 

Although genetics sounds more of a modern subject, the idea that some physical 

characters are passed to the offspring from their parents is rather an ancient one. As 

early as 400 BC, Hippocrates, a Greek physician had put forward his hypothesis about 

the transmission of reproductive material. According to Hippocrates, each body part 

produces particles which are collected in reproductive organs and that either parent 

equally contributes to their offspring. He called the reproductive material as “gonos” 

meaning seeds. It was this term that later became the basis of the modern term, gene 

(Kontopoulou and Marketos, 2003). 

The foundation of modern genetics, however, was laid by the Austrian monk, Gregor 

Mendel in mid nineteenth century. In his monumental work on pea plants, Mendel 

hypothesized that certain plant characters were regulated by some invisible “factors”, 

called genes today. He proposed the laws of inheritance and discovered that traits 

could be inherited in recessive or dominant fashion (Zschocke, 2008). 

In 1952, Alfred Harshey and Martha Chase performed experiments on bacteriophages 

and demonstrated that DNA is the hereditary material (Hershey and Chase, 1952). A 

year later, the structure of DNA was determined by Watson and Crick. They proposed 

a model of a double helix for the DNA molecule. This molecule consists of a 

deoxyribose sugar and phosphate backbone. This backbone is attached to nitrogenous 

bases which are of four types; Adenine (A), Guanine (G), Cytosine (C) and Thymine 

(T) (Watson and Crick, 1953). These bases are bonded together by strong covalent 

bonds along a single strand while weaker hydrogen bonds pair A with T and C with G 

between the two strands. Each single strand has two different ends called 5’ and 3’, 

oriented in opposite directions. The order of these nitrogenous bases is the key to the 

genetic information in the DNA. Human Genome Project (HGP), which revealed the 

sequence of approximately 3 billion nucleotides comprising the human genome, was 
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mankind’s largest biology project (Metzker, 2005). The completion of this project 

revolutionised the field of genetics not only by making available an enormous wealth 

of information but also inspiring the development of new techniques for the analysis 

of genome (Lander et al., 2001; Venter et al., 2001). 

1.2. Organisation of the human genome 

Genome is a term that describes the total DNA content of the cell. The information 

transmitted during replication and transcription is arranged in units called genes. Until 

it was realized that a gene consists of DNA, it was defined in somewhat abstract terms 

as a factor (Mendel’s term) that confers certain heritable properties to an organism. 

After it was endowed with physical reality, the Danish biologist Wilhelm Johannsen 

was the first to coin the term gene in 1909 (Portin, 1993). A typical gene is made up of 

different units. The coding sequence, called exon, consists of triplet of bases called 

codons. Codons either code amino acids or stop protein synthesis. There are four bases 

to choose from at each of the three position, hence, there are (4)3=64 possible codons. 

Three of these terminate amino acids and the remaining 61 specify for only 20 amino 

acids. As a result, each amino acid is specified, on the average, by about three 

different codons. This phenomenon is called codon degeneracy (Alvager et al., 1989). 

Non coding sequence of a gene is called intron which separates consecutive exons. 

Promoter is a non coding sequence which is located before the first exon of a gene and 

has an important role in the expression of that gene. 

Inside the cell, human DNA resides in the nucleus and is packaged into 22 pairs of 

autosomes and a pair of sex chromosomes namely X and Y chromosomes. Male 

genome has an X and a Y chromosome whereas females have a pair of X 

chromosomes. Although the molecular structure of DNA was already discovered in 

1953, it was only in 1956 that the correct number of chromosomes was determined to 

be 46 in human cells (Longo, 1978). Within a chromosome, there are regions which 
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are readily accessible to expression machinery and, hence, DNA is active in these 

regions. Such regions are called euchromatin or euchromatic regions. DNA in the 

remaining portion is inactive and called heterochromatin. Analysis and organisation of 

chromosomes under microscope is called karyotyping. A number of staining 

techniques are used to identify individual chromosome pair through unique 

combination of light and dark bands (Caspersson et al., 1968; Caspersson et al., 1970). 

Among these techniques, Giemsa banding, often referred to as G-banding, is the most 

highlighted technique used for human karyotyping and chromosome identification 

(Seabright, 1971). This technique relies on trypsin treatment followed by Giemsa 

staining. 

1.3. Gene expression  

About 3% of the genome encodes for proteins, the functional molecules and the 

building blocks of the cell. The idea of the flow of information from DNA through 

RNA into protein was introduced by Crick who called it the ‘central dogma of 

molecular biology’ (Crick, 1958). This process begins with transcription. During 

transcription RNA molecule is synthesized using DNA as a template. This nascent 

RNA is subjected to modifications such as the removal of introns (splicing), poly 

adenylation and capping with 5’-methyl cytosine. This molecule is now called mature 

messenger RNA (mRNA) and is ready to be exported to cytoplasm. mRNA is the 

template used by ribosomes for protein synthesis in a process called translation. 

Translated proteins undergo some modifications before they are transported to the 

desired cell compartment for their assigned tasks (Deloukas et al., 1998). 
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Figure 1.1: DNA consists of two long twisted chains made up of nucleotides which, 

in turn, consist of a phosphate backbone and the nitrogenous sugar bases. The double 

helical DNA that makes up gene is spooled within chromosomes inside the nucleus of 

a cell. Trillions of such cells constitute a human. 

(Image adapted from www.virtualmedicalcentre.com) 
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1.4. Genotypes, haplotypes and phenotypes 

Genotype of an individual is the set of genes that s/he carries. This information (the set 

of genes) is used as a "blueprint" or set of instructions for building and maintaining a 

living creature. These instructions are found within all cells; written in a coded 

language (the genetic code). This information is copied at the time of cell division or 

reproduction and is passed from one generation to the next (heritable). These 

instructions are intimately involved with all aspects of the life of a cell or an organism. 

They control everything from the formation of protein macromolecules to the 

regulation of metabolism and synthesis. Broadly speaking, the overall genetic 

constitution of an individual is termed as genotype. However, in the context of human 

genetics the term usually refers to the particular pair of alleles that a person has at a 

given region (locus) of the genome (Bork and Copley, 2001). In general, genotype is 

generally used to refer to a particular locus. A contraction of the term "haploid 

genotype", haplotype refers to a particular combination of alleles or sequence 

variations at multiple locations on the same chromosome that are likely to be inherited 

together (Bork and Copley, 2001). The haplotypes information in a parent is also 

known as the phase of that parent’s meiosis (Burton et al., 2005). The observable 

properties and physical characteristics of an organism are referred to as phenotype. 

These are the physical parts, the sum of the atoms, molecules, macromolecules, cells, 

structures, metabolism, energy utilization, tissues, organs, reflexes and behaviours; 

anything that is part of the observable structure, function or behaviour of a living 

organism. 

1.5. Genetic variation 

Just as humans look different, their DNA sequences are different, too. Differences in 

our genome are referred to as genetic variation. Genetic variations are caused by 

spontaneous nucleotide changes, insertion/deletion of nucleotides, differences in the 
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number of tandem repeat-sequences, differences in the copy number of genomic 

segments and the combinations of these changes. A subset of these genetic variations 

which occur at a frequency of ≥1% in a certain population is called polymorphism 

(Nakamura, 2009). The different versions of a DNA sequence at a specific position, 

called locus, are known as alleles. Statistically, to determine whether a gene variant is 

a polymorphism or mutation at least 192 chromosomes need to be interrogated 

assuming a minor allele frequency of 1% (Kruglyak and Nickerson, 2001). 

Inherited differences in the DNA contribute to phenotypic variation, influencing an 

individual’s anthropometric characteristics, risk of disease and response to the 

environment. The identification of variations which contribute most significantly to 

population variation is a central goal of the genetics today (Sachidanandam et al., 

2001). 

1.6. Genetic marker 

There are different types of DNA sequence variants and they are classified in different 

ways (Strachan and Read, 1999). These variants can be used as genetic markers. A 

genetic marker is a chromosomal landmark or allele that allows for the tracing of a 

specific region of DNA (Semagn et al., 2010). The two most important structural 

classes of genetic variants which are used as genetic markers are microsatellites and 

single nucleotide polymorphisms (SNPs). Microsatellites are highly polymorphic and 

most people are heterozygous at any given locus. Microsatellites tend to reside in the 

non-coding region of the genome. Their alleles differ by the number of repeats (Burton 

et al., 2005). Microsatellites are often called short tandem repeats (STRs) and mostly 

used as surrogate markers in linkage studies. In contrast, SNPs are considered more 

stable than STR and, hence, less polymorphic. They may occur in the coding region 

and may contribute to the phenotype in question. SNPs are more abundant than STRs 

and are, therefore, preferred for association studies (Gray et al., 2000).  
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1.7. Recombination 

During gamete formation, the genetic material of the cell is halved through a 

specialised division, called meiosis. A hallmark of meiosis is meiotic recombination 

which occurs during a process called crossing over. Recombination increases the 

degree of genetic variation by several orders of magnitude. The longer the distance 

between two loci, the higher is the probability that they will be separated by a cross 

over. Recombination fraction (recombination frequency) is a measure of how far apart 

two loci are on the same chromosome. The distance along chromosome, calculated in 

terms of recombination fraction, can be expressed in centimorgans (cM). Although, 

the relation between the length of DNA as measured in terms of base pairs or 

centimorgans varies between men and women and place to place in the genome, 

generally, 1 centimorgan corresponds to about 1 billion bases. If the recombination 

frequency (θ) between two loci is less than 50%, they are said to be linked. This 

phenomenon provides the basis for gene mapping (Burton et al., 2005). 

1.8. Human genetic disorders 

Because DNA contains all the information in the cell, its integrity and stability are 

essential to life. This does not mean, however, that DNA is an inert molecule. On the 

contrary, DNA is a dynamic chemical and is subject to changes induced by various 

exogenous and endogenous agents (Branzei and Foiani, 2008). Mutation, a term 

introduced by H. de Vries, refers to a process by which a structural alteration changes 

the biological function of a gene. The discovery that mutations also occur in bacteria 

and other microorganisms paved the way to understanding how genes and mutations 

are related (Yanofsky et al., 1964). Although various mechanisms of DNA repair exist, 

a low rate of mutations is tolerated in every cell division. Evolutionarily speaking, 

mutagenesis is the mechanism that drives natural selection and provides basis for 

adaptation and specie diversification (Chang and Cimprich, 2009). However, 
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mutations can be harmful or even lethal depending on the resulting consequences. 

They may reduce an organism’s survival or fertility (Eyre-Walker and Keightley, 

2007). They can severely affect the physiology of an organism. Disease condition that 

results from a mutation in the genome is referred to as genetic disorder. The genetic 

component of disease can range from a directly causative mutation to a higher 

susceptibility to the disease. 

1.8.1. Monogenic disorders 

Monogenic disorders are the genetic diseases that are caused by abnormality in a 

single gene. Because monogenic disorders follow simple Mendelian inheritance, they 

are more known as Mendelian disorders. This abnormality could be a point mutation 

or an insertion/deletion that changes the coding or regulatory sequence and, hence, the 

amino acid sequence or expression profile of the protein, thereby triggering the 

disease. These disorders may exhibit dominant (where only one copy of the defective 

gene is enough to express disease phenotype) or recessive inheritance (both the alleles 

have to be mutant for the disease phenotype to appear). In recessively inherited 

disorders, affected children are often born without any previous history of the disease 

in the family. 

Mendelian disorders have proved to be a rich resource for the study of genes and gene 

function and have helped resolve more than 3000 disease phenotypes (McKusick, 

2007). Research on monogenic disorders has great scope for genome annotation and 

could still contribute to our understanding of the molecular genetic basis of more 

common, multifactorial complex disorders (Antonarakis and Beckmann, 2006). 

1.8.2. Complex disorders 

Complex disorders are inherited diseases with features that complicate the detection of 

the factors contributing to the disease. These disorders do not obey the established 
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Mendelian inheritance patterns, dominant or recessive, which makes it difficult to 

determine the factors that influence complex genetic diseases (Hern and Bidichandani, 

2004). Complex diseases are caused by a combination of genetic, environmental, and 

lifestyle factors, most of which have not yet been identified. By looking at the whole 

picture, scientists can identify the genetic risk factors which represent only a part of 

the risk associated with complex disease. The genetic factors predisposes the 

individuals to developing certain disease, however, the individual may prevent or 

delay the disease if s/he alters his/her life style and/or environment (Dempfle et al., 

2008). The relatively small size of genetic effects contributing to complex disorders 

confirms the multifactorial aetiology of these conditions and suggests that complex 

diseases will require substantially greater research efforts to detect missing heritability 

(Manolio et al., 2009). 

1.9. Identifying disease genes 

Identification of the gene is the first step towards understanding the physiological role 

of the underlying protein and disease pathways (Antonarakis and Beckmann, 2006). 

Currently, there are more than 5000 estimated monogenic disorders and for half of 

these, genetic basis are yet to be elucidated (OMIM, 2012). Although there is no single 

approach to investigate the role of genetic factors in disease susceptibility, monogenic 

disorders are amenable to linkage analysis and homozygosity mapping (Ng et al., 

2010). For complex disorders, genetic association studies have shown a lot of promise 

to search for the genetic influence on complex disorders (Hardy and Singleton, 2009; 

Manolio et al., 2008). These studies, however, raise questions as to the low heritability 

associated with the identified variants (Goldstein, 2009). 

1.10. Genetic linkage analysis 

Genetic linkage is the tendency of genetic segments (genes or genetic markers) to be 

transmitted together from one generation to next by virtue of their physical proximity. 
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If two loci are found linked across the population, they are said to be in linkage 

disequilibrium. Linkage analysis is very useful in identifying broad genomic regions 

of the genome that contain disease causing defective genes. An unmatched advantage 

of linkage analysis is that it can be carried out even in the absence of previous 

biologically driven hypothesis (Dawn and Barrett, 2005). 

1.10.1. Parametric linkage 

In parametric linkage the input must include a specified mode of inheritance defining 

how genotypes at the trait locus influence the trait phenotype. In other words, it is the 

study of co-segregation of a trait locus and a marker locus in a pedigree. The closer 

two loci are on the same chromosome, the more often they co-segregate and the 

farther they are, the higher are the chances that a recombination will break up this co-

segregation during meiosis. Loci on different chromosome co-segregate merely by 

chance. By genotyping genetic markers and studying their segregation through 

pedigrees, it is possible to infer their position relative to each other on the genome 

(Dawn and Barrett, 2005). 

1.10.2. Non parametric linkage 

Non parametric linkage is also called model-free as it does not require a specified 

disease model. Non parametric linkage analysis is tailor made for multifactorial 

diseases where no clear mode of inheritance could be inferred. The rationale behind 

the analysis is that in the region of a disease causing gene, affected relatives are 

expected to share excess of haplotypes identical by decent (IBD) (Dawn and Barrett, 

2005). 
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1.11. Consanguinity 

A marriage between a man and a woman who are second cousins or closer, is referred 

to as a consanguineous marriage (Modell and Darr, 2002). Since the first 

comprehensive report of the effects of consanguinity among the citizens of Hiroshima 

and Nagasaki, consanguinity has become a source of overwhelming scientific research 

(Neel, 1958; Neel and Schull, 1962; Schull, 1958). When assessed in terms of higher 

genetic risk for to the children, consanguineous marriages are considered negative. 

Currently, over one billion people are living in countries where consanguineous 

marriages are customary. Approximately, one third of these marriages are between 

cousins (Hamamy et al., 2011). Consanguineous families are being studied to locate 

disease genes in a specific sub-population by employing homozygosity mapping 

(Bittles, 2001). 

1.12. Homozygosity mapping 

Homozygosity mapping has proven utility for identifying susceptibility loci 

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

in a child of a consanguineous marriage affected with recessive genetic disease, a long 

genetic region spanning the disease locus is almost always homozygous by decent. A 

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

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

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

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

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

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

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

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

sequenced to find mutation (Ng et al., 2010). 
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1.13. Genetic association studies 

Association studies find their roots in “Common Disease Common Variant (CDCV)” 

theory. According to CDCV, the major contributors to genetic susceptibility to 

complex disorders are the variations with high frequency and low penetrance (Schork 

et al., 2009).  The objective of association studies is to find one or more genetic 

variants directly or indirectly associated with a complex disease. Unlike linkage 

analysis, where different alleles are associated with the same trait in different families, 

in association the same allele is associated with the trait in the same manner in across 

the whole population. In direct association, the associated variant has a causal role 

whereas in indirect association the variant is a surrogate for the causal locus (Cordell 

and Clayton, 2005). The success of association studies, to a great extent, depends on 

the sample size which has to be in thousands (Ioannidis et al., 2003). 

1.14. LOD score 

Genetic linkage is measured as the logarithm of odds (LOD) score (Z) which is a 

function of the recombination fraction (θ) (Morton, 1955). A large positive score, 

usually 3, is an evidence of strong linkage while negative scores are indicative of no 

linkage (Chotai, 1984). 

 LOD score statistically tests the likelihood ratio, but for historical reasons, instead of 

natural logarithms, logs to the base 10 are used. In the linkage analysis framework, the 

only parameter of interest is the recombination fraction (θ) between marker and 

disease locus (two point LOD) or the map position of the disease locus with respect to 

a fixed map of markers (multipoint LOD). The null hypothesis represents no linkage 

between disease and marker locus (θ =0.5), and the alternative hypothesis assumes 

linkage exists (θ <0.5). The LOD score function is then defined as (Burton et al., 

2005): 
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1.15. Next generation sequencing 

The successful accomplishment of Human Genome Project (HGP) not only generated 

the entire sequence of the human genome but also inspired a reduction of many folds 

in the cost of sequencing by automation and parallelisation of the already established 

sequencing methods (Maxam and Gilbert, 1977; Shendure et al., 2004). To reflect the 

huge changes that the modern technology brought with it, many reviewers initially 

called it next-generation sequencing (Kircher and Kelso, 2010). Of late, this technique 

is called massive parallel sequencing. Massively parallel sequencing has not only 

increased the throughput of sequencing but has also significantly reduced the cost. 

Clinical use of this technology is providing a way to identify disease causing 

mutations with an unprecedented pace (Tucker et al., 2009). 

1.16. Exome sequencing 

Recent advances in sequencing technologies have truly revolutionised the process of 

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

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

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

carry out the laborious positional cloning studies; the challenge has shifted from 

identification to interpretation phase (Gilissen et al., 2012). Identification of the causal 

allele among the background polymorphisms and sequencing errors is, however, still a 
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demanding task (Bamshad et al., 2011). Researchers have applied tailored strategies to 

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

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

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

al., 2012). 

 

1.17. Alopecia 

Alopecia is a heterogeneous common form of hereditary hair loss occurring in 

approximately 1-2% of the populations and characterised by a sudden, nonscarring, 

often spontaneously resolving, patchy hair loss most commonly occurring on the scalp 

but occasionally extended to the entire surface of the body. There is no male or female 

predilection and person of any age can be affected (McDonagh and Tazi-Ahnini, 

2002). After its onset alopecia may spread timidly or aggressively from a unifocal 

patch to multifocal, reticulated patches and finally complete loss of scalp hair (King et 

al., 2008; Kos and Conlon, 2009). Severely affected patients, especially women, may 

suffer from psychological and emotional distress (Schmidt et al., 2001; Schmitt et al., 

2012). 

1.17.1. Clinical presentation 

Clinical presentation as well as course of alopecia is variable and unpredictable. 

Although, in most of the patients alopecia appears as a circumscribed patch of hair 

loss on the scalp, there are patients who noticed such patches on other hair-bearing 

sites e.g eyebrows and beard area. Scalp alopecia may vary from a diffuse or reticular 

pattern of thinning to discrete bald patches (Dudda-Subramanya et al., 2007). 

Similarly, the course of the disease may be progressive or regressive i.e initial areas of 

baldness may expand, re-grow or persist while new patches variably develop. Given 
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the inconsistency in clinical presentation and unpredictability in the course of the 

disease, alopecia can be best described as a disease spectrum that ranges from 

transient, limited hair loss to prolonged complete loss of body and scalp hair. 

However, there is no universally accepted classification scheme to define all patients 

along this spectrum (Dudda-Subramanya et al., 2007). 

Currently, there are three widely accepted strata of patients with alopecia based on the 

extent of scalp hair loss and the presence/ absence of body hair. The first group which 

comprises of the patients with complete loss of terminal hair on the scalp is called 

alopecia totalis (AT). Patients who have lost all their scalp hair along with complete 

loss of body hair are placed in the group called alopecia universalis (AU). Then there 

is the AT/AU group which signifies complete loss of scalp hair with a variable extent 

of body hair loss (Olsen et al., 1999). 

1.17.2. Hair growth cycle 

Hair is a highly keratinised tissue produced by the hair follicle. Hair follicles are the 

only organs in the human body that go through extensive, lifelong, cyclic 

transformation. They switch between a period of active growth, pigmentation, and 

hair-shaft formation (anagen) to a brief, apoptosis-driven phase of organ involution 

(catagen). After catagen, the hair follicle enters a relatively dormant or resting phase 

(telogen) before it re-enters anagen (Paus and Cotsarelis, 1999; Schneider et al., 2009). 

Keratinocyte and melanocyte stem cells reside the bulge area in abundance for the 

most part of this cycle, thereby facilitating this regenerative cycle (Cotsarelis, 2006; 

Tobin, 2011). In addition to these three phases, the process of club hair shedding, 

termed as exogen phase, has also been suggested as a distinct phase of this cycle 

(Shimomura and Christiano, 2010). The cyclic regeneration of hair follicles is stem 

cell dependent but the production of hair shaft and pigmentation are accomplished by 

keratinocytes and melanocytes, differentiated progeny of the stem cells which are 

rapidly proliferating in the anagen hair matrix (Cotsarelis, 2006). 
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1.17.3. Genetics of alopecia 

Although a direct genotype to phenotype correlation has not yet been established, 

there is a strong evidence for genetic basis of alopecia. Alopecia is, therefore, 

sometimes referred to as a complex trait (Dudda-Subramanya et al., 2007). Alopecia 

occurs in twins (Dogra et al., 1996; Hendren, 1949; Jackow et al., 1998) and siblings.  

Relatives of patients are also at higher risk of developing alopecia (Goh et al., 2006). 

Genome wide association studies have pointed to susceptibility loci associated with 

alopecia (Martinez-Mir et al., 2007; Petukhova et al., 2010). Significant ethnic 

difference in the frequency and relative risk of alopecia further emphasize the major 

role of genetic factors in its pathogenesis (Betz et al., 2008; Kemp et al., 2006; 

Rodriguez et al., 2010; Safavi, 1992; Sundberg et al., 2004). 

1.17.4. Hypotrichosis 

Hypotrichosis is a term to describe a variety of phenomena related to diffuse thinning 

of the scalp hair without any gross defect of the hair shaft morphology or associated 

anomalies (Xu et al., 2010). Unlike alopecia, hair is never totally absent. 

Hypotrichosis may be inherited as both autosomal recessive or dominant disorder  

(Sprecher, 2005). 

The surface of the hair shaft is covered by a lipid layer which was previously believed 

to play an under estimated role of only protecting the hair shaft as a barrier (Wertz, 

1997). Later, lysophosphatidic acid (LPA), an active lipid with several biological 

functions, was suggested to have a role in promoting hair growth (Kazantseva et al., 

2006; Takahashi et al., 2003). Afterwards, mutations in the Lipase H (LIPH) genes 

were reported to cause autosomal recessive hypotrichosis. 
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1.17.5. Woolly hair 

Woolly hair is defined as an anomalous variant of strongly curled hair. Woolly hair is 

different from curly hair which is typically seen in African population, in that the 

former does not grow well and stops growing at a few inches (Chien et al., 2006). In 

woolly hair, the hair shaft is unevenly curved. The genetic basis of woolly hair has 

been shown to involve mutations in one of two genes: P2RY5 and LIPH (Horev et al., 

2010; Pasternack et al., 2008; Shimomura et al., 2008). The P2RY5/LIPH pathway has 

been discussed in detail in chapter 4. 

1.17.6. Treatment and management 

As for most of the genetic disorders, there is no curative or preventive treatment for 

alopecia and hypotrichosis; treatment plans rather focus on suppressing the activity of 

the disease (Abdullah et al., 2010). There are cases of patchy alopecia that resolve 

spontaneously, however, Alopecia totalis and universalis are difficult to treat. 

Treatment options are more personalised than general, depending upon the age of the 

patient and extent of the disease.  

Leaving alopecia untreated is a justifiable choice for many patients as the disease has 

no direct impact on general health and, therefore, does not justify the use of hazardous 

treatments (Messenger et al., 2012). The prognosis in longstanding extensive alopecia 

is poor and a wig is usually a practical option for such patients rather than indulging in 

treatments that are unlikely to be useful in this group (Messenger et al., 2012). 
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1.18. Skeletal dysplasia 

The human skeleton is a complex organ consisting of 206 bones (126 appendicular, 74 

axial, 6 ossicles). The word skeleton is derived from the Greek word skeletos which 

means ‘dried up’. Skeleton has multiple embryonic origins and it performs many vital 

functions such as providing mechanical support for movement and physical protection 

to vital organs. The skeleton also serves as a reservoir of blood and minerals. The 

skeletal system consists of two tissues (bone and cartilage) and three types of cell 

(osteoblast, osteoclast and chondrocyte). Any abnormality in any one or more of these 

components will result in skeletal dysplasias (Rimoin et al., 2007).  

Skeletal dysplasias encompass a genetically heterogeneous group of more than 250 

disorders of bone and cartilage. They are characterized by abnormal pattering, linear 

growth, differentiation and maintenance of the human skeleton with the resultant 

uneven short stature, or dwarfism. Clinical manifestations vary from neonatal lethality 

to only mild growth retardation (Kornak and Mundlos, 2003; Parnell and Phillips, 

2012; Rimoin et al., 2007). The frequency of skeletal dysplasias is estimated to be 3-4 

per 10,000 births (Cassart, 2010). Of these, 23% are stillborn whereas 32% die within 

one week after birth (Camera and Mastroiacovo, 1982). Despite the recent advances in 

imaging, dysplasias continue to be difficult to diagnose prenatally, especially in the 

absence of family history and molecular diagnosis (Dighe et al., 2008). 

1.18.1. Progressive psuedorheumatoid dysplasia 

Progressive pseudorheumatoid dysplasia (PPD) is a rare autosomal recessive disease 

characterised by axial and peripheral skeletal dysplasia, with radiographic resemblance 

to spondyloepiphyseal tarda and clinical (not radiographic) similitude to rheumatoid 

arthritis (el-Shanti et al., 1998; Wynne-Davies et al., 1982). Patients with PPD present 

with stiffness and swelling of joints, motor weakness and joint contractures (Wynne-

Davies et al., 1982). This disease marks its onset by affecting hands and then 
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progresses by extending to knees, hips, spine and other large joints (Spranger et al., 

1983). Loss of articular cartilage continues after skeletal growth is completed. In older 

children and adults, radiographs show loss of joint space, widened epiphyses and 

vertebral flattening, features that differentiate PPD from rheumatoid arthritis 

(Kozlowski et al., 1986). 

1.18.2. Genetics 

Families inheriting PPD have been reported to have affected children born to healthy 

parents. Majority of the cases are reported in consanguineous families. These 

evidences support autosomal recessive mode of inheritance in PPD (Wynne-Davies et 

al., 1982). A report in Italian has described a mother of a patient with mild symptoms. 

Apart from her normal vertebrae, she had all the symptoms albeit with milder 

presentation (el-Shanti et al., 1997). Because heterozygotes may present with milder 

manifestations in some autosomal recessive disorders, this report does not challenge 

the autosomal recessive inheritance of PPD. It however, raises the question of genetic 

heterogeneity for this disorder. 

Owing to variations in clinical phenotype, and in some cases the involvement of 

environmental factors, the relationship between phenotype and genotype is not well 

understood in PPD (Yue et al., 2009). However, pathogenesis of PPD has been 

attributed to mutations in Wnt1-inducible signalling pathway protein3 (WISP3) gene 

resulting in the loss of function of this gene (Hurvitz et al., 1999; Nakamura et al., 

2007; Pennica et al., 1998). WISP3 is a member of the connective tissue growth factor 

(CCN) gene family. Members of this family stimulate mitosis, adhesion, apoptosis, 

extra cellular matrix production, growth arrest and migration of multiple cell types. 

WISP3 encoded protein (WISP3 protein) is a cystein rich, multidomain, secreted 

protein which consists of 354 amino acids (Leask and Abraham, 2006; Rachfal and 

Brigstock, 2005) . 
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1.18.3. Management 

The best possible management of this heterogeneous group of conditions requires 

consideration of their medical, psychosocial and architectural consequences. As many 

generalised skeletal dysplasias result in short stature, it is important to seek input from 

allied health care specialists who can work with patients and their families to modify 

home and work appliances so as to facilitate these patients. This will increase the 

independence of these individuals, allowing them the best opportunity to reach their 

potential. It is important that education of health care workers and the wider 

community – schools and workplaces – about this disorder is undertaken so that 

patients can enjoy their lives without fear of the discriminating or ‘stigma’ that has 

been historically associated with these dwarfing conditions (Ravi and David, 2002). 

 

1.19. Aims and objectives 

The study of inherited disorders aims at delineating the causal variants responsible for 

disease conditions. Establishing a relationship between a genomic variations and 

clinical conditions is one of the prime goals of human genetics. In order to formulate 

an effective treatment for an inherited disorder, we need to answer the question as to 

how a genetic variation results in disease or health. To answer such questions, we need 

thorough understanding of interactions that occur between gene products, and the 

nexus of biochemical pathways in which these products participate. Gene 

identification marks the starting point to understanding the physiological role of the 

underlying protein and disease pathways, which in turn is the first step towards 

developing therapeutic interventions. 

To date only a few causative genes have been reported for both alopecia and skeletal 

dysplasias. As more and more causative genes are discovered for these diseases, a 
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clearer picture of the underlying biological and chemical interactions will be available. 

This study will, therefore, add to better understanding of the diseases under study and 

will be helpful in genetic counselling and patient management. 

Main objectives of the current study are: 

 To determine the genetic and phenotypic variability in inherited alopecia and 

skeletal dysplasias. 

 To identify the loci/gene involved in these disorders. 

 To identify the mutations in families affected with alopecia and skeletal 

dysplasia. 

 To correlate the clinical phenotype with the two disorders under study. 
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Chapter 2 

Materials and Methods 

This study was formally approved by the Institutional  Research Ethics Committee of 

National Institute for Biotechnology and Genetic Engineering (NIBGE), School of 

Biotechnology, Quaid-i-Azam University, Islamabad, Pakistan and Regional Ethical 

Committee Uppsala (Regionala etikkommitten i Uppsala) Sweden. All the 

participating families were educated in local language about the purpose, benefits and 

risks, if any of the study. Afterwards, an informed consent was obtained from all the 

participants for their participation in the research and publishing their photographs 

(See appendix). 

Ten families inheriting two different genetic disorders were included in the current 

study. These families will be hereafter referred to as ‘A to J’. Eight of these (A to H) 

were segregating alopecia/hypotrichosis while the remaining two (I and J) were 

affected with skeletal dysplasia. Of the eight families with hypotrichosis, six were 

sampled from various parts of Punjab while the remaining two families were sampled 

from Khyber Pukhtoonkhwa. Both the families with skeletal dysplasia were sampled 

from Punjab. Different local resources were used to identify and ascertain these 

families. All the families were visited at their homes and clinical information was 

recorded using a standardised questionnaire. Additional clinical information was also 

collected by clinicians at the nearest hospitals/clinics. Phenotypes were documented 

using a high resolution digital camera. Patients with skeletal dysplasia were X-ray 

radiographed and radiologist’s opinion was sought. The elder members and/or 

relatives of the family were interviewed to obtain information about family structure, 

history of the disease and construction of the family pedigree. 

2.1. Pedigree analysis 

Extensive pedigrees were drawn by standard method for each family for genetic 

inference (Bennett, 1995). Following the segregation pattern within each family, 
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mode of inheritance was inferred. The exact genealogical relationships for all the 

affected individuals in different loops were obtained through extensive personal 

interviews of elders of the family. Males were indicated by squares and females by 

circles. Phenotypically normal individuals were represented with clear symbols 

whereas the affected ones by filled symbols. Each generation was assigned a Roman 

numeral and the individuals within a generation were denoted by Arabic numerals. 

Deceased individuals were designated by a line across the symbol. Carrier individuals 

were indicated by putting a dot in the centre of the symbols. Pedigrees were 

constructed with the Cyrillic software, version 2.1.3 (Cherwell Scientific Publishing 

Ltd, Oxford, UK). 

2.2. Blood sampling 

Venous blood samples were drawn from all available affected and normal individuals 

of the families by using disposable multi sampling needles and 10 ml vacutainer tubes 

containing potassium EDTA. These blood samples were immediately transferred to 

Human Molecular Genetics Laboratory (HMGL), National Institute for 

Biotechnology and Genetic Engineering (NIBGE), Faisalabad. These samples were 

stored at 4C until DNA extraction. 

2.3. Human genomic DNA extraction 

Genomic DNA was isolated from peripheral blood lymphocytes according to Phenol: 

Chloroform method (organic method). A volume of 0.75 ml blood was taken in a 

microcentrifuge tube along with 0.75 ml of solution A (0.32M sucrose, 10 mM Tris 

pH 7.5, 5 mM MgCl2, 1% v/v Triton X-100) and was kept at room temperature for 10 

minutes after mixing the contents. The tubes were then centrifuged for one minute at 

13,000 rpm and the supernatant was discarded. The pellet was resuspended in 400 μL 

of solution A and the tubes were again centrifuged for 1 minute at 13,000 rpm. The 

supernatant was discarded and the pellet was then resuspended in 400 μL of solution 

B (10 mM Tris pH 7.5, 400 mM NaCl, 2 mM EDTA pH 8.0), 25 μL of 10% SDS and 

8 μL of proteinase K (20 mgml-1) and incubated at 37C over night or 65C for 3 

hours. After incubation 0.5 ml of a freshly prepared mixture of equal volume of 

solution C (400 μL phenol, 10mM Tris) and solution D (chloroform 24 volumes, 
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isoamyl alcohol 1 volume) were added in sample, mixed and centrifuged for 10 

minutes at 13,000 rpm. The upper layer (aqueous phase) was collected in a new tube 

and equal quantity of solution D was added. Centrifugation was then carried out at 13, 

000 rpm for 10 minutes. The aqueous phase was transferred to a new tube, were 

added 55 μL of 3M sodium acetate (pH 6) and equal volume of isopropanol (about 

500 μL, stored at -20C). The tubes were then inverted gently a few times to 

precipitate DNA. The DNA pellet was washed with 350 μL of 70% ethanol (stored at 

-20C) and dried in a vacuum dryer. After evaporation of residual ethanol, DNA was 

dissolved in appropriate amount of TE buffer, sometimes called DNA dissolving 

buffer (10mM Tris pH 8.0, 0.1 mM EDTA). DNA was quantified using NanoDropTM 

ND-1000 Spectrophotometer at 260 nm wavelength. DNA was diluted to 50 ngμL-1 

final concentration for amplification of genomic fragment through polymerase chain 

reaction (PCR) using thermal cycler. Quality of DNA was evaluated on 1% agarose 

gel electrophoresis using ethidium bromide (EtBr) or SYBR Safe. Stock DNA was 

stored at -20C. 

2.4. Polymorphic microsatellite markers 

Microsatellite markers were amplified by PCR with the incorporation of fluorescent 

labels. For fluorescent labelling, the forward primers were modified with fluorescent 

labels carboxyfluorescein (FAM) or hexa-chloro-6-carboxyfluorescein (HEX). 

National Centre for Biotechnology Information Entrez Genome Map viewer 

(http://www.ncbi.nlm.nih.gov/mapview) and Ensemble Human Genome Server 

databases (http://www.ensembl.org/index.html) were used for localization of 

microsatellite marker loci and for the identification of transcripts in the candidate 

region. The Genome Database was used for information on microsatellite markers and 

their primer sequences. 

2.5. Polymerase Chain Reaction (PCR) 

PCR amplification of microsatellite markers was performed according to standard 

procedure in a total reaction volume of 10 μL, containing 25 ng genomic DNA, 1μL 

10X PCR buffer [200 mM Tris (pH 8.4), 0.3 μL MgCl2 (50 mM); Invitrogen, San 

Diego, CA, USA), 0.3 μL nucleotides (dNTPs; 25 mM), 0.25 μL of each primer (10 

http://www.ncbi.nlm.nih.gov/mapview
http://www.ensembl.org/index.html
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μM), and 0.03 μL Taq DNA Polymerase (5 UμL-1; Invitrogen, San Diego, CA, 

USA)]. PCR was carried out for 35 cycles, with the following thermal cycling 

condition: 

95C for 30 sec, 55C for 30 sec, 72C for 45 sec, followed by final extension at 72C 

for 7 min. The PCR amplifications were carried out in a Peltier thermal cycler (PTC-

225; MJ Research) or an ABI 877 integrated thermal cycler.  

2.6. Gel electrophoresis 

2.6.1. Horizontal gel electrophoresis 

Amplified PCR products were resolved on 1-2% agarose gel, prepared by melting 1-2 

grams of agarose in 100 ml of 1X TBE buffer (0.89 M Tris-Borate, 0.025 M EDTA), 

in a microwave oven for 2-5 minutes. Ethidium bromide (final concentration 0.5 

μgml-1) was added to the gel to stain the DNA for visualization after electrophoresis. 

PCR products were mixed with bromophenol blue dye (0.25% bromophenol in 40% 

sucrose solution) and electrophoresis was performed at 80-120 volts for 30-40 

minutes in 1XTBE buffer. Resolved products were visualised on transilluminator 

(Life TechnologiesTM, USA) and documented by photographing with digital camera, 

DC 120 (Kodak, USA). 

2.6.2. Vertical gel electrophoresis 

During the initial screening for already reported genes/loci known to be associated 

with the related phenotypes, some unlabelled microsatellite markers were used. The 

unlabelled PCR amplified products were resolved on 8% non-denaturing 

polyacrylamide gel [27 ml 30% Acrylamide solution (29 g Acrylamide, 1 g N, N-

Methylene-bis-acrylamide), 10 ml 10X TBE, 0.7 ml 10% Ammonium persulphate, 35 

μL TEMED, 62.3 ml water]. Polyacrylamdie gel solution was poured between two 

glass plates separated by spacers of 1.5 mm thickness. A well-comb was inserted and 

the gel was allowed to solidify for 45 to 60 minutes at room temperature. Amplified 

products were mixed with loading dye (bromophenol blue), loaded into the wells and 

allowed to run about 1-2 hours depending upon size at 100 volts. The gel was 

subsequently stained with ethidium bromide (10 mgml-1) solution and visualised on 
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UV transilluminator. Gel was documented by photographing it with digital camera 

DC 120 (Kodak, USA). 

2.7. Preparation of samples for ABI 3700xl DNA analyzer 

Labelled fragments were size separated in ABI 3700xl DNA analyzer (Applied 

Biosystems). Samples were prepared by mixing 0.2 μL of size standard ROX 500 

(Applied Biosystems), 1 μL of labelled PCR product and 10 μL of Hi-Di formamide 

in 96 well loading plates. This mixture was thoroughly mixed and then denatured at 

95C for 5 minutes, hold at 4C and then loaded into genetic analyzer for 

electrophoresis. Data was analysed using Peak Scanner software v1.0 (Life 

TechnologiesTM). 

2.8. Linkage to candidate genes 

To find a defect in any of the previously reported genes known to be involved in the 

relevant phenotype, an initial search was carried out using highly polymorphic 

microsatellite markers tightly linked to the gene in question. Selected markers had an 

average heterozygosity of >70%. Genotyping of these markers was done as described 

earlier. 

2.9. Genome wide search 

2.9.1. Family I 

Genome wide search was carried out through homozygosity mapping using 

polymorphic microsatellites. Our strategy of gene mapping relies on the related fact 

that in the children born to consanguineous marriage affected with a recessive genetic 

disorder, a long region spanning the disease locus is almost always homozygous by 

descent. Although there may also be other regions in the genome which are 

homozygous by descent but they vary among the affected individuals. Searching for 

regions identical by descent is a powerful strategy for mapping recessive gene 

(Lander, 1987). Five hundred polymorphic microsatellite markers were used for this 

purpose. Genotyping was done as described earlier. 
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2.9.2. Family H 

This family showed an autosomal dominant pattern of inheritance, hence 

homozygosity mapping was not applicable. So a whole genome linkage mapping was 

performed using polymorphic microsatellite markers. Genotyping was done as already 

described and haplotypes were generated using the pedigree drawing software, 

Cyrillic. Two point LOD score was calculated for all the makers. The scan revealed a 

positive linkage to marker D16S521 with a LOD score of 4.3. Additional STR 

markers were genotyped and the disease interval was narrowed down to 1.88Mb using 

refining STR markers and haplotypes analysis. 

2.10. LOD score calculations 

Two point LOD score was calculated by using MLINK programme of FASTLINK 

computer package (Cottingham, 1993). For this analysis, autosomal recessive mode of 

inheritance, equal male to female recombination rate, full penetrance and a disease 

allele frequency of 0.001 were assumed in family I. For family H autosomal dominant 

mode of inheritance was assumed; the rest of the conditions were same as for family I. 

Equal allele frequency was assumed for all the genotyped markers in the calculations. 

2.11. Sequence analysis 

To screen for mutations in the genes reported to be associated with the related 

phenotypes, all the coding exons and splice junction sites were PCR amplified from 

genomic DNA using the primer designed using the online primer designing tool 

Primer3 v. 0.4.0 (Rozen, 2000). This software can be accessed by logging onto 

http://frodo.wi.mit.edu/primer3. Each PCR reaction contained 50 ng genomic DNA, 

0.025 UμL-1 Platinum Taq Polymerase (Invitrogen, Calsbad, CA), standard buffer, 1.5 

mM MgCl2, 200 mM dNTPs and 0.2 μM intronic primers in 20 μL reaction volume. 

PCR products were analysed on 2% agarose gel and then enzymatically purified in a 

10 μL volume, using 0.25 μL of Exonuclease (20 UμL-1) and 1 μL of Shrimp Alkaline 

Phosphatase (SAP) (1 UμL-1; Thermo Fisher Scientific Inc.) to remove the 

unincorporated primers and nucleotides. The purified product was used as a template 

for sequencing reaction. Sequencing reactions were performed using BigDye® 

Terminator v3.1 Cycle Sequencing Kit according to manufacturer’s protocol (Applied 

http://frodo.wi.mit.edu/primer3
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Biosystems, Foster City, CA). The sequencing products were purified to remove 

unincorporated nucleotides and primers with ethanol precipitation at 4C. The 

purified products were re-suspended in 10 μL HDF (HiDi Formamide) and separated 

on an ABI 3700xl analyzer (Applied Biosystems). Chromatograms were analysed by 

using computer software Sequencher® v.5.0 (Gene Codes Corporation). 

Chromatograms from control and affected individuals were compared with the 

corresponding reference gene sequences from public databases to identify the aberrant 

nucleotide base-pair change (http://www.ncbi.nlm.nih.gov/, 

http://www.ensembl.org/index.html).  

2.12. Exome sequencing 

Exome sequencing is being increasingly favoured for disease gene discovery as 

compared to whole genome sequencing strategies. Although this approach is limited 

to finding only coding variants and omits the non-coding ones, there are reasons 

which justify choosing this strategy for discovering rare alleles underlying Mendelian 

phenotypes (Michael, 2011). Firstly, positional cloning strategies that are focused on 

protein-coding sequences have been fruitful at identifying variants for monogenic 

diseases (Antonarakis, 2006). Secondly, most alleles that are known to underlie 

Mendelian disorders disrupt protein-coding sequences (Stenson, 2009). Thirdly, a 

large fraction of rare, protein-altering variants, such as missense or nonsense single-

base substitutions or small insertion-deletions, often referred to as indels, are 

predicted to have functional consequences and/or to be deleterious (Stenson et al., 

2009). As such, the exome represents a highly enriched subset of the genome in which 

to search for variants with large effect sizes. The case of exome sequencing is further 

strengthened by the fact that 85% of the genetic causes for Mendelian disorders have 

been reported in protein coding part of the genome (Gilissen, 2012). 

For exome sequencing Supported Oligonucleotide Ligation and Detection (SOLiD) 

platform (Applied Biosystems) was used. NimbleGen Sequence Capture kit (Roche 

NimbleGen, Inc. USA) was used to enrich for the coding part of the genome. For 

sequence capture, Genomic DNA was sonicated or nebulized to small fragment size, 

and the ends were polished to produce a population of small (500bp), blunt-ended 

fragments.  Next, linkers were ligated to the fragments in the library to provide a 

http://www.ncbi.nlm.nih.gov/
http://www.ensembl.org/index.html
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priming site for post-enrichment amplification of the eluted fragment pool. The 

fragment pool was then denatured and hybridized to a NimbleGen Sequence Capture 

array designed to target the coding regions of genome. Following hybridization, any 

unbound fraction was removed by washing. The array was transferred to the 

NimbleGen Elution System and the enriched fragment pool was eluted and recovered 

from the array. The enriched fragment pool was amplified by ligation-mediated PCR. 

The enriched, amplified pool was compared with the non-enriched, amplified pool by 

qPCR to verify enrichment of control loci. The end product was an enriched, 

amplified, target DNA pool ready for high-throughput sequencing. 

2.13. High throughput sequencing 

Using the concentration values obtained from the quantitative PCR, a 500 pM aliquot 

was prepared from the stock library and titrated to 0.9–1.0 pM for input into ABI 1.0 

pM-scale emulsion reactions. Emulsion PCR was conducted using Applied 

Biosystems GeneAmp PCR system 9700 for 40 cycles of amplification. Clonal bead 

populations were prepared in microreactors containing template, PCR reaction 

components, beads, and primers. After PCR, the templates were denatured and beads 

were enriched to separate beads with extended templates from undesired beads. The 

template on the selected beads undergoes a 3’ modification to allow covalent 

attachment to the slide. These 3’ modified beads were deposited onto a glass slide and 

primers were allowed to hybridize to the linker sequence on the templated beads. A 

set of four fluorescently labeled di-base probes compete for ligation to the sequencing 

primer. Specificity of the di-base probe is achieved by interrogating every first and 

second base in each ligation reaction. Multiple cycles of ligation, detection and 

cleavage were performed with the number of cycles determining the eventual read 

length. Following a series of ligation cycles, the extension product was removed and 

the template was reset with a primer complementary to the n-1 position for a second 

round of ligation cycles. Five rounds of primer reset were completed for each 

sequence tag. Through the primer reset process, virtually every base was interrogated 

in two independent ligation reactions by two different primers. 
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2.14. Filtering the results 

Two patients were chosen for exome sequencing in all the three families that were 

subjected to exome sequencing. Results were compared to reference sequence and the 

differences were noted as single nucleotide variants (SNVs). Variants common to 

both patients were selected for verification through Sanger sequencing (Sanger, 

1977). These SNVs were subjected to filtering against the reported polymorphisms in 

the public databases. To subtract the already reported SNPs from the data, the results 

were filtered against dbSNP130 (http://www.ncbi.nlm.nih.gov/projects/SNP/) and 

then 1000 genomes project which is a catalogue of human variation 

(http://www.1000genomes.org/). This step significantly reduced the number of SNVs. 

Of these SNVs, only those occurring in exonic regions were chosen. For family I, a 

subset of these variants, for which the patients were homozygous, was chosen 

however for family H heterozygous variants were also considered. Variants were 

sorted according to their nature i.e nonsense mutations were given high priority 

followed by missense mutations, followed by synonymous mutations. Because 

mapping data was already available, variants in the linked regions were kept on high 

priority among the candidate variants. All the members of the family I were 

sequenced for the 7 candidate variants, two of which were found to fit into the 

pedigree. For family H, a subset of the patients and normal individuals was sequenced 

for the 12 candidate variants, none of which fit into the pedigree. To exclude the 

possibility that the novel variation found is a common polymorphism, 300 Pakistani 

and 200 Swedish control individuals were sequenced. Variations found in these 

background populations were then excluded. 

 

  

http://www.ncbi.nlm.nih.gov/projects/SNP/
http://www.1000genomes.org/
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2.15. Description of families 

2.15.1. Family A 

Family A originated from district Rawlakot, state of Azad Jammu and Kashmir 

(AJK). The four generations family pedigree contains 21 individuals (Figure 2.1) 

including two affected males (IV: 1, IV: 5) and 1 affected female (IV: 2). An 

autosomal recessive mode of inheritance was deduced by the pedigree analysis. 

Parents of the affected individuals were phenotypically normal. Males and females 

were equally affected. The 27 years old affected female (IV: 2) was almost 

completely bald. She had very little hair on her arms and legs. Her brother (IV: 1) was 

also almost completely bald. The second affected male individual (IV: 5) had sparse 

hair on his scalp. Both affected males had normal beard and moustache hairs. 

Eyebrows, eyelashes, axillary, pubic and body hairs were normal in the affected 

individuals. Skin appearance was normal with no papules. Nails, teeth and sweating 

were all normal. The texture of hair was also normal. No physical or mental disability 

was observed in the affected individuals.  

 

           

           

           

           

           

           

           

           

         

 

Figure 2.1: Pedigree of family A segregating alopecia in autosomal recessive 

mode of inheritance 
Filled symbols represent affected subjects and the clear symbols represent normal 

individuals. An asterisk (*) on the symbols indicates the subjects from whom blood 

was collected for molecular analysis and they were also physically examined. 
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Figure 2.2: Phenotypic appearance of affected subjects in family A with alopecia 

IV: 1 (Male) A & B: Normal eyebrows, moustaches and paucity of scalp hair 
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Figure 2.3: Phenotypic appearance of affected subjects in family A with alopecia 

IV: 5 (Male) A & B: Normal eyebrows, moustaches and hypotrichosis  
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2.15.2. Family B 

Family B originated from Adenzai tehsil, district Dir (Lower) of Khyber 

Pakhtunkhwa province of Pakistan and belongs to a sub-tribe of Yusufzai. The six 

generation family pedigree (Figure 2.4) contained 39 individuals, 6 of which were 

affected including 4 males and 2 females. Eight individuals were sampled including 3 

patients, two parents and 3 phenotypically normal individuals. After a careful analysis 

of the pedigree, an autosomal recessive inheritance was deduced. Hypotrichosis was 

observed in all the affected individuals albeit with variable expressivity. All the 

patients had normal eyebrows, eyelashes, teeth, sweat glands and were mentally 

normal. Males had normal moustaches and beard. Axillary hair growth was normal, 

too. All the patients were complaining of knee joint pain. 

           

           

           

           

           

           

           

           

           

           

           

           

           

           

Figure 2.4: Pedigree of family B segregating hypotrichosis in autosomal recessive 

mode of inheritance 
Filled symbols represent affected subjects and the clear symbols represent normal 

individuals. An asterisk (*) on the symbols indicates the subjects who were physically 

examined and sampled for molecular analysis.  

* * * 

* * * * * 
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Figure 2.5: Phenotypic appearance of individuals in Family A affected with 

alopecia 

V: 1 (Male) A & B: Normal eyebrows, moustaches and paucity of scalp hair 

VI: 1 (Male) C & D: Normal eyebrows and hypotrichosis 
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2.15.3. Family C 

This family belongs to Quaid Abad tehsil, district Khoshab of Punjab province, 

Pakistan. The seven generation family pedigree (Figure 2.6) consists of 34 individuals 

3 of which are affected with alopecia. All the three affected individuals were females 

and all born to consanguineous healthy parents. The 20 years old female (VI: 3) 

presented with sparse hair on her scalp, very few hair on her arms and no hair on her 

legs. Scalp hair was thin and weak. Eye brows and axillary hair was completely 

absent. She had normal eyelashes. The 18 years female (VII: 1) presented with 

hypotrichosis on scalp, very few hair on rest of her body and normal eyebrows and 

eyelashes. The 6 years girl (VII: 2) had thin woolly golden hair. Hair texture was fine 

and shaft weak. Eyelashes and eyebrows were thin and no hairs on her body. All the 

patients had normal teeth, nails, sweat glands and were mentally normal. No 

associated disorder was observed in any of the patients. After pedigree analysis, an 

autosomal recessive pattern of inheritance was deduced. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Pedigree of family C segregating hypotrichosis in autosomal recessive 

mode of inheritance 
Filled symbols represent affected subjects and the clear symbols represent normal 

individuals. An asterisk (*) on the symbols indicates the subjects who were physically 

examined and sampled for molecular analysis. 
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Figure 2.7: Phenotypic appearance of affected subjects in family C with alopecia 

VII: 2 (Female) A, B and C: Woolly hair, thin eyebrows and hypotrichosis. 
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Figure 2.8: Phenotypic appearance of affected subjects in family C with alopecia 

VII: 1 (Female) A, B and C: Paucity of hairs on scalp and body, and normal 

eyebrows 

A B 
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Figure 2.9: Phenotypic appearance of affected subjects in family C with alopecia 

VI: 3 (Female) A, B and C: Paucity of hairs on scalp and body, eyebrows absent, thin 

eyelashes.  
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2.15.4. Family D 

This family belonged to Munda tehsil of district Dir (Lower) of Khyber Pakhtunkhwa 

province, Pakistan. The five generations family pedigree (Figure 2.10) had 27 

individuals, 6 of which were affected with alopecia. Affected individuals were born to 

phenotypically healthy parents. After pedigree analysis an autosomal recessive pattern 

of inheritance was deduced. Three patients, their mother and a phenotypically normal 

sibling were sampled. The four years old girl (V: 1) had hypotrichosis with fine and 

weak hair. She had normal eyebrows and eyelashes. The six years old girl (V: 2) and 

the two years old boy (V: 3) had similar phenotype. They had hypotrichosis with 

woolly hair. Both had normal eyebrows and eyelashes. All the three patients were too 

young to have axillary hair and/or body hair. All the patients had normal teeth, nails 

and sweat glands and were mentally normal. No associated disorder was noticed in 

any of the patients. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Pedigree of family D hypotrichosis in autosomal recessive mode of 

inheritance 
Filled symbols represent affected subjects and the clear symbols represent normal 

individuals. An asterisk (*) on the symbols indicates the subjects who were physically 

examined and sampled for molecular analysis. 
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Figure 2.11: Phenotypic appearance of affected subjects in family D with 

alopecia 

V: 2 (Female) A & B: Thin eyebrows and woolly hair with hypotrichosis 

V: 1 (Female) C: Thin eyebrows and hypotrichosis  
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Figure 2.12: Phenotypic appearance of affected subjects in family D with 

alopecia 

V: 1 (Female) A & B: Thin eyebrows and hypotrichosis  

V: 3 (Male) C & D: Normal eyebrows, paucity of hairs on scalp   

C D 
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2.15.5. Family E 

This family was sampled from Mianwali District of Punjab province, Pakistan. The 

four generation family pedigree (Figure 2.13) consists of 16 individuals, four of which 

are affected with mild hypotrichosis. Males and females were equally affected. 

Parents were phenotypically normal and married consanguineously. Two patients (IV: 

1 and IV: 3) had very similar phenotype. They had thick curly hair with low hair 

density on their scalp. They had thin eyebrows and normal eyelashes. They were too 

young to have axillary hair (12 years and 10 years, respectively) and had very little 

hair on rest of the body. The 16 years boy (IV: 4) had thicker hair than his siblings. 

He had thin eyebrow and moustaches while eyelashes were normal. He had very few 

fine hairs in his beard and normal axillary hair growth. The four years girl (IV: 2) had 

slightly different phenotype. She had thin golden hair which was woolly rather than 

curly. Hair texture was fine and weak. She had thin eyebrows and normal eyelashes. 

The seven years normal sibling (IV: 5) had long black hair. After pedigree analysis an 

autosomal recessive pattern of inheritance was deduced. All the patients had normal 

teeth, nails, sweat glands and were mentally normal.     

           

           

           

           

           

           

           

  

           

 

Figure 2.13: Pedigree of family E segregating hypotrichosis with woolly hair in 

autosomal recessive mode of inheritance 
Filled symbols represent affected subjects and the clear symbols represent normal 

individuals. An asterisk (*) on the symbols indicates the subjects who were physically 

examined and sampled for molecular analysis. 

* * * * * 

* * 
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Figure 2.14: Phenotypic appearance of affected subjects in family E with 

hypotrichosis with woolly hair 

IV: 1 (Female) A: Hypotrichosis with woolly hair 

IV: 3 (Male) B: Hypotrichosis with woolly hair and thin eyebrows 

IV: 2 (Female) C: Hypotrichosis with golden woolly hair 

IV: 4 (Male) D: Hypotrichosis with woolly hair and thin eyebrows 
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Figure 2.15: Phenotypic appearance of affected subjects in family E with 

hypotrichosis with woolly hair 

IV: 5 (Female) A: Phenotypically normal sibling 
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2.15.6. Family F 

This family originated from Peer Mahal tehsil of district Toba Tek Singh of Punjab 

province, Pakistan. The four generations family pedigree (Figure 2.16) consists of 12 

individuals, two of which were affected with alopecia. Patients were born to 

phenotypically healthy parents who were consanguineous. After pedigree analysis an 

autosomal recessive pattern of inheritance was deduced. All the siblings, their father 

and grandfather were sampled. Both the patients had very similar phenotype with 

hypotrichosis on their scalps and papules on their bodies. Scalp hair was fine and 

weak. They had thin eyebrows and normal eyelashes. They were too young to have 

axillary hair. They had normal teeth, nails, sweat glands and were mentally normal. 

 

 

 

 

 

 

Figure 2.16: Pedigree of family F segregating hypotrichosis in autosomal 

recessive mode of inheritance 
Filled symbols represent affected subjects and the clear symbols represent normal 

individuals. An asterisk (*) on the symbols indicates the subjects who were physically 

examined and sampled for molecular analysis. 

* * * * 

* * 
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Figure 2.17: Phenotypic appearance of affected subjects in family F with alopecia 

IV: 1 (Male) A - C: Thin eyebrows and paucity of scalp hair 

IV: 3 (Female): D - E: Thin eyebrows and hypotrichosis 
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2.15.7. Family G 

This family originated from District Mianwali of Punjab province, Pakistan. It 

belongs to the Pehlwan Khel sub-caste of Bhachchars. The eight generations family 

pedigree (Figure 2.18) consists of 61 individuals 13 of which were affected with 

variable phenotypes of alopecia. Most of the patients had curly or woolly hair. 

However, there were others who had hypotrichosis without woolly or curly hair. The 

33 years old individual VII: 10 had hypotrichosis but not woolly or curly hair. He had 

sparse scalp hair, had no eyebrows and eyelashes. He had very thin moustaches and 

beard was limited to chin only. Axillary and body hairs were absent. 

Another exception was the individual VIII: 2 who had alopecia areata (patches of hair 

loss on scalp), had weak and short hair. Body hairs were sparse while axillary hairs, 

eyelashes and eyebrows were all normal. The 40 years old individual VII: 7 had 

woolly scalp hair, beard and moustaches. He had no body hairs; however, axillary 

hairs were normal. The 32 years old male (VII: 3) had mild hypotrichosis and his 

hairs were not woolly. He had normal moustaches, eyelashes and eyebrows. The rest 

of the patients had the same phenotype as VII: 7. 

All the patients were excluded for any other ectodermal abnormality i.e nails, teeth, 

sweat glands and mental health. Except for individual VII: 12, all the parents were 

phenotypically normal. After pedigree analysis an autosomal recessive pattern of 

inheritance was deduced for this family. 
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Figure 2.19: Phenotypic appearance of affected subjects in family G with 

alopecia  
VII: 7 (Male) A: Woolly scalp and beard hair, normal eyebrows 

VIII: 1 (Male) B: Woolly hair with hypotrichosis  

VII: 12 (Female) C: Woolly hair with hypotrichosis  

VII: 10 (Male) D: Paucity of scalp hair, eyebrows and eyelashes absent, thin 

moustaches and beard, no hair on body 
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Figure 2.20: Phenotypic appearance of affected subjects in family G with 

alopecia 

VII: 10 (Male) A & B: Paucity of scalp hair, eyebrows and eyelashes absent, thin 

moustaches and beard, no hair on body 

VIII: 4 (Male) C: Woolly hair with hypotrichosis 
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Figure 2.21: Phenotypic appearance of affected subjects in family G with 

alopecia 

VIII: 2 (Female) A: Alopecia areata  

  

A 
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2.15.8. Family H 

This family was sampled from tehsil Munda, district Dir (Lower) of Khyber 

Pukhtunkhwa province, Pakistan. It is a huge family (Figure 2.22) with a large 

number of individuals presented with varying phenotypes of alopecia. All the patients 

had at least one parent affected except III: 4 and III: 6 and hence we deduced an 

autosomal dominant pattern of inheritance for this family. In general, the patients had 

hypotrichosis with or without woolly/curly hair. 

The oldest available patient V: 10 had sparse hair on his scalp which was not woolly. 

Eyebrows and eyelashes were absent. He had no body hair, no beard and moustaches 

and no axillary hair. Scalp hairs were fine and weak. VIII: 5 had hypotrichosis with 

curly hair. Both eyebrows and eyelashes were thin. He was too young to have axillary 

hair and beard. VIII: 6 had very sparse hair on his scalp which was not woolly. He 

had no eyelashes and eyebrows. VII: 8 had hypotrichosis with golden woolly hair on 

his scalp. He had very thin eyebrows and normal eyelashes. VII: 3 had hypotrichosis 

with woolly hair. He had thin eyebrows and eyelashes. He had normal axillary hair 

with very few hairs on rest of his body. VIII: 1 had hypotrichosis with golden woolly 

hair on his scalp. Eyebrows and eyelashes were thin. The 13 years old VIII: 3 had fine 

golden hair on his scalp. Eyebrows and eyelashes were completely absent. VIII: 7 had 

thin eyebrows and mild hypotrichosis. He was still young to have beard and axillary 

hair. All the patients had normal sweat glands, nails, teeth and were mentally normal. 

For genetic analysis, 29 family members were sampled including 20 affected and 9 

phenotypically normal individuals. All the females refused photography because of 

the local conservative culture while only a few of the male patients agreed to be 

photographed. 
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Figure 2.23: Phenotypic appearance of affected subjects in family H with 

alopecia 

V: 10 (Male) A & B: Hypotrichosis, no eyebrows and eye lashes, no moustaches and 

beard 

VIII: 1 (Male) C: Hypotrichosis, thin eyebrows and eyelashes  

VIII: 3 (Male) D: Hypotrichosis, eyebrows and eyelashes asbesnt 

VIII: 6 (Male) E & F: Paucity of scalp hair, eyebrows and eyelashes absent 

  

A B 

C D 

E F 
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Figure 2.24: Phenotypic appearance of affected subjects in family H with 

alopecia 

VIII: 5 (Male) A: Hypotrichosis with curly hair, thin eyebrows 

VIII: 7 (Male) B: Hypotrichosis with curly hair, thin eyebrows 

VII: 8 (Male) C: Hypotrichosis with woolly hair  
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2.15.9. Family I 

This family was sampled from Faisalabad city of Punjab province, Pakistan. The four 

generation family pedigree (Figure 2.25) had 17 individuals 5 of which had skeletal 

dysplasia. Four affected males, one affected female, one parent and two 

phenotypically normal individuals were sampled. Only one of the patients (IV: 5) 

agreed to be photographed. Patients were born to phenotypically normal parents. 

After analysing the pedigree, an autosomal recessive mode of inheritance was 

deduced for the family. One affected male (IV: 5) was X-Ray radiographed. Patients 

had reduced heights, short arms, legs, digits and toes.  

 

 

           

           

           

           

           

           

           

           

           

           

           

           

           

            

Figure 2.25: Pedigree of family I segregating skeletal dysplasia in autosomal 

recessive mode of inheritance 
Filled symbols represent affected subjects and the clear symbols represent normal 

individuals. An asterisk (*) on the symbols indicates the subjects who were physically 

examined and sampled for molecular analysis.   
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Figure 2.26: Phenotypic appearance of affected subjects in family I with skeletal 

dysplasia.  

IV: 5 (Male) A-C: Different body organs showing features of skeletal dysplasia   

B A 

C 
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Figure 2.27: Phenotypic appearance of affected subjects in family I with skeletal 

dysplasia. 

IV: 5 (Male) A & B: Different body organs showing features of skeletal dysplasia  
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Figure 2.28: X-ray radiograph of patient’s (IV: 5) skull showed that culvarium 

appeared disproportionally large. Pituitary fossa dimensions appeared normal. No 

lytic or sclerotic lesions were seen in skull vault.     

           

           

           

           

           

           

     

           

           

           

           

           

           

           

           

           

          

Figure 2.29: X-ray radiograph of of patient’s (IV: 5) hands showed that fingers of 

both hands were short and stubby. Tubular bones of the hands were short and wide. 

Carpal bones were less affected. No lytic or sclerotic lesions were seen.  
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Figure 2.30: X-ray radiograph of patient’s (IV: 5) chest revealed high clavicles along 

with widening of anterior ends of ribs. Glenoid fossae appeared small in relation to 

humeral heads. Visualised parts of both humeri were deformed. No active pleural or 

pulmonary pathology was noted in visible lung fields. Cardiac size was in normal 

limit. Both Costophrenic angles were clear. 
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Figure 2.31: X-ray radiograph of patient’s (IV: 5) spine revealed kyphotic deformity 

of lumbosacral spine along with wedge shaped L2 vertebral body which was 

congenital. No pedicular erosion was seen. 
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Figure 2.32: X-ray radiograph of patient’s (IV: 5) spine revealed kyphotic deformity 

of lumbosacral spine along with wedge shaped L2 vertebral body which was 

congenital. No pedicular erosion was seen. 
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Figure 2.33 (A & B): X-ray radiographs of patient’s (IV: 5) legs and feet revealed 

shortened tibia and fibula along with widening of bone ends. Tubular bones of feet 

were short and wide. Tarsal bones were less affected. Toes of both feet were short and 

stubby. 
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The observations from X-Ray radiography were as under: 

Chest 

High clavicles were seen along with widening of anterior ends of ribs. Glenoid fossae 

appeared small in relation to humeral heads. Visualised parts of both humeri were 

deformed. No active pleural or pulmonary pathology was noted in visible lung fields. 

Cardiac size was in normal limit. Both Costophrenic angles were clear. 

Skull 

Culvarium appeared disproportionally large. Pituitary fossa dimensions appeared 

normal. No lytic or sclerotic lesions were seen in skull vault. 

Lumbosacral spine  

Kyphotic deformity of lumbosacral spine was seen along with wedge shaped L2 

vertebral body which was congenital. No pedicular erosion was seen. 

Hand and feet 

Fingers of both hands and toes of both feet were short and stubby. No lytic or 

sclerotic lesions were seen. 

Legs  

Shortened tibia and fibula along with widening of bone ends were noted.  

Femurs  

Tubular bones of the hands and feet were short and wide. Carpal and tarsal bones 

were less affected. 

The patient and his radiographs were seen by a radiologist at Punjab Institute of 

Nuclear Medicine (PINUM) Faisalabad who diagnosed the disorder as congenital 

dysplasia. 
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2.15.10. Family J 

This family originated from district Mianwali of Punjab province of Pakistan. It 

belongs to Watta Khel sub-caste of Niazi tribe. The six generations pedigree (Figure 

2.34) consists of 33 individuals, 5 of which presented with symptoms of progressive 

skeletal dysplasia. Three of the patients IV: 3, IV: 4 and IV: 5 were adults aging 34, 

37 and 40 respectively. They had short stature, walking difficulty, bow legged gait, 

finger joint swelling, stiff neck and limited mobility. The other two patients, V: 2 and 

VI: 2 were still young age 12 and 8 years respectively. They presented with milder 

symptoms of the disease. The adult patients had been growing normally until the age 

of four when they started developing genu valgum deformity in legs and their stature 

started lagging behind. With the passage of time swelling of joints, especially finger 

joints became apparent. All the fingers’ joints showed hard swelling, stiffness and 

limited movement. Thumb joints were flexible. These patients had increased front-to-

back chest diameter. No patients complained of joint pain.  

All the patients were born to phenotypically normal parents who did not complain of 

any of these symptoms. After thorough analysis an autosomal recessive pattern of 

inheritance was deduced for the family. 

Acute phase reactants [erythrocyte sedimentation rate – ESR (23-25 m.m./hr), C-

reactive protein (<0.3 mgdl-1)], rheumatoid arthritis (RA) factor (<7.0 IUmL-1), 

antinuclear antibody (negative), anti smooth muscle antibody (negative) and anti 

mitochondrial antibody (negative) levels were all within normal limits. 

The patients were X-Ray radiographed and examined by a clinician along with their 

clinical findings, who diagnosed the condition as progressive pseudorheumatoid 

dysplasia.          
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Figure 2.34: Pedigree of family J segregating hypotrichosis with woolly hair in 

autosomal recessive mode of inheritance 
Filled symbols represent affected subjects and the clear symbols represent normal 

individuals. An asterisk (*) on the symbols indicates the subjects who were physically 

examined and sampled for molecular analysis. 

 

 

Observations from X-ray radiography were as under:  

X-rays manifestations showed a general decrease in bone density involving vertebrae 

and pelvis. Epiphyseal and metaphyseal portions of the metacarpals and phalanges 

were enlarged and femoral neck was short and wide. These radiographs also revealed 

large capital femoral epiphyses with narrow joint spaces of hip and intervertebral and 

flattened vertebral bodies with rounded end plates. 

  

* * * 

* 

* 

* 
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Figure 2.35: Phenotypic appearance of affected subjects in family J with 

progressive pseudorheumatoid dysplasia 

IV: 3 (Male) A - D: Short stature, stiff and swollen fingers, toes and knee joints.  
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Figure 2.36: Phenotypic appearance of affected subjects in family J with 

progressive pseudorheumatoid dysplasia  
V: 2 (Female) A - C: Normal stature, swollen and slightly stiff finger joints.  
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Figure 2.37: X-rays manifestations showed decreased bone density involving 

vertebrae and pelvis, enlarged epiphyseal and metaphyseal portions of the metacarpals 

and phalanges, short and wide femoral neck, large capital femoral epiphyses with 

narrow joint spaces of hip and intervertebral and flattened vertebral bodies with 

rounded end plates. 

(A – D) X-ray radiographs of IV: 4 

(E – G)  X-ray radiographs of V: 2 

  

A B 

C D 

E F G 
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Table 2.1: List of microsatellite markers used for linkage to candidate gene loci 

for alopecia 

 

* Sequence-based physical map distances in bases according to Build 37.3 of the 

human reference sequence (International Human Genome Sequence Consortium, 

2001). 

  

S. No Candidate Genes 

Chromosomal 

Location Markers 

Physical 

Position* 

1 

Human Hairless 

gene (HR) 
8p21.2 

D8S322 20511282 

D8S1124 20513565 

D8S1181 21972180 

2 

P2RY5 13q14.12-q14.2 

D13S153 29683013 

D13S164 47727284 

D13S273 31104804 

3 

DSG4 18q12.1 

D18S66 22384468 

D18S877 24979188 

D18S36 27418194 

D18S1160 33013998 

4 

LIPH 3q27-q28 

D3S2314 186613374 

D3S1530 186866350 

D3S1602 187514441 

5 
FOX13 2p11.2 

D2S1777 78258121 

D2S423 9791646 
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Table 2.2: Sequences of primers used for PCR amplification and subsequent 

sequencing of coding exon of the P2RY5 gene     

           

    

           

          

  

 Sequence 

Annealing 

Temp (C) 

Product 

Size (bp) 

1st Amplicon   

689 
Left Primer ctgcagctgatgaaagtgct  

59.34 

Right Primer tttggttaaagtttttagcacca 
58 

2nd Amplicon   

684 Left Primer cgccgtttttgttcagtcta  
58.96 

Right Primer tttcttttggaggtggaaaaa  
58.7 
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Table 2.3: Sequences of primers used for PCR amplification and subsequent 

sequencing of exons 1-10 of the Lipase H (LIPH) gene 

Exon 

Left Primer 

(5’  3’)  

Right Primer 

(5’  3’) 

Product 

Size (bp) 

Annealing 

Temp 

(C) 

1 
tggaaactcttaagcctctgc  ggaagtggaatgatgacatgcaa  

205 60 

2 
ctcttgcttgatgcccagct  aatgttgcaatataggcctcctg  

540 62 

3 
tacttctccaaagtcaacagcca  acccaaggagttggattggc  

289 62 

4 
caccctcatccagaaggatc  ggaacctgatctgctcctac  

278 58 

5 
agctgggtgactttgggcaa  atgcgtcaccacacctggat  

445 62 

6 
agggccagatgagaaattgtgt  aagtggttctgggattcatacca  

337 62 

7 
actcaatgttcttgctacctcag  ccaagaagtagccaggaagc  

261 58 

8 
ttaggaaccagcccttcagg  ctgggagatcaagaaccagg  

351 60 

9 
agttaccagcttaccagtgactt  ggacaggatccagcaacatc  

328 58 

10 
gagacggggtttagccatgt  gcagaaaggtgaggtgaagc  

418 60 
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Table 2.4: Sequences of primers used for PCR amplification and subsequent 

sequencing of the Matrix metalloproteinase2 (MMP2) gene 

 

 

  

Exon 

Left Primer 

(5’  3’)  

Right Primer 

(5’  3’) 

Product 

Size (bp) 

Annealing 

Temp 

(C) 

1 
accgctgctctctaacctca atcctttgcctccgaagttt 

821 60 

2 
tggtcagtactgtgccatcc aatgcatgggtcaaggagac 

357 59.70 

3 
gcacatgcatacacactcaca cccctcgtctcaacactgat 

247 59.50 

4-5 
gaggggtttcagggtctagg cttggggtggaaagtcttgg 

577 59.30 

6 
gcatgtctcattcacatccttc gtgggcactcggagtcttat 

300 59.30 

7 
catgtcattgcttcctggtg gcaatgtccagggtctctgt 

285 60.10 

8 
tgggtcaggtcttgacttctc tccatcccaggctacatgac 

295 60 

9 
tagtggggagaacctctgga gcagaggacaggagacaagg 

239 59.76 

10 
gctgcagggtgactgaagat agagccctgtggagctgag 

235 60.50 

11 
cgtggacagacagatgatgg tctgtctctcgcagccaac 

294 60.21 

12 
tagagaggccctgctggtt tgccctgcacaataaagaag 

247 59.50 

13 
tgtcaggataagggggtcac gtgaacaggggaaccatcac 

795 60 

3’UTRs 
actgctggctgccttagaac tagctatgggaccctggaaa 

827 59.40 
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Table 2.5: Sequences of primers used for PCR amplification and subsequent 

sequencing of the Matrix metalloproteinase15 (MMP15) gene 

 

 

  

Exon 

Left Primer 

(5’  3’)  

Right Primer 

(5’  3’) 

Product 

Size (bp) 

Annealing 

Temp (C) 

1 
cgtcgcaagtttccaagg ctccctccacctccaagtc 

325 60 

2 
agtgccaggacctgctga agagcaggccagatggaag 

247 60.54 

3 
aacaggcaggtgtgtggag tctgggaaaggaggtctgag 

257 59.50 

4 
gataatgacgggcttgttgg cactcagcagggtgttgttg 

490 60.34 

5 
gactggccacagctgactg gatggcagcaatgcctactc 

285 60.70 

6 
cccagggttctgagtaggaa ctgagtgagggtgggacag 

387 59.17 

7 
aaggggtggtttgaggatg gtcagaggtcatggcaggag 

272 60.30 

8-9 
ccaggcctgacctcactgt ggatattaggtgctgggcaaa 

500 61.24 

10 
ggcctttgatggttctcact ttgcagtaaagcaggacacg 

483 59.60 

3’UTRs 
ggtgaacgtggtgatggtg gaggtgctgctcttccaatg 

474 60.91 
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Table 2.6: Sequences of primers used for PCR amplification and 

subsequent sequencing of the IRX5 gene Mutation 

 

 

 

           

           

 

 

 

 

Table 2.7: Sequences of primers used for PCR amplification and 

subsequent sequencing of the WISP3 gene mutations   

          

          

          

          

   

 

 

 

 

 

 

 

  

Left Primer 

(5’  3’)  

Right Primer 

(5’  3’) 

Product 

Size (bp) 

Annealing 

Temp 

(C) 

tctatcccggctacacgaac taactgccaaggccatgttt 
289 60.30 

Left Primer 

(5’  3’)  

Right Primer 

(5’  3’) 

Product 

Size (bp) 

Annealing 

Temp 

(C) 

acctgtttgggggaaatctt ccaagctaacaattgcagga 
459 59.30 
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Chapter 3 

Results 

Polymorphic microsatellite markers were used to confirm association between 

inherited disorders and gene loci on chromosomes. Segregation of alleles in affected 

and healthy individuals was studied for linkage or exclusion. In case of exclusion to 

all known genes and loci genotypes of selected affected and healthy individuals was 

obtained genome wide scan using polymorphic microsatellite markers. Coding exons 

and splice junctions were sequenced to identify mutations and phenotype to genotype 

correlation was investigated for each family. 

3.1. Homozygosity mapping of family A 

Family A was tested for linkage to P2RY5 gene at chromosome 13q14.11–q21.32. 

The affected individuals of the family showed homozygosity with the marker 

D13S164 which is linked to P2RY5 gene. Further genotyping of the family was 

carried out using D13S153 and D13S273 which are closely linked to P2RY5 gene on 

chromosome 13. These markers were fully informative for this family and three 

affected members of the family (VI: 1, VI: 2 and VI: 5) were homozygous while 

seven unaffected members (II: 3, III: 1, III: 2, III: 3, III: 4, VI: 3 and VI: 6) were 

heterozygous carriers for these markers (Figure 3.1). 

3.2. Mutations screening of P2RY5 gene in family A 

P2RY5 gene has five exons and splice-site junctions but the coding region consists of 

only one coding exon which is 1032 bps long. This gene was PCR amplified from 

genomic DNA using the primer sets shown in Table 2.2. 

Chromatograms were analyzed by using computer programme Sequencher version 5.0 

(Gene Codes Corporation). Chromatograms from normal and affected individuals 

were compared with corresponding control gene sequences from public databases to 

identify the aberrant nucleotide base-pair change (http://www.ncbi.nlm.nih.gov/, 

http://www.ensembl.org/). The entire coding region of P2RY5 gene was sequenced in 

http://www.ncbi.nlm.nih.gov/
http://www.ensembl.org/
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affected and normal individuals of this family and the sequence analysis of the PCR 

products corresponding to exon 5 revealed a single novel insertion of nucleotide T in 

a stretch of T at nucleotide position 577 to 583 (c.583_584insT). This insertion causes 

a substitution of isoleucine to phenylalanine at amino acid position 194 and a frame 

shift leading to a  premature stop codon at amino acid position 204 (p.I194FfsX11) 

resulting in a truncated protein (Figure 3.2). 

3.3. Mutations screening of P2RY5 gene in families B and C 

Because P2RY5 gene consists of single coding exon, this gene was directly sequenced 

in the rest of the families rather than seeking linkage through microsatellite markers. 

Sequence analysis, in both the families, revealed a single homozygous base 

substitution of G to A (Figure 3.5) at nucleotide position 436 (c.436G>A), a missense 

mutation which results in substitution of glycine by arginine at amino acid 146 

(p.G146R) in P2RY5 gene. This mutation was present in homozygous state in all the 

affected individuals and in heterozygous state in obligate carriers (Figure 3.3 and 3.4).  

 

 

           

           

           

           

           

           

           

           

           

          

Figure 3.1: Family A segregating autosomal recessive hypotrichosis (ARH). 

Microsatellite markers on chromosome 13 used for mapping and linkage analysis are 

indicated to the left. The disease-associated haplotype is shown beneath each symbol 

as black bars while normal-associated haplotype as white bars. 
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Figure 3.2: DNA sequence chromatograms from exon 5 of P2RY5 gene showing the 

novel insertion of nucleotide T at position 583 (c.insT583), (black arrows) for Family 

A. Control (upper panel), homozygous affected individual (middle panel), and 

heterozygous carrier individual (lower panel).  



 Chapter 3 Results 

 

 84 

 

 

 

 

           

           

           

           

           

           

           

           

           

           

           

           

  

 

 

 

Figure 3.3: Family B segregating autosomal recessive hypotrichosis (ARH). The 

coding and exon-flanking sequences of the P2RY5 gene were directly sequenced. The 

genotype of every individual is shown beneath each symbol. AA represents disease 

associated genotype whereas GA indicates obligate carriers. 
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Figure 3.4: Family C segregating autosomal recessive hypotrichosis (ARH). The 

coding and exon-flanking sequences of the P2RY5 gene were directly sequenced. The 

genotype of every individual is shown beneath each symbol. AA represents disease 

associated genotype whereas GA indicates obligate carriers. 
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Figure 3.5: DNA sequence chromatograms from exon 5 of P2RY5 gene showing 

substitution of nucleotide G at position 436 (c.436 G>A), (black arrows) for Family B 

and C. Control (upper panel), homozygous affected individual (middle panel), and 

heterozygous carrier individual (lower panel).     
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3.4. Linkage analysis of families D, E, F and G 

These families were tested for linkage to four loci known to cause isolated hair loss – 

alopecia and hypotrichosis (Table2.1). The candidate regions that were screened 

included the Human Hairless (HR) gene at 8p21.2; P2RY5 at 13q14.12-q14.2; DSG4 

at 18q12.1 and Lipase H (LIPH) at 3q27-q28. 

During screening for linkage, all the affected individuals in these families were found 

homozygous for the microsatellite marker D3S1530 at locus 3q27-q28 harbouring 

LIPH gene. Further genotyping of all the affected and normal individuals was done 

with additional polymorphic markers D3S2314 and D3S1602. Both the markers were 

fully informative for all the families. When analysed, all of the 18 affected members 

of these families, including one parent, were homozygous for the two markers while 7 

parents were all heterozygous. Among the 6 phenotypically normal individuals 5 were 

heterozygous while one individual (IV: 5 in family E) was homozygous for a 

haplotype different than the one carried by the affected individuals. The haplotypes 

carried by the affected individuals were different among all these families (Figures 

3.6, 3.8 and 3.11). 

3.5. Mutation detection in LIPH gene in families D, E, F and G 

Sequence of LIPH gene was obtained from ensemble human genome browser 

(http://www.ensemble.org/index.html) and primers were designed with Primer3 

version 4.0 (http://frodo.wi.mit.edu/) (See Table 2.3). For mutation screening, all the 

coding exons, ten in number, were amplified along with their flanking splice junctions 

through PCR from genomic DNA. All these amplicons were sequenced in all the 

affected and normal members of these families. The resulting sequences were aligned 

with the corresponding reference sequence from public databases 

(http://www.ncbi.nlm.nih.gov/, http://www.ensembl.org/) and the resulting 

chromatograms were analysed using computer programme Sequencher version 5.0 

(Gene Codes Corporation). In order to identify any aberrant nucleotide base-pair 

change, chromatograms from the affected individuals were compared with those of 

the normal individuals. 

http://www.ensemble.org/index.html
http://frodo.wi.mit.edu/
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In family D, sequence analysis of the PCR products corresponding to exon 5 of the 

LIPH gene revealed a 2-nucleotides deletion of TA (Figure 3.7) at position 659 to 660 

(c.659_660delTA). This deletion mutation results in a frame shift and a premature 

termination codon in LIPH gene (p.I220RfsX29). This mutation was observed in 

homozygous state in the gene sequence of all the affected individuals (V: 1, V: 2 and 

V: 3) and in heterozygous state in the parent (IV: 2) and the carrier (V: 4) of this 

family (Figure 3.6).  

 

Figure 3.6: Family D segregating autosomal recessive hypotrichosis (ARH). 

Microsatellite markers on chromosome 3 used for mapping and linkage analysis are 

indicated to the left. The disease-associated haplotype is shown beneath each symbol 

as black bars while normal-associated haplotype as white bars. 
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Figure 3.7: DNA sequence chromatograms from exon 5 of LIPH gene showing 

deletion of 2 nucleotides TA at position 659_660 (c.659_660delTA), (arrows) for 

Family D. Control (upper panel), homozygous affected individual (middle panel), and 

heterozygous carrier individual (lower panel). 
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 In family E, sequencing of the patient’s DNA corresponding to exon 2 of the LIPH 

gene revealed a tandem duplication of 90 base pairs (Figure 3.9) at position 280 (c. 

280_369dup). This duplication results in insertion of 30 in frame amino acid residue 

(Figure 3.10) in the protein (p.G94_K123dup). This duplication was found in 

homozygous state in all the four patients (IV: 1, IV: 2, IV: 3 and IV: 4) while in 

heterozygous state in their patients (III: 1 and III: 2). This 90 base pair duplication 

was, however, entirely missing in the phenotypically normal individual (IV: 5) and 

she has normal sequence of the gene (Figure 3.8). 

 

 

 

 

 

 

 

 

 

Figure 3.8: Family E segregating autosomal recessive hypotrichosis (ARH). 

Microsatellite markers on chromosome 3 used for mapping and linkage analysis are 

indicated to the left. The disease-associated haplotype is shown beneath each symbol 

as black bars while the two normal-associated haplotypes as white bars and bars with 

diagonal lines. 
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Figure 3.9: DNA sequence chromatograms from exon 2 of LIPH gene showing 

duplication of 90 nucleotides at position 280_369 (c.280_369dup). A. Schematic 

diagram of the LIPH gene containing duplication in exon 2. B. Wild type sequence of 

the corresponding region of LIPH gene.  
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Figure 3.10: DNA sequence of the Exon 1 and Exon 2 from affected individuals 

showing duplication in the Exon2. Duplicated sequence has been highlighted. This 

duplication results in in-frame insertion of 30 amino acids in the protein sequence. 
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Sequence analysis of DNA corresponding to exon 6 of LIPH gene in the affected 

members of family F revealed a novel single base pair substitution (Figure 3.12) at 

position 778 (c.778A>T) resulting in a nonsense mutation at amino acid 260 

(p.R260X). This mutation produces a premature stop codon at position 260 in the 

otherwise 451 amino acid long protein. Both the affected members of the family F 

(IV: 1 and IV: 3) were shown to be homozygous for this mutation while their father 

(III: 1) and two phenotypically normal siblings (IV: 2 and IV: 4) were heterozygous 

for this mutation (Figure 3.11). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Family F segregating autosomal recessive hypotrichosis (ARH). 

Microsatellite markers on chromosome 3 used for mapping and linkage analysis are 

indicated to the left. The disease-associated haplotype is shown beneath each symbol 

as black bars while the normal-associated haplotypes as white bars. 
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Figure 3.12: DNA sequence chromatograms from exon 6 of LIPH gene showing 

substitution of A by T at position 778 (c.778A>T), (black arrows) for Family F. 

Control (upper panel), homozygous affected individual (middle panel), and 

heterozygous carrier individual (lower panel). 
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In family G, all the exons of LIPH gene along with their splice sites were sequenced 

in patients and phenotypically normal individuals but no mutation was found 

segregating in the family. A combined LOD score of Z = 4.1 (θ = 0) was recorded for 

the marker D3S2314 which is closely linked to LIPH gene locus (Figure 3.13). 

Further, the family was also typed and excluded for linkage to P2RY5, DSG4 and HR 

genes. Patients of the family were also sequenced for P2RY5 gene but no mutation 

was found. Since only these loci have been reported for isolated woolly hair and 

hypotrichosis so far, we suspect a mutation in the regulatory sequences controlling the 

expression of LIPH gene. 

 

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

Figure 3.13: Family G segregating autosomal recessive hypotrichosis (ARH). 

Microsatellite markers on chromosome 3 used for mapping and linkage analysis are 

indicated to the left. The disease-associated haplotype is shown beneath each symbol 

as black bars while the two normal-associated haplotypes as white bars. 
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3.6. Family H 

Family H was typed and excluded for linkage to the loci/genes known to cause 

isolated alopecia. The family was subjected to genome wide scan (GWS) using 500 

polymorphic microsatellite markers. The average genetic distance between 

consecutive markers was 8 cM. LOD score was calculated for all the makers 

assuming autosomal dominant mode of inheritance inferred from pedigree analysis. 

Positive LOD scores were noted (Table 3.1) and segregation of corresponding 

markers was analysed in the family. The polymorphic STR marker D16S521 

(physical position: 1283559; genetic position: 1.14 cM) on chromosome 16p13.3 was 

chosen as top candidate for having the highest LOD score of Z = 4.3 (θ = 0) and best 

segregation in the family among all the markers with positive LOD scores. Additional 

STR markers closely linked to D16S521 were then used to find the region containing 

the causative gene variant. Only two of these markers were found to be informative i.e 

GATA13/AC106820 (physical position 160206bp) and CA15/AL031722 (physical 

position 7389bs). These markers however, showed recombination in at least one 

individual. Attempts to find another closely linked marker to further narrow down the 

region were limited by the availability of informative markers in the region. There are 

more than 100 genes in the region spanned by these three markers none of which was 

an obvious candidate.  
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Table 3.1: List of STR markers with their positive LOD scores for family H 

Chromosome Marker 

Positive LOD Score 

= Z (θ = 0) 

1 D1S2688 1.20 

3 D3S1515 0.78 

5 D5S469 0.89 

6 D6S297 1.89 

10 D10S1746 0.89 

15 D15S1019 1.037 

16 D16S521 4.30 

19 D19S584 0.39 

19 D19S186 2.36 

20 D20S912 0.98 
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Figure 3.14: Pedigree of the family H and haplotypes of marker loci spanning the 

linked region on chromosome 16. D16S3401 had same allele running through the 

pedigree and was thus uninformative.      

     



 Chapter 3 Results 

 

 99 

 

Two patients (VIII: 1 and VIII: 3) were then chosen as representative samples and 

subjected to exome sequencing. Both the individuals showed more than 85,000 single 

nucleotide variations (SNVs) which were then narrowed down by filtering against the 

reported polymorphisms in public databases of human genome variations (See table). 

 

Table 3.2: Filtering SNVs against the reported polymorphisms in the public 

databases 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table shows 1: Total number of SNVs. 2: Remaining after filtering versus SNP130. 3: 

Remaining after filtering versus 1000 genomes. 4: Number of exonic SNVs. 5: 

Number of exonic SNVs unique to these two patients. 6: Number of nonsynonymous 

unique exonic SNVs. 

 

 

Of the 110 nonsynonymous SNVs, none was lying in the region linked to D16S521. 

All the variations in the linked region were synonymous. By combining the data from 

genome wide STR mapping, LOD score calculations and exome sequencing, 12 

SNVs in 12 different genes were chosen as candidate causative variants. Variants with 

low coverage were also considered provided they were supported by linkage data. To 

verify these SNVs in all the family members, primers were designed for the genomic 

region spanning these SNVs. Amplified products containing these SNVs were 

Sanger-sequenced in all the patients and normal individuals of the family. Sequence 

analysis of PCR products corresponding to these variations was done using computer 

programme Sequencher (version 5.0). 

 

  VIII: 1 VIII: 3 

1 Total SNVs 85297 86173 

2 SNP130 15926 15689 

3 1000 Genomes 12360 12152 

4 Exonic 3367 3264 

5 Specific to the pair 161 

6 Nonsynonymous 110 
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Table 3.3: Candidate causative SNVs after exome sequencing along with their 

      coverage and allele counts 

 

 

 

Ten of these variants could not be verified in any of the patients in the family. In all 

the ten SNVs, the novel allele count was less than the reference allele. These 

variations could, therefore, be explained as exome sequencing errors. Two of the 

variations (OR52N4 and DSG2) could only be verified in one of the two patients’ 

sample (VIII: 3) but not in rest of the family members. These two variations could 

therefore be polymorphisms found in some of the family members but not others. 
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1 IGFBP5 2 T  A  3 3 06 2 3 07 

2 FSIP2 2 T  A  24 10 52 38 9 63 

3 MRPL1 4 A  G  13 5 20 14 3 18 

4 OR5AR1 11 G  A  62 18 99 75 19 139 

5 OR52N4 11 A  G  77 25 153 95 48 144 

6 SUV420H1 11 A  G  49 9 78 53 12 87 

7 ZNF519 18 C  T  64 23 104 89 20 138 

8 ZNF397 18 G  A  28 17 49 32 20 55 

9 DSG2 18 G  A  4 4 08 8 7 15 

10 SLC9A8 20 A  C  23 9 45 31 13 61 

11 MYLK2 20 T  G  15 4 29 21 8 36 

12 PROCR 20 C  G  12 3 17 10 06 22 
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3.7. Family I 

After analyzing the phenotype and (autosomal recessive) mode of inheritance of the 

family I, no reported loci/gene seemed to be an obvious candidate for linkage. Hence, 

this family was subjected to genome wide scan so as to find homozygous region(s) 

spanning the causative gene(s). Four affected (IV: 2, IV: 3, IV: 4 and IV: 5) and two 

phenotypically normal siblings (IV: 6 and IV: 7) were chosen for GWS. GWS was 

performed with 500 polymorphic microsatellite markers with an average genetic 

distance of 8 cM between markers. 

After genotyping, all the markers haplotypes were constructed and analysed for 

segregation with the disorder. Four markers D16S3034, D16S3057, D16S514 and 

D16S503 were found homozygous in all the affected individuals. The two 

phenotypically normal individuals were heterozygous for these makers. These 

combined markers spanned a 32.96cM (33Mb) region on chromosome 16 (16q12.1-

16q23) which contains 358 genes. 

A careful literature review (Mosig et al., 2007; Rouzier et al., 2006) and analysis on 

the web-based candidate gene search tool (Zhu and Zhao, 2007) ‘SUSPECTS’ 

strongly suggested Matrix metalloproteinase-2 (MMP2) as the possible candidate. 

SUSPECTS is an online tool (http://www.genetics.med.ed.ac.uk/suspects/) which 

utilises annotation and sequence-based approaches to prioritize disease candidate 

genes in a genomic region of interest (Adie et al., 2006). MMP2 gene was sequenced 

in all the affected individuals, their healthy siblings and mother. Analysis of the gene 

sequence revealed no mutation in any of the patients and hence this gene was 

excluded. Another Matrix metalloproteinase, MMP15 also resides in the linked 

region. This gene was also sequenced in the affected and normal individuals of the 

family but no segregating mutation was found. 

  

http://www.genetics.med.ed.ac.uk/suspects/
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Figure 3.15: Pedigree of the family I and haplotypes of marker loci spanning the 

linked region on chromosome 16. Black symbols denote affected individuals. The 

black bar denotes the haplotype segregating with the disease in the family. 

 

 

Because of the large number of genes in the linked region choosing a candidate was a 

difficult and labour intensive task. This family was, therefore, subjected to exome 

sequencing. Two patients, IV: 4 and IV: 5 were chosen as representative samples that 

showed 82,614 and 78,855 SNVs, respectively. These variations were then filtered as 

shown in table 3.4. There were 44 nonsynonymous homozygous SNVs which were 

common between the two patients. Of the 44 SNVs two were present in the linked 

region on chromosome16. By combining the data from genome wide scan, 7 SNVs in 

7 different genes, including the two SNVs in the linked region, were selected for 

verification through Sanger sequencing. Primers were designed to amplify the region 

of the genome spanning these SNVs and amplified products were sequenced. 
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Sequence analysis revealed that only two of these SNVs (IRX5 and BBS2) were 

segregating with the disorder. 

 

Table 3.4: Filtering SNVs against the reported polymorphisms in the public 

databases. 

 

  IV: 4 IV: 5 

1 Total SNVs 82614 78855 

2 Common for this pair 47060 

3 Specific for this pair 3510 

4 Not found in dbSNP1% 1508 

5 Exonic 429 

6 
Homozygous 

Nonsynonimous 
44 

 

 

 

To check if any or both of these are polymorphisms, we sequenced these genes in 300 

control samples (600 chromosomes) from Pakistani population. Twelve of these 

samples were heterozygous for BBS2 variant while two samples were homozygous. 

IRX5 variation was excluded in all of the Pakistani controls. The variation in IRX5 

gene was checked in 200 Swedish control samples (400 chromosomes) and was 

excluded in all of them.  

Iroquois homeobox-5 (IRX5) gene variant carries a missense mutation in this family 

(3.17) at position 1415 (c.1415C>G) which results in the substitution of serine by 

cysteine at amino acid position 472 (p.S472C).  Multiple alignment analysis showed 

that serine residue is highly conserved at this position (Figure 3.18). Literature review 

suggested the role of IRX5 gene in growth regulation (Cheng et al., 2005). 
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Figure 3.16: Family D segregating autosomal recessive hypotrichosis (ARH). 
Microsatellite markers on chromosome 3 used for mapping and linkage analysis are 

indicated to the left. The disease-associated haplotype is shown beneath each symbol 

as black bars while normal-associated haplotype as white bars. 
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Figure 3.17: DNA sequence chromatograms from exon 3 of IRX5 gene showing 

substitution of C by G at position 1415 (c. 1415 C>G), (indicated by arrows) for 

Family I. Control (upper panel), homozygous affected individual (middle panel), and 

heterozygous carrier individual (lower panel). 

 

           

        

 

           

           

           

           

           

           

            

Figure 3.18:  Multiple sequence alignment highlights the strong conservation 

throughout evolution of the amino-acid residues of the normal IRX5 gene. The amino- 

acid affected by mutation is indicated by the arrow. The stars indicate 100% 

conservation. 
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3.8. Family J 

After a careful analysis of the phenotype of family J and some literature review 

(Brown and Kuwabara, 1970; Winchester et al., 1969; Winter, 1989), similarity was 

observed between the phenotype of this family and clinical features reported among 

patients affected with Winchester syndrome. Matrix metalloproteinase-2 (MMP2) 

gene was sequenced in all the patients and phenotypically normal individuals of the 

family. Sequence analysis showed that all the individuals carry normal sequence of 

the gene. 

This family was then subjected to exome sequencing and two patients, IV: 5 and V: 2 

were chosen as representative samples. As our in-house database of Pakistani 

polymorphism had grown very large by now (having the sequence data of 250 

genomes), the number of novel SNVs after filtering was far lesser than for the 

previous families. Hence, only three SNVs in two different genes survived the filters. 

One of these SNVs, the one in TRAF3 interacting protein 2 (TRAF3IP2) was novel 

while the other two, those in WNT1 inducible signalling pathway protein (WISP3) 

were already reported to cause progressive pseudorheumatoid dysplasia. Primers were 

designed to amplify the regions spanning these two mutations and amplified products 

were Sanger-sequenced in all the family members. Sequence analysis (Figures 3.20 

and 3.21) showed that both the mutations in WISP3 gene were segregating in this 

family. All the patients had these mutations in homozygous state while the parents 

carried them in heterozygous condition. One of the phenotypically normal individual 

was homozygous for the wild type allele of both the mutations. The first SNV 

(c.156C>A) in the WISP3 gene is a nonsense mutation resulting in the conversion of 

cystein into a premature stop codon at amino acid 52 (p.C52X) of the, otherwise, 354 

amino acid long protein. The second SNV (c.248G>A) is a missense mutation 

resulting in the substitution of glycine by glutamic acid at amino acid 83 (p.G83E). 

SNV in TRAF3IP2 could not be verified in all the patients and hence its possibility as 

a causative mutation was excluded. 
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Figure 3.19: Family J segregating autosomal progressive pseudorheumatoid 

dysplasia. Exon 3 of the WISP3 gene was directly sequenced. The genotype of every 

individual is shown beneath each symbol. AA represents disease associated genotype 

whereas CA and GA indicate obligate carriers. Individual having CC for WISP3 c.156 

C>A and GG for WISP3 c.248 G>A mutation is carrying the wild type (healthy) 

allele in homozygous state. 

  



 Chapter 3 Results 

 

 108 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20: DNA sequence chromatograms from exon 3 of WISP3 gene showing 

substitution of nucleotide C at position 156 (c. 156 G>A), (arrows) for Family J. 

Control (upper panel), homozygous affected individual (middle panel), and 

heterozygous carrier individual (lower panel). 
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Figure 3.21: DNA sequence chromatograms from exon 3 of WISP3 gene showing 

substitution of nucleotide G at position 248 (c. 248 G>A), (arrows) for Family J. 

Control (upper panel), homozygous affected individual (middle panel), and 

heterozygous carrier individual (lower panel). 
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Chapter 4 

Discussion 

Identification of genes causing disease represents the first step towards diagnosis, 

carriers screening and prenatal testing for hereditary disorders. The last two decades 

have witnessed tremendous success in the field of human genetics, particularly in 

explaining the genetic basis of Mendelian disorders. More recently, advances in 

sequencing technologies, especially exome sequencing, have further enhanced the 

process of gene identification. In fact, these technologies have pushed the disease 

gene identification phase into interpretation phase. In this study, both the traditional 

approaches like linkage analysis and modern approach like exome sequencing were 

utilised to find the causative gene. 

All the recessive families were investigated through homozygosity mapping whereas 

the family inheriting alopecia in dominant fashion (family H) was investigated 

through linkage mapping. In both cases, recessive and dominant, highly polymorphic 

STR markers were used. Homozygosity mapping is a very useful technique for the 

identification of loci harbouring disease gene(s) in inbred families inheriting a 

recessive disorder (Lander and Botstein, 1987). In consanguineous families, disease 

causing mutations tend to reside in blocks of homozygosity extending over many 

centi-Morgans (cM); homozygosity mapping is a hypothesis free genome wide search 

for such blocks (Alkuraya, 2010). Linkage analysis, too, is a classical tool for 

identifying regions of the genome which are transmitted together between generations 

more often than expected under independent assortment. This approach is very useful 

for the identification of genomic regions containing disease causing genes (Dawn and 

Barrett, 2005). The density of markers across the genome determines the minimum 

detectable length of a genomic region. Markers with 70% heterozygosity can detect a 

9 cM genomic region, if they are 1 cM apart (Broman and Weber, 1999). Families 

excluded to known loci were subjected to exome sequencing, an emerging and the 

most commonly used tool for Mendelian disease gene identification (Gilissen et al., 

2012). 
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4.1. Alopecia and hypotrichosis 

Congenital alopecia is a diverse group of hair loss disorders characterised by hair 

defect as a component feature involved in hair follicle formation, hair shaft structure 

and hair growth cycling. The molecular basis of morphogenesis and hair regeneration 

and the mechanism regulating hair loss are poorly understood. The discovery of more 

and more genes will add to better understanding of these processes and to establishing 

phenotype-to-genotype relationship for this disorder. 

In the current study, eight highly consanguineous families (A, B, C, D, E, F, G and H) 

presenting with isolated inherited alopecia were ascertained from different regions of 

Pakistan. The mode of inheritance in the first seven families was autosomal recessive, 

whereas family H was inheriting alopecia in autosomal dominant fashion. All the 

patients in families A and B were inheriting hypotrichosis whereas patients in family 

E had woolly hair. Patients in family F had papules on their body in addition to 

hypotrichosis. The rest of the families (C, D, G and H) had mix phenotype; some 

patients were presenting with isolated hypotrichosis or woolly hair and others having 

both phenotypes at the same time. 

Using polymorphic microsatellite markers in the corresponding region, candidate loci 

involved in hair loss were scanned. A minimum of three markers were genotyped in 

all the sampled individuals for each candidate region with at least one marker on 

either side of the reported gene. Family A showed linkage to LPAR6/P2RY5 gene and 

sequence analysis revealed a frame shift insertion mutation (c.583_584insT) resulting 

in a premature terminating codon (p.I194FfsX11). Because this gene consists of a 

single exon, it was directly sequenced in all the subsequent families. In family B and 

C, sequence analysis revealed mutations already reported to cause hair loss. Families 

D, E, F and G showed linkage to LIPH gene locus, whereas the dominant alopecia 

family H showed linkage to a novel locus on chromosome 16p13.3. 

Family A, as mentioned earlier, showed linkage to LPAR6/P2RY5 gene locus on 

chromosome 13q14.12-q14.2 (Figure 3.1). Subsequently, this gene was directly 

sequenced in families B and C which revealed a single missense mutation 

(c.583_584insT). To date, 21 different mutations in P2RY5 gene have been reported 

in patients with different ethnicities presenting with different disorders of hair loss 
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from various parts of the world (Stenson et al., 2009). The novel insertion mutation 

reported in the current study increases the number of P2RY5 gene mutations to 22. 

These mutations in the hair loss patients underscore the critical role of this gene in 

hair growth and texture (Khan et al., 2011; Nahum et al., 2011). 

The identification of one novel (c.583_584insT) and one reported mutation 

(c.436G>A) in P2RY5 gene in this study was accompanied by the same mutation 

(c.436G>A) in four other families recently described by the author jointly (Azhar et 

al., 2012). This mutation has also been reported in seven other Pakistani families and 

one Iranian family in separate studies (Azeem et al., 2008; Shimomura et al., 2009; 

Tariq et al., 2009). Apart from the Iranian family, all the families were Pakistani, 

albeit different ethnic backgrounds were inheriting the same mutation. These findings 

strongly point towards a founder effect. It implies that the mutation is due to a single 

alteration event on an ancestral chromosome 13 which is now extensively prevalent in 

Pakistani populace. 

Four families, i.e family D, E, F and G showed linkage to LIPH gene locus on 

chromosome 3q27.2. In family D, sequence analysis revealed a 2-base pair deletion 

(c. 659_660delTA) in exon 5. This deletion leads to a frame shift in the reading frame 

and a premature termination codon in LIPH gene (p.I220RfsX29). Sequence analysis 

of exon 2 in family E revealed a large duplication of 90 base pairs (c. 280_369dup). 

As a result of this mutation, 30 amino acids are inserted in an in-frame fashion in the 

final polypeptide (p.G94_K123dup). These additional amino acids are predicted to 

modify the tertiary structure of the  Lipase H enzyme. 

In family F, exon 6 of LIPH gene was sequenced which revealed a novel nonsense 

mutation (c.778 A>T). This mutation results in a stop codon and is, hence, predicted 

to lead to premature termination during protein synthesis, thereby, resulting in a 

truncated protein. Family G, showed a strong linkage with Z = 4.2 (θ = 0) for the 

closely linked marker D3S2314. Subsequently, all the 10 exons and intron-exon 

boundaries of LIPH gene were sequenced for all the patients and phenotypically 

normal individuals but no functional variant was found upon comparison with 

reference sequence in public databases (www.ensembl.org). To date, no mutations 

have been reported in the regulatory region of LIPH gene; however the possibility of 

mutation in the regulatory sequences or intronic region cannot be ruled out. 

http://www.ensembl.org/
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To date 15 different mutations have been reported in LIPH gene underlying 

hypotrichosis and/or woolly hair in different families. The novel mutation found in 

this study is the first nonsense mutation in the LIPH gene, raising the total number of 

mutations in this gene to 16. Sequencing the 5’ untranslated regions (UTRs) of the 

LIPH gene in family G may provide some clue about the involvement of a regulatory 

sequence in the causation of this disorder. Similarly, the 3’ UTR’s have a role in the 

stability, translocation and subcellular localisation of mRNA and mutations in this 

region have been implicated in human genetic disorders (Chen et al., 2006; Conne et 

al., 2000). 

4.2. LIPH/LPA/P2RY5 signalling pathway 

The LIPH gene encodes a membrane-associated phospholipase A1, commonly 

referred to as Lipase H. This enzyme facilitates the production of 2-acyl LPA from 

phosphatidic acid (PA). Lysophosphatidic acid (LPA) was previously thought to serve 

merely as a protective barrier on the surface of the hair shaft cuticle until its crucial 

role was discovered in promoting hair growth (Sonoda et al., 2002; Takahashi et al., 

2003). LPA is an extra cellular mediator of many biological functions such as 

proliferation, antiapoptotoic activity and cytoskeletal organisation (Aoki, 2004; Choi 

et al., 2007; Moolenaar et al., 2004). 

P2RY5/LPAR6 encodes a G protein-coupled receptor. LPA, which is produced by 

LIPH, serves as a ligand for this receptor. LIPH has been shown to abundantly 

express in the hair shaft and Huxley’s layer of the inner root sheath in the human hair 

follicle, where its expression overlaps with P2RY5 expression in Huxley’s layer 

(Shimomura and Christiano, 2010). The close association between these two proteins 

indicates the critical role of LIPH/LPA/P2RY5 pathway in the determination of hair 

growth and texture in humans. However, the downstream signalling of P2RY5 is yet 

to be determined. 

No phenotype-to-genotype relationship has yet been established for either 

hypotrichosis or woolly hair disorder. Hence, further study of the LIPH/LPA/P2RY5 

signalling pathway is required to establish such relationship which may, in turn, help 

devise some therapeutic strategy. 
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Family H, the dominant alopecia family, showed linkage to a novel 2Mb locus on 

chromosome 16p13.3 with a LOD score of Z = 4.3 (θ = 0) after genome wide scan 

with microsatellite markers spaced 8 cM apart. Efforts to further narrow down this 

region failed because no informative marker was available. Exome sequencing of two 

patients ended up finding no functional variant; not only at this locus but in the entire 

exome. 

There are several possibilities as to why we could not find the causative mutation in 

this family. When prioritizing variants after exome sequencing in a Mendelian 

disorder, it is assumed that the causative variant has pronounced consequences and 

thus is a) very rare in general populace, b) located in the coding region of the genome 

and c) directly disrupting the function of the protein encoded by the gene harbouring 

this variant. Any causative mutation deviating from these criteria is deemed to be 

missed with exome sequencing ventures. 

Although 85 % of the known mutations for Mendelian diseases have been reported to 

affect the coding region of the genome (Botstein and Risch, 2003), the possibility of a 

mutation in one of the regulatory sequences is always around.  Furthermore, lack of 

coverage in certain genomic regions has been an issue with the next generation 

sequencing technologies. Then there are issues of variant calling and misinterpreting 

variants during bioinformatic analysis. Finally, due to the smaller read size of the next 

generation sequencing technologies, large indels and structural genomic variants are 

missed (Gilissen et al., 2012).  

 

4.3. Skeletal dysplasias 

Two families (I and J) segregating skeletal dysplasias were included in this study. 

Both the families were investigated for the involvement of known genes. After 

excluding reported genes, both families were subjected to exome sequencing. 

In family I, exome sequencing revealed a missense mutation (c.1415C>G) in Iroquois 

homeobox-5 (IRX5) gene on chromosome 16q12.2, which results in the substitution of 

serine by cysteine at amino acid position 472 (p.S472C). The IRX5 gene encodes the 
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IRX5 protein, a transcription factor which belongs to Iroquois homeobox gene family. 

This family consists of proteins with a characteristic conserved motif called the 

homeobox domain (Cavodeassi et al., 2001). The homeodomain consists of about 60 

amino acids and is involved in sequence specific DNA binding which is the 

characteristic function of this family. 

The role of IRX5 gene has been established in retinal cone bipolar cell development 

(Kerschensteiner et al., 2008) and in establishing the cardiac ventricular repolarisation 

gradient in mammals (Costantini et al., 2005). In a literature review during 

prioritisation of the SNV’s after exome sequencing in this family, it was found that 

mice lacking this protein were shorter in size. While investigating the role of IRX5 in 

retinogenesis, Cheng et al. generated IRX5 knockout mice. They noticed that the 

homozygous knockout mice were 25% smaller than their littermates whereas the 

heterozygous mice were indistinguishable from wild type littermates (Cheng et al., 

2005). 

 Further, we excluded this mutation in 800 Pakistani and 400 Swedish chromosomes. 

Alignment studies through Clustal W (Figure 3.18) showed that the amino acid in 

question (p.S472C) lies within a stretch of 15 conserved amino acids with 5 amino 

acids lying upstream and 9 amino acids downstream of it. The evolutionarily 

conserved nature of this sequence suggests that a mutation in this stretch may have 

severe consequences. To assess functional impact of this mutation and the role of the 

IRX5 gene in skeletal dysplasia, functional study of this protein will be carried out. 

This study is, however, beyond the scope of this thesis. 

Family J was exome sequenced which revealed a nonsense mutation, c.156C>A, in 

the exon 3 of WNT1 inducible signalling pathway protein 3 (WISP3) gene on 

chromosome 6q21. This mutation induces a premature stop codon (p.C52X) which is 

predicted to result in a truncated protein instead of the 354 amino acid wild type 

protein. Interestingly, this mutation is associated with another missense mutation 

c.248G>A (p.G83E). This association was also found in seven families from Middle-

East (three Lebanese, three Syrian and one Palestinian) and Delague et al. concluded 

that the two mutations segregated together indicate the existence of a founder effect 

among the Arab families (Delague et al., 2005). However, these two mutations were 

also found to segregate in a Trukish family (Temiz et al., 2011), a different ethnic 
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group to the Arabs. This family J belongs to another different ethnic group (Pashtun) 

originated from Afghanistan. The presence of these aberrations in at least three 

different ethnic groups suggests that this site is prone to mutations. 

To date 23 different mutations in WISP3 gene have been recorded in the Human 

Genome Mutation Database (HGMD). WISP3 belongs to CCN family of proteins 

which are known for their modular architecture. WISP3 consists of four conserved 

modules of which exon 3 encodes module 2 which is a von Willebrand type C (VWC) 

domain and has a role in peptide oligomerization. Nonsense mutations in the last exon 

of this gene have been shown to cause clinical features identical to those caused by 

the same type of mutations in exon 1; an indication of how crucial the synthesis of a 

full-length WISP3 transcript is for polypeptide stability or for WISP3 protein function. 

Disease causing mutations in the VWC domain, especially those in the conserved 

cysteines, signify that proper folding of all the domains is critical for a biologically 

active WISP3 protein (Hurvitz et al., 1999). The CCN proteins exhibit a broad 

spectrum of biological functions regulating cell adhesion, propagation, survival, 

migration, invasion in vitro and tumorigenesis and angiogenesis in vivo (Yue et al., 

2009). Of all the CCN family members, WISP3 is the only gene to have been linked to 

a Mendelian disorder (Ivkovic et al., 2003; Nakamura et al., 2007). Mutations have 

been reported in all the 5 exons of WISP3 gene but those in exon 3 and 5 have been 

reported in multiple studies. These 2 exons, therefore, seem to be hotspots for 

mutations (Yue et al., 2009). 

The objectives of this study were achieved by using a number of well characterised 

methodologies as described in the text. The findings in the current study will extend 

the spectrum of known mutations underlying the clinical phenotypes under study. 

Utilisation of this knowledge will not only help in the prenatal diagnosis of the 

families which participated in our study but also pave the way for devising therapeutic 

strategies for these disorders. These findings will provide the basis for genetic 

counselling and carrier screening in families inheriting alopecia and skeletal 

dysplasia. The novel findings of this study will serve as a starting point for future 

investigations towards understanding the pathogenesis of skeletal dysplasia. 
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Informed consent form in English 

Research project________________________________ 

Name of research participant ______________________ 

Complete address________________________________ 

Kindly read the text carefully. 

Thank you for participating in the research project of NIBGE. 

All the participants of the project are provided necessary information about the 

research so that they can identify their right role in the research. This research project 

and your participation, both are approved from research committee of NIBGE. 

Principal Investigator_______________________________ 

Through this research the reasons for genetic diseases in Pakistan will be sorted out. 

The genes responsible for these diseases will be found out. For the transmission of 

these diseases in next generation, both the parents should be having defective genes. 

In this research, the relatives of the patients will be screened for being carriers of 

defective genes. 

In this research, blood samples will be collected once, for which new sealed syringe 

will be used, which poses no harm to the person donating sample. Necessary 

information about affected family will be obtained and will be kept confidential. All 

the charges for the tests and investigations will be met out from the funds of the 

project. 

You will have many benefits by participating in this research. Some of them are as 

under. 

1. You will get important information about the disease. 

2. After the completion of the research, willing people will be provided the facility of 

carrier screening, through which healthy people with potential disease causing genes 

will be identified 

3. Affected family will be provided with the facility of Genetic counseling. 

4. Affected family will be provided with the facility of prenatal diagnosis. 

Name of Researcher/ Phlebotomist_________________________________ 

Dated   _______________________________________ 

 



A novel mutation in the Lipase H gene
underlies autosomal recessive
hypotrichosis and woolly hair
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Mutations in the lipase member H (LIPH) gene cause autosomal recessive hypotrichosis with woolly hair.
We report herein on five consanguineous families from Pakistan segregating hypotrichosis and woolly hair.
Genetic investigation using polymorphic microsatellite markers revealed homozygosity for a region
spanning the HYPT7 locus on chromosome 3 in affected individuals of all five families. Sequence analysis of
the LIPH gene revealed a novel nonsense mutation (p.Arg260X) associated with hypotrichosis without
woolly hair in one family. In the remaining four families we identified previously described mutations in a
homozygous state in affected members. These findings extend the spectrum of known LIPH mutations in
the Pakistani population.

A
utosomal recessive hypotrichosis with woolly hair (HYPT7; MIM#604379) is a rare form of alopecia
characterized by sparse woolly scalp hair, sparse to absent eyebrows, eyelashes and body hair. Three
genetically distinct forms of localized autosomal recessive hypotrichosis (LAH1-3) have been iden-

tified. The three forms of hypotrichosis are clinically similar and are caused by mutations mapped to
chromosomes 18q12.1, 3q27.3 and 13q14.11-q21.32, respectively1–3. HYPT7 (LAH2) is associated with muta-
tions in the lipase member H (LIPH) gene on chromosome 34. The enzyme lipase H (LIPH) synthesizes
lysophosphatidic acid (LPA) which regulates hair follicle formation mediated by TGFa release and EGFR
transactivation through the receptor P2RY55. Here we identified five families segregating autosomal recessive
hypotrichosis showing autozygosity of the HYPT7 loci on chromosome 3q. Subsequent analysis of the LIPH
gene revealed homozygosity for a novel truncating mutation, as well as three previously identified mutations
in affected individuals.

Results
Linkage and autozygosity analysis of the five families revealed homozygosity for markers flanking the LIPH
locus in affected members of all families. We then performed sequence analysis of the LIPH gene and we
identified mutations segregating hypotrichosis in all five families. Affected individuals of family 1 were found
homozygous for novel single nucleotide substitution at position 778 (c.778A.T) resulting in a nonsense
mutation at amino acid 260 (p.Arg260X). Affected members of the other four families were shown to be
homozygous for previously identified LIPH mutations. Family 2 segregates the missense mutation c.322T.C
(p.Trp108Arg), Families 3 and 4 segregate the two base pair deletion c.659_660delTA (p.Ile220ArgfsX29),
and Family 5 segregates the duplication c.280_369dup (p.Gly94_Lys123dup) (Table 1). The closest flanking
polymorphic microsatellite markers showed different haplotypes associated with the c.659_660delTA muta-
tion in families 3 and 4, suggesting recurrent events for the p.Ile220ArgfsX29 mutation. Each mutation
segregates with the disease and parents to affected individuals who were investigated were shown to be
heterozygous.

Discussion
The novel LIPH nonsense mutation (p.Arg260X) in family 1 is predicted to result in nonsense mediated decay or a
truncated LIPH protein. The mutation is associated with hypotrichosis without woolly hair in all affected
members of the family. In family 3 and 4 we identified a previously identified and apparently recurrent two base
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pair deletion (c.659_660delTA) predicted to result in a frame shift
and a degraded mRNA or a truncated protein (p.Ile220ArgfsX29).
Thus, the effect of these two truncating mutations can be predicted to
be similar and severe on LIPH function. This is supported by pre-
vious studies of LIPH mutations using a biochemical in vitro assay
that shows a complete loss of LIPH function when introducing dele-
terious mutations6. Interestingly, the c.659_660delTA mutation is
associated with severe hypotrichosis without woolly hair in family
3 whereas the same mutation causes mild hypotrichosis with woolly
hair in family 4. In the remaining two families we identified a mis-
sense mutation associated with moderate hypotrichosis without
woolly hair (family 2) and a duplication segregating mild hypotri-
chosis and woolly hair (family 5). The latter two mutations were
previously identified in Pakistani families with autosomal recessive
hypotrichosis and woolly hair7–9. Our findings support a consid-
erable clinical variability associated with LIPH mutations and we
were unable to detect any genotype-phenotype correlations in the
patients. The LPA-mediated signalling through the receptor P2RY5
is complex and includes many interacting pathways, including the
transactivation of the epidermal growth factor receptor5. This could
possibly, at least in part, be the reason for the difficulties to discern
any genotype-phenotype correlation in patients carrying mutations
in LIPH or the gene encoding the P2RY5 receptor, LPAR6.

In conclusion, our findings extend the spectrum of known LIPH
mutations causing hypotrichosis and woolly hair and further support
a crucial role of LIPH in hair growth and texture in humans.

Methods
All experiments were performed in accordance with relevant guidelines and regula-
tions and approved by the local ethical board at NIBGE, Faisalabad, Pakistan.
Informed consent was obtained from all individuals who participated in this study.
We investigated five consanguineous Pakistani families (Family 1–5) segregating
autosomal recessive hypotrichosis. None of the families were previously reported.
Affected individuals in all five families exhibited typical features of hypotrichosis, but
with a variable phenotype. The scalp hair is sparse to absent, eyebrows and eyelashes
are normal or short and sparse, and the body hairs are normal or sparse. The main
feature of Family 1, 2 and 3 is hypotrichosis without woolly hair, while affected
members of Family 4 and 5 exhibit features of woolly hair together with hypotrichosis.
Consistent with previous reports, some affected individuals (Family 2 and 5) also
show a slight depigmentation of the hair (Figure 1 and Table 1)9–12. All patients
reported normal sweating and no additional ectodermal or physical abnormalities
were observed. Blood samples were obtained from affected individuals, siblings and
their parents when available. Genomic DNA was extracted from peripheral blood
according to standard techniques. We initially analysed all five families for linkage to
the three known LAH genes using highly polymorphic microsatellite markers
flanking the DSG4 gene locus on chromosome 18q12.1, the LIPH gene locus on
chromosome 3q27.2, and the LPAR6 gene locus on chromosome 13q14.11–q21.32,
respectively. Two-point logarithm of odds (LOD) scores was calculated using MLINK
software from the LINKAGE program package13. All coding and exon-flanking
sequences of the LIPH gene were directly sequenced with Big Dye Terminator v3.1

Figure 1 | Phenotypic overview of patients from the five families. (A) Affected male (age 6) member of family 1 showing hypotrichosis (B) Affected male

(age 15) member of family 2 showing hypotrichosis and hair depigmentation. (C) Affected male (age 40) member of family 3 showing severe

hypotrichosis. (D) Affected female (age 5) member of family 4 showing hypotrichosis and woolly hair. (E) Affected female (age 4) member of family 5

showing mild hypotrichosis, woolly hair and hair depigmentation.

Table 1 | Mutations and main phenotype in the LIPH gene in the five families

Family Patients (n) DNA Protein Hypotrichosis Woolly hair Pigmentation

1 2 c.778A.T p.Arg260X moderate no no
2 8 c.322T.C p.Trp108Arg moderate no yes
3 4 c.659_660delTA p.Ile220ArgfsX29 severe no no
4 3 c.659_660delTA p.Ile220ArgfsX29 mild yes no
5 4 c.280_369dup p.Gly94_Lys123dup mild yes yes

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 2 : 730 | DOI: 10.1038/srep00730 2



cycle sequencing kit according to manufacturer’s protocol (Applied Biosystems,
Foster City, CA) and separated on an ABI 3730xl DNA analyzer (Applied
Biosystems).
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A novel mutation in Lysophosphatidic Acid
Receptor 6 gene in autosomal recessive
hypotrichosis and evidence for a founder effect

Mutations in the lysophosphatidic acid receptor 6 (LPAR6) gene
cause localized autosomal recessive hypotrichosis. We report six
consanguineous families from Pakistan with segregating hypotri-
chosis localized to the scalp. Genetic investigation using polymorphic
microsatellite markers revealed homozygosity spanning the LAH3 locus
on chromosome 13 in affected individuals of all six families. Sequence
analysis of the LPAR6 gene showed a novel insertion resulting in
a frameshift and a premature termination (p.I194FfsX11) in affected
members of one family. In the remaining five families we identified a
previously described missense mutation (p.G146R) in a homozygous
state in affected members. The closest flanking polymorphic marker
showed an identical allele size in the five families segregating with the
p.G146R mutation, supporting a single origin of this variation. These
findings extend the spectrum of known LPAR6 mutations and suggest a
founder effect of the p.G146R mutation in the Pakistani population.

Key words: alopecia, hypotrichosis, LPAR6

A utosomal recessive hypotrichosis (ARH;
MIM#278150) is a rare form of alopecia characte-
rized by irreversible loss of scalp hair, sparse to

absent eyebrows and eyelashes, and paucity of axillary
and body hair. Woolly hair phenotype, which is char-
acterized by slow growing, fine and tightly curled hair,
is sometimes seen in hypotrichotic individuals. Three
genetically distinct forms of localized autosomal recessive
hypotrichosis (LAH1-3) have been identified. The three
forms of hypotrichosis are clinically similar and are caused
by mutations mapped to chromosomes 18q12.1, 3q27.3
and 13q14.11-q21.32, respectively [1-3]. Mutations in
the desmoglein-4 (DSG4) gene have been shown to be
associated with LAH1, the lipase member H (LIPH) gene
is associated with LAH2, and mutations in the lysophos-
phatidic acid receptor 6 (LPAR6 or P2RY5) gene cause
LAH3 [4-6]. LPAR6 is a member of the G-protein coupled
receptor family (GPCR) and it has been suggested that
LPAR6 is a regulator in the development of hair follicles
[7]. The LPAR6 protein is a seven-pass transmembrane
receptor and contains four extracellular domains. The
N-terminal domain together with the first extracellular
domain is responsible for ligand binding [6]. Lysophos-
phatidic acid (LPA) is synthesised by the enzyme lipase
H (LIPH) and serves as a ligand for LPAR6 [6]. A model
has been proposed where LPA, via LPAR6, regulates hair
follicle formation mediated by TGF� release and EGFR
transactivation [8]. Patients with LIPH mutations show a
clinical overlap with patients having mutations in LPAR6
[7, 9]. Nineteen different mutations have previously been

described in the LPAR6 gene, all of which are associated
with autosomal recessive hypotrichosis, or woolly hair,
with a variable clinical expression, but without strong
genotype-phenotype correlations [7, 10-16]. Interestingly,
eight of the reported LPAR6 mutations are reported from
Pakistani kindreds of different geographical and ethnical
origin [9-11, 13, 16, 17].
In this study, we screened six families segregating autoso-
mal recessive hypotrichosis for linkage to the three LAH
loci. Markers flanking the LAH3 locus on chromosome
13q segregated with the disease in all families. Subsequent
analysis of the LPAR6 gene revealed homozygosity for a
novel truncating mutation, as well as a previously identified
missense mutation in affected individuals.

Material and subjects

Families
In this study, we investigated six Pakistani families (fam-
ilies 1-6) of which five are consanguineous, segregating
autosomal recessive hypotrichosis (figure 1). The six fami-
lies reside in the northern area of Pakistan and are from the
same ethnic background (Pukhtoon). None of the families
has been previously reported. Affected individuals show
typical features of localized hypotrichosis with sparse or
absent scalp hair. The hair texture is normal, fragile or
curly and a few family members from different families

dx.doi.org/10.1684/ejd.2012.1731
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Figure 1. Pedigrees of the six families segregating autoso-
mal recessive hypotrichosis. The identified gene variants
are shown each symbol. Family 2-6 show similar hap-
lotypes inherited with the missense mutation p.G146R
(c.436G>A). The pedigree for family 6 have been cropped
and individuals V:7 and V:8 are connected to the main loop
six generations back.

have woolly hair (figures 2A-B). Affected individuals had
scalp hair at birth but the hair was slow growing and both
genders are equally affected. Eyebrows and eyelashes are
either normal, short and sparse, or absent, and the axillary
and body hairs are normal or sparse. A clinical variabil-
ity was observed in affected individuals both between and
within families (figures 2A-B) as described previously for
autosomal recessive hypotrichsis [6, 7, 16]. Affected adult
males had normal beard and moustache hairs. All patients
reported normal sweating and no additional ectodermal or
physical abnormalities were observed.
We obtained blood from affected individuals, siblings
and their parents when available. Genomic DNA was
extracted from peripheral blood according to standard
techniques. Informed consent was obtained from all indi-
viduals who participated in this study and the protocol was
approved by the local ethical board at NIBGE, Faisalabad,
Pakistan.

Genotyping and mutational analysis
We analysed all six families for linkage to the three
known LAH genes using highly polymorphic microsatel-
lite markers flanking the DSG4 gene locus on chromosome
18q12.1, the LIPH gene locus on chromosome 3q27.2, and
the LPAR6 gene locus on chromosome 13q14.11-q21.32,
respectively. Two-point logarithm of odds (LOD) scores
was calculated using MLINK software from the LINK-
AGE program package [18]. All coding and exon-flanking
sequences of the LPAR6 gene were directly sequenced with
Big Dye Terminator v3.1 cycle sequencing kit according

A

B

C c.583_584insT c.436G>A

proband

carrier

control

G G AA T T T T T T T T T C C T G G G G GGA A A AAT T C

T G G G G GGA A A ANT T C

T G G G G GGA A A AGT T C

G G AA T T T T T T N T N C C

G G A T T T T T T : A T TT CC

Figure 2. Phenotypic variation of patients ranging from
sparse or absent scalp hair with normal, fragile or woolly
texture.
A) Two affected male members of family 1 (age 35 and
33 years, respectively) showing a mild hypotrichosis (left)
and a more severe expression (right). B) Two affected male
members of family 2 (age 29 and 25 years, respectively)
showing woolly hair appearance (left) and severe hypotri-
chosis (right). C) Chromatogram from an affected individual
of family 1 showing homozygosity for the c.583_584insT
frameshift mutation resulting in p.I194FfsX11 (left) and chro-
matogram from an affected member of family 2 showing the
c.436G>A substitution resulting in the p.G146R missense
mutation (right).

to manufacturer’s protocol (Applied Biosystems, Foster
City, CA) and separated on an ABI 3730xl DNA analyzer
(Applied Biosystems).

Results and discussion

Linkage analysis of the six families revealed a cumulative
two-point LOD score of 6.93 to the LPAR6 locus (recom-
bination fraction � = 0). Sequence analysis of the LPAR6
gene in affected members of one family (family 1) revealed
homozygosity for a novel single nucleotide insertion in
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a stretch of T at position 577 to 583 (c.583>584 insT;
figure 1C). The insertion causes a substitution of isoleucine
to a phenylalanine at amino acid position 194 and a frame
shift leading to a premature stop (p.I194FfsX11) and a trun-
cated protein. Affected members of family 2-6 were shown
to be homozygous for the previously identified missense
mutation c.436G>A (figure 1C), that results in a substitu-
tion of glycine for arginine at position 146 (p.G146R) [10].
The closest flanking polymorphic microsatellite marker
D13S164 had the same allele-size in families 2-6 indicating
a single origin of the missense mutation. Each of the muta-
tions segregate with the disease in the families, and were
detected in a heterozygous state in all parents investigated.
Affected individuals in all six families showed a variable
but typical phenotype of hypotrichosis with absent or sparse
scalp hair, eye-brows, eye-lashes, axillary hair and body
hair. A few affected individuals had normal eyebrows and
eye lashes, and some had woolly hair. The novel LPAR6
gene mutation (p.I194FfsX11) in affected members of fam-
ily 1 is a frame shift mutation and is predicted to result in
nonsense mediated decay or a truncated LPAR6 protein.
In the remaining five families we identified the p.G146R
mutation segregating with the phenotype. This mutation is
situated in the fourth trans-membrane domain of LPAR6
and most likely affect the binding of LPA [10]. Interest-
ingly, the phenotype in affected members of family 1 is
very similar to the expression and degree of hypotrichosis in
families 2-6. Both family 1 and families 2-6 also comprise
members with woolly hair expression and no genotype-
phenotype correlation could be identified for either of the
p.I194FfsX11 or p.G146R mutations in the families. Thus,
the effect of both mutations can be predicted to be simi-
lar and severe on LPAR6 function. The missense mutation
was previously identified in several Pakistani families with
autosomal recessive hypothrichosis [10, 16] as well as in
an Iranian family with autosomal recessive woolly hair
[15]. Together with our analysis of the closest flanking
microsatellite marker (D13S164) showing the same allele
size on mutant chromosomes in family 2-6, this supports a
strong founder effect for p.G146R.
In conclusion, our findings extend the spectrum of known
LPAR6 mutations in the Pakistani population and further
support a crucial role of LPAR6 in hair growth and tex-
ture in humans. Our results also support a founder effect
for the p.G146R mutation. Furthermore, this report adds
further evidence to the phenotypic expression of autosomal
recessive hypotrichosis. �
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