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Abstract 

ABSTRACT 

A study of rare monogenetic disorders in humans is often L.'1valuable for discovery of 

the previously unknown genes and physiological pathways. In Pakistan, due to strict 

social customs, inbreeding has led to unique large fanlilies with un-described 

phenotypes. These families represent the opportunity to clinically describe new 

entities, and large family size allows the variability and natural history to be 

documented. The families also provide an ideal solution to the linkage problem, as 

individual families contain enough power to allow the disease genes to be localized, 

the first step in defining the defective genes. For the present study, Pakistani families 

with autosomal recessive disorders, Hearing Impairment or Alopecias, have been 

studied as described below. 

In the present investigation, five highly consangumeous families (A-E) with 

hereditary hearing impairment and four families (F-I) with hereditary alopecias have 

been studied from Punjabi, Sindhi and Balochi speaking population of Pakistan. In all 

these families, a classical linkage analysis approach was used to identify the 

underlying genes. 

In family A, screening of the human genome led to the identification of a novel 

autosomal recessive non-syndromic hearing impairment locus, DFNB62, on 

chromosome 12p13.2-pll.23 . Significant evidence of linkage to this chromosomal 

region was found with two-point LOD score of 4.0 and multipoint LOD score of 5.3. 

Haplotype analysis located the DFNB62 locus in 22.4 cM (15.0 Mb) region flanked 

by markers D1 2S358 and D1 2S1042. DFNB62 represents the second autosomal 

recessive non-syndromic hearing impairment (ARNSHI) locus that mapped on 

chromosome 12p13.2. 

In family B, linkage data obtained from genome scan and saturation of several 

chromosomal regions with additional markers failed to define a region harboring a 

causative gene for deafness. 

In three families (C, D, E), linkage was established to known hearing impairment loci. 

Family C showed linkage to DFNB9 locus on chromosome 2p23.3 containing OTOF 

gene. In families D and E, linkage was established to DFNB8/10 on chromosome 

21q22 .3. The entire coding region, as well as intron-exon boundaries of TMPRSS3 
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gene was sequenced in affected and unaffected individuals of both the families, but 

the efforts failed to detect the functional sequence variants. 

In family F with hereditary hypotrichosis, linkage was established to AH/LAH2 locus 

on chromosome 3q27. The entire coding region, as well as intron-exon boundaries of 

LIPH gene were sequenced in all the three affected and one normal individuals of the 

family. Sequence analysis of a candidate gene Lipase-H (LIPH) revealed a novel five 

base pair deletion mutation (c.346-350delATATA) in exon 2 of the gene leading to 

frame shift and downstream premature termination codon. The deletion mutation 

identified in the family is the second mutation identified in LIPH gene. 

In family G with alopecia and mental retardation syndrome, hairs were completely 

absent by birth from all areas of body of the affected individuals. Candidate gene 

mapping showed linkage of this family to micro satellite markers linked to APMR1 

and APMR2 loci on chromosome 3q26.2-q28. A maximum two-point LOD score of 

1.74 (8=0.0) was obtained with nine markers. Multipoint linkage analysis resulted in a 

maximum LOD score of 3.17 with markers D3S2433, D3S2427 and D3S3676 which 

supports the linkage. Haplotype analysis located the APMR locus between markers 

D3S3622 and D3S3596, spanning 32.53 cM (20.1 4 Mb) region on chromosome 

3q26.2-q28. Sequence analysis of five candidate genes, LIPH, ETS variant gene 5, 

TNFSFIO, AP2MI and CamK2 from DNA samples of two affected and one 

unaffected individuals of the family failed to reveal pathogenic sequence variants. 

In family H with hypotrichosis, initial genome wide scan revealed five chromosomal 

regions including D1S1151 at 1p36.22, D3S1544 at 3q12.2, D8S1832 at 8q24.13, 

D10S1700 at 10q26.3 and D12S291 at 12q12, which were found to be homozygous in 

all the three affected members of the family. Saturation of these five regions with 

additional markers, however, failed to generate a significant LOD score with any of 

the markers, thus excluding these regions from harboring a causative gene for 

hypotrichosis in family H. 

The family I was tested for linkage by using polymorphic microsatellite markers 

linked to hairless (HR) gene on chromosome 8p21.2. Genotyping of five members 

including two affected and three unaffected individuals with polymorphic 

micro satellite markers D8S322, D8S282, D8S560, D8S298, established linkage to the 

HR locus. Subsequently, the entire coding region as well as intron-exon boundaries of 
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the HR gene was sequenced in · two affected individuals, but failed to identify 

functional sequence variant suggesting that the mutation is probably present in the 

regulatory sequence of the gene. 

The work presented in the thesis has been published in the following articles. 

1. Ali G, Santos RL, John P, Wambangco MA, Lee K, Ahmad W, Leal S. The 

mapping of DFNB62, a new locus for autosomal recessive non-syndromic hearing 

impairment, to chromosome 12p13.2-pl1.23. Clinical Genetics 69(5):429-33, 

2006. 

2. Ali G, Chishti MS, Raza SI, John P, Ahmad W. A mutation in the lipase H (LIP H) 

gene underlie autosomal recessive hypotrichosis. Human Genetics 121(3-4):319-
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Chapter 1 Introduction 

INTRODUCTION 

Human population is characterized by some parameters including consanguineous 

marriages, frequencies of genetic disorders, birth rate, morbidity and mortality. 

Among these population parameters, consanguineous marriages are customary in 

vanous human societies that lead to an increased prevalence of severe genetic 

disorders. Hence, consanguinity and genetic disorders, being related to serious health 

problems, are always considered most important in genetic studies (Bittles, 2002). 

Genetic disorders are found almost in every human population though their nature, 

prevalence and distribution vary in different regions of the world (EI-Hazmi, 1999). 

Consequently, the genetic disorders impose a heavy medical and financial burden on 

the affected individuals and their families, as well as on the society at large due to 

their chronic nature (Abdel-Meguid et al., 2000). 

The consanguineous marriage pattern has significant implication for increased rate of 

recessive genetic disorders (Bittles, 2005; Al-Gazali, 2005). High rate of 

consanguinity in any population along with other factors such as religion, ethnicity, 

language, geography etc, usually lead to create genetically isolated groups in which 

typically confined, well-documented, extended and multigenerational pedigrees with 

several cases of rare diseases are expected (Peltonen et al., 2000; Bittles, 2001). The 

extended pedigrees were readily used by geneticists for their linkage studies and for 

mapping many monogenic autosomal recessive disorders. In this regard, various 

isolated Pakistani population such as many small communities have played prominent 

role in identifying the novel mutations in these autosomal recessive disorders. 

The huge popUlation of Indian sub-continent including Pakistan, India and 

Bangladesh also provides an opportunity for studies of genetic disorders (Gadgil et 

al., 1998). But the popUlation of Pakistan is the goldmine for these studies due to its 

unique geography and history. In addition, it is a mixture of diverse ethnicities with 

unique familial and social characteristics (Mehdi et al., 1999). 

For the present study consanguineous Pakistanies families with genetic disorders like 

hearing impairment and alopecia have been ascertained and investigated. 
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Hearing Impairment 

Hearing impainnent (HI) is the loss of ability to hear nonnally, whether pennanent 

loss or fluctuating. Hearing impainnent is clinically and genetically heterogeneous 

and can be caused by environmental as well as genetic factors . 

Type of Hearing Impairment 

Primarily there are four fonns of hearing impairment: 

Conductive 

It is related to disease of outer or middle ear. Audiometrically nonnal bone 

conduction thresholds are <20 dB HL and an air-bone gap> 15 dB HL averaged over 

0.5, 1 and 2 kHz. 

Sensorineural 

It is related to disease of the inner ear or cochlear nerve with an airlbone gap < 15 dB 

HL averaged over 0.5, 1 and 2 kHz. 

Mixed 

It is related to combined involvement of the outer/middle ear and the inner 

ear/cochlear nerve. Audiometrically there are >20 dB HL in the bone conduction 

threshold together with> 15 dB HL air-bone gap averaged over 0.5, 1 and 2 kHz. 

Central Auditory Dysfunction 

It occurs when auditory centers of the brain are affected by injury, disease, tumor and 

hereditary or unknown causes. 

Onset and Severity of Hearing Impairment 

Prelingual hearing loss 

Prelingual hearing loss is present before speech develops. All congenital hearing loss 

is prelingual, but not all prelingual hearing loss is congenital. 

Postlingual hearing loss 

It occurs after the development of nonnal speech. 

Hearing is measured in decibels (dB). The threshold or 0 dB mark for each frequency 

refers to the level at which nonnal young adults perceive a tone burst 50% of the time. 
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Hearing is considered normal if an individual's thresholds are within 15 dB of normal 

thresholds. 

Air conduction pure tone average (ACPTA) thresholds in the conversational 

frequencies (0.5, 1, 2 and 4 kHz) were calculated for each deaf ear and were used to 

define the severity of deafness: mild (20 db<ACPTA:S39 db), moderate 

(40 db<ACPTA:S69 db), severe (70 db<ACPTA:s89 db) and profound (~90 db) 

(Albert et at., 2006). 

Genetics of Hearing Impairment 

The genetically determined hearing impairment can be divided into two categories; 

syndromic and non-syndromic forms. The syndromic forms include several hundred 

deafness syndromes, with the underlying genetic defect being found in about 30 of 

them (Petit, 1996; Resendes et al., 2001; Petersen and Willems, 2006). In non

syndrornic genetic deafness of pre-lingual onset, autosomal recessive inheritance 

predominates (80%), but autosomal dominant (20%), X-linked (1%), and 

mitochondrial «1 %) forms have also been described. In post-lingual, non-syndromic 

deafness, autosomal recessive inheritance is very rare. The autosomal recessive forms 

are usually more severe than the other forms and are almost exclusively due to 

cochlear defects (Petersen and Willems, 2006). 

Syndromic Hearing Impairment 

Syndromic hearing impairment may account for up to 30% of prelingual deafness, 

which in most cases is of conductive and mixed type but its relative contribution to all 

deafuess is much smaller, reflecting the occurrence and diagnosis of post lingual 

hearing loss. Over 400 genetic syndromes that include hearing loss have been 

described (Petersen and Willems, 2006). Syndrornic hearing loss is categorized 

according to the mode of inheritance. Syndromic hearing loss can have many modes 

of transmission, including maternal inheritance due to a mitochondrial mutation. 

Non-Syndromic Hearing Impairment 

Non-syndromic deafuess is a paradigm of genetic heterogeneity. It is estimated that 

more than 70% of hereditary hearing loss is non-syndromic (Van Camp et aI., 1997; 

Petersen and Willems, 2006). The different gene loci for non-syndromic deafness are 

designated DFN (for DeaFNess). Loci for genes inherited in an autosomal dominant 
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fonns are referred to as DFNA, and for genes inherited in an autosomal recessive 

fonns as DFNB, and those for genes inherited in an X-linked fonns as DFN. 

Approximately 126 different gene loci associated with non-syndromic hearing 

. impairment have been identified to date (Hereditary Hearing Loss. 

http ://www.dna1ab-www.uia. ac.be/dna1ablhhh, September 2007). Presently 54 

gene/loci associated with autosomal dominant mode of inheritance, 72 with autosomal 

recessive mode of inhelitance, 7 are X-chromosome linked and 4 mitochondrial have 

been identified. In total 21 genes have been characterized for autosomal dominant 

(DFNA), 27 for autosomal recessive (DFNB) , and 2 for X-linked (DFN) disorders 

(Van Camp and Smith, 2008; Hereditary Hearing Loss Homepage; 

http ://www.dnalab-www.uia.ac.be Idna1ab/hhb). 

Autosomal Dominant Non-Syndromic Hearing Impairment · 

Autosomal dominant non-syndromic hearing loss is a heterogeneous disorder. Most 

forms of autosomal dominant non-syndromic deafness are difficult to distinguish 

phenotypically. The majority of autosomal dominant genes are associated with 

hearing impainnent that is postlingua1 in onset, often beginning before the age of 20 

years. Some fonns, however, notably DFNA4, DNFA9 and DFNA10 are associated 

with hearing impairment starting somewhat later during the third and fourth decades. 

Mutations at the DFNA6/14/38 locus as well as those associated with the DFNA9 

locus tend to have distinguishable clinical phenotypes, and DFNA12, DFNA13 and 

DFNA21 are characterised by mid frequency hearing impairment. 

Autosomal Recessive Non-Syndromie Hearing Impairment 

Autosomal recessive non-syndromic hearing impainnent is clinically, the most 

important group because it accounts for about 80% of non-syndromic deafness. Most 

of the recessively inherited fOlIDS of hearing impainnent cause a phenotypically 

identical severe to profound, prelingual hearing loss (Van Camp and Smith Hereditary 

Hearing Loss Homepage, 2003), but mutations at a few loci DFNB2 (MY0 7 A) (Liu et 

al. , 1997), DFNB8/10 (TMPRSS3) (Veske et al., 1996) and DFNB16 (STRC) (Verpy 

et aI., 2001) cause a delayed, childhood onset hearing impainnent. 
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Genes for Autosomal Recessive Non-Syndromic Hearing Impairment 

Hereditary hearing impairment is genetically a highly heterogeneous disease with 

many different genes responsible for auditory dysfunction. Of the 30,000-35,000 

human genes, 1%, i.e. , 300-5 00 genes are estimated to be necessary for hearing 

(Friedman and Griffith, 2003). Most of the genes for recessive deafness have been 

identified by positional genetics in inbred multiplex families in ethnic isolates. Only a 

few of the genes including OTOA, PCDH15, GJB3, GJA1, and SLC26A5 have been 

found to be associated with recessive deafness by a functional candidate gene 

approach. 

A total of 27 different DFNB genes have been identified, and 21 genes are 

categorized by their function into four groups as described briefly below. 

Cytoskeletal Genes 

MY03A 

Dose and Burnside, (2000) mapped the MY03A gene to chromosome ·1 Op 11.1 

(DFNB30). Sequencing of the MY03A gene from genomic DNA revealed three 

different mutations · of this gene cosegregating with hearing loss. MY0 3A gene is . 

specifically expressed in photoreceptors and cochlea and . is important for the 

phototransduction and hearing processes. 

MY06 

The MY06 gene was mapped at 6q13 and defined the DFNB37 locus (Ahmed et al., 

2003). Vreugde et al. (2006) described that MY06 modulates RNA polymerase II

dependent transcription of active genes and suggested that an actin-myosin-based 

mechanism may be involved in transcription. Myosin VI participates in 2 steps of 

endocytic trafficking; it is recruited to both clathrin-coated pits and to ensuing 

uncoated endocytic vesicles (Naccache et al., 2006). To date more than five mutations 

in affected individuals ofvm10us ethnic origins have been identified (Mohiddin et al., 

2004) . 

MY0 7A 

The MY0 7A gene was mapped to llq13.5 in a highly consanguii1eous family from 

Tunisia (Guilford et al. , 1994). JvIY07A may be important for the original organization 

of stereocilia on the cell's apical surface, as the stereocilia are disorganized in the 
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MY0 7A null mutant. More than 50 distinct MY07A mutations in affected individuals 

have been identified, which are responsible for DFNB2 and dominant deafness 

(DFNA11) (Tamagawa et aI. , 1996; Liu et aI., 1997; Bolz et al., 2004; Ouyang et aI. , 

2005). 

MY015A 

The human MY015A gene was identified and mapped to the DFNB3 regIOn on 

chromosome 17p11.2 (Liang et at., 1998; Wang et aI., 1998). MY015A have a role in 

maintenance of stereocilia, as recent studies suggest actin replacement in stereocilia 

occurs every 48 h. MY015A is essential for normal actin organization within the inner 

hair cells (rnCs) of the cochlea, and may function similarly in stereocilia (Probst et 

al., 1998; Friedman et at., 2000,2002; Anderson et at., 2000). To date more than nine 

different pathogenic mutations have been identified in MY015A gene (Nal et aI., 

2007). 

Structural Genes 

STRC 

The STRC gene was mapped to DFNB16 chromosomal region on 15q21-q22 (Verpy 

et at., 2001). STRC gene may function to anchor the tectorial membrane to organ of 

corti cell structures (Jovine et at., 2002). Verpy et al. (2001) identified three 

pathogenic mutations in affected individuals including an insertion mutation of a 

cytosine in exon 13, a 4-bp deletion in exon 5 and a large deletion of the STRC gene. 

TECTA 

The TECTA gene was identified toa locus for recessive deafuess DFNB21 in a region 

on chromosome 11q23-q25 (Mustapha et al., 1999). The function of this gene is to 

optimize the sensitivity of the basilar membrane to frequency-tuned mechanical 

oscillations and to provide mechanical feedback to the outer hair cells in order to 

adjust the gain of the cochlear amplifier (Legan et at., 2000). Sequence analysis of 

the TECTA gene identified a G-to-A transition mutation in the donor splice site (GT) 

of intron 9, homozygosity for 649insC and 6037delG mutation in the TECTA gene, 

respectively (Mustapha et aI., 1999; Naz et aI., 2003). 
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OTOA 

Zwaenepoel et al. (2002) mapped the OrOA gene on chromosome 16p12.2 

(DFNB22). The mouse Otoa gene is expressed only in the inner ar. Otoan orin was 

suggested to mediate attachment of the tectorial membrane in the cochlea, and the 

otoconial membranes and cupulae in the vestibule. Zwaenepoel et al. (2002) 

identified a T-to-C transition at the exon 12lintron 12 junction of the DrOA gene. 

COLllA2 

Chen et al. (2005) localized the COLllA2 gene to 6p21.3 (DFNB53). The COLllA2 

gene helps in the production of type XI collagen. Type XI collagen helps to maintain 

the spacing and diameter of type II collagen fibrils. Type II collagen is an important 

component of the eye and mature cartilage tissue. The size and arrangement of type II 

collagen fibrils are essential for the normal structure of these tissues. Several 

pathogenic mutations in COLllA2 have been reported, including 11 nonsense or 

frameshiftlstop mutations, three in-frame deletions and four missense mutations 

(Temtamy et aI., 2006). 

Ion Transport genes 

GJB2 & GJB6 

Brown et al. (1996) found GJB2 and GJB6 genes linkage to the DFNBI locus on 

chromosome 13qll-qI2. This family of genes produces protein subtmits for gap 

junctions (channels) that connect adjacent cells. These channels are important for the 

movement of nutrients, charged ions, intercellular communication and homeostasis in 

the inner ear. Elias et al. (2007) concluded that gap junction adhesions are necessary 

for glial-guided neuronal migration. To date more th~m thirty seven different 

mutations have been identified in the GJB2 gene (Seeman et al., 2004; Dahl et al., 

2006). However only two mutations have been detected in the GJB6 gene (del 

Castillo et al., 2002). 

GJB3 

The GJB3 gene (connexin 31) was cloned and mapped to chromosome 1p35-p33 (Xia 

et al., 1998). This GJB3 gene family encoded protein, which is a component of gap 

junctions, and are composed of arrays of intercellular channels that provide a route for 

the passage of low molecular weight materials from cell to cell (Abrams et al., 2006). 

7 
Identification of Genes Involved in Hereditary Hearing Impairment and Alopecias 



Chapter 1 Introduction 

Mutation screening in Chinese families with compound heterozygosity for the same 

two GJB3 mutations, heterozygous R32W mutation and 3 bp GJB3 deletion was 

detected in a Spanish family (Liu et al., 2000; Lopez-Bigas et at., 2001; Mhatre et 

at., 2003; Uyguner et at., 2003). 

TMCI 

The transmembrane channel-like gene 1 (TMCI) gene was mapped to locus DFNB7/ 

DFNBll on chromosome 9q13-q21 in highly consanguineous families segregating 

non-syndromic deafness. It was suggested that the gene function of TMCI might be 

an ion channel or transporter, which mediates K + homeostasis in the inner ear 

(Keresztes et at., 2003). Seven different TMCI mutations in affected individuals of 

various ethnic origins including nonsense, frameshift, missense, deletion, and splice 

site were identified in 11 recessive families (Kurima et at., 2002; Santos et at., 2005). 

CLDN14 

Wilcox et at. (2001) showed that the CLDNl4 gene maps to locus DFNB29 on 

chromosome 21q22.1. The protein encoded by this CLDNl4 gene is a component of 

tight junction strands. Tight junctions represent one mode of cell-to-cell adhesion and 

serving as a physical barrier to prevent solutes and water from passing freely through 

the paracellular space. 

SLC26A5 

Liu et at. (2003) mapped SLC26A5 gene to chromosome 7q22.1. Nine human 

SLC26A genes have already been identified, and mutations in the SLC26A2, 

SLC26A3, and SLC26A4 genes are responsible for three distinct recessive disorders: 

diastrophic dysplasia, congenital chloride diarrhea, and Pendred syndromelDFNB4, 

respectively (Everett and Green, 1999; Lohi et at., 2002). Zheng et at. (2000) 

concluded that prestin is the motor protein of cochlear outer hair cells. Weber et al. 

(2002) suggested thyroid hormone as a first transcriptional regulator of the motor 

protein prestin and as a direct or indirect modulator of subcellular prestin distribution. 

Genes Having Unknown Functions 

TMIE 

The transmembrane inner ear expressed gene (TMIE) was mapped to locus DFNB6 on 

chromosome 3p 14-p21. TMIE gene has a conserved critical role in the auditory 
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system. This gene IS required for correct development of stereocilia bundles, 

including normal postnatal maturation of sensory hair cells in the cochlea (Mitchem et 

a!., 2002). The mutations in TMIE gene indicate that loss of function of TMIE causes 

hearing loss in humans (Naz et al., 2002; Mitchem et al., 2002; Santos et a!. , 2006) . 

TMPRSS3 

Transmembrane protease, serine 3 gene (TMPRSS3) was mapped to locus DFNB8! 

DFNB10 on chromosome 21q22. Wattenhofer et al. (2005) concluded that 

precleavage of TMPRSS3 is mandatory for normal function because this gene 

significantly activates epithelial sodium channel EnaC, which is involved in the 

regulation of sodium concentration in the endolymph. 

OTOF 

The OTOF gene was mapped to DFNB9 locus on 2p23-p22 (Yasunaga and Petit, 

2000). Roux et al. (2006) showed that otoferlin localized to ribbon-associated 

synaptic vesicles and may playa role in releasing chemical signals (neurotransmitters) 

from nerve cells that are involved in hearing. Otoferlin bound Ca (2+) and displayed 

Ca (2+)-dependent interactions with the other molecules like SNARE proteins 

syntaxin-1 (STXIA) and SNAP25. To date 11 distinct mutations have been identified 

in the OTOF gene (Yasunaga et aI., 1999, 2000; Adato et al., 2000; Houseman et aI., 

2001; Migliosi et al., 2002; Mirghomizadeh et a!., 2002). 

CDH23 

The CDH23 gene was localized to DFNB12 locus on chromosome 10q21-22. CDH23 

was shown to be part of the tip links involved in cross-linking stereocilia (Di Palma et 

al., 2001; Siemens et a!., 2002). Kazmierczak et al. (2007) demonstrated that CDH23 

and PCDHl5 interact to form tip links, extracellular filaments that connect the 

stereocilia and are thought to gate the mechanoelectrical transduction channel. To 

date, 36 different pathogenic mutations in affected individuals of various ethnic 

origins have been reported for the CDH23 gene including two nonsense and two 

frameshift mutations in families with USHID (Bark et a!., 2001). 

USHIC 

Verpy et a!. (2000) mapped the USHIC gene to the locus DFNB18, which maps to 

the region of chromosome 11 p 14-15.1. Adato et al. (2005) proposed that, via its 
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binding to myosin VIla and/or harmonin, it controls the hair bundle cohesion and 

plays a role in the development and maintenance of hair like projections called 

stereocilia. To date, 10 different pathogenic mutations in affected individuals of 

various ethnic origins have been reported for the USHl C gene. 

PCDH15 

The PCDH15 gene was mapped to locus DFNB23 on chromosome 10pll.2-q21. 

PCDH15 may playa role in early stages of inner ear development and maintenance of 

specialized photoreceptor cells that detect light and color. The PCDH15 gene 

encoding protocadherin 15 had previously been shown to be reponsible for Usher 

syndrome type IF (Ahmed et al., 2001; Alagramam et al., 2001). 

WHRN 

The WHRN gene was mapped to locus DFNB31 on chromosome 9q32-q34 

(Mustapha et al., 2002). Whirlin is known to be essential for the elongation process of 

the stereocilia of sensory hair cells in the inner ear, though its complete spatial and 

temporal expression patterns remained elusive. Whirlin has a pleiotropic function in 

both retina and inner ear (van Wijk et al., 2006). The murine region syntenic to the 

DFNB31 interval on chromosome 4 contains the locus for the recessive deafuess 

mutant whirler (wi) , which in the homozygous adult causes the shaker waltzer 

syndrome: deafuess and circling with tossing of the head (Mustapha et al., 2002; 

Mburu et al., 2003). 

ESPN 

The ESPN gene was mapped to DFNB36 locus on chromosome 1p36.3 (Naz et al., 

2004). Espin localizes to stereocilia of hair cells and is involved in establishing and 

stabilizing the actin filament structure (Zheng et al., 2000). Stereocilia, bend in 

response to sound waves for converting them to nerve impulses and for conveying 

information about the movement. 
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Alopecia 

Hereditary alopecia is a heterogeneous group of inherited hair loss disorders with 

different clinical features, modes of inheritance, and genetic bases. It is characterized 

by diffuse or localized thinning or absence of hairs beginning at birth or early 

childhood. The loss of hair affects the scalp, eyebrows, eyelashes, body hairs, axillary 

and pubic hairs. 

Total or partial absence of hair may occur either in isolation or with associated 

ectodermal abnom1alities as a part of syndrome of a very diverse nature. On the bases 

of such associations, several different syndromes featuring congenital alopecia can be 

distinguished. The major defects reported to be associated with total or partial absence 

of hair, either single or in various combinations include mental retardation, dwarfism, 

epilepsy, nail dystrophy, total or partial anodontia, hyperkeratosis, impaired sweating, 

cataracts, retinitis pigmentation etc (Pinheiru et aI., 1985; Feinstein et aI., 1987; John 

et aI., 2006). In familial cases, inheritance is usually autosomal recessive, but families 

with autosomal dominant or X-linked recessive inheritance have also been reported. 

Patients with recessive form tend to have a more sever phenotype, often with 

complete absence of hair development, affecting scalp and body hair. 

Different Patterns of Hair Loss 

Monilethrix 

Monilethrix (MIM 158000) is a congenital autosomal dominant hair disorder, which 

mapped to locus 12q13 that can cause scarring alopecia in affected individuals 

(Carreras, 1996). Monilethrix may occur either alone or in association with physical 

retardation, keratosis pilaris, cataracts, syndactyly and nail or teeth abnormalities. The 

hallmark of hair abnormality in monilethrix is a beading of the hair shaft caused by 

periodic narrowing with nodes separated by about 0.7 mm. The cause of the beading 

is unknown. The expression of monilethrix is variable (Winter et al., 1998). 

Monilethrix has been linked to the type I and type II keratin gene clusters on 

chromosome 17q and 12q 13, respectively. 

Most cases of monilethrix described so far are associated with mutations in the type II 

(basic) trichocyte keratin genes hHb 1, hHb3 and hHb6 (Horev et al., 2000; 2003; 

Winter et al., 2000; Muramatsu et al., 2003; Sprecher et al., 2003). Hair keratins have 
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acidic and basic fonns. At least one acidic human hair keratin maps to the type I 

keratin gene cluster at 17 q 12-q21 and at least one basic hair keratin maps to the 

corresponding type II cluster at 12q13 (Rogers et at., 1995) 

To date, 10 different pathogenic mutations in affected individuals of various ethnic 

origins have been ~eported for the human monilethrix gene. These include, missense, 

nonsense, deletions, insertion, and splice sites mutations (Rothnagel et at. , 1992; 

Syder et at., 1994; Sybert et at., 1999; HatseH et at., 2001; Sprecher et at., 2001; 

Whittock et al., 2001, 2002; Terron-Kwiatkowski et at., 2002; Lee et al., 2002; 

Ishida-Yamamoto et al., 2003; Van Steensel et at., 2005). 

Congenital Atrichia 

Congenital atrichia (MIM 209500) is a rare fonn of irreversible autosomal recessive 

disorder. Clinical features of affected individuals with this fonn of alopecia include: 

atrichia at birth or shedding of nonnal scalp hair several months after birth with 

failure to regrow; appearance of skin papules within the fust year of life; sparse 

eyebrows and eyelashes; lack of secondary axillary, pubic, or body hair; and normal 

nails, teeth, and sweating (Zlotogorski et al., 2002). To date, families with congenital 

atrichia have been reported from 17 backgrounds, including Pakistani, Japanese, 

Polish, Gennan, Israeli, Palestinian, Mexican, Italian, Korean and Mediterranean 

popUlations. 

Congenital atrichia has been linked to 8p21 , where several mutations of the hairless 

gene (HR, MIM 602302) have been reported as the underlying cause of congenital 

atrichia. To date, more than 38 different pathogenic mutations in affected individuals 

of various ethnic origins have been reported for the human HR gene (Ahmad et at., 

1998a; Cichon et at., 1998; John et al., 2005; Wali et at., 2006b; Betz et al., 2007; 

Kim et al., 2007; Kraemer et al., 2008; Roelandt et at., 2008). 

Marie Unna Hereditary Hypotrichosis (MUHH) 

Marie Unna hereditary hypotrichosis (MUHH; OMIM 146550) is a rare autosomal 

dominant disorder. Light microscopic examination from hair of the scalp could show 

thick, irregular, and twisted hair (He et al., 2004). They detected linkage on 8p22-p21 

by several groups (van Steensel et at., 1999; Cichon et at., 2000; Lefevre et at., 2000; 

Sreekumar et al., 2000; He et al., 2004). Because the MUHH locus mapped to the 

same region of chromosome 8 as the human HR gene which had been shown to carry 
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recessive mutations responsible for congenital atrichia with papules (Ahmad et al., 

. 1998, 1999; Cichon et al., 1998; Zlotogorski et al., 2002; Wali et al., 2006b), 

therefore mutation analysis of the HR gene was performed, but no mutations were 

found in MUHH pedigrees. 

Yang et al. (2005) found a second novel locus for MUHH on chromosome 1 p21.1-

1q21.3 in a Chinese family. This indicated that MUHH is a genetically heterogeneous 

disorder. 

Netherton Syndrome 

Netherton syndrome (NS, MIM 256500) is a severe autosomal recessive skin disorder 

characterized by congenital ichthyosis, a specific hair shaft abnonnality 

(Trichorrhexis Invaginata (TI) or "bamboo hair"), and atopic manifestations 

(Netherton, 1958; Plantin et al., 1991). The gene for NS was mapped to 5q31-q32, 

and was subsequently identified as SPINK5 (Chavanas et al., 2000a). The gene spans 

a region of 61 kb and is composed of 33 exons. It encodes LEKTI (Lynlpho-epithelial 

Kazal-type related Inhibitor), a predicted serine protease inhibitor highly expressed in 

thymus and mucous epithelia (Magert et al., 1999; Chavanas et al., 2000b). 

To date, 45 different pathogenic mutations in affected individuals of various ethnic 

origins have been reported for the SPINK5 gene (Chavanas et al., 2000a; Sprecher et 

al., 2001,2004; Mizuno et al., 2006; Zhao et al., 2007). 

Hereditary Hypotrichosis Simplex 

Hereditary hypotrichosis simplex can be divided into two main fOlIDS; generalized 

(universal or total) in which the defects involve all the body hair and localized 

(hereditary hypotrichosis of the scalp) in which hair loss is limited to the scalp with 

the rest of pilary system being normal. Hypotrichosis simplex of the scalp (HSS; MIM 

146520) is an autosomal dominant form of nonsyndromic alopecia that affects men 

and women equally. Affected individuals with the scalp have normal hair in early 

childhood but experience progressive loss of the scalp hair beginning in the middle of 

first decade almost complete baldness by the third decade. The body hair, beard, 

eyebrows, eyelashes, axillary hair, teeth and nail are normal. 

Betz et al. (2000) mapped a locus for hypotrichosis simplex of the scalp to human 

chromosome 6p21.3 in two Danish families and one Spanish family. Levy

Nissenbaum et al. (2003 ) identified nonsense mutations in comeodesmosin gene 

13 
Identification of Genes Involved in Hereditary Hearing Impairment and Alopecias 



Chapter 1 Introduction 

(CDSN; MIM 602593) in three families suffering from hypotrichosis simplex of the 

scalp. CDSN, a glycoprotein of 529 amino acids expressed in the epidermis and inner 

root sheath of hair follicles, is a keratinocyte adhesion molecule. 

Autosomal Recessive Hypotrichosis 

To date, three clinically similar forms of autosomal recessive hypotrichosis have been 

reported. Localized autosomal recessive hypotrichosis (LAB; MIM 607903) has been 

mapped to the region of the desmosomal cadherin gene cluster on chromosome 

l8q12.l (Kljuic et al., 2003a; Rafiq et al., 2003), which contains the genes for 

desmogleins (DSGl, DSG2, DSG3, and DSG4) and desmocollins (DSCl, DSC2, and 

DSC3). A large, intragenic deletion of exons 5-8 (EX5_8del) in desmoglein 4 gene 

(DSG4; MIM 607892) was found to be the underlying defect in two unrelated LAB 

families of Pakistani origin (Kljuic et al., 2003b). DSG4, a novel member of the 

desmosomal cadherin family that is expressed in the inner epithelial layers of the hair 

follicle, where its function appears to be crucial during differentiation of the hair 

follicle layers. The same deletion mutation was subsequently detected in six 

additional Pakistani kindreds (Moss et al., 2004; Rafiq et aI., 2004; John et aI., 

2006b), suggesting that it represents an ancestral mutation that has been widely 

dispersed. Messenger et al. (2005) reported a missense mutation (A129S) in DSG4 

gene in an Iraqi family. More recently, Wajid et al. (2007) identified a single 

nucleotide deletion 87deiG with in exon 3 of the DSG4 gene. 

A second autosomal recessive hypotrichosis locus (AB / LAB2; MIM 604379) was 

mapped on chromosome 3q27 (Aslam et al., 2004). The AB locus overlaps with an 

alopecia mental retardation syndrome (APMRI) locus (John et al., 2006a). 

Interestingly, another alopecia with mental retardation syndrome (APMR2) locus 

(Wali et aI., 2006a) was mapped proximal to AB and APMRlloci. 

Recently, Kazantseva et al. (2006) have reported the identification of a deletion 

mutation in Lipase H (LIPH) gene (MIM 607365) on chromosome 3q27 (Kazantseva 

et al., 2006). The gene was cloned earlier by Sonoda et al. (2002). LIPH is a 

phosphatidic acid-selective phospholipase Al (PLAl) that produces 2-acyl 

lysophosphatidic acid (LPA), which is a lipid mediator with diverse biologic 

properties. The deletion mutation involves 985 bp containing ex on 4 and the flanking 

intronic sequences of LIPH gene. The deletion of exon 4 does not alter the reading 
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frame of the gene however this eliminates the evolutionary conserved domain in the 

protein structure (Kazantseva et ai., 2006). Recently, Ali et a!. (2007, present study) 

have reported a five base pair deletion mutation (c.346-350delATATA) in exon 2 of 

the gene leading to frameshift and downstream premature termination codon. 

Recently, Wali et a!. (2007a) ascertained two consanguineous Pakistani families 

demonstrating autosomal recessive fonn of hereditary hypotrichosis . The affected 

individuals in these two families exhibited typical feahlres of the hereditary 

hypotrichosis. Genome wide scan using polymorphic microsatellite markers led to the 

identification of a third locus (LAB3; MIM 611452) for this form of hypotrichosis in 

a 17.35 cM region on chromosome 13q14.11-q21.32. 

Alopecia with Mental Retardation Syndrome 

Alopecia with mental retardation syndrome (APMR, MIM 203650) IS a rare 

autosomal recessive form of alopecia which show hair loss on the scalp, absence of 

eyebrows, eyelashes, axillary and pubic hair, and mild to severe mental retardation 

(Perniola et a!., 1980; Baraitser et a!., 1983; Benke and Hajianpour 1985; John et al., 

2006a; Wali et a!., 2006a; 2007b). John et a!. (2006a) have mapped the APMRl locus 

to human chromosome 3q26.33- q27.3 in a family with severe mental retardation (IQ 

from 25-30). The second locus for alopecia and mental retardation (APMR2) was 

mapped to chromosome 3q26.2-q26.31 (Wali et a!., 2006a) in a family with total 

alopecia and mild to moderate mental retardation (IQ from 53-61). Recently, Wali et 

a!. (2007b) reported the mapping of a third locus for alopecia and mental retardation 

syndrome (APMR3) in a large family at chromosome 18q11.2-q12.2. 

Alopecia areata (AA) 

Alopecia areata (AA; MIM 104000) is a nonscarring, autoimmune, inflammatory, hair 

loss on the scalp and/or body (Olsen, 2003). Recognized subgroups of this disease 

include those patients with the complete absence of telmina1 scalp hair (alopecia 

totalis or AT) and those patients with total loss of terminal scalp and body hair 

(alopecia universalis or AU) (Sehgal and Jain, 2003; Olsen et a!., 2004). In the initial 

stages, the number of hair follicles appears to remain the same; however, in the more 

advanced stages this number decrease and miniaturization of the anagen hair follicles 

is observed (McDonagh and Messenger, 1996). 
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Martinez-Mir et al. (2007) performed a genome wide search for linkage in 20 families 

with AA consisting of 102 affected and 118 unaffected individuals from the United 

States and Israel. Linkage analysis r ult d i the localization of at least four 

susceptibility loci on chromosome 6, 10, 16, and 18. Interestingly, the major loci on 

chromosome 16 and 18 reported in this study coincide with loci for psoriasis. The 

results suggest that these regions may harbor genes involved in a number of different 

skin and hair disorders. 

In the present study, nine families with hereditary hearing loss or alopecias have been 

described. Molecular genetic studies and DNA sequencing have been performed to 

locate the disease loci and pathogenic mutations. 
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MATERIALS AND METHODS 

Families Studied 

Five families (A-E) with autosomal receSSive non-syndromic hereditary hearing 

impairment and four families (F-I) with alopecia, residing in different regions of 

Pakistan, have been located and studied for the present investigation. The families 

have been ascertained by identifying pro bands during the field visits. The families 

were visited at their places of residence to collect all possible information. The well 

informed elders and relatives of the families were interviewed to obtain maximum 

information about the family history and individuals having hereditary hearing 

impairment and alopecias. All the information on the degree of hereditary hearing 

loss, number of affected individuals, number of generations involved, miscarriages in 

the family, the associated defects if any and onset of the hearing and hair loss were 

carefully recorded. All the information obtained was crosschecked by independently 

interviewing different persons associated with the family. Audiometry was performed 

on selected individuals to detect the level of hearing impairment. Dermatologists at 

Pakistan Institute of Medical Sciences (PIMS) Islamabad and Government Hospital 

Quetta, Balochistan examined the affected individuals from all the alopecia families. 

Histopathologists at National Institute of Health (NIH) Islamabad examined scalp 

biopsy of affected individuals with hypotrichosis. The phenotypes of affected persons, 

indicated, in the pedigrees, were recorded for clinical diagnosis of the disorders. 

Blood samples from affected and normal individuals of each family were collected for 

DNA extraction. 

Pedigree Analysis 

Pedigree is the most important step while studying human genetic disorder. This helps 

geneticists to infer the mode of inheritance of the trait. For genetic inference an 

extensive pedigree was constructed for each family using the standard methods 

described by Bennett et al. (1995). Males were symbolized by squares and females by 

circles. The normal individuals were designated with unfilled symbols while the 

affected individuals by filled symbols. Each generation has been numbered 

consecutively and was denoted by Roman numeral. The individuals within a 

generation were designated by Arabic numerals. A number enclosed within a symbol 
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indicates the number of sibs. The exact genealogical relationships of all the affected 

individuals were obtained through extensive personal interviews of elders of the 

families. The information was checked and echecked by interviewing different 

persons. The segregation or transmission of the hereditary hearing loss and hair loss 

within the families were deduced by observing the pattern of inheritance of hereditary 

disorders studied and were expressed in the form of pedigree. 

Blood Sampling 

Before the onset of the study, approval was obtained from Quaid-i-Azam University 

Institutional Review Board. After obtaining informed consent from all individuals 

venous blood samples were drawn from both affected and normal members of the 

families by the aid of 10 ml sterilized syringes (0.7 x 40 mm, 22G x 1 Yz) and blood 

vacutainer sets. Attempts were made to collect the blood samples of a1l the affected 

and normal family members, but some of them were not available for the study. The 

blood was immediately transferred into the blood vacutainer sets containing 

ethylenediaminetetraacetic acid (EDT A). The blood samples, collected in the field 

were kept at 4°C, before being processed for extraction of genomic DNA. 

Genomic DNA Extraction 

Two methods were used for genomic DNA extraction and purification from blood 

samples: 

~ Phenol-Chloroform Method for DNA Extraction 

~ Inorganic Method for DNA Extraction 

Phenol-Chloroform Method for DNA Extraction 

Genomic DNA extraction from venous blood sample was performed using standard 

phenol-chloroform procedure (Sambrook et al., 1989). Equal volume of the blood and 

solution A [0.32 M Sucrose, 10 mM Tris (PH 7.5), 5 mM MgClz, 1% v/v Triton X-

100] was mixed in a 1.5 ml micro centrifuge tube and was kept at room temperature 

for 10-15 minutes. The tubes were centrifuged at 13,000 rpm for 1 minute in a 

Microfuge® 18 Centrifuge (Eppendorf Centrifuge 5415 R, Germany) . Supernatant 

was discarded and pellet was re-suspended in 400 /-LI of solution A, and was 

centrifuged again. Supernatant was again discarded and the nuclear pe1let was re

suspended in 400 /-LI of solution B [10 mM Tris (PH 7.5), 400 mM NaCl, 2 mM 
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EDTA (PH 8.0)] and 12 J-LI of20% SDS solution and 25 J-LI of Proteinase K (2 mg/ml 

stock) and incubated at 37°C overnight. 

On the following day, after complete digestion of the nuc1 ar pellet, 0.5 ml of freshly 

prepared mixture of equal volumes of solution C (phenol) and solution D (chloroform 

and iso-amyle alcohol 24: 1) were added in the tubes; mixed and centrifuged for 10 

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

tube containing 500 J-LI of solution D, centrifuged again at 13,000 rpm for 10 minutes. 

The aqueous phase was placed in a new tube, and after adding 55 III of 3 M sodium 

acetate (PH 6) and equal volume of iso-propanol, the tubes were inverted several 

times to precipitate DNA. After washing DNA with 70% ethanol; dried it in the 

vaccum DNA concentrator (EppendorfConcentrator 5301, Germany) and dissolved in 

Tris-EDTA (TE) buffer. DNA concentration was determined by spectrophotometer 

(Biometra GeneRayUV-Photometer) at OD26o nm. 

Inorganic Method for DNA Extraction 

Two and a half milliliter of blood was taken in a 15 ml conical tube with 7.5 mllysis 

buffer [155 mM Ammonium Chloride, 10 mM Potassium Hydrogen Carbonate, O.l 

mM EDTA, pH 7.4]. After mixing the contents by inversion, the tubes were placed on 

ice for 15 minutes. Centrifugation was carried out at 2,000 rpm (Eppendorf Centrifuge 

5810 R, Germany) for 15 minutes at 4°C. The supernatant was discarded and the 

pellet was resuspended in 5 ml of lysis buffer. The nuclear pellet was digested 

overnight in 3 ml ofnuc1ear lysis solution [10 roM Tris-HCI (PH 8.0),40.0 roM NaCl, 

2 roM EDTA, pH 8.2] containing 85 III of 20% SDS and 8 III proteinase K (50 

mg/ml). The protein contaminants were then salted out by centrifugation at 4,000 rpm 

for 30 minutes after adding 0.83 ml of sodium chloride (6 M). Equal volume of iso

propanol was added to the supernatant to precipitate the DNA. The precipitated DNA 

was fished out and transferred in a microcentrifuge tube containing 70% ethanol for 

washing. After evaporation of residual ethanol by using vaccum DNA concentrator 

(Eppendorf Concentrator 5301, Germany), DNA was dissolved in appropriate amount 

of Tris-EDTA (TE) buffer and stored at 4°C. 

Polymerase Chain Reaction (PCR) 

PCR was performed in total volume of 25 ILl reaction mixture containing 2.5 J-tl of 10 

X PCR buffer (KCl 50 roM, Tris-HCl10a roM, pH 8.3, 1.5 roM MgClz) with 0.5 mM 
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dNTP, 0.3 ILl micro satellite marker, 1 unit Taq DNA polymerase (MBI-Fementase, 

UK) and 40 ng genomic DNA. The reaction mixture was centrifuged for few seconds 

for thorough mixing. Reactions were performed by means of thermo cyclers obtained 

from Biometra, Germany. The conditions were set as, an initial denaturation at 95°C 

for 5 min, followed by 40 cycles of denaturation at 95°C for 1 min, annealing at 55-

57°C for 1 min, and elongation at 72°C for 1 minute. The final additional elongation 

step at 72°C for 10 minutes. 

Horizontal Gel Electrophoresis 

The amplified PCR product were analyzed on 2% agarose gel, which was prepared by 

melting 2 grams of agarose in lOO mllX TBE buffer (0.89 mM Tris-Borate, 0.025 M 

EDTA pH 8.3) in a microwave oven for one minute. Ethidium bromide (0.5 /Lg/ml 

final concentration) was added to stain the gel to visualize the DNA after 

electrophoresis. 

PCR products were mixed with loading dye (0.25% bromophenol blue, 40% sucrose), 

samples were loaded into the wells. Electrophoresis was performed at 100 volts for 

half an hour in IX TBE running buffer. Amplified products were visualized by 

placing the gel on UV Transilluminator (Biometra TI 2, Germany) 

Vertical Gel Electrophoresis 

The amplified PCR products were resolved on 8% non-denaturing polyacrylamide gel 

(13.5 ml of 30% acrylamide solution, 5 ml of lOX TBE, 350 III of 10% ammonium 

persulphate and 17.5 !ll of TEMED). 30 % acrylamide solution was prepared by 

dissolving 29 g of acrylamide and 1 g of NN' -Methylenebisacrylamide in respective 

amount of de-ionized water. Electrophoresis was performed at 100 V. The gel was 

stained with ethidium bromide solution (10 mg/ml) and visualized on UV 

transilluminator (Biometra TI 2, Germany), for photography with the help of a Digital 

Camera DC120 (Kodak, USA). 

Genotyping 

Analysis of the microsatellie markers was performed by PCR, and the amplified 

products were resolved on 8% standard non-denaturing gel as described above. 

Microsatellite markers were visualized by placing the ethidium bromide stained gel 

on UV transilluminator and genotypes were assigned by visual inspection. 
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Microsatellite markers mapped by Cooperative Human linkage Center (CHLC) were 

obtained from Invitrogen (USA). Approximately 94% heterozygous tri and tetra 

nucleotide repeats sequ nc polymorphic markers were used in current study. 

Average heterozygosity for each marker was 78%, implying that these markers were 

highly informative for allelotyping pedigree members. The cytogenetic location of 

these markers as well as the length of amplified products was obtained from genome 

data base homepage (http://genome.ucsc.eduJ). Table 2.1 summarizes microsatellite 

markers used for exclusion mapping of known loci . 

Linkage Studies 

Linkage to Known Loci 

To elucidate the gene defect in the nine families (A-I), presented here, an initial 

search for linkage was carried out by using polymorphic markers mapped within some 

of the autosomal recessive non-syndromic deafness loci listed on the hereditary 

hearing loss homepage (http://dnalab-www.uia.ac.be/be/dnalab/hhh). Table 2.1-2.2 

summarizes micro satellite markers located in the region of known deafness and 

alopecia loci, which were used as first pass analysis for genetic linkage in the 

families . Selected markers had an average heterozygosity of >70%. Genotyping of 

these markers was performed as described above. 

Mutations in GJB2 (Connexin 26) gene, at DFNB1 locus on chromosome 13q12, 

account for up to 50% of non-syndromic recessive deafness in some populations. 

Genomic DNA of an affected individual of each hearing impaired family was 

screened for mutation in the GJB2 of hereditary hearing loss. 

Genome-wide Search 

Genome-wide search was carried out by a method known as homozygosity mapping 

(Lander and Botstein, 1987). Homozygosity mapping uses families that are 

genetically homozygous for recessive diseased genes by virtue of consanguinity. 

Genome-wide screen was conducted with microsatellite markers spaced 

approximately at 10 cM intervals. Information about the markers map order was 

obtained from Rutgers maps (Kong et at., 2005) and deCode genetic maps (Kong et 

al., 2002). Genotyping and PCR conditions used were as described above. 
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Lod Score Calculations 

Lod scores were calculated using the F ASTLINK computer package (Schaffer, 1996) 

and MLINK was used for two-point lod s or (Cottingham et al. , 1993). Multipoint 

linkage analysis was performed using ALLEGRO (Gudbjartsson et al., 2005). A fully 

penetrant recessive model with no phenocopies and a disease allele frequency of 

0.001 was assumed. Equal allele frequencies were used in the analysis . However, 

since it is well knoWn that using allele frequencies, which are too low can lead to false 

positive results, a sensitivity analysis was performed. The marker allele that was 

segregating with the disease was varied between 0.2 and 0.8 and both two-points and 

multipoints linkage analysis was carried out. Microsatellite markers positions and 

map distances were derived from the Marshfield (Broman et al., 1998) 

(http://www.research.marshfieldc1inic.org/) and Decode (Kong et aI., 2002) genetic 

maps. Haplotypes were constructed using SIMW ALK2 (Week et aI., 1995; Sobel and 

Lange, 1996). Meiotic recombination frequencies were considered to be equal for 

males and females and allele frequencies for micro satellite markers were calculated 

by genotyping 100 unrelated unaffected individuals from the same population. 

Mutation Screening 

Mutation Analysis of Hearing Impairment and Alopecia Genes 

To screen for mutations in genes involved in hereditary hearing impairment (MGP, 

TMPRSS3 and GJB2) and alopecias (HR, TNFSF 10, ETV5,LIPH, AP2Ml and CAM

K2N2), all exons and splice junctions were PCR amplified from genomic DNA. 

Primer3 software (Rozen and Skaletsky, 2000) was used to design primers from the 

intronic sequences of these genes. The primer sequences, their amplified products and 

the annealing temperatures . are described in Tables 2.3-2.10. Amplification was 

carried out on 100 ng of genomic DNA in a 30 cycle PCR, in which initial 5 min 

denaturation of teniplate DNA at 95°C was followed by 30 cycles of 95°C for 1 min, 

55-60°C for 1 min and nOe for 1 min in a volume of 50 III containing 10 inM Tris

HCl, pH 8.3, 50 mM KCl, 0.2 mM of each dNTP, 1:5 mM MgCh, 0.5 ~lM of each 

primer and 1.0 unit of Taq DNA polymerase (MBI Fermentas, UK). PCR products 

were analyzed on 2% agarose gel and purified in centri-sep spin columns (Marligen 

Biosciences, USA) to remove the unincorporated primers and nucleotides. The 

purified PCR products were SUbjected to cycle sequencing using Big Dye Terminator 
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V 3.0 ready reaction mix and sequencing buffer (PE Applied Biosystems, Foster city, 

CA, USA). The sequencing products were purified to remove unincorporated 

nuc1eotides and primers with CentriflexTM Gel Filteration Cartridges (Biosystems, 

Gaithersburg, MD, USA). The purified products were resuspended in 20 ).1.1 of HDF 

(Hi Di Formamide) and were placed in 0.5 ml septa tubes to be directly sequenced in 

an ABI Prism 310 Genetic Analyzer (Applera, Foster City, CA, USA). 

Chromatograms from normal and affected individuals were compared with the 

corresponding control gene sequences from NCBI (National Center for Bioteclmology 

Information) database to identify the aberrant nucleotide base-pair change 

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

Sequence variants were identified via Bioedit sequence alignment editor, verSIOn 

6.0.7. When a potentially functional sequence variant was found, the exon in which 

the variant was found was sequenced in all other family members for whom DNA was 

available. When the identified sequence variant was shown to segregate with the 

disease status within a family, a minimum 100 unrelated ethnically matched control 

individuals were also screened for the same exon. 
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Table 2.1: List of micro satellite markers used to test linkage to known hearing 

impairment genes 
~.-.~ . :. .- - ~: 

Locus/ Gene/ 
Cytogenetic 
Band 

. Location . Marke s Location 
Markers •. ' (cM) Cytogenetic (cM) 

Band F ' I Locus/ Gene/ F 
~--------- ~-------'-~---------~-------r-------

DFNBI 

(GJB2, GJB6) 

13q11- qI2 

- DFNB3 

(MYOI5) 

17p11.2 

D13S175 0.00 

D13S1316 0.55 

D13S633 

D13S1236 

D17S2196 

D17S1794 

3.10 

5.41 

, 50.99 

; 51.64 

D17S805 ' 52.6 

D17S969 53.30 

DFNB2 

, (MY07A) 
I 
! llq13.5 

, r---; 

. ; DFNB4 
; 

: 
i 

(SLC26A4) 
I 

7q31 
I 
I 

..... -. . .......... ,....-'-' -----' .. , .... -. -.... .. . 

DFNB 6 D3S3647 72.07 :r; DFNB 7/11 

, (TMIE) D3S 1767 74.49 : (TMCI) 

~ ;:.....-'3P:::..l_4_-P_2_1~...=:....._ ;..:..Dc..;.. -=3S=~=~4:.....0-==.. ~5.26 ........ : ~ _ ~ql~-q21 .. 

DFNB 8/10 

(TMPRSS3) 

21q22 

DFNB 12 

(CDH23) 

10q21-22 

~~:~~~:o : ~:~: 'n, ~:;:; 
D21S1411 61.33 I i 2p23-p22 

D10S1759 

D10S1694 

D10S1432 
, 93 .7 15q21-q22 

; ~:"-~-::-4----:r .• ;,' ~:~)16 
~ ....... "'" ~ .......... -~........ .. . r 

DFNB 18 D11S902 30.69 . I I!, DFNB 21 

(USHIC) D11S4130 32.1 (TECTA) 
: I 

llpI4-15.1 D11S2368 33.91 ,I llq23-q25 
L . - ...... ' .. -.. -.- ........ ---. r' -==- .:...,- :-:--___ -' .... . . .. 

~::~2 ~:::~~~: : ::~: n ~~:~:) 

. 

16p12.2 D16S403 46.66 I : 10p11.2-q21 
,....:...:' .--= .. :..... :....:::.....::........:............ ..... ... .. . - ',--__ ----'----.:-'--_ =24 ~:::~~~4 :::~: .,r ~T:::) 

llq23 D11S1391 115.14 I ' 22q13.1 
,--------

DFNB 29 D21S211 41.28 r DFNB 30 

(CLDNI4) D21S167 44.92 ,: (MY03A) 

21q22.1 D21S267 44.92 10p11.1 
.. ". 

D11S4081 85.51 

DllS527 86.91 

D11S906 88.12 

D7S2453 115.66 

D7S496 117.99 

D7S2459 118.18 

.,' - --_. -

D9S1822 68.91 
I , 

D9S1876 69.4 

D9S927 70.2 

D2S2223 50.79 

D2S2350 50.79 

D2S 174 ; 50.94 

D15S994 41.37 

D15S537 42.58 

D15S659 43.74 

D11S925 ! 130.7 

D11S1345 133 .83 

D11S4464 136.99 

D10S1762 i 72.54 

D10S1642 ' 73.01 

DlOS1227 74.45 

D22S1045 49.77 

D22S272 51.85 

D22S423 53 .62 

D10S1749 , 48.31 

D10S2481 50.83 

D10Sl771 52.98 
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. . -,- . . , "." 
.' ~ . ". -- . ".-• ~ • ,1.0 __ '_ •• , ..•. ; .. " '-, .. 

DFNB 31 i D9S1824 , 122.39 

I 
DFNB35 D14S61 72.79 

I 

(WHRN) D9S1855 ; 123.56 (ESRRB) D14S53 73.27 
: , 

9q32-q34 D9S1776 123.79 14q24.3 D14S42 74.0 
_.-

DFNB36 D1S47 , 15.25 

I 
DFNB37 D6S1659 91 .90 

(ESPN) D1S2731 16.17 (MY06) D6S1031 93.11 
: 

1p36.3 D1S1646 17.15 6q13 D6S1625 93.11 
! .. .. . 

DFNB49 D5S629 I 80.77 I DmB53 
D6S1666 54.10 

I , 

(MARVELD2) D5S589 
, 

81.17 (COLllA2) D6S1939 54.92 I 

i 
5q13.1 , D5S1999 I 82.09 6p21.3 D6S1701 55.48 

, -- - - ..•. . - .. -.--- -- -
DFNB59 i D2S2173 I 197.32 

r 
DFNB 66/67 D6S1645 57.00 

i 
(PJVK) . D2S385 

I 
197.50 (LHFPL5) D6S291 57.66 

2q31.1-q31.3 D2S2978 
, 

199.17 6p22.3-p21.2 D6S1051 58.42 
.- .... - . --.' - .. - i . - ... 
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Table 2.2: List of micro satellite markers used to test linkage to known genes involved 

in skin disorders 

~. N=--l Candldat, G,nes . 
-----1:--

Chromosomal . Markers Distan 
Location (cM)* 

ce 

D1S1660 213.11 
1 P1akophillin1 lq32.1-q44 DlS2716 215.44 

(PKPi) D1S2738 215.63 
DlS306 216.6 
D1S1171 217.41 
DlS2686 218 .94 

I D1S2655 218.81 ,--.-----r-- . 
I 

F--m----· D1S534 155.97 
2 Loricrin 1q21.3 DlS442 157.78 

(LOR) DlS498 160.46 
D1S305 163.48 

r 
~- ---

D2S1343 123.96 
3 ED3 gene 2qll-13 D2S2954 127.74 

ectodysplasinlanhidrotic D2S1893 128.62 
receptor D2S1891 128.62 
(EDAR) D2S2236 169.92 

I 
. D2S321 172.66 
D2S141 175.22 

r- D3S3699 ~OOI9-4 
, 

Alopecia with Mental 3q26.33-q27.2 . D3S2314 201.92 
Retardation 1, Autosomal D3S3578 205.94 
Recessive Hypotrichosis D3S3583 205.94 

I (APMRl, AH) D3S3592 206.82 
D3S1530 .1 208 .12 

i 
I 

D3S1262 210.41 
I D3S1314 I 221.44 

r 1 6P2 1.33 D6S1615 53.70 
Comeodesmosin D6S273 53.70 
(CDSN) D6S1666 54.10 

I D6S439 I 57.00 

I 
\ 6P24 

D6S1640 20.26 
, 6 Desmoplakin D6S1547 20.85 I . 

(DSP) D6S1674 22.28 

I 
D6S296 22.97 
D6S410 23.33 -.. -

~I Hanl'" 
D8S258 37.51 

8p21.3 D8S560 39.68 
D8S298 40.11 (HR) 
D8S1786 41.41 

I 

1 
D8S1739 45.23 

I D8S1048 48.52 I I -_. 

F3J 
Dl1S1998 126.24 

8 ED4 gene poliovirus receptor- Dl1S4104 127.Q1 
like 1 (PVRLJ) D11S924 128.16 

Dl1S4129 128.16 
D11S4171 I 128 .16 

i 
I 
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-----------. j.-------------.. - -- ----.-.------ r-D- 12-S-8-7 --5--4.-21----

9 Keratin Type II 12q13 Dl2S1301 59.20 
, (KRT1) D1 2S297 67.04 

~ ED2 gene gap junction protein ~ I b-6 (GJB6) I -. .. 

Transg1utaminase 1 14q11.2 
(TGM 1) 

D12S368 67 .04 
D12S398 68: 15 
Dl2S90 73 .71 

D13S1316 0.00 
D13S175 0.55 
D13S633 3.10 
D13S250 3.10 
D13S787 8.75 

D14S50 
D14S283 
D14S990 
D14S972 
D14S264 

9.33 
10.29 
10.93 
15.00 
15.95 

, p-. :N:f~:'~:';:i:::fa::'G:Sie:a n:r::Ol:a_te:d - --: :-:- ::17:q~1_3-_-~- ______ ' ~l ii!i~; 
Dl7S1788 

0.00 
0.63 
0.63 
1.35 
2.81 

64.18 
66.44 
67.65 
69.99 
70.65 
72.85 

, 13 Type-I Hair Keratin & 
) Plakoglobin 

Genes. 
i (KRTHA 1) 

17q21.2 D17S1814 
i D17S1787 
! Dl7S934 

D17S791 
D17S797 

...... 

. r 
D17S1807 111 10 

; 14 , ~;;h;'km , 17q25,1 ~mm: UHi 
, . ' ,--. _ ... _ ... __ -_ _ _________ .-______ .-D __ 17_S_7_84 __ .-_12_7_.8_0 __ _ 

: Dl8S1107 45 .89 
15 Desmogleins and Desmocollins 

(DSG & DSC Cluster) 
18q21 D 18S478 50.50 

Dl8S847 53.29 
D18S36 54 .83 

I 
Dl8S457 55.14 

, Dl8S536 56.29 
". ,--- .-. - .---.------ ----- ---.----- -- - .------r-::-:-~---·· -. 

D20S195 54.15 
1 16 

! 
i Transglutaminase 20q11.2 D20S865 55 .42 
1 IIIIII D20S834 56.41 

(TGM 2& 3) D20S478 58.90 
D20S107 60.00 
D20S108 61.97 
D20S119 67 .18 

*Average-sex distance in cM according to Rutgers combined linkage-physical human 

genome map (Kong et aI., 2004). 
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Table 2.3: Sequences of primers used in screening MGP gene 

- . .- .' , -r-j 
PRIMER (5 '--+ 3') 

I 
Q z 
C 
Q 

\ 

~ Forward ~ 

-; ~ \ GG~GCCTCTCTCCCTA~T~C 
~~I CAGCAAGGCCAGAGCTAGAG _ 

, ~ I GAGTTGCATAAGTTAAGGCACTTTC 

~I ~GGG~ATGGAGAGAAAG:C __ 

bp= base pair 

°C= Centigrade 

I Reverse 

\ GAAGTAAGCCAAAGTCAGAGGC 
. - - . . . 

-
: \ TCGCCTGTAGCTTAAATCCC 

I GCTGTTTCCCACTCCAA TTC 

\ : ACAA~A TCAGGTGCCAGCC 

~ 
N 

. 
Ci3 

1)1)'-" 
c U - _ 0 

Cj 

-;~ =' '0,-.. ~ E! Q 0-... ..c c ~ 

~'-' <Eo-< 

FE 
~F 

·~F 
~F 
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Table 2.4: Sequences of primers used in screening TMPRSS3 gene 

~zo§. II ~ PRIMER (5'-+ 3') en ~ G 
..... ._ 0 

~ -;~ 
~ r------------ "0 -- ~ e 

. _. ~ 1 . _ Forward _ __ 1, ___ ._,--_-__ R_e_v_e_rs_e ____ £ e I < ~ 
' ~I TAGAAAGGTCTCTGCJTCTCC 1 GTGGTACACCTACCATAAGC F~ 
~IACCGTATGACCAAGATGCAC -JaACAGTCAGTCACATTGGTC F~ 

~ 1 GTTTCAT~GCACTCCAAGTC 1 TCCAGTAATT ~GGCTGGGC r;~~ 

-· ~I ~GGAC~~~~:r~~.~~TTGC .1 ATCC~~GCTGAAGACATGAC FFr 
;; ~I ~~~GTGGG:CA?~TTTGGC 1 ATCCTCTCTGTG~GCCC ~F 
~I GC_~CATCGGTT~~TGCTTC 1 AC~~TCCAGCAGGTGACTC pF 
~I G~~GGCCTGTTGT?TACAC 1 AGGACTTAGC.ATGTGCTTGC FF 

:' ~I ATGGTGGTGACACCATGTCC -I.GACATGACCCAGGAGTGAAC ~F 

:i r-I TAACCTCTCCCACCATCTTCI _~GC~GC~AT~~~~G~TG.~ FF 
"FI ;~CC~~GG~~G~C~~~ I TGGGAACATCACAATGGGAC F~ 
F I TTTCCGCTG. GCGACACAC 1 TTGTCCTGTCACAGGGAAAC Fs~ 

.~I AGAAAGCAATCTCGCATGGC 1 TATAGCAAGACCAGGGTTGC ~~ 

J I .:= __ l;;;;-~~.~~~i~~~~~_~~.~c I ~~CA?C~~~.~~TTGTG~ f_ 32: _ ; ~ 
bp= base pair 

°C= Centigrade 
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Table 2.5: Sequences of primers used in screening HR gene 

i l~ ----------------P-R1--~--E-R--(5-'~--3-'-)----------------~-~=---' .~ 9 

c;~ 

I . Forward . . Reverse £ ~ ! ~ • 
F I-G- C-C-TT--A- C- T- G- G- TTT---G-A-G- C- T-G-C-I TGAGATGGCCACCACTATGC Fs-~ 
F ,I TCCTGAGCACC~C!,GACTCC I CTTGGGGTTGACTGTGGGGC ! 614 F 

,· FfGAOOGCTTC~?~A~CTCCC rAmGGa.~GGGTAGGAT?AAC --FF 
: 13-2{1 ;1 GAATCCTTGCCCGCTCTTCC ,I CTGAGGAACTCCCAGAGAGC F~ 

. F-I CATCCTCAGACTCCCTGCTC I TGGCTGTGTCTTCCTCCTGC FF, 
. ~I CTGCCACTCTCA~CAAGTGC ~AGGTCTAGGA~CTGGC ~[~ 
,~ ~ I CT~!CCATG~~AG~TGCTCC I GCCAACGAATGACCACAGGC F 15? ._ 
~ r!l l G.C~GT?T~:_~~~!~!GACCC .. _:1 GGT~~~GAGT~~~G~CC~C J 3~3 . J 56_.1 

; ~i I AGCTTCCCGTCTGA TTGTCC ·1 GGGAATTAGC~TGATCCCAC . __ F I 57 . _ : 

~I GGTAGAAGTCCATGAGCAAC ·r AAGGTGTTTGGAGGCATGTC ~~ 
"FI TGCAGGAAAAGCAGTAGAGC ~TTGGTGATGCGGTCATC 1462 F 
~F: I AGCGAATA~ACATGGCCTTC ' I TAAGGGCAGTAGAAC~GCTC ~F 
: F ' I TCCCCGAGCTGTTCTACTGCI ACA~GAGGAG~CAGAACGGC FF 
FI AGCGTAAGTGTCCCCAACAC I ACATGAGAGTACCAGGGACC FF 
FI CCTGGTACTC!CATGTTTGC .1 TGGAATCAGAGAAGCGCTTC F~ 

. FI ACTCCTGACCTCAGGTGATC ' I TCCAGGCCTGAAAGGAAGTC P--F 
; 1-16 _. !I TC~G~ATCCTGG~';~ATGC~ , f~GG~~~T~~GCAGCTCAC~ " ~I- ~~-- . 

F , 1 CTGCCCTTCAAGACTTGACC I CTCAGTGACTTCAAGGCCTC Fs F 
1181 ~AA TCTGCTCTCTGAGAG~C I AGGG~GGGAT~TG~T~TG~~' F I ~.~ - " 

F-i CTGGGATTACAGGTGTGAGC I AGATCTTTTGGCAGGAGGGC F F I 

bp= base pair 

°C= Centigrade 

O! exon 2 was amplified by 2 sets of overlapping primers. 

{1 exon 3 was amplified by 2 sets of overlapping primers. 
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Table 2.6: Sequences of primers used in screening TNFSF 10 gene 

I ~o· 1 r---------PRI-M-E-R-(-5-'--+-3-')-------.-----~-~ 

I 
~ ~~ 

. ~ I Forward ·1 Reverse £ ~ j ~ . 
d-~ 'I--'-C-A-G-G-TT-C-AA---'.T-A--'-G--'-A-T--'-G-T-G-G-G-. - !'I G- AA--G-CA- G-G-AAA---'.. -G-T-C-TT- C- A- G--F F 
? L ~ . I . ~~~~~~~~~;~;GC~~?~ ~ : I??~TTCTT~?_GCCTT~TC .:F, I _5~ _ 
· ~I AGACATCAGCAAGAT.G~GC . :1 TGAGTG~AT?AGAACACAG '~F 
.~ I<I TGA~AACACCT~!GAAGAGC ;'-1 T- C-. G- T- G-G- C-'-AA- T-'-AA- T- T-G-A-G-C-T-G-FF 

: ~ 1 ~ TATAGGC!GGCCACAGC_~G ,I GT??CTGCTCT ACT~AGA TT~- r-~;-~~ F 
bp= base pair 

°C= Centigrade 
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Table 2.7: Sequences of primers used in screening ETV5 gene 

........ ':",- ,- '.-", ", " 

I-I ~~ 
, ~ I PRIMER(S'-3') I ~ I rE 

~ = ~C1. 

~ J '1-_.-. - .. -... -. -. -F-O-~W-_ -~-rd-._-.. -.. -._.-. - _ .1 Reverse ~ ~ . ~~. 
;' PI CTGGCCAATGGGAi\Ci\AGGC II TCAGCCCGTGAACTCTAGCC~F 
.• ~I CATCCTGTACCTCTGATACCI CCAACAGAAAGTGAAGGCTC FF 
: ~I AC?CT?AAAGCACCATGGAC :1 CCTTCAGCTAACCAAGCCTC ~F 

il~_ 1~~~~=:~.~?~~~~~?~'lI'~ __ 1:~c.~~~~~~~~~~GGT~CI370 ... l~~ . ; 
~ 1 __ 5 _ J ~?~~~~~~~~?::.?~~._ l ??~ r.:~~~??~~T~~G~~AC . J4? l]\ _~.~._.: 
; ~I GGGAGGTTGTGTGTTTAAGC :1 GTCTGCTGGGT~GTAACTC 1 390 iF 
' ~l A~CCTGGCAACAATGGGC :1 CATCAACCATCTGGAGTACC ~F 

' .. ~rGc~~~~:.rr~?C~?T~CC .. ;F.~~?~~~AI\CATGTC ,\ 5~2 ·~ 15~ _.~ 
~ 1 __ 9 __ j I. __ ~:.::~?~~~~?~~~~~~ _. ! I . ::~~~c.~?~_~~~~ ~~.~c~ .. _ .. 1 61? t 5:' __ .~ 
;; P I TT~~ATTGGTGTGGCACC :1 T~AGCCTGG~CTGAGCFF 
'~I CAG~AGTAGG~CTTAGGATC JGTTTGGGAC~GGACACATC FF 
-~ I~?G~GGA??:'?T~~?AAC F?~AAGAGCAG~CTTGA~--r41;--F 

I __ ~: __ .. , I_~~!~.~~G!:.~_~~~~~?~~. 1 ._~.~~.C.~:r_C?:~?_~?~~~~:C . ; 1 . 29~ .. _.; [_s.= ~ 
... [~~=I~:~_~::~CCA~?~_~~~~._ L~:~~??.?.:_?.~~~:c~ .. FE 
bp= base pair 

°C= Centigrade 
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Table 2.8: Sequences of primers used in screening LIPH gene 

Reverse 

~ I 
~ I~--~-------------------Forward 

PRIMER (5'- 3') 

~ I AAAGATCCTGAAAGGGTTGG '---C- T- A- T- G- G- A- C- TT--AA--G-TT--C-A-C-C-G--F F 
. ~I ATAGAACAGCACTCTTGCTTG GCTCACTGTAGCTATCTCTTG ~F 

:J!:-I. ~~C~_~?TCAACAGCCAGG ~ C?AC~~TC~?A~A~G-r:AG_G .. 1 32~ . 1 . : ~ _d: 

~ ~I TCATCCAGAAGGATCAAAGG 1 TAGAG~AACCTGATCTGCTC ~~ 
~I TTCCTGCTTATACCTGGCAGG r TCGTCTCAAACTCCTGACCTC ~~~ 
~ I r·----·---·------··-·-·.·- -· · .. d

- - . ._. - d d . - r - - --· 

I U AATACACTGAAAGAGCGCAG ,I GTGGCTCATGCCTGTAATCC I 433 I 57 

~ ~I _C::'C~~~~AA?TG?~~?~~~~ j ~C_CA~=~C_~GT:?A!~~ . FI_ 5:. : 
~~I CTIT~CAGAGAAAC~AGAGAG : I _ GC~CT~GCAATAGTTCCCC ~1 . 5~ _d~ 
i ~1 TACCAGTGACTTGCAGGCTTC :1 CCCATCATGTCCCTCATTGTG F~ 

~ 1_ ~?GGATTACAG?CA!G~GT_C 1 ATGTGACATCCATAGGACGC F ~ 
bp= base pair 

°C= Centigrade 
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Table 2.9: Sequences of primers used in screening AP2Ml gene 

o PRIMER (5'~ 3') ~~ 1;--
z= ~ .9 ;;> 

u - '-' 
Q , :S ! ~c.. __ ~ _ r-- --- -----F~;~;d------- - - - :----- R~~~;~e------. i £ ~ I ~ ~ 

:; ~' l ~TTG~i\AGCAAGGA~GCC?C _·1 AGTGCA~GGC~GGACAP.A~C ' F 1 5~ ___ ; 

:~~: I AAGAAGCTCCAGTGACCTGC 1 ACCATGCCATICCACAGGTC FF 
' ~I TIGGAGTGTGTGTGTCAGAC 1 AGTICAGAGTGTACCAGAGC F~ 
~ 1 TGCCGGTCAGATGTGTAGG~- i GAGGGCTCATGAGTCAGCTC i-;-~~- \s~-

. 1 5 ~ la_ J_~~??_~T~~~AG~:TCA~AGC ; I _~~~TCAAGAGCGAAC~GCC ._I~~ 
:.1 ~_-2a ; I ~~T~~~C~TTIAT_CTGTI~C . 1 AAT~TCAAGAGCGi\ACAGCC :~F 
~'~I TCATAGTCTCTGGTGCCAGC I GCAGGCGTGTACATACTCAC F F 
~I CACTGCTGGCTCAGAAGATC I GCAGGCGTGTACATACTCAC 1m Js.;-- . 
I J il l 

-: ~[?~~?C~GGGTCCTGACCAC ·1 CCTC~CC~~T~GGTGCAGC FF 
n~~_~{)_J_~~~~~:r~~~~~_~~~GC .I ~G~:_~~~?~~GG~ T?~C: __ F I _=~ ___ j 
~: 1 8-2fl il GAGTICTGA~GCTCCTGCTC 1 GGATAA_GGGCn:.GGATGGCC ~I~ 

bp= base pair 

°C= Centigrade 

ex exon 5 was amplified by 2 sets of overlapping primers 

{1 exon 6 was amplified by 2 sets of overlapping primers 

fl exon 8 was amplified by 2 sets of overlapping primers 
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Table 2.10: Sequences of primers used in screening CAM-K2N2 gene 

~ 1---
~ I . Forward 

PRIMER (5'~ 3') 

Reverse 

~I TCGGGCGCTCATCGTCATIC \ TICCAGAGGTGGCGAGCATC 

. ~ \ ACGCG~~~~TCA TTCTC~ TC .\ AGAAAGAG~CTGAGGCTGGG 

; r--~~-'l~GC~G_C_G~Ac_:r~C~TG~G~ . I ACTTGGC~C_CGTC~CTCAC 

bp= base pair 

°C= Centigrade 
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HEARING IMPAIRMENT 

Hearing impairment is the most common sensory disorder and it is clinically and 

genetically heterogeneous. It is estimated that 1-2 per 2,000 newboms are affected 

with profound hearing impairment (HI) (Parving, 1983; Morton, 2002). For 

congenital hearing impaimlent, roughly half of the cases are expected to be genetic. 

Onhe genetic cases of HI, 30% are known to be syndromic, with the remaining cases 

displaying non-syndromic hearing impaimlent (NSHI). For non-syndromic hearing 

impairment, 75-80% of the cases are due to autosomal recessive (AR) inheritance, 

15-20% display autosomal dominant inheritance, 2":"-3% of cases show X-linked 

inheritance, and less than 1 % of cases are due to mitochondrial inheritance (Keat and 

Berlin, 1999; Bitner-Glindzicz et at., 2000; MOlion, 2002). This extreme 

heterogeneity reflects involvement of different molecular mechanisms within the 

auditory system that malnmction to cause hearing impainnent. 

The extreme genetic heterogeneity for hearing impairment (HI) testifies to the 

inherent complexity of the mammalian inner ear. As more hearing impaired genes are 

identified, the elucidation of the function of the proteins that these genes encode 

contributes greatly to the understanding of cochlear mechanisms and their role in . 

disease causation. Currently, 27 genes have been identified for autosomal recessive 

non-syndromic hearing impairment (ARNSHI) (Van Camp and Smith, 2008) 

(URL:http://webhol.ua.ac.be/hhh/); however, for more than 60% of the mapped 

NSHI loci a gene has yet to be identified. The identification of linkage of multiple 

NSHI families to a single locus validates the linkage finding and can make gene 

identification more attainable due to a smaller physical interval for the NSm locus. 

The first successful linkage study of an autosomal recessive form of non-syndromic 

deafness was reported in 1994, and the first recessive deafness genes (GJB2 and 

MY07 A) were identified in 1997. Several of the genes are involved in both recessive 

and dominant non-syndromic deafness (GJB2, GJB3, GJB6, MY06, MY0 7A, TMCI, 

TECTA, COLIIA2) or in both non-syndromic and syndromic deafness (GJB2, GJB3, 

GJB6, MY07A, SLC26A4, CDH23, USHIC, PCDHI5, COLllA2, MY06). Nearly all 

genes both for recessive and dominant non-syndromic forms cause sensorineural 

heating loss. Only a few of the genes including o TOA, PCDHI5, GJB3, GJAI, and 

SLC26A5 have been found to be associated with recessive deafness by a functional 
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candidate gene approach. 

Advances in genomics have facilitated rapid progress in identifying genes for hearing 

impairment, and consequently increased insight into th normal development and 

function of cells in the auditory system. 

Description of the Families Studied 

Family A 

Family A resides in Jalal Pur district of the Punjab province, Pakistan. Traditionally, 

owing to strict social customs, the family members rarely marry outside their 

community. Pedigree of this consanguineous family is shown in figure 3.1. Five 

individuals including one male and four females are affected by pre lingual non:

syndromic hearing impairment. The affected persons are present in generations V and 

VI of the pedigree. In generation V two female (V -6 and V -7), in generation VI two 

females (VI-2 and VI-4) and one male (VI-6) are affected. Analysis of the pedigree is 

strongly suggestive of an autosomal recessive mode of inheritance. All affected 

individuals have a history of prelingual profound hearing impairment (HI) involving 

all frequencies and use sign language for communication. The transmission of hearing 

impairment within the family is consistent with autosomal recessive inheritance. 

Regardless of age, affected family members display the same level of profound HI 

(Figure 3.2), implying that the hearing loss is not progressive. 

Medical and physical examinations of the affected individuals were performed by 

trained otolaryngologists affiliated with government hospitals. The hearing-impaired 

individuals underwent careful examination for balance problems, mental retardation, 

defects in ear morphology, dysmorphic facial features, eye disorders including night 

blindness and tunnel vision and were not found to have any syndromic features or 

vestibular disorders. 

After informed consent was obtained, blood samples were collected from five affected 

(V-6, V-7, VI-2, VI-4 and VI-6) and nine normal individuals (N-7, IV-8, V-I, V-2, 

V-3, V-4, V-5, VI-l and VI-3) and processed for genomic DNA extraction. 

Family B 

The family B is settled in Larkana district of Sindh province, Pakistan. The family 

members are engaged in subsistence farming and local market business. They 

37 
Identification of Genes Involved in Hereditmy Hearing Impairment and Alopecias 



Chapter 3 Hearing Impairment 

traditionaliy marry within the family due to strict social customs. The pedigree 

comprising of four generations (Figure 3.3) and five affected iridividuals, including 

one male (N-6) and four females (N-2 , IV-3, IV-4, and IV-5). All the affected 

individuals have a history of prelinglial hearing impairment and regardless of the age 

all of them display the same level of hearing loss. The physical examination of the 

affected individuals for defects in ear morphology, mental retardation and other 

clinical features · indicated that no abnormality was associated with hearing 

impairment, thus excluding syndromic form of hearing loss. Analysis of the pedigree 

suggests an autosomal recessive mode of inheritance. 

After informed consent was obtained, ·· blood samples collected from . 10 family 

members, including five affected (IV-2, IV-3, IV-4, N-5, and IV-6) and five norn1al 

(III-I, III-2, III-3, N -1 and IV-7) individuals, were processedfor DNA extraction. 

Family C 

Family C lives in a village near Chishtian of the Punjab province, Pakistan. The 

family members are engaged in subsistence farming and local market business. 

Traditionally, they prefer to marry within the family and consequently 

consanguineous marriages are common. Pedigree of this consanguineous family is 

shown in Figure 3.4. Eleven individuals including five males and six females are 

affected by prelingual non-syndrornic hearing impairment. The affected persons are 

present in generations V and VI of the pedigree (Figure 3.4). In generation V four 

females (V-I, V-5, V-6 and V-l3) and four males (V-2, V-3, V-12 and V-14), in 

generation VI two females (VI-l and VI-2) and one male (VI-3) are affected. Analysis 

of the pedigree is strongly suggestive of an autosomal recessive mode of inheritance. 

All the affected individuals use sign language for communication. 

Physical examinations were performed to exclude the stigmata of syndromic hearing 

impairment. External ear abnormalities were not observed in any of the affected 

individuals. The age of the affected individual vary from 5 to 50 years . 
, . 

After informed consent was obtained, blood samples collected from nineteen family 

members, including eleven affected (V-I, V-2, V-3, V-5, V-6, V-12, V-l3, V-14, VI

I, VI-2 and VI-3) and eight normal (IV-I, IV-4, IV-ll, V-4, V-IO, V-ll, VIA and 

VI-5 ) individuals, were processed for DNA extraction. 
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Family D 

Family D lives in a remote village Jahaniyan of the Punjab province, Pakistan. The 

family membe s a e engaged in subsistence fanning and nskill d labor. They follow 

the local tradition of marrying within the family, resulting in a high rate of 

consanguineous marriages. Five generation pedigree (Figure 3.5) comprised of three 

affected male individuals (IV-I , V-I and V-2). One Affected individual (IV-I) was 

not present at the time of study. Analysis of the pedigree strongly suggests an 

autosomal recessive mode of inheritance, and consanguineous loops accounted for all 

the affected persons being homozygous for a mutant allele. 

After infonned consent was obtained, blood samples collected from four family 

members, including two affected (V-I and V-2) and two normals (III-3 and IV-2), 

were processed for DNA extraction. 

Family E 

The family E resides in Rahim Yar Khan district of the Punjab province, Pakistan. 

These people are engaged in farming and trade; they rarely marry out side the family 

and consequently consanguineous unions are very common. The affected persons are 

present in generation IV of the pedigree (Figure 3.6). In this generation four females 

(IV-3, IV-4, IV-6, and IV-7) and three males (IV-I, IV-2, and IV-5) are affected. 

Analysis of the pedigree is strongly suggestive of an autosomal recessive mode of 

inheritance. All the affected individuals use sign language for communication. 

After informed consent was obtained, blood samples collected from ten family 

members including seven affected (IV-I, IV-2, IV-3, IV-4, IV-5, IV-6, and IV-7) and 

three normals (III-I, III-2, and III-3), were processed for DNA extraction. 

Molecular Genetic Studies 

Linkage Studies 

The order of the markers, used in the present study, was based on National Center for 

Biotechnology Information (NCBI) Build 36 sequence-based physical map 

(International Human Genome Sequence Consortium, 2001). The Rutgers combined 

linkage-physical map of the human genome (Kong et at., 2004) was used for genetic 

map distances in linkage analysis for the markers. PEDCHECK (O'Connell and 

Weeks, 1998) was used to identify Mendelian inconsistencies while the MERLIN 
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(Abecasis et aI. , 2002) program was used to detect potential genotyping errors that did 

not produce a Mendelian inconsistency. Hap10types · were constructed using 

SIMWALK2 (Weeks et at., 1995; Sobel and Lange, 1996). Two-point linkage 

analysis was carried out using MLINK program ofthe FASTLINK computer package 

(Cottingham et al., 1993). Multipoint linkage analysis was performed using 

ALLEGRO version 2 (Gudbjartsson et at., 2002). An autosomal recessive mode of 

inheritance with complete penetrance and a disease allele frequency of 0.001 were 

used. 

On the basis of genetic linkage studies in hereditary hearing impairment, it is clear 

that at least some candidate gene intervals should be tested for either linkage or 

exclusion mapping before embarking on genome wide search. In the present study, 

families A-E with hereditary hearing impairment were tested first for linkage to 

several known loci by genotyping microsatellite markers mapped within the candidate 

linkage intervals (Table 2.1). 

As prevalence of GJB2 gene mutations in non-syndromic and syndromic hearing 

lmpairmerit has been well documented in different world population, therefore, 

DFNB 1 . locus was tested for linkage to GJB2 gene in preference. Purified DNA 

samples from affected and normal individuals of all the five families, presented here, 

were tested first for linkage to DFNB 1 locus by using four microsatellite markers 

(D13S1 275, D13S787, D13S292, D13Sl294) . However, results obtained (not shown) 

. excluded all the families from linkage to DFNB 1 locus. Sequence analysis of the 

coding exon of GJB2 further supported the exclusion of GJB2 as a causative gene for 

deafness in families A-E. 

In order to test linkage to several other known loci in the families (A-E), three or 

more microsatellite markers tightly linked to these loci were genotyped. Table 2.1 

summarizes microsatellite markers. in the region of known deafness loci, which were 

used as first pass analysis for genetic linkage in these families. Linkage to the known 

loci was conclusively excluded in two families (A and B) indicated the involvement 

of novel loci responsible for hearing loss in these families. Therefore, these families 

were SUbjected to genome-wide search to map the disease causing loci. 

In the consanguineous Pakistani family A, an initial genome-wide scan was 

performed by using 396 highly polymorphic fluorescently labeled markers and DNA 
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from five of the affected individuals (V-6, V-7, VI-2, VI-4, and VI-6) . Evidence 

suggestive of genetic linkage was obtained initially with two markers AAC040 at 

32.19 cM and D12S320 at 32.19 cM (Figure 3.7) on chromosome 12p13.31. For fine 

mapping of the region, 22 additional markers (D12S336, D12S1697, D12S89, 

D12S358, D12S1581, D12S364, D12S62, D12S1715, D12S1669, D12S 1682, 

D12S1688, D12S1057, D12S1034, D12S1042, D12S1584, D12S291, DI2S1301, 

D12S85, D12S1701, D12S1661, D12S347, D12S297) were selected from Rutgers 

combined linkage-physical map of the human genome (Kong et ai., 2004). Sixteen of 

these 22 fine mapping markers (D12S336, D12S1697, D12S89, D12S358, D12S364, 
. . 

D12S62, rH2S1669, D12S1682, D12S1057, D12S1584, D12S291, DI2S1301, 

D12S85, D12S347, D12S1042, D12S297) (Figures 3.8-3.21) were informative for 

linkage and sixmarkers (DI2S1581, D12S1715, D12S1688, D12S1034, DI2S1701, 

D12S1661) were non-informative, although the markers had an . average 

heterozygosity of more than 0.70. After genotyping these markers, the data was 

analyzed using two-point and multipoint linkage analysis . The maximum two-point 

LOD score of 4.0 (8=0.0) was obtained at marker AAC040 (Table 3.1). A maximum 

multipoint LOD score of 5.3 was achieved at D12S320. The three-unit support 

interval extended from marker D12S89 to marker D12S1042, spanning a 24.3 cM 

region according to the Rutgers combined linkage-physical map of the human genome 

(Kong et ai., 2004). This interval includes 15.7 Mb on the sequence-based physical 

map (International Human Genome Sequence Consortium, 2001). Using 

SIMW ALK2, haplotypes were constructed to determine the critical recombination 

events (Figure 3.22) . The disease haplotype (region of homozygosity) is flanked by 

markers D12S358 and D12Sl042 and is smaller than the three-unit support interval. It 

is 22.4 cM long and contains 15.0 Mb. The critical recombination defining the co

segregating interval occurred in the affected individuals. The telomeric boundary of 

this interval was defined by a recombination between markers D12S358 and AAC040 

observed in individual V -6. The affected individuals in both branches of the family 

were homozygous at genome scan marker D12S1042 but for different alleles in each 

family branch. Therefore the centromeric boundary of the region of homozygosity 

was assigned between markers D12Sl057 and D12S1042. This novel non-syndromic 

hearing impairment locus has been assigned number DFNB62 on chromosome 

12p13.2-pll.23. 
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At present the DFNB62 linkage interval contains 75 known genes, 15 of which 

encode hypothetical proteins. The family A was screened for MGP and EMP 1 genes, 

which were sequenced directly in an ABI Prism 310 automated DNA sequencer and 

no functional variants were discovered in unaffected and affected individuals. 

In family B (Figure 3.3), an initial genome-wide screen with micro satellite markers 

was conducted on the DNA of five affected individuals (IV-2, IV-3, IV-4, IV-5 and 

IV -6). In · the course of screening 390 markers, the affected individuals showed 

homozygosity with a marker D13S1306 on chromosome 13q22.3 . This region was 

saturated with 10 additional markers (D13S1231, D13S279, D13S800, D13S269, 

D13S792, D13S317; D13S1235, D13S628, D13S1283, D13S265) located in the 

vicinity of D 13 S 1306 and selected from Rutgers combined linkage-physical map of 

the human genome (Kong et at., 2004). However, two-point and multipoint analysis 

failed to generate significant LOD score with any of these markers. Therefore, no 

further work was performed on this family in this present study. 

Family C (Figure 3.4), showed linkage with seven markers D2S1400, D2S2952, 

D2S149, D2S1360, D2S220, D2S158 and D2S1356 (Figures 3.23-3.29) linked to 

DFNB9 locus on chromosome 2p23.3. Two point linkage analysis generated a 

maximum LOD score of 6.4 at marker D2S1360 (Table 3.2). Otoferlin (OTOF) , the 

causative gene for DFNB9 locus, consists of 48 exons spanning approximately ~90 

Kb of genomic DNA (Mirghomizadeh et at., 2002). Due to large size of the gene and 

limited sequenceing facility available, this gene has not been sequenced in the present 

study. 

In family D (Figure 3.5), both the affected individuals (V-l and V-2) were 

homozygous at markers D21S212 at 58.54 cM (Figure 3.31), D21S1411 at 61.33 cM 

(Figure 3.32) and D21S1446 at 69.08 cM (Figure 3.33), linked to DFNB8110 locus 

harboring TMPRSS3 gene on chromosome 21q22.3. All the 13 exons and splice 

junction sites of TMPRSS3 gene were PCR amplified using the primer sets shown in 

Table 2.4. PCR products were sequenced directly in an ABI Prism 310 automated 

DNA sequencer, however no disease causing mutation was detected in family D. 

In family E (Figure 3.6), all the affected members (IV-I, IV-2, IV-3, IV-4, IV-5, IV-6, 

and IV-7) were homozygous at markers D21S212 (Figure 3.34), D21S1411 (Figure 

3.35) and D21S1446 (Figure 3.36)while normal individuals were heterozygous, thus 
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linking family E to DFNBS/10 locus harboring TMPRSS3 gene on chromosome 

21q22.3. All the 13 exons and splice junction sites of TMPRSS3 gene were PCR 

amplified using the primer sets shown in Table 2.4. PCR products were sequenced 

directly in an ABI Prism 310 automated sequencer, however, this failed to detect any 

functional sequence variant. 
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DISCUSSION 

In the present study, five consanguineous Pakistani families (A-E), demonstrating 

autosomal recessive form of non-syndromic hearing impairment, have been 

ascertained from remote regions of Pakistan. The affected individuals in these 

families had pre lingual severe to profound haring loss with no associated features of 

syndromic and acquired forms of deafness. The affected individuals from various age 

groups showed the same level of severe hearing impairment implying that deafness 

was not progressive in any of the families studied. To identify the gene defect in these 

families, linkage studies were performed by a method known as "Homozygosity 

Mapping". The homozygosity mapping revolves around the underlying principle that 

fraction of genome of consanguineous matings would be expected to be homozygous 

in the offspring because of an expected identity by descent (Sheffield et at., 1995). It 

can be predicted that approximately 1I16th of the genome of offspring of first cousin 

matings would be predicted to be homozygous. The region of homozygosity should 

be random between different offsprings of such matings, except at common disease 

locus shared by the affected offspring (Sheffield et at., 1995). The minimum 

detectable length of a homozygous segment depends on marker density of screening 

set and their heterozygosity. For markers with 70% heterozygosity, a homozygous 

segment as short as 9 cM may be detected when the markers are 1 cM apart. This may 

suggest that with the density of a genome scan of 20 cM, only very large homozygous 

segments can be detected (Broman and Weber, 1999). 

Miano et al. (2000) have indicated potential problems encountered during linkage 

studies performed by homozygosity mapping, which include: (i) unexpected allelic 

heterogeneity, causing region containing the disease locus to be missed; (ii) 

identification of homozygosity identical by descent (IDB) region unrelated to the 

disease locus; and (iii) the potential for inflation of LOD scores, as a result of 

underestimation of the extent of inbreeding. 

In the present study prior to embarking on a genome-wide scan, co-segregation and 

homozygosity analysis were performed with microsatellite markers corresponding to 

candidate genes involved in related autosomal recessive non-syndromic deafness 

phenotypes. Two to three markers per locus were used to genotype both affected and 

normal individuals in each family. In two families, A and B, linkage to known loci 

was conclusively excluded, thus indicating the involvement of novel loci responsible 
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for deafness in these families . In family C linkage was established to DFNB9 locus on 

chromosome 2p23.3. In two families D and E, linkage was detected on chromosome 

21q22.3 at DFNB8/10 locus. 

In · family A; screening of the human genome led to the identification of a new 

autosomal recessive non-syndromic hearing loss locus, DFNB62, on chromosome 

12p 13 .2-p 11.23 . Significant evidence of linkage to this chromosomal region was 

found with two-point LOD score of 4.0 and mUltipoint LOD score of 5.3 . Haplotypes 

analysis located the DFNB62 locus in 22.4 cM (15 .0 Mb) region flanked by markers 

D12S358 and D12S1042. DFNB62 represents the second ARNSHI locus to map to 

chromosome 12p 13.2. 

Previously, three deafness loci including DFNA25 (Greene et al., 2001), DFNA41 

(Blanton et al., 2002) and DFNA48 (D'Adamo et al., 2003) were mapped on the same 

chromosome 12. It has been observed that different mutations in the same gene can 

cause both autosomal dominant and recessive non-syndromic hearing impairment 

(e.g. GJB2, MY07A, TECTA and TMCl) (Van Camp and Smith, 2005). Mutations of 

MY07A can cause both non-syndromic hearing impairment (DFNB2 and DFNA11) 

and syndromic deafness (USHIB) (Weil et al., 1995, 1997; Liu et al., 1997). 

At present the DFNB62 linkage interval contains 75 known genes, 15 of which 

encode hypothetical proteins (UCSC Genome Browser, http://genome.ucsc.edu/). 

Among the known genes is a gene for Keutel syndrome, which is caused by mutations 

in matrix Gla protein (MGP) (Hur et al., 2005). Patients with Keutel syndrome are 

found mostly in consanguineous families and have the following as cardinal features: 

midface hypoplasia, flat nasal bridge, cartilage calcification, and 

brachytelephalangism or 'drumstick' fingers (Hur et al., 2005). Additional clinical 

signs include heart defects (e.g., pulmonary artery stenosis), developmental delay, and 

respiratory abnormalities. About 70% of cases report HI with or without otitis media. 

This Family A was screened for the MGP gene through direct sequencing and no 

functional variants were discovered. EMP 1 and otlier candidate genes have not been 

associated with inner ear disorders, but it is highly expressed in the developing murine 

nervous system including the peripheral (cranial) nerves (Wulf and Suter, 1999). The 

EMP 1 gene was negative for functiOnal variants in one unaffected and two affected 

individuals from family A. 
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In family B, the linkage data obtained from genome scan and further saturation with 

additional markers failed to define a region harboring a causative gene for deafness. 

However, it has been planned that for future studies clinical status of all the normal 

and affected individuals of the family B will be checked again and genome scan will 

be performed with micro satellite markers spaced at 5 cM intervals. 

The familyC showed linkage to DFNB9 locus on chromosome 2p23.3. Otoferlin 

(OTOF), the causative gene · for this locus, consists of 48 exons spannmg 

approximately ~90 kb of genomic DNA (Mirghomizadeh et al., 2002). The otoferlin 

gene is expressed in the inner hair cells, the utriculus, and the sacculus. It is probably 

involved in the transport of membrane vesicles to the plasma membrane. Several 

mutations in the OTOF gene have been reported in various families (Yasunaga et at., 

1999, 2000; Adato et at., 2000; Migliosi et at., 2002). Due to large size of the gene, 

this has not been sequenced in the present study. 

In two families D and E, linkage was detected at locus DFNB8/10 located on 

chromosome 21q22.3 . These two families were screened for the TMPRSS3 gene, 

located at DFNB9/10 locus, through direct sequencing and no functional variants 

were ' discovered. However, the presence of the mutations in the regulatory sequences 

of the gene cannot be ruled out. 

This TMPRSS3 gene contains 13 exons spanning 24 kb (Scott et al., 2001). TMPRSS3 

encodes a serine protease with two LDLRA and SRCR domains and is the cause of 

deafness in DFNB8/10 families (Ben-Yosef et al., 2001; Masmoudi et at., 2001; Scott 

et al., 2001; Wattenhofer et al., 2002). All the domains have been shown to be 

important for the ability of TMPRSS3 to activate ENaC and for its catalytic activity 

(Guipponi et al., 2002; Lee et al., 2003). ENaC is a sodium channel known to be 

regulated by serine protease activity (Vallet et al., 1997). It is expressed in the inner 

ear, where it has been proposed to be involved in maintaining a low Na+ concentration 

in the endolymph (Couloigner et al., 2001). Previously, TMPRSS3 mutations have 

been reported very low in the studied deaf populations, i.e. 2.5% (4/159) in Pakistani, 

0.4% (2/448) in European Mediterranean, and even 0% (0/64) in North American 

popUlations (Wattenhofer etal., 2005) . 

The study presented here, includes mapping of a novel locus, DFNB62, for non

syndromic autosomal recessive deafness on human chromosomes 12p 13 .2-p 11.23, 
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thus demonstrating the extensive genetic heterogeneity of this condition. Since in the 

affected individuals of family A, abnormalities other than deafness were not observed, 

one might predict that defect in genes responsible for deafness in this family affect 

protein that have fundamental role in hearing. 

The recent identification of several genes for hearing impairment provides an 

important step towards understanding the molecular mechanism of hearing. The genes 

identified encode proteins that have a role in hair cell transduction, ionic homeostasis 

in cochlear duct and integrity of the tectorial membrane. Many ofthe genes, known to 

be responsible for human hereditary deafness, have been identified in the past few 

years making this a very exciting and fast moving field. The function of some of these 

genes is still a mystery, but valuable clues to the function of others have come from 

establishing the type of protein that they encode and their expression patterns. 

Understanding the function of these genes has not only provided us with insight into 

the molecular basis of deafness, but also of normal auditory function. Consequently, 

we now have a better understanding of the genetic control of inner ear development, 

melanocytes development, hair cell maintenance and survival, and potassium 

movement during auditory transduction. In coming years, further deafness genes are 

sure to be identified, and mouse models for the human disease will be constructed as a 

starting point in the understanding the pathological processes involved in deafness. 

The rate of discovery of deafness genes by positional cloning in human will be 

accelerated by the freely available human genome sequence and by a catalogue of 

ESTs (expressed sequence tags) within genetic intervals known to contain locus for 

human hereditary hearing loss. 
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Figure 3.1: Pedigree of family A with autosomal recessive non-syndromic hereditary 

hearing impairment. Circles represent females, squares represent males. Filled circles 

and squares represent affected individuals. Double lines indicate consanguineous 

marriages. Cross lines on the symbols represent deceased individuals . 
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Figure 3.2: Audiogram of an affected individual (VI-6) of family A demonstrating 

profound hearing impairment that involves all frequencies in both ears. Circles and 

crosses represent air conduction for right and left ear, respectively. Arrows indicate 

residual hearing at 2-8 kHz. 
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Figure 3.3: Pedigree of family B with autosomal recessive non-syndromic hereditary 

hearing impairment. Circles represent females, squares represent males. Filled circles 

and squares represent affected individuals. Double lines indicate consanguineous 

marriages. Cross lines on the symbols represent deceased individuals. 

50 
Identification of Genes Involved in Hereditary Hearing Impairment and Alopecias 



Chapter 3 Hearing Impairment 

II 

III 

IV 
IV:1 IV:2 IV:3 IV:4 

V 
V:1 V:2 V:3 V:4 V:5 V:6 

VI 
VI:1 VI:2 VI:3 VI:4 VI :5 

Figure 3.4: Pedigree of family C with autosomal recessive non-syndromic hereditary 

hearing impairment. Circles represent females, squares represent males. Filled circles 

and squares represent affected individuals. Double lines indicate consanguineous 

marriages. Cross lines on the symbols represent deceased individuals. 
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Figure 3.5: Pedigree of family D with autosomal recessive non-syndromic hereditary 

hearing impairment. Circles represent females, squares represent males. Filled circles 

and squares represent affected individuals. Double lines indicate consanguineous 

marriages. Cross lines on the symbols represent deceased individuals. 
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Figure 3.6: Pedigree of family E with autosomal recessive non-syndromic hereditary 

hearing impairment. Circles represent females, squares represent males. Filled circles 

and squares represent affected individuals. Double lines indicate consanguineous 

marriages. Cross lines on the symbols represent deceased individuals. 

53 
Identification of Genes Involved in Hereditwy Hearing Impairment and Alopecias 



Chapter 3 

Family A 

Hearing Impairment 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Lane 1- VI-4 

Lane 2- VI-6 

Lane 3- V-4 

Lane 4- V-3 

Lane 5- VI-3 Lane 9- V-2 Lane 13- V-6 

Lane 6- VI-2 Lane 10- V-5 Lane 14- IV-7 

Lane 7- VI-l Lane 11- IV-8 

Lane 8- V-I Lane 12- V-7 

Figure 3.7: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S320 at 32.19 cM on chromosome 12p13.1 

showing homozygosity among the affected individuals (V-6, V-7, VI-2, VI-4 and VI-

6) of family A. The Roman numerals indicate the generation number of the 

individuals within a pedigree while Arabic numerals indicate their positions within a 

generation. 
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Figure 3.8: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S336 at 24.51 cM on chromosome 12p13.31. The 

Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 3.9: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S1697 at 26.72 cM on chromosome 12p13.2. The 

Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 3.10: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S89 at 27.00 eM on chromosome 12p13.2 showing 

homozygosity among the affected individuals (V-6, V-7, VI-2, VI-4 and VI-6) of 

family A. The Roman numerals indicate the generation number of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 3.11: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S358 at 28.89 cM on chromosome 12p13.2-p13.l 

showing homozygosity among the affected individuals (V-6, V-7, VI-2, VIA and VI-

6) of family A. The Roman numerals indicate the generation number of the 

individuals within a pedigree while Arabic numerals indicate their positions within a 

generation. 
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Figure 3.12: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D1 2S364 at 32.19 cM on chromosome 12p13 .1 

showing homozygosity among the affected individuals (V-6, V-7, VI-2, VI-4 and VI-

6) of family A. The Roman numerals indicate the generation number of the 

individuals within a pedigree while Arabic numerals indicate their positions within a 

generation. 
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Figure 3.13: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S62 at 34.32 cM on chromosome 12p12.3 showing 

homozygosity among the affected individuals (V-6, V-7, VI-2, VI-4 and VI-6) of 

family A. The Roman numerals indicate the generation number of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 3.14: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S1669 at 37.83 cM on chromosome 12p12.3 

showing homozygosity among the affected individuals (V-6, V-7, VI-2, VI-4 and VI-

6) of family A. The Roman numerals indicate the generation number of the 

individuals within a pedigree while Arabic numerals indicate their positions within a 

generation. 
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Figure 3.15: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S1682 at 40.34 cM on chromosome 12p12.3 

showing homozygosity among the affected individuals (V-6, V-7, VI-2, VI-4 and VI-

6) of family A. The Roman numerals indicate the generation number of the 

individuals within a pedigree while Arabic numerals indicate their positions within a 

generation. 
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Figure 3.16: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S1057 at 46.46 cM on chromosome 12p12.1 

showing homozygosity among the affected individuals (V-6, V-7, VI-2, VI-4 and VI-

6) of family A. The Roman numerals indicate the generation number of the 

individuals within a pedigree while Arabic numerals indicate their positions within a 

generation. 
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Figure 3.17: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S1584 at 55.41 cM on chromosome 12pl1.2l 

showing homozygosity among the affected individuals (V-6, V-7, VI-2, VI-4 and VI-

6) of family A. The Roman numerals indicate the generation number of the 

individuals within a pedigree while Arabic numerals indicate their positions within a 

generation. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Family A 

Lane 1- VI-4 Lane 5- VI-3 Lane 9- V-2 Lane 13- V-6 

Lane 2- VI-6 Lane 6- VI-2 Lane 10- V-5 Lane 14- IV-7 

Lane 3- V-4 Lane 7- VI-l Lane 11- IV-8 

Lane 4- V-3 Lane 8- V-I Lane 12- V-7 

Figure 3.18: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S29l at 59.08 cM on chromosome l2q12 showing 

homozygosity among the affected individuals (V-6, V-7, VI-2, VI-4 and VI-6) of 

family A. The Roman numerals indicate the generation number of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Family A 

Hearing Impairment 
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Figure 3.19: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S1301 at 59.08 cM on chromosome 12q12 

showing homozygosity among the affected individuals (V-6, V-7, VI-2, VI-4 and VI-

6) of family A. The Roman numerals indicate the generation number of the 

individuals within a pedigree while Arabic numerals indicate their positions within a 

generation. 
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Family A 

Lane 1- VIA Lane 5- VI-3 Lane 9- V-2 Lane 13- V-6 

Lane 2- VI-6 Lane 6- VI-2 Lane 10- V-5 Lane 14- IV-7 

Lane 3- V-4 Lane 7- VI-l Lane 11- IV-8 

Lane 4- V-3 Lane 8- V-I Lane 12- V-7 

Figure 3.20: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker DI2S85 at 60.52 cM on chromosome I2q13.11 

showing homozygosity among the affected individuals (V-6, V-7, VI-2, VI-4 and VI-

6) of family A. The Roman numerals indicate the generation number of the 

individuals within a pedigree while Arabic numerals indicate their positions within a 

generation. 
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Family A 

Hearing Impairment 

1 2 3 4 5 6 7 8 9 10 11 12 l3 14 

Lane 1- VI-4 

Lane 2- VI-6 

Lane 3- V-4 

Lane 4- V-3 

Lane 5- VI-3 Lane 9- V-2 Lane l3- V-6 

Lane 6- VI-2 Lane 10- V-5 Lane 14- IV-7 

Lane 7- VI-l Lane 11- IV-8 

Lane 8- V-I Lane 12- V-7 

Figure 3.21: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D12S347 at 65.70 cM on chromosome 12q13.13 

showing homozygosity among the affected individuals (V-6, V-7, VI-2, VI-4 and VI-

6) of family A. The Roman numerals indicate the generation number of the 

individuals within a pedigree while Arabic numerals indicate their positions within a 

generation. 
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Table 3.1: Two-point LOD score results between the DFNB62 locus and 

chromosome 12p 13 .2-p 11.23 markers. Also displayed are the genetic and sequence

based physical map distances. Markers displayed in bold flank the region for 

DFNB62 

Genetic Physical Lod score at recombination fraction 8 = 
Markera Map map 

Positionb PositionC 0.0 0.02 0.05 0.20 0.30 

D12S336 24.51 9,385,296 -4.60 -1.61 -0.92 -0.14 -0.04 

D12S1697 26.72 11,685,470 -3.31 -0.31 0.26 0.51 0.29 

D12S89 27.00 11,793,257 -1.12 0.26 0.52 0.49 0.29 

D12S358 28.89 12,530,590 1.74 1.64 1.50 0.82 0.44 

AAC040 32.19 13,065,278 4.02 3.85 3.58 2.21 1.30 

D12S320 32.19 13,513,310 1.15 1.08 0.98 0.52 0.29 

D12S364 32.19 13,724,570 1.64 1.55 1.42 0.80 0.45 

D12S62 34.32 15,219,370 2.30 2.18 2.00 1.13 0.63 

D12S1669 37.83 19,429,661 1.62 1.53 1.39 0.77 0.42 

D12S1682 40.34 20,570,897 2.30 2.17 1.98 1.06 0.53 

D12S1057 46.46 24,568,387 2.30 2.18 2.00 1.13 0.63 

D12S1042 51.27 27,538,599 -00 0.69 1.17 1.18 0.78 

D12S1584 55.41 31,610,488 2.30 2.18 2.00 1.13 0.63 

D12S291 59.08 41,688,390 1.55 1.47 1.35 0.80 0.47 

D12S1301 59.08 42,348,809 - 00 1.94 1.79 1.06 0.62 

D12S85 60.52 45,622,954 2.98 2.83 2.61 1.52 0.85 

D12S347 65.70 50,298,255 1.57 1.49 1.37 0.79 0.46 

D12S297 66.82 50,899,108 - 00 -1.15 -0.25 0.49 0.38 

aMarkers in bold type flank the haplotype. Genome scan markers are shown in italics. 

bCumulative sex-averaged Kosambi genetic map distances (cM) from the Rutgers 

combined linkage-physical map of the human genome (Kong et al., 2004). 

CSequence-based physical map distances in bases according to Build 34 of the human 

reference sequence (International Human Genome Sequence Consortium, 2001). 
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Figure 3.22: Pedigree of family A with autosomal recessive non-syndromic hearing 

impairment due to DFNB62. Haplotypes for the most closely linked short tandem repeats 

(STRPs) are shown below each symbol. Boxes on the haplotypes of the corresponding 

individuals indicate key recombination event. The alleles are denoted by 1-3 according to 

their sizes . Size of the alleles was determined by using 5 bp ladder (O'RangeRuler™, 

Fermentas, Life Sciences, UK). 
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Family C 

Lane 1- V-6 Lane 6- VI-3 Lane 11- V-2 Lane 16- IV-ll 
Lane 2- V-5 Lane 7- VI-4 Lane 12- IV-I Lane 17- V-3 
Lane 3- IV-4 Lane 8- V-I Lane 13- VI-2 Lane 18-VI-5 
Lane 4- V-4 Lane 9- V-13 Lane 14- VI-I Lane 19-V-I1 
Lane 5- V-I2 Lane IO-V-I4 Lane 15- V-IO 

Figure 3.23: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D2S1400 at 28.38 cM on chromosome 2p25.l showing 

homozygosity among the affected individuals (V-I, V-2, V-3, V-5, V-6, V-I2, V-13, 

V-14, VI- I, VI-2 and VI-3) of family C. The Roman numerals indicate the generation 

number of the individuals within a pedigree while Arabic numerals indicate their 

positions within a generation. 
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Family C 

Lane 1- V-6 Lane 6- VI-3 Lane 11- V-2 
Lane 2- V-5 Lane 7- VI-4 Lane 12- IV-I 
Lane 3- IV-4 Lane 8- V-I Lane 13- VI-2 
Lane 4- V-4 Lane 9- V-13 Lane 14- VI-1 
Lane 5- V-12 Lane 10-V-14 Lane 15- V-10 

Lane 16- IV-ll 
Lane 17- V-3 
Lane 18-VI-5 
Lane 19-V-ll 

Figure 3.24: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D2S2952 at 18.44 cM on chromosome 2p25.1. The 

Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Family C 

Lane 1- V-6 Lane 6- VI-3 Lane 11- V-2 
Lane 2- V-5 Lane 7- VI-4 Lane 12- IV-I 
Lane 3- IV-4 Lane 8- V-I Lane 13- VI-2 
Lane 4- V-4 Lane 9- V-13 Lane 14- VI-l 
Lane 5- V-12 Lane 10-V-14 Lane 15- V-I0 

Lane 16- IV-II 
Lane 17- V-3 
Lane 18-VI-5 
Lane 19-V-ll 

Figure 3.25: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D2S149 at 33.12 cM on chromosome 2p24.3 showing 

homozygosity among the affected individuals (V-I, V-2, V-3, V-5, V-6, V-12, V-13, 

V-14, VI-I, VI-2 and VI-3) of family C. The Roman numerals indicate the generation 

number of the individuals within a pedigree while Arabic numerals indicate their 

positions within a generation. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

Family C 

Lane 1- V-6 Lane 6- VI-3 Lane 11- V-2 Lane 16- IV-ll 
Lane 2- V-5 Lane 7- VIA Lane 12- IV-I Lane 17- V-3 
Lane 3- IV-4 Lane 8- V-I Lane 13- VI-2 Lane 18-VI-5 
Lane 4- V-4 Lane 9- V-13 Lane 14- VI-l Lane 19-V-l1 
Lane 5- V-12 Lane 10-V-14 Lane 15- V-I0 

Figure 3.26: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D2S1360 at 39.05 cM on chromosome 2p24.2 showing 

homozygosity among the affected individuals (V-I, V-2, V-3, V-5, V-6, V-12, V-13, 

V-14, VI-I, VI-2 and VI-3) of family C. The Roman numerals indicate the generation 

number of the individuals within a pedigree while Arabic numerals indicate their 

positions within a generation. 
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Family C 

Lane 1- V-6 
Lane 2- V-5 

Lane 6- VI-3 Lane 11- V-2 
Lane 7- VI-4 Lane 12- IV-I 

Lane 3- IV-4 Lane 8- V-I Lane 13- VI-2 
Lane 4- V-4 Lane 9- V-13 Lane 14- VI-l 
Lane 5- V-12 Lane 10-V-14 Lane 15- V-I0 

Lane 16- IV-II 
Lane 17- V-3 
Lane 18-VI-5 
Lane 19-V-ll 

Figure 3.27: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D2S220 at 44.46 cM on chromosome 2p24.1 showing 

homozygosity among the affected individuals (V-I, V-2, V-3, V-5, V-6, V-12, V-13, 

V-14, VI-I, VI-2 and VI-3) of family C. The Roman numerals indicate the generation 

number of the individuals within a pedigree while Arabic numerals indicate their 

positions within a generation. 
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Lane 4- V-4 Lane 9- V-13 Lane 14- VI-l Lane 19-V-11 
Lane 5- V-12 Lane 10-V-14 Lane 15- V-I0 

Figure 3.28: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D2S158 at 49 .22 cM on chromosome 2p23.3. The 

Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Family C 

Lane 1- V-6 Lane 6- VI-3 Lane 11 - V-2 
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Lane 4- V-4 Lane 9- V-13 Lane 14- VI-1 
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Figure 3.29: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D2S1356 at 68.85 cM on chromosome 2p21 showing 

homozygosity among the affected individuals (V-I, V-2, V-3, V-5, V-6, V-12, V-13, 

V-14, VI-I, VI-2 and VI-3) of family C. The Roman numerals indicate the generation 

number of the individuals within a pedigree while Arabic numerals indicate their 

positions within a generation. 
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Table 3.2: Two-point LOD score results between the DFNB9 locus and chromosome 

2p23.3 markers. Also displayed are the genetic and sequence-based physical map 

distances. 

Genetic Physical 
Lod score at recombination fraction 0 = 

Marker Map map 

Positiona Positionb 0.00 0.05 0.20 0.30 0.40 

D2S2952 18.44 8,028,636 -Infinity 0.8206 1.4955 1.0540 0.4952 

D2S1400 28 .38 11,557,537 4.1 754 3.6621 2.2019 1.3172 0.5473 

D2S149 33.12 14,343,670 -Infinity 2.2527 1.7590 1.0702 0.4233 

D2S1360 39.05 17,413,585 6.4493 5.7237 3.5565 2.1664 0.9079 

D2S220 44.46 21,007,648 4.1808 3.6431 2.1170 1.2126 0.4683 

D2S158 49.22 26,363,815 5.5513 4.9041 2.9878 1.7932 0.7535 

D2S1356 68 .85 43,285,172 5.7603 5. 1071 3.1291 1.8703 0.7682 

aCumu1ative sex -averaged Kosambi genetic map distances (cM) from the Rutgers 

combined linkage-physical map of the human genome (Kong et at., 2004). 

bSequence-based physical map distances in bases according to Build 36 of the human 

reference sequence (International Human Genome Sequence Consortium, 2007). 
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Chapter 3 Hearing Impairment 

1 2 3 4 

Family D 

Lane 1- V-I Lane 3- 1II-3 

Lane 2- V-2 Lane 4- N-2 

Figure 3.31: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D21S212 at 58.54 cM on chromosome 21 showing 

homozygosity among the affected individuals (V-l and V-2) of family D. The Roman 

numerals indicate the generation number of the individuals within a pedigree while 

Arabic numerals indicate their positions within a generation. 
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Family D 

Lane 1- V-I Lane 3- III-3 

Lane 2- V-2 Lane 4- N -2 

Figure 3.32: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D21S1411 at 61.33 cM on chromosome 21q22.3 

showing homozygosity among the affected individuals (V-l and V-2) of family D. 

The Roman numerals indicate the generation number of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 
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Hearing Impairment 

4 

Figure 3.33: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D21S1446 at 69.08 cM on chromosome 21q22.3 

showing homozygosity among the affected individuals (V-1 and V-2) of family D. 

The Roman numerals indicate the generation number of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 
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Hearing Impairment 
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Lane 4- III- l Lane 8- IV-4 

Figure 3.34: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D21S212 at 58.54 cM on chromosome 21 showing 

homozygosity among the affected individuals (IV-I, IV-2, IV-3, IV-4, IV-5, IV-6, 

and IV -7) of family E. The Roman numerals indicate the generation number of the 

individuals within a pedigree while Arabic numerals indicate their positions within a 

generation. 

Family E 

1 2 3 4 5 6 7 8 9 10 

Lane 1- III-2 Lane 5- IV-3 Lane 9- 1II-3 

Lane 2- IV-I Lane 6- IV -7 Lane 10- IV-5 

Lane 3- IV-2 Lane 7- IV-6 

Lane 4- III-l Lane 8- IV-4 

Figure 3.35: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D21S1411 at 61.33 cM on chromosome 2lq22.3 

showing homozygosity among the affected individuals (IV-I, IV-2, IV-3, IV-4, IV-5, 

IV -6, and IV -7) of family E. The Roman numerals indicate the generation number of 

the individuals within a pedigree while Arabic numerals indicate their positions 

within a generation. 

Identification o/Genes Involved in Hereditary Hearing Impairment and Alopecias 
72 



Chapter 3 

Family E 

Hearing Impairment 

1 2 3 4 5 6 7 8 9 10 

Lane 1- III-2 Lane 5- IV-3 Lane 9- III-3 

Lane 2- IV-I Lane 6- IV -7 Lane 10- IV-5 

Lane 3- IV -2 Lane 7- IV-6 

Lane 4- III-I Lane 8- IV-4 

Figure 3.36: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D21SI446 at 69.08 cM on chromosome 2Iq22.3 

showing homozygosity among the affected individuals (IV-I, IV-2, IV-3, IV-4, IV-5, 

IV -6, and IV -7) of family E. The Roman numerals indicate the generation number of 

the individuals within a pedigree while Arabic numerals indicate their positions 

within a generation. 
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ALOPECIAS 

There are many forms of inherited alopecia, which vary in age of onset, severity, and 

associated ectodermal abnormalities. The identification of hereditary alopecias genes 

is an essential step in understanding the molecular mechanism of hair loss. 

Hair-follicle morphogenesis is a multistep process that requires a series of epithelial

mesenchymal . interactions to execute the program of developmental events. Hair 

follicles vary considerably in size and shape, depending on their location, but they all 

have the same basic structure. The mature hair follicle is composed of several 

concentric cylinders of epithelial cells, known as root sheaths, which surround the hair 

shaft (Sperling, 1991). Hair follicle cycles through periods of growth (anagen), 

involution (catagen), and rest (telogen) before regenerating at the onset of a new 

anagen growth phase. Hair-follicle stem cells communicate with the tmderlying 

dermal papilla cells and proliferate at anagen onset to generate the progenitor matrix 
. . 

cells required for new hair growth (Moore and Lerriischka, 2006). The molecules that 

control morphogenesis and cycling of hair-follicles and the mechanisms underlying 

hair loss are poorly understood. A powerful approach to advance our understanding of 

the pathophysiology of hair loss is to identify the genes underlying isolated and 

syndromic forms of hair loss. This provides an opportunity to identify factors which 

are directly involved in hair growth. 

Families with Hereditary Alopecias 

For the study, presented here, four families (F-I) with autosomal recessive form of 

hereditary a10pecias were ascertained from different parts of Pakistan. 

Family F 

The family F, demonstrating localized autosomal recessive hypotrichosis, belongs to 

district Hafizabad of the Punjab province, Pakistan. The family members are engaged 

in local market business. Family members rarely marry outside the community and 

consequently consanguineous unions are common. The four generation pedigree 

(Figure 4.1) consists of fourteen individuals including three affected females (IV -1, 

IV -2 and IV -5) . Pedigree analysis is suggestive of autosomal recessive mode of 

inheritance and therefore, it is highly likely that all affected individuals are 

homozygous for the same mutation. 
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All the three affected individuals of the family F, showed typical features of the 

hereditary hypotrichosis. At birth, hairs were present on the scalp, but regrew sparsely 

after ritual shaving, which is usually performed a week after birth. The affected 

individuals are nearly devoid of normal eyebrows, eyelashes, axillary hair, and body 

hair (Figure 4.2). Teeth, nails, sweating and hearing are normal in all affected 

individuals. The affected individuals were in good general health, with no evidence 

for immune system dysfunction or unusual susceptibility to skin tumors. 

Heterozygous carner individuals had normal hairs, and were clinically 

indistinguishable from genotypically normal individuals. 

A skin biopsy from an affected individual (N-I) revealed the complete absence of 

normal hair follicle structures. These structures were replaced by comedo like 

remnants hair follicle. The remnants of the hair follicle infundibulum undergo 

hyperkeratinization (Figure 4.3). Despite the disintegration of the hair follicle 

epithelial structures, the sebaceous glands appear morphologically normal but lost 

their connection with the remnants of the hair follicle infundibulum. 

After informed consent was obtained, peripheral blood samples were collected from 

eight members including three affected (N-I, N -2 and N -5) and five normal (III-I, 

1II-2, N-3 , N-4 and N-6) individuals. 

Family G 

Family G, demonstrating autosomal recessive form of alopecia and mental retardation 

syndrome (APMR) , is located in Sargodha district of the Punjab province, Pakistan. 

The family members are engaged in local market business. They follow the local 

tradition of marrying within the family, resulting in a high rate of consanguineous 

unions. The four generation pedigree (Figure 4.4) comprised of seventeen individuals 

including an affected male (V-I) and two affected females (V-2 and V-3). Pedigree 

analysis is suggestive of autosomal recessive mode of inheritance and consanguineous 

loops could account of all the affected persons being homozygous for an abnormal 

allele. 

In all the three affected individuals of the family, hairs were completely absent by 

birth from all areas of normal hair growth including scalp, eyebrows, eyelashes, 

axillary and pubic hair. Affected individuals (Figure 4.5) showed normal hearing, 

teeth and nails, and no abnormality in sweating was observed. All the affected 
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individuals were severely mentally retarded (IQ ranges from 25 to 30). No other 

clinical signs including seizures were detected in any of the affected individuals. The 

affected individuals were in good general health, with no evid nc of immun y tern 

dysfunction or unusual susceptibility to skin tumors. Heterozygous carrier individuals 

had normal hairs, and were clinically indistinguishable from genotypically normal 

individuals. 

A skin biopsy (Figure 4.6) from an affected individual (V-I) revealed the complete 

absence of normal hair follicle structures. The remnants of the hair follicle 

infundibulum undergo hyperkeratinization. Despite the disintegration of the hair 

follicle epithelial structures, the sebaceous glands appear morphologically normal but 

lost their connection with the remnants of the hair follicle infundibulum. 

After informed consent was obtained, blood samples collected from seven family 

members, including three affected (V-I , V-2 and V-3) and four normal (IV-I , N -2, 

V -4, and V -5) individuals, were processed for DNA extraction. 

Family H 

Family H was ascertained from Pashto speaking population of Quetta district of the 

Balochistan province, Pakistan. The members of this tribe follow the tradition of 

marrying within the community. The family history presented in the pedigree (Figure 

4.7) suggests that three individuals of the family including a male (N-4) and two 

females (N -5 and N -6) are affected with localized hereditary hypotrichosis. Affected 

individuals of the family underwent examination at Department of Dermatology, Civil 

Hospital Quetta, Pakistan. In all the three affected individuals of the family, hair 

started disappearing from the scalp at the age of 10 years . Affected individuals 

showed sparse eyebrows and eyelashes (Figure 4.8). However, teeth, nails, sweating 

and hearing were normal in all the affected individuals. Heterozygous carrier 

individuals had normal hair, and were clinically indistinguishable from genotypically 

normal individuals. 

After informed consent was obtained, the DNA was extracted from the blood samples 

collected from seven individuals of the family, including three affected (N -4, N -5 

and N-6) and four normals (III-I , N-l, N-2 and N-3). 

Family I 

Family I with alopecia resides in Hyderabad district of Sindh province, Pakistan. The 
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family members are engaged in local market business. They follow the local tradition 

of marrying within the family,resulting in high rate of consanguineous matings. The 

four gene ation pedigree (Figure 4.9) comprised of eleven individuals including an 

affected female (IV- I) and an affected male (IV-3). Pedigree analysis is suggestive of 

autosomal recessive mode of inheritance and consanguineous loops could account of 

all the affected persons being homozygous for an abnormal allele. 

In both the affected individuals of the family, hairs were completely absent by birth 

from all areas of normal hair growth including scalp, eyebrows, eyelashes, axillary 

and pubic hair. Affected individuals showed normal hearing, teeth and nails and no 

abnormalities in sweating were observed. They were in good general health, with no . 

evidence for immune system dysfunction or unusual susceptibility to skin tumors. 

Heterozygous carrier individuals had normal hairs, and were clinically 

indistinguishable from genotypically normal individuals. 

After informed consent was obtained, blood samples collected from five family 

members, including two affected (IV-l and IV-3) and three normal (III-I, III-2 and 

IV -2) individuals, were processed for DNA extraction. 

Linkage Studies and Mutation Search in Families F-I 

A candidate gene approachwas first used to localize the alopecia locus segregating in 

the four families (F, G, H and I). The families were tested for linkage by using 

microsatellite markers tightly linked to candidate genes involved in different fortns of . 

alopecias (Table 2.2). These included: desmoglein 4 (DSG4) gene at l8q 12.1; hairless 

(HR) gene at 8p21.2; Lipase H (LIP!!) gene at 3q27; envoplakin (EVPL) gene at 

17q25.l; loricrin (LOR) gene at lq21.3; plakophilin (PKP1) gene at 1q32.1; ED2 

gene gap junction protein 13-6 (GJB6) gene at I3qI2.II; ED3 gene ectodysplasinl 

8nhidrotic receptor (EDAR) at 2qI2.3; ED4 gene poliovirus receptor-like 1 (PVRLl) 

gene at llq23 .3; trans glutaminase I (TGMl) gene at 14q11.2; comeodesmosin 

(CDSN) gene at 6q21.33. 

In family F (Figure 4.1), all the three affected members (IV-I, IV-2 and IV-5) were 

homozygous for the markers D3S2314, D3S3609, D3S3578 and D3S3583 (Figures 

4 .10-4.13) linked to AHlLAH2 locus, thus suggesting linkage to this regIOn on 

chromosome 3q27. Twenty additional markers (D3S3546, D3S3022, D3Sl746, 

D3S3668, D3S3555, D3SI763, D3S1243, D3S2433, D3S1574, D3S3725, D3S2427, 
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D3S3676, D3S2412, D3S3037, D3S1232, D3S1602, D3S3651, D3S3628, D3S2398, 

D3S1661) (Figures 4.14-4.33) were selected from the Rutgers combined linkage

physical map of the human genome (Kong et aI., 2004) and typed in all the family 

members. Five of the markers (D3S3723, D3S1617, D3S1 262, D3S2311 and 

D3S2436) were un-informative ~nd, therefore, not included in the analysis. Analysis 

of the marker genotypes within this region with PEDCHECK (O'Connell and Weeks, 

1998) did not elucidate any genotyping errors. Haplotypes (Figure 4.34) were 

generated using SIMWALK2 (Weeks et a!., 1995; Sobel and Lange, 1996). The 

maximum two-point LOD score of 1.88 (Table 4.1) was obtained with several 

microsatellite markers. Multipoint linkage analysis generated a maximum LOD score 

of 2.76 at markers D3S3555, D3S1763, D3Sl243, D3S2433, D3S1574, D3S3725, 

D3S2427, D3S3676, D3S2412, D3S3037, D3S 1232, D3S2314, D3S3609, D3S3578 

and D3S3583, which is same to the 2.7 theoretical maximum for this family. 

The human LIPH gene (NM_139248), located at 3q27 and identified earlier by 

Sonoda et al. (2002), was sequenced in the affected and normal individuals of the 

family F. Primer3 software (Rozen and Skaletsky, 2000) was used to design primers 

for the ten exons arid splice junctions of the LIPH gene. Sequencing was performed 

with the Big Dye Terminator v3 .1 Cycle Sequencing Kit, together with an ABI Prism 

310 Genetic Analyzer (Applera, Foster City, CA, USA). Sequence variants were 

. identified via Bioedit sequence alignment editor version 6.0.7. 

The coding portion and intron-exon borders of the LIPH gene were sequenced in three 

affected and four normal individuals of the family. Sequence analysis of exon 2 

revealed a deletion of five consecutive nucleotides (ATATA) in three affected 

individuals (Figure 4.35). The deletion spans from nucleotide position 346 to 350 

(c.346-350delATATA). This mutation, which leads to frameshift and premature 

termination codon 12 bp downstream in the same exon, is predicted to add four amino 

acids · downstream of the mutation. This deletion mutation · was present in 

heterozygous state in the obligate heterozygous carriers of the family F. 

To ensure that the mutation does not represent a neutral polymorphism in this 

popUlation, a panel of 50 unrelated unaffected ethnically matched control individuals 

(100 chromosomes) of Pakistani origin was screened for the mutation and it was not 

identified outside the family. 
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To identify the underlying gene in the family G, linkage analysis was performed by 

using microsatellite markers closely linked to previously reported three alopecia and 

mental retardation loci, including APMR1 (D3S3699, D3S3609; Figures 4.36-4.37), 

APMR2 (D3S3723, D3S2427; Figures 4.38-4.39) and APMR3 (D18S1100, 

D 18S 11 02; Figures not shown). In the course of initial screening, evidence for linkage 

was found with APMR1 (John et al., 2006) and APMR2 (Wali et aI., 2006b) loci on 

chromosome 3. For fine mapping 25 additional markers (D3S3626, D3S3022, 

D3S1299, D3S1746, D3S1763, D3S3622, D3S1282, D3S2433, D3S3676, D3S3037, 

D3S3730, D3S1617, D3S3686, D3S3628, D3S3596) (Figures 4.40-4.54) were 

selected from the Rutgers combined linkage-physical map of the human genome 

(Kong et aI., 2004). Ten of the markers (D3S1548, D3S2421, D3S2412, D3S3715, 

D3S3511, D3S1618, D3S1571, D3S1602, D3S1262, D3S2436) were non-informative 

in this family and, therefore, not included in the analysis. All affected members of the 

family were homozygous for 15 markers spanning from D3S1746 (175 cM) to 

D3S3628 (215.71 cM). 

The data was analyzed using two-point and mUltipoint linkage analysis. The two-point 

analysis generated a maximum LOD score of 1.74 (8=0) for several markers (Table 

4.2). Multipoint analysis supported linkage to this region with maximum LOD score 

exceeding 3.17 at markers D3S2433, D3S2427 and D3S3676. 

Haplotype analysis (Figure 4.55) located the APMR locus between markers D3S3622 

(183.76 cM) and D3S3596 (216.29 cM), spanning 32.53 cM region on chromosome 

3q26.2-q28. This region corresponds to 20.14 Mb according to combined linkage

physical map of the human genome (Kong et al., 2004). The APMR locus identified 

in family G overlaps with both APMR1 [D3S1232 (202.3 cM) - D3S2436 (2l3.79 

cM)] and APMR2 [D3S1564 (185.79 cM) - D3S2427 (195.85 cM)] linkage intervals 

(Figure 4.56). 

Sequence analysis of five candidate genes, LIPH (MIM 607365), ETS variant gene 5 

(MIM 601600), TNFSFIO (MIM 603598), AP2Ml (MIM 601024) and CAM-K2N2 

(MIM 608721) from DNA samples of two affected individuals of the family revealed 

no pathogenic sequence variants. 

The family H was first tested for linkage by using micro satellite markers linked to 

candidate genes involved in the related phenotypes of alopecias (Table 2.2). After 
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linkage to the known genes was excluded, a genome wide scan was carried out using 

396 highly polymorphic microsatellite markers from linkage mapping set 13 

(Invitrogen Co. San Diego, California USA). Fiv hromosomal regions including 

DlS1151 at Ip36.22, D3S1544 at 3qI2.2, D8S1832 at 8q24.13, DI0S1700 at 10q26.3 

and D 12S291 at 12q 12 were found to be homozygous in all the three affected family 

members (IV -4, IV -5 and IV -6). Each of the five regions was saturated with 

additional markers selected from Rutgers combined linkage-physical map of the 

human genome (Kong et al., 2004). All the family members were genotyped with 

these markers. However, linkage was not detected with any of these regions. 

The family I was tested for linkage by using polymorphic microsatellite markers 

linked to the hairless (HR) gene on chromosome 8p21.2. Genotyping of five members 

of the family I including two affected (IV-1 and IV-3) and three unaffected (111-1, 111-

2 and IV -2) individuals with polymorphic micro satellite markers D8S322, D8S282, 

D8S560, D8S298 (Figures 4.57-4.60), established linkage to the HR locus. 

Subsequently, the entire coding region as well as the intron-exon boundaries of HR 

gene was sequenced in two affected individuals (IV-1 and IV-3), but failed to identify 

functional sequence variant suggesting that the mutation is probably present in the 

regulatory sequence of the gene. 
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DISCUSSION 

For the work, presented here, four families (F, G, H, I) with hereditary alopecias have 

been located and studied from different regions of Pakistan. Affected individuals in 

a1l the four families showed clinical features of hereditary hypotrichosis, including 

sparse to absent scalp hairs, sparse eyebrows and eyelashes, and sparse axillary and 

pubic hairs. In family G in addition to having features of hypotrichosis, affected 

individuals were severely mentally retarded. 

To elucidate the gene defect in the families, co ~segregation and homozygosity 

analysis · were performed with micro satellite markers corresponding to candidate 

genes involved in hair loss and other related phenotypes (Table 2.2). A minimum of 

two or three micro satellite markers from each of the candidate regions · of these loci 

were genotyped in all the available individuals of the four families (F-I). In family F, 

linkage was established to lipase-H (LIPH) gene on chromosome 3q27-q28. In family 

G, linkage was established to APMRI locus on chromosome 3q27. In family H, 

linkage to all the known loci was conclusively excluded, indicating the involvement 

of a novel locus responsible for alopecia in this family. In family I, linkage was 

established to hairless (HR) gene on chromosome 8p21.2. 

In family F, sequence analysis of exon 2 of LIPH gene, located at AH/LAH2 locus on 

chromosome 3q27, revealed a novel five base pair deletion mutation (c.346-

350delATATA) (Figure 4.35). This deletion mutation results in a frameshift and 

downstream premature termination codon, thereby predicting to cause nonsense

mediated decay of the mRNA or instability of the truncated protein (Maquat, 1996). 

To date only three mutations (all deletions) in LIPH gene have been reported. The 

first mutation was reported by Kazantseva et al. (2006) in large number of affected 

individuals of two populations from the Volga-Ural region of Russia. The mutation 

involved a deletion of 985 bp of exon 4 and the flanking intronic sequences of LIPH 

gene eliminating the evolutionary conserved domain of the protein. The mutation 

identified in family F is the second mutation reported in LIPH gene. The third 

deletion mutation of two base-pairs (c.659-660delT A), located in exon 5 of the LIPH 

gene, was identified recently in two families originated from Pashto speaking 

population in North Western Frontier Province of Pakistan (Jelani et al., 2008) . 

The 45 kb LIPH gene was cloned and characterized by Sonoda et al. (2002). It has ten 
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exons and expresses m several tissues including prostate, testis, ovary, colon, 

pancreas, kidney and lung. Kazantseva et al. (2006) has detected the expression of 

LIPH in the hair follicle bulge in anagen phase of hair growth. The LIPH protein has a 

striking sequence similarity to phospholipases and members of the large triglyceride 

lipase family. The 55 kDa LIPH protein has an N-terminal signal sequence followed 

by a catalytic domain containing the putative catalytic triad ser154, asp178, and 

his249. In addition, LIPH has 12 residue lid region and four potential N-linked 

glycosylationsites. 

LIPH is a phosphatidic acid-selective phospholipase Al that produces 2-acyl 

lysophosphatidic acid (LPA), which is a lipid mediator with wide variety of biological 

properties including stimulation of cell proliferation; migration, survival, wound 

healing in skin, cell clustering (Balazs et aI., 2001; Weiner et aI., 2001; Moolenaar et 

aI., 2004). LIPH has been shown to exert st~mulatory effect on proliferation and 

migration of cells via a G-protein couple receptor P2Y5 encoded by a gene P2RY5 

(Pasternack et al., 2008; Shimomura et al. , 2008). Recently, Shimomura et al. (2008), 

Pasternack et al. (2008) and Azeem et al. (2008) have shown that mutations in P2RY5 

gene result in autosomal recessive hypotrichosis simplex and autosomal recessive 

woolly hair. Shimomura et al. (2008) have provided evidence that P2R Y5 expresses in 

hair follicle, which has been shown earlier to have an important role in shaping the 

growing hair (Schlake, 2007). Pasternack et a{ (2008) have further shown that in 

contrast to wild-type P2Y5, which co-localized at the plasma membrane with 

cadherins, truncated P2Y5 accumulated in the endoplasmic reticulum, suggesting a 

loss of function mutation. Takahashi et al. (2008) have shown that both LP A and 

phosphatidic acid have roles ·to promote hair growth in vivo. Taken together, the 

mutational and functional studies of LIPH and P2RY5 genes, suggested an integrated 

model in which LPA, Lipase Hand P2Y5 are involved in regulation of hair growth. 

In family G, linkage analysis was performed by using microsatellite markers closely 

linked to previously reported three alopecia and mental retardation loci including 

APMR1 at 3q26.33-q27.3, APMR2 at 3q26.2-26.31 and APMR3 at 18q11:2-12.2. 

Recombinations observed in the affected individuals (V-I, V-2 and V-3) showed that 

APMR locus in family G overlaps with APMR1 (D3S 1232 - D3S2436) and APMR2 

(D3S1564 - D3S2427) locus. It should also be noted that there is a difference in the 

clinical phenotypes of the patients of APMR1 and APMR2 families. Patients in the 
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APMRI family are severely mentally retarded (IQ from 25 to 30), while for those in 

the APMR2 family, the mental retardation varies from mild to moderate (IQ from 53 

to 61) . Sinc th linical features of family G are more similar to APMR1 , therefore, 

it is more likely that a gene responsible for APMRl is also involved in causing 

APMR phenotypes in family G. 

Through a UCSC Genome Browser database search (Karolchik et al., 2003), the 

linkage interval of APMR locus in family G contains several known and predicted 

genes and expressed sequence tags (ESTs). Among others, this linkage interval 

contains human ETS variant gene 5 (ETV5 MIM 601600), which is involved in the 

regulation of transcription, LIPH (MIM 607365) that regulates hair growth, TNFSF 10 

(MIM 603598), AP2MI (MIM 601024) and CAM-K2N2 (MIM 608721) genes. These 

genes were sequenced in two affected individuals of family G; however, no disease 

causing mutation was detected. 

In family H a genome scan with 390 microsatellite markers, spaced approximately at 

10 cM intervals, failed to identify the diseased locus. Therefore, in order to identify 

the disease locus in this family, it is proposed that a second genome scan may be 

carried out with micro satellite markers spaced at interval of 5 cM. 

In family I linkage was established to hairless (HR) gene on chromosome 8p21.2. The 

entire coding region, as well as intron-exon boundaries of HR gene were sequenced in 

two affected individuals of family I, but failed to identify any functional sequence 

variant suggesting that the mutation is probably present in the regulatory sequence of 

the gene. 

In human, the HR gene appears to function at the cellular transition from the natal to 

postnatal hair cycle. HR gene encodes a putative zinc-finger transcription factor 

protein of 1189 amino acids. The HR protein interacts with and influences the 

transcriptional activity of several nuclear factors, including thyroid hormone receptor, 

retinoic acid receptor-related orphan receptor-a and vitamin D receptor (potter et al., 

2001; Hsieh et a!., 2003). In hr mutant mice, hair follicle morphogenesis and initial 

hair growth is normal. Hair follicle is the most complex form of all epithelial organ 

systems and has been slow to yield its molecular secrets. 
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Figure 4.1: Pedigree of family F with autosomal recessive hypotrichosis. Circles 

represent females, squares represent males . Filled circles and squares represent 

affected individuals. Double lines indicate consanguineous marriages. Cross lines on 

the symbols represent deceased individuals. 
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Figure 4.2: Clinical presentation of autosomal recessive hypotrichosis phenotype in 

family F. Phenotypic appearance of an affected individual (IV -1) of the family 

showing sparse hairs on scalp, sparse eyebrows and eyelashes. 
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Figure 4.3: Scalp skin biopsy of an affected individual (IV -1) of family F reveals 

keratin-filled cyst within a single hair follicle remnant. epi epidermis, sg sebaceous 

glands, swg sweat glands, hf hair follicle 
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Figure 4.4: Pedigree of family G with alopecia and mental retardation (APMR). 

Circles represent females, squares represent males. Filled circles and squares 

represent affected individuals. Double lines indicate consanguineous marriages. Cross 

lines on the symbols represent deceased individuals. 
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Figure 4.5: Clinical presentation of APMR family. Phenotypic appearance of an 

affected individual (V -1) of family G showing complete absence of hair on scalp and 

missing eyebrows and eyelashes. 
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Figure 4.6: Scalp skin biopsy from an affected individual (V -1) of family G revealed 

complete absence of normal hair follicle structures. The remnants of the hair follicle 

infundibulum undergo hyperkeratinization. epi epidermis, sg sebaceous glands, swg 

sweat glands, hf hair follicle 
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I: 1 1:2 

II 

II: 1 11:2 11:3 11:4 

III 

III :1 111:2 

IV 

IV:1 IV:2 IV:3 IV:4 IV:5 IV:6 

Figure 4.7: Pedigree of family H with autosomal recessive hypotrichosis. Circles 

represent females, squares represent males. Filled circles and squares represent 

affected individuals. Double lines indicate consanguineous marriages. Cross lines on 

the symbols represent deceased individuals. 
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Figure 4.8: Clinical presentation of family H. Phenotypic appearance of an affected 

individual (IV -4) of family H showing complete absence of hair on scalp and missing 

eyebrows and eyelashes. 
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I: 1 1:2 

II 

II : 1 11 :2 11 :3 11:4 

III 

III : 1 III :2 

IV 

IV :1 IV :2 IV :3 

Figure 4.9: Pedigree of family I with autosomal recessive hypotrichosis. Circles 

represent females, squares represent males. Filled circles and squares represent 

affected individuals. Double lines indicate consanguineous marriages. Cross lines on 

the symbols represent deceased individuals. 
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Figure 4.10: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S2314 at 201.92 cM on chromosome 3q26.33 

showing homozygosity among the affected individuals (IV -1, IV -2 and IV -5) of 

family F. The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.11: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3609 at 205.94 cM on chromosome 3q27.1 

showing homozygosity among the affected individuals (IV-I, IV-2 and IV-5) of 

family F. The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.12: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3578 at 205.94 cM on chromosome 3q27.l 

showing homozygosity among the affected individuals (N -1, N -2 and IV -5) of 

family F. The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.13: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3583 at 205.94 cM on chromosome 3q27.l 

showing homozygosity among the affected individuals (IV-I, IV-2 and IV-5) of 

family F. The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.14: Electropherogram of ethidium bromide stained 8% non-denaturing · 

polyacrylamide gel for marker D3S3546 at 163.25 cM on chromosome 3q23. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Lane 7- IV-6 

Lane 8- IV-4 

Figure 4.15: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3022 at 172.35 cM on chromosome 3q25.1. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.16: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S 1746 at 175 cM on chromosome 3q25 .1. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.17: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3668 at 181.99 cM on chromosome 3q26.1. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 

96 
Identification of Genes Involved in Hereditary Hearing Impairment and Alopecias 



Chapter 4 

Family F 

1 2 

Lane 1- IV-I 

Lane 2- III- I 

Lane 3- IV-2 

Lane 4- IV-5 

3 4 5 6 

Lane 5- III-2 

Lane 6- IV-3 

Lane 7- IV-6 

Lane 8- IV-4 

Alopecias 

7 8 

Figure 4.18: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3555 at 182.39 cM on chromosome 3q26.1 

showing homozygosity among the affected individuals (IV -1, IV -2 and IV -5) of 

family F. The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Lane 3- IV-2 

Lane 4- IV-5 

Lane 5- III-2 

Lane 6- IV-3 

Lane 7- IV-6 
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Figure 4.19: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S 1763 at 182.92 cM on chromosome 3q26.1 

showing homozygosity among the affected individuals (IV -1, IV -2 and IV -5) of 

family F. The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.20: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylarr:tide gel for marker D3S 1243 at 184.25 cM on chromosome 3q26.2 

showing homozygosity among the affected individuals (IV -1, IV -2 and IV -5) of 

family F. The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.21: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S2433 on chromosome 3q26.31 showing 

homozygosity among the affected individuals (IV-I, IV-2 and IV-5) of family F. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.22: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S1574 at 187.86 cM on chromosome 3q26.31 

showing homozygosity among the affected individuals (IV-I, IV-2 and IV-5) of 

family F. The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.23: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3725 at 188.36 eM on chromosome 3q26.31 

showing homozygosity among the affected individuals (IV-I, IV-2 and IV-5) of 

family F. The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.24: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S2427 at 195.85 cM on chromosome 3q26.31-

q26.32 showing homozygosity among the affected individuals (N-l, N -2 and N -5 ) 

of family F . The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 

Family F 

1 2 

Lane 1- N-l 

Lane 2- III-l 

Lane 3- N -2 

Lane 4- N-5 

3 4 5 6 

Lane 5- 1II-2 

Lane 6- N-3 

Lane 7- N -6 

Lane 8- N-4 

7 8 

Figure 4.25: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3676 at 196.01 cM on chromosome 3q26.32 

showing homozygosity among the affected individuals (N-l, N-2 and N-5) of 

family F. The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.26: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S2412 at 197.17 cM on chromosome 3q26.32 

showing homozygosity among the affected individuals (IV-I, IV-2 and IV-5) of 

family F. The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.27: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3037 on chromosome 3q26.32. The Roman 

numerals indicate the generation numbers of the individuals within a pedigree while 

Arabic numerals indicate their positions within a generation. 

-----------------------------------------------------101 
Identification of Genes Involved in Hereditary Hearing Impairment and Alopecias 



Chapter 4 

Family F 

1 2 

Lane 1- IV-1 

Lane 2- III-1 

Lane 3- IV-2 

Lane 4- IV-5 

3 4 5 6 

Lane 5- III-2 

Lane 6- IV-3 

Lane 7- IV-6 

Lane 8- IV-4 

Alopecias 

7 8 

Figure 4.28: E1ectropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S1232 on chromosome 3q26.33 showing 

homozygosity among the affected individuals (IV-I, IV-2 and IV-5) of family F. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.29: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S1602 at 209.79 cM on chromosome 3q27.2-q27.3. 

The Roman numerals indicate the generation number of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.30: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3651 at 214.9 cM on chromosome 3q27.3. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.31: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3628 at 215.71 cM on chromosome 3q27.3. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.32: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S2398 at 219.79 eM on chromosome 3q28. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.33: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S1661 at 220.19 cM on chromosome 3q28. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Table 4.1: Two point LOD score results between the AH locus and chromosome 

3q27 markers 

Marke r Rutger Physical LOD score at recombina tion fraction e = 

map (cM)" positionb 

0 0.01 0.05 0.1 0.2 0.3 0.4 

0353546 152.41 144,198,259 -1.57 - 0.93 - 0.38 -0.17 -0.04 -0.02 -0.03 
0 3S3022 161.15 150,771.025 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
0351746 164.04 153.212.439 0.97 0.95 0.87 0.76 0.54 0.32 0.13 
03S3668 171.06 165,829,800 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
03S3555 171.50 167,352 ,572 0.97 0.95 0.87 0.76 0.54 0.32 0.13 
D3S1763 172.05 168,722,402 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
D3S1243 173.38 l69,835 ,456 1.88 1.83 1.64 1.4 0.93 0.40 0.14 
D3S2433 NA 173.178,370 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
D3S1574 176.98 173.161,822 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
D353725 177.24 173,292,342 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
0352427 184.55 177 ,267 ,503 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
D3S3676 184.55 177,871,163 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
0352412 185.85 178,547,264 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
0 3S3037 NA 178,924,191 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
D3S1232 189.00 182,9f.J2,479 1.88 1.83 1.64 1.4 0.93 0,49 0.14 
D352314 190.04 183,613,382 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
D3S3609 193.97 185.519,714 1.88 1.83 1.64 1,4 0.93 0.49 0.14 
D3S3578 193.97 185,567,441 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
D3S3583 193.97 185,767,863 1.88 1.83 1.64 1.4 0.93 0.49 0.14 
0 3S1 6f.J2 197.63 187.514.449 - inf - 1.86 - 0.62 -0.21 0.02 0.05 0.02 
03S3651 202.71 189,123,933 -inf -1.86 - 0.62 - 0.21 0.02 0.05 0.f.J2 
D3S3628 203.50 189,256,383 - inf -3.44 -1-') -0.78 -0.24 -0.06 -0.01 
D3S2398 207.05 190,903,729 - 1.35 -0.67 -0.17 -0.04 - 0.02 -0.02 -0.01 
D3S1661 207.72 191,166,400 -1.35 - 0.67 - 0.17 -0.04 -0.02 -0.02 - 0.01 

a Average-sex distance in cM according to the Rutgers combined linkage-physical 

human genome map (Kong et at., 2004) 
b The physical position IS based according to build 36 of the human genome 

(International Human Genome Sequence Consortium, 2001) 
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111-1 111 -2 
03S3546 (152.41cM) 1 1 12 
03S30 22 (161.15cM) 12 1 2 
0351746 (164.04cM) 12 1 1 
03S3668 (171 .06cM) 12 1 2 
03S3555 (171.5cM) 12 1 1 
03S1763 (172.0 5cM) 12 1 2 
03S1243(17~38cM) 1 2 1 2 
03S2433 (176.98cM) 12 1 2 
03S1574 (176.98cM) 12 1 2 
03S3725 (177.24cM) 12 1 2 
03S2427 (184.55cM) 12 1 2 
03S3676 (184.55cM) 12 1 2 
03S2412 (185.85cM) 1 2 1 2 
03S3037 (186.15cM) 12 1 2 
0351232 (189cM) 1 2 1 2 
03S2314 (190.0 4cM) 12 12 
03S3609 (193.97cM) 1 2 1 2 
03S3583 (193.97cM) 1 2 1 2 
03S3578 (193.97cM) 1 2 1 2 
035160 2 (197.63cM) 1 2 1 2 
0353651 (202.71 cM) 1 2 1 2 
0353628 (203.5cM) 1 2 1 2 
0352398 (207 .05cM) 1 2 1 2 
0351661 (207.72cM) 1 2 1 2 

IV-1 IV-2 IV-3 IV-4 IV-5 IV-6 
03S3546 (152.41cM) 1 2 1 2 12 1 2 12 1 1 
0353022 (161.15cM) 1 1 1 1 1 2 1 2 1 1 12 
03S1746 (164.04cM) 1 1 1 1 1 1 1 2 1 1 12 
0353668 (171.06cM) 1 1 1 1 12 1 2 1 1 1 2 
0353555 (171 .5cM) 1 1 1 1 1 1 12 1 1 12 
0351763 (172.05cM) 1 1 1 1 12 1 2 1 1 12 
03S1243 (173.38cM) 1 1 1 1 12 1 2 1 1 1 2 
0352433 (176.98cM) 1 1 1 1 12 1 2 1 1 1 2 
0351574 (176.98cM) 1 1 1 1 1 2 1 2 1 1 12 
0353725 (177.24cM) 1 1 1 1 12 1 2 1 1 1 2 
03S2427 (184.55cM) 1 1 1 1 1 1 12 1 1 12 
0353676 (184.55cM) 1 1 1 1 1 1 1 2 1 1 1 2 
0352412 (185.85cM) 1 1 1 1 1 1 1 2 1 1 12 
03S3037 (186.15cM) 1 1 1 1 1 1 1 2 1 1 1 2 
0351232 (189cM) 1 1 1 1 1 1 12 1 1 1 2 
03S2314 (190.04cM) 1 1 1 1 1 1 1 2 1 1 1 2 
0353609 (193.97cM) 1 1 1 1 1 1 1 2 1 1 1 2 
0353583 (193.97cM) 1 1 1 1 1 1 1 2 1 1 1 2 
0353578 (193.97cM) 1 1 1 1 1 1 12 1 1 1 2 
0351602 (197.63cM) 1 2 1 1 1 1 1 2 1 1 1 2 
0353651 (202.71cM) 1 2 1 1 1 1 1 2 1 1 1 2 
0353628 (203.5cM) 1 2 1 1 1 1 1 2 1 1 1 1 
03S2398 (207.05cM ) 1 2 1 2 1 1 12 1 2 1 1 
0351661 (207.72cM) 1 2 12 1 1 1 2 1 2 1 1 

Figure 4.34: Pedigree of family F that segregates autosomal recessive hypotrichosis 

(AH/LAH2). Haplotypes for most closely linked short tandem repeats polymorphism 

(STRPs) are shown below each symbol. Map distances are given in centimorgans 

(cM) according to the Rutgers linkage-physical map of the human genome. The 

disease-associated haplotypes are shown beneath each symbol. Haplotypes were 

generated by SIMW ALK2 
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a 
r A C AAC T T T~TA T~ A C C C A T G C 

Figure 4.35: Sequence analysis of the LIPH gene mutation. DNA sequence of exon 2 

from control individual (a), heterozygous carrier (b) and homozygous affected 

individual (c). The boxed area containing 5 bp sequence ATATA in (a) represents the 

sequence deleted in the homozygous state in affected individual (c), resulting in the 

frameshift and downstream premature termination codon. 
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Figure 4.36: · Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3699 at 200.19 cM on chromosome 3q26.33 

showing homozygosity among the affected individuals (V-I, V-2 and V-3) of family 

G. The Roman numerals indicate the generation numbers of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.37: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3609 at 205.94 cM on chromosome 3q27.1 

showing homozygosity among the affected individuals (V-I , V-2 and V-3) of family 

G. The Roman numerals indicate the generation numbers of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.38: Electropherogram of ethidium bromide stained · 8% non-denaturing 

polyacrylamide gel for marker D3S3723 at 185.79 on chromosome 3q26.3l showing 

homozygosity among the affected individuals (V-I, V-2 and V-3) of family G. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.39: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S2427 at 195.85 cM on chromosome 3q26.31-

q26.32 showing homozygosity among the affected individuals (V-I , V-2 and V-3) of 

family G. The Roman numerals indicate the generation numbers of the individuals 

within a pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.40: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3626 on chromosome 3q24. The Roman numerals 

indicate the generation numbers of the individuals within a pedigree while Arabic 

numerals indicate their positions within a generation. 
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Figure 4.41: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3022 at 172.35 cM on chromosome 3q25 .1. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.42: Electropherogram of ethidiurn bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S 1299 at 172.95 cM on chromosome 3q25.1 

showing homozygosity among the affected individuals (V-I , V-2 and V-3) of family 

G. The Roman numerals indicate the generation numbers of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 

Family G 

1 2 

Lane 1- V-I 

Lane 2- IV-I 

Lane 3- V-2 

Lane 4- V-3 

3 4 5 

Lane 5- V-4 

Lane 6- V-5 

Lane 7- IV-2 

6 7 

Figure 4.43: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S1746 at 175 cM on chromosome 3q25.l showing 

homozygosity among the affected individuals (V-I, V-2 and V-3) of family G. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation, 
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Figure 4.44: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S 1763 at 182.92 cM on chromosome 3q26.1 

showing homozygosity among the affected individuals (V-I, V-2 and V-3) of family 

G. The Roman numerals indicate the generation numbers of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 

Family G 

1 2 3 4 5 6 7 

~. ~ ~ iii JiiI'j~' 
'-" 'iiW 1..., ..... ' ... ..... !Will 

1 • " t ~ __ 

Lane 1- V-I 

Lane 2- IV-I 

Lane 3- V-2 

Lane 4- V-3 

Lane 5- V-4 

Lane 6- V-5 

Lane 7- IV-2 

Figure 4.45: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for markerD3S3622 at 183.76 cM on chromosome 3q26.l 

showing homozygosity among the affected individuals (V-I , V-2 and V-3) of family 

G. The Roman numerals indicate the generation numbers of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.46: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S1282 at 184.79 cM on chromosome 3q26.2 

showing homozygosity among the affected individuals (V-I, V-2 and V-3) of family 

G. The Roman numerals indicate the generation numbers of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 

Family G 

1 2 

Lane 1- V-I 

Lane 2- IV- l 

Lane 3- V-2 

Lane 4- V-3 

3 4 5 

Lane 5- V-4 

Lane 6- V-5 

Lane 7- IV-2 

6 7 

Figure 4.47: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S2433 on chromosome 3q26.31 showing 

homozygosity among the affected individuals (V-I , V-2 and V-3) of family G. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.48: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3676 at 196.01 cM on chromosome 3q26.32 

showing homozygosity among the affected individuals (V-I, V-2 and V-3) of family 

G. The Roman numerals indicate the generation numbers of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.49: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3037 on chromosome 3q26.32 showing 

homozygosity among the affected individuals (V-I, V-2 and V-3) of family G. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.50: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3730 at 199.44 cM on chromosome 3q26.32 

showing homozygosity among the affected individuals (V-I, V-2 and V-3) of family 

G. The Roman numerals indicate the generation numbers of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.51: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3SI6I7 at 208.48 cM on chromosome 3 showing 

homozygosity among the affected individuals (V-I, V-2 and V-3) of family G. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.52: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3686 at 214.27 cM on chromosome 3q27.3 

showing homozygosity among the affected individuals (V-I, V -2 and V -3) of family 

G. The Roman numerals indicate the generation numbers of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.53: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3628 at 215.71 cM on chromosome 3q27.3 

showing homozygosity among the affected individuals (V-I, V-2 and V-3) of family 

G. The Roman numerals indicate the generation numbers of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 
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Figure 4.54: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D3S3596 at 216.29 cM on chromosome 3q27.3-q28 

showing homozygosity among the affected individuals (V-I , V-2 and V-3) of family 

G. The Roman numerals indicate the generation numbers of the individuals within a 

pedigree while Arabic numerals indicate their positions within a generation. 
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Table 4.2: Two point LOD score results between the APMR locus and chromosome 

33q25.l -q28 markers 

Rutger Physical Multipoint 
Lod Score at Recombination fraction 0 = 

Marker 
MapcMa Position b LOD Score 

0 0.01 0.05 0.1 0.2 0.3 0.4 

0383626 NA 149370398 -0.9883 -0.71 -0.42 -0.03 0.12 0.17 0.1 0.03 
0383022 172.350 150771025 -1.067 -0.71 -0.42 -0.03 0.12 0.17 0.1 0.03 
0381299 172.950 151666558 -1 .1019 -0.71 -0.42 -0.03 0.12 0.17 0.1 0.03 
0381746 175.000 153212439 1.9833 0.84 0.82 0.72 0.61 0.4 0.22 0.07 
0381763 182.920 168722402 3.0861 1.14 1.11 0.99 0.85 0.58 0.32 0.11 
0383622 183.760 169346662 3.1208 1.14 1.11 0.99 0.85 0.58 0.32 0.11 
0381282 184.790 170372832 3.1379 1.74 1.7 1.51 1.28 0.83 0.42 0.11 
0383723 185.790 173233404 3.1412 1.74 1.7 1.51 1.28 0.83 0.42 0.11 
0382433 NA 177267390 3.1701 1.74 1.7 1.51 1.28 0.83 0.42 0.11 
0382427 195.850 177267503 3.1701 1.74 1.7 1.51 1.28 0.83 0.42 0.11 
0383676 196.010 177871163 3.1701 1.74 1.7 1.51 1.28 0.83 0.42 0.11 
0383037 NA 178924199 3.1669 1.74 1.7 1.51 1.28 0.83 0.42 0.11 
0383730 199.440 180029355 3.1649 1.74 1.7 1.51 1.28 0.83 0.42 0.11 
0383699 200.190 180779759 3.1613 1.74 1.7 1.51 1.28 0.83 0.42 0.11 
0383609 205.940 185519714 3.0838 1.74 1.7 1.51 1.28 0.83 0.42 0.11 
0381617 208.480 187367069 2.9949 1.14 1.11 0.99 0.85 0.58 0.32 0.11 
0383686 214.240 188900158 2.5704 1.14 1.11 0.99 0.85 0.58 0.32 0.11 
0383628 215.710 189256383 2.2066 1.14 1.11 0.99 0.85 0.58 0.32 0.11 
0383596 216.290 189489034 -0.4613 -0.41 -0.13 0.24 0.36 0.34 0.2 0.06 

a Average-sex distance in cM according to the Rutgers combined linkage-physical 

human genome map (Kong et ai., 2004) 

bThe physical position is based according to build 36 of the human genome 

(International Human Genome Sequence Consortium, 2001) 
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II 

III 
111-1 111 -2 111 -3 111 -4 

VI 
IV-1 IV-2 

0353626 (NA) 1 1 1 2 
0353022 (172.35cM) 1 1 1 2 
0351299 (172.95cM ) 1 1 1 2 
0 351746 (175cM) 1 1 1 2 
0351763 (182.92cM) 1 1 1 2 
0353622 (183.76cM) 11 +-- 1 2 
0351282 (184.79cM) 1 2 1 2 
0353723 (185.79cM) 1 2 12 
0352433 (NA) 1 2 1 2 
0352427 (195.85cM) 12 12 
0353676 (196.01cM) 1 2 12 
0353037 (NA) 1 2 1 2 
0353730 (199.44cM) 12 12 
0353699 (200.19cM) 1 2 12 
0353609 (205.94cM ) 1 2 1 2 
0351617 (208.48cM ) 21 1 1 
0353686 (214.27cM) 21 1 1 
0353628 (215.71cM) 21 1 1 
0353596 (216.29cM) 21 1 1 

V 

V-1 V-2 V-3 V-4 V-5 
0353626 (NA) 12 12 1 2 12 1 1 
0353022 (172.35cM) 1 2 12 1 2 12 1 1 
0351299 (172.95cM) 1 2 12 1 2 1 2 1 1 
0351746 (175cM) 1 1 1 1 1 1 12 1 1 
0351763 (182.92cM) 1 1 1 1 1 1 1 2 1 2 
0353622 (183.76cM) 1 1 1 1 1 1 12 12 
0351282 (184.79cM) 1 1 1 1 1 1 12 1 2 
0353723 (185.79cM) 1 1 1 1 1 1 1 2 1 2 
0352433 (NA) 11 1 1 11 12 1 2 
0352427 (195.85cM) 1 1 11 1 1 12 12 
0353676 (196.01cM) 1 1 1 1 11 1 2 1 2 
0353037 (NA) 1 1 1 1 1 1 12 12 
0353730 (199.44cM) 1 1 1 1 1 1 12 12 
0353699 (200.19cM) 1 1 1 1 1 1 1 2 1 2 
0353609 (205.94cM) 1 1 1 1 11 12 1 2 
0351617 (208.48cM) 1 1 1 1 1 1 21 21 
0353686 (214.27cM ) 1 1 1 1 1 1 21 21 
0353628 (215.71cM ) 1 1 +-- 1 1 1 1 21 21 
0353596 (216.29cM) 21 21 21 1 1 1 1 

Figure 4.55: Pedigree of family G with alopecia and mental retardation (APMR). 

Haplotypes for the most closely linked short tandem repeats polymorphism (STRPs) 

are shown below each symbol. Mapped distances are given in centimorgans (cM) 

according to the Rutgers linkage-physical map of the human genome. Arrows indicate 

key recombination events. 
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Figure 4.56: Comparison of the linkage interval of AHlLAH2, APMR1 and APMR2 

with APMR locus identified in family G on chromosome 3q26.2-q28 . Genetic map 

distances in centimorgans (cM) are according to the Rutgers linkage-physical map of 

the human genome (Kong et al., 2004) . 
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Figure 4.57: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D8S322 on chromosome 8p21.3 showing 

homozygosity among the affected individuals (IV-1 and IV-3) of family 1. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.58: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D8S282 at 39.38 cM on chromosome 8p21.3 showing 

homozygosity among the affected individuals (IV -1 and IV -3) of family 1. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.59: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D8S560 at 39.68 cM on chromosome 8p21.3 showing 

homozygosity among the affected individuals (IV-l and IV-3) of family 1. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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Figure 4.60: Electropherogram of ethidium bromide stained 8% non-denaturing 

polyacrylamide gel for marker D8S298 at 40.11 cM on chromosome 8p21.3 showing 

homozygosity among the affected individuals (IV -1 and IV -3) of family 1. The 

Roman numerals indicate the generation numbers of the individuals within a pedigree 

while Arabic numerals indicate their positions within a generation. 
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