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Abstract 

Several signaling pathways, by involving large number of proteins, play important 

roles in development of human limbs. Disturbances in the functions of the protein 

encoding genes lead to result in different types of congenital limb deformities. These 

anomalies occur either as an isolated malformation of the hands/feet or as a part of 

complex syndrome. In humans, polydactyly is the most frequently observed 

congenital hand and feet malformation. Major type of non-syndromic forms of 

polydactyly is classified into pre-axial, postaxial and central type polydactyly. 

In the present study, four consanguineous families (A, B, C, D) segregating 

polydactyly were recruited from different remote regions of the country. Pedigree 

sketches showed segregation of the disorder in three families (A-C) followed 

autosomal recessive mode of inheritance. Family D, on the other hand, showed 

autosomal dominant mode of inheritance. 

Linkage in the family A-C was searched by typing microsatellite markers linked to 

several candidate genes involved in causing polydactyly. Analysis of the haplotypes, 

constructed from the typed markers, however excluded the families from linkage to 

the tested genes. Sequencing of two candidate genes (GLJ3, ZRS/SHH) in affected and 

unaffected members revealed a heterozygous variant (c.1 034 + 182 T>C) in enhancer 

sequences located in intron 5 of the LMBRI. The variant is predicted to affect the 

expression of the LMBRI leading to autopod anomalies. 

The present study will not only be helpful in identifying additional genes involved in 

human limb development but also facilitate prenatal diagnosis and genetic counseling 

of the families showing polydactyly features. 

Genetic Mapping and Sequence Analysis a/Candidate Genes Causing Hereditary Non 
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Abstract 

Several signaling pathways, by involving large number of proteins, play important 

roles in development of human limbs. Disturbances in the funct ions of the protein 

encoding genes lead to result in different types of congenital limb deformities. These 

anomalies occur either as an isolated malformation of the hands/feet or as a part of 

complex syndrome. In humans, polydactyly is the most fi'equently observed 

congenital hand and feet malformation. Major type of non-syndromic forms of 

polydactyly is classified into pre-axial, postaxial and central type polydactyly. 

In the present study, four consanguineous families (A, B, C, D) segregating 

polydactyly were recruited from different remote regions of the country. Pedigree 

sketches showed segregation of the disorder in three families (A-C) followed 

autosomal recessive mode of inheritance. Family D, on the other hand, showed 

autosomal dominant mode of inheritance. 

Linkage in the family A-C was searched by typing microsatellite markers linked to 

several candidate genes involved in causing polydactyly. Analysis of the haplotypes, 

constructed from the typed markers, however excluded the families from linkage to 

the tested genes. Sequencing of two candidate genes (GLJ3 , ZRS/SHH) in affected and 

unaffected members revealed a heterozygous variant (c.423+4695 and g.1 0153 7T>C 

in intron 5 of LNfBRl (ZRS/SHH at 182 T>C) in enhancer sequences located in intron 

5 of the LMBRl . The variant is predicted to affect the expression of the LMBRl 

leading to autopod anomalies. 

The present study will not only be helpful in identifying additional genes involved in 

human limb development but also facilitate prenatal diagnosis and genetic counseling 

of the fami lies showing polydactyly features. 
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Chapter 1 Introduction 

gives rise to the limb skeletal structure (appendicular skeleton), the sternum (axial 

skeleton) and the non-skeletal elements. The paraxial mesoderm gives rise to somites 

forming the axial skeleton, such as ribs and veliebrae (Sauka-Spengler, and Bronner­

Fraser, 2008; Limura et al., 2009). 

Skeletal Patterning 

During the period of endochondral bone formation, limb skeleton build up from 

cartilage anlagen. It begins with the chondrocytes progenitors which then develop into 

a cartilage template that is eventually substituted by bones. The crucial steps in 

establishing limb skeletal pattern 'patterning' take place throughout the formation of 

cartilaginous anlagen (Tickle, 2003). Skeletal patterning, condensation and 

differentiation of mesenchymal cells (MSCs) into chondrocytes (cartilage formation), 

osteoblasts (bone formation), osteoclasts, and bone remodeling is under tight control 

of several cytokines, growth factors and intercellular signaling pathways including 

Wingless/Integrated (Wnt), Sonic hedgehog (SHH) , Indian hedgehog (IHH), fibroblast 

growth factor (FGF) , Notch, TGF-fJ, and BMPs. Genetic variations in cytokines and 

growth factors lead to inherited skeletal disorders (Lefebvre and Bhattaram, 2010). 

During the skeletal patterning and remodeling the size, shape, number and the skeletal 

primordial in correct relationship to one another are defined. Different skeletal 

elements like axial, craniofacial and appendicular skeleton are formed during the 

skeletal patterning process in organized way (Mariani and Martin, 2003). 

Limb Development 

The development of limb in vertebrates is controlled by the genetic processes which 

are impenetrable and still not fully understood. Experimental studies of the molecular 

genetics of human limb development is theorizing and manipulating the genetic 

interactions in them. There are three principle zones for the development of limbs that 

is the proximal stylopod, Zeugopod and the distal autopod (Berham et al., 2008). 

Initiation of Limbs 

The limb bud originates from the edge of the embryo that is, the lateral plate 

mesoderm (LPM) which is covered by a layer of ectoderm. It has lineages for all 

Genetic Mapping and Sequence Analysis of Candidate Genes Causing Hereditary Non 
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Chapter i Introduction 

types of limb tissues except muscles. Muscles progenitors initiate from somites and 

rapidly migrate to embryonic limb bud. The skeletal element elaborates when the 

tissue progenitors differentiate and the limb bud grows towards the distal side. The 

limb bud when grows towards the distal side, the varied tissue progenitors 

differentiate and establish the elaborated pattern of skeletal elements (Mundlos and 

Horn, 2014). 

The HOX gene plays a fundamental role during embryonic development. It generates 

the morphological diversity together with the body axis and determines the position of 

the limb buds genetically (Kmita and Duboule, 2003). When the position of the limb 

is decided than a series of interactions between the epithelial-to-mesenchymal and the 

lateral plate mesoderm, ectoderm is established. In this event the establishment of 

apical ectodermal ridge (AER), an epithelial thickened structure from limb ectoderm, 

occurs which facilitate the distal margins of the limb bud to its posterior tip from its 

anterior side and is dorsoventrally located along the border of the limb bud (Capdevila 

and Belmonte, 2001). Several studies have revealed that a number of molecules 

expressed in specific domains either in dorsal or ventral ectoderm are involved in 

limb developmental process, some example being WNT7A , Radical fringe (RFN) , 

Engrailed-1 (EN-i) and TGF-fJIBMP (Capdevila and Belmonte, 2001). 

Limbs Patterning 

After the development of limb bud the undifferentiated mesenchyme is targeted by a 

series of signaling to determine the morphology of skeletal elements. The AER 

(apical ectodermal plate), the zone of polarizing activity (ZP A), and the dorsal 

ectoderm plays a key role to control the limbs proximal to distal outgrowth, anterior 

posterior (AP) patterning and establishes dorso-ventral polarity, respectively 

(Mundi os and Hom, 2014). The limb buds have mesoderm cells, homogenous mass 

covered with a layer of ectoderm. The initial mark of patterning is in the form of a 

thin epithelial thickening at the limb bud proximal tip which is known as the Apical 

Ectodermal Ridge (Lodder, 2009). The AER is important for proximal to distal 

patterning and it is revealed that when the AER in chick wings are removed, the 

wings become truncated (Niswander, 2003). The cell death in the mesenchyme occurs 

very sharply after removal of the AER (Saunders, 1948; Summerbell, 1974). These 

Genetic Mapping and Sequence Analysis of Candidate Genes Causing Hereditary Non 
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Chapter I Introduction 

cells can survive if fibroblast growth factors (FGFs) are applied exogenously. AER 

promote proliferation of mesodermal cells, stops apoptotic events by providing FOF 

signaling to the mesoderm cells (Mundlos and Horn, 2014). FO F IO expression which 

is required for maintaining FOF8 expression in the limb mesenchyme is induced by 

the AER expressed FOFs (FOF 8, 9, 17). Thus FOF8 and FOFIO establish epithelial­

mesenchymal positive feedback loop during limb growth (Benazet and Zeller, 2009). 

During limb development, abnormalities in the AER maintenance lead to abnormal 

phenotypes including split-hand/foot syndromes as a results of TP63 mutations in, 

whose expression is vital for AER maintenance (Lanakiev et al., 2000). A cell colony 

termed as the zone of polarizing activity (ZPA), is localized in the posterior limb bud 

mesenchyme that shows posture activity (Rubin and Saunders, 1972). The molecular 

basis of ZPA was discovered when Sonic hedgehog (Shh) was proposed to be the 

diffusible morphogen responsible for polarizing activity (Yang et al. , 1997). Another 

gene reported was Glioma-associated oncogene 3 (OL13) which has two isoforms, one 

with active full length OL13 (OL13F) and repressor truncated OL13 (OL13R). SHH 

signaling promotes the expression of OL13F in posterior mesenchyme while absence 

of SHH signaling leads to the production of OL13R (Zeller et al. , 2009).The 

importance of OL13 and SHH during vertebral limb growth was discovered in mouse 

by gene inactivation; SHH mutant mice had only one rudimentary digit while all other 

digits were absent, on the other hand OLI3 mutant mice verify polydactyly. SHH and 

OL13 mutations in human leads to different limb anomalies including preaxial or 

postaxial polydactyly or even severe conditions like acheriopodia (Anderson et al., 

2012). SHH play key role in AP patterning, maintains limb bud proliferation and 

expands the digit forming field (Zeller et al. , 2009). SHH, OL13 and other regulators 

promote digit number and identity. In this context a BMP (bone morphogenetic 

protein) signaling gradient was also suggested as a mediator while genetic analysis of 

mouse did not prove its role. It was shown that patterning information in chicks 

are stored in the interdigital mesenchyme. Signals to the growing phalanges are 

thought to be the signals from the interdigital mesenchyme, which provide them 

information necessary for reaching its final length (Zeller et al. , 2009). Dorso-ventral 

patterning is mediated by LMX-I (LIM homeobox transcription factor-I) in the dorsal 

mesenchyme with subsequent expression of WNT- 7 A in the dorsal ectoderm and 

engrailed-l (EN-I) in the ventral ectoderm. In the ventral ectoderm, EN-I inhibits the 

Genetic Mapping and Sequence Analysis of Candidate Genes Causing Hereditary Non 
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Chapter 1 Introduction 

WNT7A expressIOn (Yang and Niswander, 1995; Bell et at., 1998). Acting as a 

morphogen WNT7 A diffuses to the dorsal mesoderm and induces expression of the 

LMXIB (transcriptional factor). In the limb bud mesenchyme, LMXIB is considered as 

a key regulator of dorsal patterning. LMXIB mutation in human result in a syndrome 

characterized with a defect in dorsal to ventral (DV) patterning of the limb, which is 

known as nail-patella syndrome (Dreyer et at. , 1998). 

Signaling Pathways Involved in Limb Patterning 

This is innate that AER, dorsal ectoderm, and ZP A are the centers of signaling and 

have strong coordination in their functions. It is perceived that AER removal result in 

cell death in the underlying mesenchyme and leads to loss of SHH expression. 

Interestingly, FGF4 could reimburse this function of the AER. Similarly, SHH 

actively controls FGF4 expression in the AER, thus both (SHH and FGF4) molecules 

form a positive feedback loop. This feedback loop is a best example of a signal relay 

in epithelial-to-mesenchymal communication: SHH actively controls the Gremlin 1 

(Greml) expression, which is a BMP inhibitor. Taken together, GREMI inhibits BMP 

action, which has a negative effect on the AER (Benazet and Zeller, 2009). WNT7A is 

required to replace the removed ectoderm while SHH is expressed in the dorsal 

mesoderm. In mammals this function is highly conserved, thus there is quite decrease 

in SHH expression by the inactivation of WNT7 A as a result the posterior digit is lost 

(Barrow et at., 2003) 

Limb Identity 

The expression of HOX gene in the limbs is considered for the alignment of hind limb 

and forelimbs identity expressed by the T-Box gene (TBX4 and TBX5) in chicks and 

performed a very innovative role in limbs identity but this phenomena is not sustained 

in all animal model by the geneticist specially in mouse embryo (Bruneau et at., 2001, 

Duboc and Logan, 2011). Expression of PITXl by TBXX4 and mis-expression of 

P ITXl in the fore limbs of chicks led to the development of hind limb characteristics. 

P ITXl mutations in humans were detected in two syndromes that are both specific to 

hind limbs and lead to morphological variations in the forelimbs towards hind limb­

like structures. P ITXl mutation also causes clubfoot and various other limbs 

irregularities (MIM 119800) and patients also revealed polydactyly or tibial 
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hemimelia but normal upper extremities. On the other hand, genomic rearrangements 

upstream of P ITXl were associated with Liebenberg syndrome (MIM 186550), 

having upper limb irregularities symptomatic of a hind-limb-like morphology 

(Spielmann et al. , 2012). 

Skeletal Dysplasia 

Skeletal dysplasia or Osteochondrodysplasias are phenotypically and genotypically 

heterogeneous group of disorders affecting the growth of bone and cartilage growth 

(Namba, 2010). It has significant effects on muscles, tendon and ligaments. It is 

frequently related with abnormalities of linear skeleton and result from teratogen 

exposure and imprinting errors (Karkow and Rimoin, 2010). Mutation in the signaling 

pathways of metabolism, homeostasis, growth factors or transcription factors , 

macromolecules degradation are major cause of skeletal dysplasia (Ullah et a!., 2018). 

Classification of Skeletal Disorders 

Nomenclature and classification of Osteochondrodysplasias is ternled as "taxonomy". 

When the Dysostoses is incorporated into the nomenclature it is called as "nosology" 

(Mundlos and Olsen, 1997; Hall, 2002). In past from 1977 to 1997 several revisions 

for classifying the nosology (skeletal dysplasia) were published, to categorize 

different skeletal disorders on the basis of clinical diagnosis, metabolism and 

radiology. The list of genetic disorders mentioned in nosology helps to diagnose and 

delineate variants or newly recognized genetic disorder (Warman et aI., 2011). There 

are 436 disorders, classified into 42 groups. The classification was carried out on the 

basis of involvement of 364 different genes, in establishing molecular pathways, 

genetic, radiographic criteria and role of biochemical were defined as the cause of 

these disorders. Recently new revision of ISDS (International Skeletal Dysplasia 

Society) was carried out to amend the nosology and also include recently identified 

genes/loci and the disorders identified with new pathological and molecular concept. 
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Limb Deformities 

The growth and development of the limbs involve several genetic pathways and 

disruption of these genetic pathways escort to variety of anomalies in size, figure and 

formation of the limbs collectively known as congenital limb deformities. Limb 

deformities involve abnormal fingers stature in hands/feet, uneven number of the 

digits or the deviation of central rays of the autopods. Congenital limb malformations 

rate is 11500 in live births for upper limbs (Furniss et al., 2009). In the present 

dissertations we focused on non syndromic polydactyly. 

Polydactyly 

Polydactyly comes out of "poly, means many and dactylos meaning digits". It is most 

common hereditary limb anomaly also known as hyperdactyly or hexadactyly (Ullah 

et aI. , 2019). The term polydactyly is used to describe the existence of supernumerary 

digits, toes/digital duplication. This situation was described as "superfluous fingers" 

in the 16th century by Ambrose Parey (Bell et aI., 1953) This anomaly is 

immediately observable at birth and shows a broad spectrum of phenotypes ranging 

from inclusive to partial duplication. Generally its prevalence found as 1.6-10.711 000 

in the population. The proportion of male affected with polydactyly are twice as 

compared to females (Mellin, 1963; Castilla et al., 1973). There is high tendency for 

the involvement of right hand than the left one, upper limbs than the lower limbs, and 

left foot than the right one is reported in literature (Temtamy and McKusick., 1978; 

Castilla et al., 1973; Malik et al. , 2014, Umair et al. , 2018). 

Classification of Polydactyly 

Polydactyly is classified into two broad categories such as syndromic and non­

syndromic preaxial, postaxial, and complex polydactyly. 

Syndromic Polydactyly 

There are 221 syndromes with polydactyly and 120 with Oligodactyly are listed in 

London Dysmorphology Database (Simon et al. , 1999).The commonly seen 

syndromes with digit abnormalities are Bardet Biedl syndrome, Ectrodactyly­

Ectodermal-Dysplasia- Clefting syndrome (EEC), Greig Syndrome, Cornelia de 
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(Temtamy and McKusick, 1978). It shows autosomal dominant inheritance pattern. 

The normal digit deviated at varying degree towards the ulnar side or radial deviation 

may take place in the extra digit (Gillessen-Kaesbach, 1991 ; Perez-Lopez et al., 

2018). 

Preaxial Polydactyly type 4 

This is also known as the Polysyndactyly (MIM 174700) as the third and fourth 

fingers syndactyly may present rarely but the metacarpal is tibially deviated and short 

of first toe, whereas the thumb is broad, bifid, duplicated mildly or the distal phalanx 

show radial deviation (Malik, 2012; Burger et al. , 2018). For this type of polydactyly 

word "crossed polydactyl" or "CP" also used as post axial and preaxial both 

phenotypes may appear in single case but with a difference in feet and hand axis of 

extra length. CP 1 have postaxial polydactyly in hand and preaxial in feet while in CP 

2 replacement takes place as postaxial in feet and preaxial in hand Polydactyly is 

reported (Temtamy and McKusick, 1978). Mutations in GLI3 and in SHHIZRS have 

been associated with this type of polydactyly and up till now 216 mutations are 

reported (Perez-Lopez et al., 2018, Umair et al., 2018) . 

Preaxial Polydactyly type 5 or Hallux Polydactyly 

Preaxial polydactyly or Hallux Polydactyly (MIM 601759) has peculiar features of 

polydactyly with duplication of digits. It was mapped at chromosome 2q31.1-31.2 

with 3.4 Mb interstitial deletions but the causative gene is still not identified and still 

under studies (Castilla et al., 1973; Shwabi and Mundlos, 2004). This occurs more 

commonly in right foot and the incidence of Hallux polydactyly in male is more 

reported than female (Orioli and Castilla, 1999). 
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Complex type of Polydactyly 

This type of polydactyly is classified separately because it possess different clinical in 

muscles mass of hand features from Preaxial Polydactyly (PPD) and Postaxial 

Polydactyly (PAP). 

Central Polydactyly 

Central polydactyly also called Mesoaxial polydactyly has hidden duplication like 

second digit in middle part of hand or manifest syndactyly, present as mass of tissues, 

however it is not necessary that all types are hidden. It is frequently bilateral and 

duplicated in fourth index digit of hand (Temtamy and McKusick, 1978; Winter and 

Tickle, 1993; Graham and Ress, 1998; Lange and Muller, 2017). 

Haas Type Polysyndactyly 

This type of polydactyly is also classified as Type 5 syndactyly. In this type, the web 

fingers are fused cutaneous, give a cup shaped appearance and have an extra 

projection like PPD and PAP (Malik, 2012). The movement is restricted due to 

complete syndactyly. It is certified as a genetically heterogeneous anomaly. The 

causative mutations in genes to cause Haas type polydactyly are identified as GLJ3 

and ZRS (Lohan et al., 2014) 

Mirror-Image Polydactyly 

This type of deformity (MIM135750), possesses exchange of anterior digits and 

duplication in posterior digits occur. The central digits that are the little finger with 

hallux/thumb, middle finger, little finger along with ring finger is absent. Laurin­

sandrow syndrome (MIM 135750) also possesses such phenotypes and considered as 

the part of this abnormality. There are also cases reported in literature with complete 

duplication of fingers 10 digits from left and nine from right and give a bilateral 

pattern (Martin et al. , 1993 ; Temtamy and McKusick, 1978). This is usually 

autosomal dominantly inherited and the mutation identified on causative genes are 

PITX 1 (MIM 602149), there are 17 mutations identified at this gene and MIPOL 1 

(MIM 606850) was mapped at chromosome locus 14q13 (Kondoh et al. , 2002, 

Klopocki et al., 201 2). 
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followed by separation of upper most layer (containing DNA) in another 

eppendorf tube. 

• Subsequently DNA sample in new eppendorf tube was precipitated after 

adding 500 J.-li oflsopropanol (chilled)and 66 J.-li of 3M sodium acetate andtube 

was inverted many times so as the DNA precipitation can occur. 

• To get the pellet of precipitated DNA again centrifugation was performed for 

13000 rpm! 1 0 mint, and supernatant was discarded. 

• DNA pellet was then dissolved in 200 J.-li of 70% ethanol (chilled) and allowed 

to centrifuge for 13000 rprn/7 minutes .. 

• After this ethanol was carefully discarded and the nuclear pellet obtained was 

dried inside the vacuum concentrator at 45°C for 15 minutes. The pellet 

(DNA) obtained was diluted by adding 120-180 J.-li ofTE buffer (Tris-EDTA) 

by incubating overnight at 37 °C. 

• On the next day, after the pellet was completely dissolved in TE buffer, the 

DNA was checked on 1 % agarose gel and stock DNA was stored at 4°C. 

Table 2.1: Composition of Solutions Used in Standard Phenol-Chloroform Method 

Solution used Composition Concentration 

Sucrose 0.32 M 

Solution A 
Tris(pH 7.5) IOmM 

MgCb 5mM 

Triton X-I 00 1 %(v!v) 

Tris (7.5) 10mM 

Solution B NaCb 400mM 

EDTA(PH) 2mM 

Solution C Phenol (100%) 

Chloroform 
Solution D 24: I by volume 

Isoamylacohol 

SDS 20% SDS + Distilled Water 109 in 50ml 
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Commercially Available DNA Extraction Kit 

Commercially available kit (QIAGEN GmbH, QIAGEN Strsse 1, and 40724 Hilden, 

Germany) was used for DNA extraction using manufacturer's instructions. 

• 

• 

• 

200 III of blood was mixed with equal amount of lysis buffer and 18 III 

proteinase K (9.8 mg/mL) in an eppendrof tube, further mixed gently by 

vortexing for 5-10 seconds followed by incubation in water bath at 65°C for 

10 minutes. 

The mixture was mixed with 200 III chilled ethanol (96-100%) and centrifuged 

at 7,000 rpm/60 seconds and residual was discarded. These steps were 

repeated and column containing the flow-through liquid was run at 13,000 

rpm/2 minutes to give an empty spin. 

The DNA was eluted by using 80-100 III Tris-EDTA into the column after 

keeping it in a new tube at 25°C for 5 minutes. 

Centrifugation was performed at the highest rpm for 2-3 minutes and the DNA 

was obtained and stored. 

Agarose Gel Electrophoresis 

Extracted DNA from blood was analyzed on 1 % agarose gel for quantitative and 

qualitative analysis by visualizing the gel bands. Agarose gel was prepared according 

to the size of the sample. Usually for DNA quantification 1 % agarose gel is prepared. 

Chemicals used and their composition are given in Table 2.2. For 1 % agarose gel 

preparation containing total volume of 100 ml, 1 g of agarose was added into conical 

flask and then 10 ml of lOX TBE buffer was poured and 90 ml of distilled water. The 

agarose in solution was dissolved by heating at high temperature in an oven for 60-65 

seconds. When agarose was completely dissolved, then 6 III of EtBr was added in the 

gel solution and by gently shaking the solution was mixed and poured into gel tank 

and kept for half an hour at 25°C for proper polymerization. 4 III of loading dye was 

mixed with 4 III of extracted DNA and loaded into the wells followed by 

electrophoresis at 100 volts for 25-30 minutes in running buffer (1X TBE). The DNA 

bands were stained with EtBr (10 mg/ml) and visualized by modern gel doc system 

(FluorChem FC3 protein simple 3001 Orchard Parkway San Jose, California, 95134 

USA). 
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Table 2.2: Composition of Solutions Used for Agarose Gel Electrophoresis 

Chemicals Composition 

Agarose As required 

Ethidium bromide 0.5 Ilg/ml final concentrations 

0.25% bromophenol blue 

Gel Loading dye 

40% Sucrose 

0.032 M EDTA (PH 8.3) 
lOX (TBE buffer) 0.025 M Borate 

0.89 M Tris 
EDTA (PH 8.3) 0.032M 

IX (TBE buffer) Borate 0.025 M 
Tris 0.89 M 

DNA Quantification and Dilution 

After Agarose gel electrophoresis the quantity of DNA was measured by Nano drop 

and also the DNA quantification was performed by using Gene Ray UV -Photometer 

(Biometra®, Germany). DNA was diluted to 40ng/1l1 by adding PCR water. 

Homozygosity MappingUsing Microsatellite Markers 

Homozygosity mapping using microsatellite markers (Table 2.7) was applied to 

establish linkage in the family. Homozygous pattern of alleles showed by affected and 

heterozygous in normal individuals were hypothesized to establish linkage in the 

family to the locus/gene. On the other side, heterozygous pattern of alleles showed by 

normal and affected individuals was considered to exclude the family from linkage to 

that specific locus. 

Polymerase Chain Reaction (PCR) 

To check the homozygosity through linkage or mapping, simple sequence repeating 

units (SSR) which are also known as microsatellite markers were amplified through 
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PCR. The reaction was carried out in PCR tubes (200 ~l) and total volume of PCR 

mixture for reaction obtained was 25 ~l, by mixing the following chemicals: 

.:. PCR reaction was performed in 200 ~l properly labeled PCR tubes containing 

25 ~l total reaction mixture . 

• :. First 1-2 ~l of genomic DNA (template DNA) was loaded in 200 ~l PCR 

tubes, and then 23 ~l of master mix was added to PCR tubes. Master mix was 

prepared by adding 2.5 ~l of PCR reaction buffer,2 ~l of MgCh, 0.5 ~l of 

dNTPs mixture, 0.3 ~l of forward and reverse marker (STS), 0.3 ~l of 1 unit 

Taq DNA polymerase and 17.3 ~l of PCR water in an eppendrof tube. Before 

loading into the PCR tubes already containing 2.5 ~l of DNA template, 

.:. The mixture was given short spin (4,000 rpm/I 0 seconds) for gentle 

integration and placed in a thermo cycler. 

.:. PCR reaction was performed by means of PCR system (9600 and T3 

Thermocycler). 

PCR Amplification Profiles 

The amplification parameters were optimized for individual pnmer. Standard 

amplification conditions are given in table 2.3. 

Tables 2.3: Conditions Used for Performing PCR 

Steps Sub Cycles Temperature 
Time 

(Minutes) 

Initial Denaturation 96°C 5-7 

1. Denaturation 96°C 1 

40 PCR cycles 2. Primer annealing 52 - 63°C 1 

3. Primer Extension 72°C 1 

Final Extension 72°C 10 

Genetic Mapping and Sequencing Analysis of Candidate Genes causing Hereditary 
Non-Syndromic Polydactyly 22 



Chapter 2 Materials and Methods 

Polyacrylamide Gel Electrophoresis (PAGE) 

The amplified PCR products wereanalyzed, for the genotype banding pattern, on 8% 

polyacrylamide gel electrophoresis. Composition and concentration of 8% 

polyacrylamide gel are mentioned in Table 2.4. 

1) The said mixture poured in a way that the glass plates were separated by two 

spacers and clips about 1.5mm apart. 

2) By inserting the combs, proper wells were provided and left for an hour at 25 

°Cfor proper solidification. 

3) Loading Dye plus PCR product obtained was taken in equal amount of 5 ~tl 

and loaded in wells. It was left forthree hours vertical gel electrophoresis in a 

glass tank at 140 volts.After sufficient running, with loading dye at the edge of 

gel approximately, gel was taken and stained with ethidium bromide (0.5 

~g/ml) for UV visualization and finally digital camera was used to capture 

Images. 

Table 2.4: Composition of Solutions used for Polyacrylamide Gel Electrophoresis 

Chemical Used Composition andConcentration Amount per gel 

29 g of polyacrylamide + 
30% Acrylamide Ig ofN'N' Methylenebisacrylamide 13.5 

(29:1) 

lOX Tris-Borate 
Tris 0.89M 
Borate 0.89M 5 

EDTA 
EDTA 0.02M 

10% APS Aluminum persulphate 0.35 

TEMED N'N' - tetra Methyl Ethylene Diamine 0.025 

Nucleases free 
31.125 

Water 

Total volume 50ml 
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Sanger Sequencing of Genomic DNA 

Based on previous association of ZRS/SHHwith dominant polydactyly, the same gene 

was sequenced in DNA of affected and unaffected individuals using gene specific 

primers. For exons amplification two types ofPCRs were performed. 

First Sequencing peR or Pre-sequencing PCR including 

For the amplification of ZRS/SHH, the reaction mixture was carried out in 200lli of 

PCR tube and total 50 III reaction mixture was prepared. 5 III of PCR buffer together 

with 2.5 III of template DNA plus 2.5 III each of forward and reverse primer and 3111 

of MgCh including 1 ~Ll of dNTPs as well as O. 7 ~tl of Taq polymerase and 31.8 III of 

PCR water. 

The PCR tube was congregated in thermocycler and the reaction was carried out by 

using same conditions as previously performed. The product (exons amplification) 

verification was confirmed by running on 2% agarose gel in IX TBE (running 

buffer) and the samples were loaded in such a way that 3 III PCR product with 3 III 

bromophenol blue was loaded into the wells and run for 35 min at 110 volts 

horizontally. 

First Purification of Amplified PCR products 

When the amplification was confirmed on 2% agarose gel by visualizing gel bands 

the PCR products was purify by using Axygen Biosciences PCR Cleanup Kit 

(Invitrogen). Following steps were carried out during purification 

~ 120 III of binding buffer solution (buffer A) was added to the PCR tube 

containing amplified PCR product and mixed thoroughly by vortexing. 

~ Mixtures were poured in column, assembled in 2 ml collection tube and 

centrifugation was carried 0 uta t 13 OOOrpmJ 1 min. Afterward the flow­

through liquid was discarded. 

~ The column was washed with 500ul ethanol-added washing buffer twice 

followed by centrifugation at 13000 rpm for 1 mint. 
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~ The waste collected in the collection tube was discarded and column was 

placed again in the tube and centrifugation was performed at 13,000 rpm for 2 

mints to remove any residual. 

~ Thecolumn was transferred to a fresh labeled collection tube and elution 

buffer (25 Ill) kept at 70DC was added. 

~ After 7 mints incubation, the centrifugation was performed (13,000rpm/3 min) 

and the purified product was finally collected in an eppendorftube. 

~ The purified product was evaluated by running on 2% agarose gel. 3 III of 

DNA was mixed with 3 III bromophenol blue (loading dye) and loaded onto 

the gel. 

Second Sequencing PCR or Asymmetric PCR 

The pre-sequencing products were further preceded to cycle sequencing. 10 III 

reaction mixture in a PCR tube was prepared by adding 1 III of DNA template, 

Each forward and reverse primer as well as 1 III of 5x sequencing Buffer together 

with 1 III Ready reaction mixture (RR) plus 5 III of PCR water was added and the 

reaction was processed. The thermo-cycling protocol applied is given in following 

table 2.5. 

Table 2.5: Thermo-cycling conditions used in Asymmetric sequencing PCR 

Steps Sub Cycles Temperature Time 

Initial Denaturation Once 96°C 1 minute 

30 PCR Cycles Denaturation 96°C 
25- 30 

seconds 

Primer Annealing 50-60°C 30 seconds 

Extension 65°C 4 minutes 

Final Extension Once 72°C 10 minutes 
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Second Purification of Sequencing peR Product 

The sequencing peR products were purified by the ethanol precipitation protocol by 

performing following steps . 

a. The sequenCIng product was gently vortexed, shifted to 1.5 ml mlcro­

centrifuge tube. 

b. For 10 III of the sequencing product, fresh stop solution was prepared by 

adding 2 III Sodium Acetate including 1 III of Glycogen and 2111 ofNa-EDTA 

in another 1.5 ml micro-centrifuge tube. 

c. In the sequencing product, 5 III of stop solution and 65111 of chilled 100 % 

ethanol was added, gently vortexed and then centrifuged at 13,000 rpm for 20 

minutes at 4°e. 

d. The supernatant was discarded and the pellet was washed again with 150 III of 

70% chilled ethanol, centrifuged at 12,000 rpm for few minutes. 

e. Washing step with 70% chilled ethanol was repeated. 

f. Remove the supernatant and dried the pellet at 45°e in vacuum concentrator 

and then dissolved in 17 III of Hi-Di formamide (HDF). 

g. The purified products were then loaded onto a sample loading tray and 

processed for sequencing through Automated Genetic Analyzer, ABI Prism 

310® (Applied Biosystem, USA). 

Primer Designing 

Primers were designed for coding exons of GL13, and intron 5 of LMBRl (ZRSISHH) 

using online available "Primer 3" software (http://frodo.mit.eduiprimer3D.For 

checking the effect of variant in ZRS on SHH, Properties of amplified products were 

checked by uese and Ensemble genome browsers. The primer sequences are listed 

in table 2.7, and 2.8. 
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Analysis of Sequencing Data and Variant Validation 

The sequencing data obtained after Sanger Sequencing was analyzed by usmg 

software Bio-Edit alignment editor versIOn 7.1.3.0 

(http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Chromatogram of afflicted was 

evaluated with the corresponding reference (normal) gene sequence which was 

downloaded from Ensemble Genome Browser Database 

(http://www.ensembl.orglindex.html) to find out any nucleotide change. 

Additionally, if variation in affected sequence was documented, its pathogenicity was 

checked through MutationTaster(http://www.mutationtasteLorg) or Polyphene-2 

(htlp:llgenetics.bwh.harvard.edulpph2/) software. 
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Table 2.6: Microsatellite Marker Used for Mapping Polydactyly 

Location OR 

Sr.No Gene Cytogenetic Marker cM 

band 

D12S1724 70.52 

D12S1632 72.58 

D12S90 73.71 

GLl J D12S305 74.31 

1 Glioma-Associated Oncogene 12g13.3 D12S104 74.31 

Homolog 1 D1 2S 1298 74.31 

D12S1700 75.09 

D1 2S1056 75.09 

D12S1072 75.19 

D7S2541 60.90 

D7S2454 62.11 

D7S2548 62.57 

GLl3 
D7S691 62.99 

2 Glioma-Associated Oncogene 7p13 
D7S2428 64.26 

Family Zinc Finger 3 

D7S667 65 .75 

D7S2427 66.58 
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D7S2474 1.94 

D7S1532 3.12 

IQCE D7S616 4.79 
3 7p22.3 

IQ Domain-Containing Protein E D7S2484 5.35 

D7S531 5.81 

D7S472 6.96 

D4S90 0 

D4S2936 0.61 

ZNF141 
4 4p16.3 D4S111 0.9 

Zinc Finger Protein 141 
D4S3038 0.9 

D4S43 2.86 

D7S598 178.43 

D7S550 180.67 
SHHILMBRI 

Sonic Hedgehog Protein/Limb D7S104 182.84 
5 7q36.3 

Development Membrane Protein D7S468 182.84 

1 
D7S2423 185.38 

D7S54 186.09 

D5S2057 136.27 

D5S2002 137.30 

D5S2117 138.54 

PITXl D5S2056 139.55 
6 5q31.1 

Paired Like Home domain 1 D5S2115 140.06 

D5S816 141.18 

D5S479 142.23 
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D5S1725 103.13 

UJ~~D 105.5 

KIAA0825 
1 

D5S2100 
11

105
.
85

1 

Uncharacterized protein 5q15 D5S644 109.21 
7 

KIAA0825 D5S1462 109.58 

1 

D5S1503 1 11 1.33 

D8S1697 98.57 

D8S1800 101.84 

rGATA8Bv~ 102.38 II 
FAM92A 8q22.1(8q21.13-

8 D8S270 102.97 
Family with sequence q24.12) 

similarity 92 member Al 
D8S1818 103.15 

D8S1794 105 .34 

D13S244 43.02 

1 

D13S1227 IE] 
1 

D13S887 II~ 9 Chromosome 13 13q13.3-q21.2 

1 

D13S1492 I~ 
D13S803 55 .64 

D13S233 56.13 

D13S1306 73.25 

D13S1230 81 

1 

D13S265 I~ 10 Locus at Chromosome 13 13q21-q32 
D13S1300 83.19 

D13S627 89.29 

D13S1823 90.80 
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D19S1034 18.21 

D19S406 
1

22
.
98

1 

D19S901 
1

22
.
98

1 

D19S403 EJ 
D19S581 31.21 

11 Locus at Chromosome 19 19p13.1 -13.2 
D19S840 34.46 

D19S432 38.36 

D19S1171 40.3 

D19S915 44.26 

D19S566 45.27 
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Table 2.7: List of Primer Sequences to PeR-amplify GLl3 

Exon Fonvard primer ( Nucleotide Reverse primer(Nucleotide 
Sequence5'-3') Sequence (5'-3') 

tB CAGAAGGGATCGGATTACACGA GGGTCGGACTCTTCGGAAA 

GATACCAAACGCTCAGTAGGGA GCAAACGCTCAATTCACAAGG 

tB GAGGGATATCGAGAATGAGACC AGACTGATGTTGCTTAGAGACG 

TTTGAGTTGCAGTCAGTCCCA ACCCACGAACAGATAGGCTTG 

D CACAAGGCTCCTTTGAATTCACTT GTAAACCCCACTGCACGCTG 

6 GGAATTGCTGATGTGGGTTGTGT GGGGGTCTCAGGATGTCCAAA 

7 TTGTCACCGCAAGTTGCCA TCTTGGTATAGGCACAGCATCA 

8 GCTTGGCAATAATCCTACCTTCT ACACGTCCACCAAAACTGAAG 

9 AAATAAGACCGCTTGTCCCG ACTCCCAAGCTGCCTAAACT 

10 ACTTCACAAAACCCTAGACCCA CAATGCGGCTCCTAAGAAACT 

1 1 GGTTAGGAAGCATGCATACAC ACACCGAGGCATTTATCACC 

12 CCATTGTCCACATTGAGCGG AGTCCCACCTAGGAAGCTCA 

13 GAACACCTCAAAGCCTTGTGAAA TAAGCAATACGGGTCACTGCC 

14 TGGTCCATCCGTCATTCTGG TTAACGGATGGTTACAGCGTCA 

lS-a GGGACACCAGAAATAGTTCCTAC AGGCTCATCCTCTCCATGTTG 

lS-b TACCGCCTCAAGGCCAAGTA TCGTACCCTGCTTGGTTCTG 

lS-c TCACCGAGAACGTCACCCT CTCTTCAGCTTTGAGGCTTGAA 
TC 

lS-d TATGGGAACTGTCTCAACAGGC CTTTCGTGTCTTGCTGACTGAA 
G 

lS-e 
TGGTATCAAGATGGAGATGAAAG GTGAGATGAGATTGCTAAAATA 
G CATACAG 
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Table2.8: List of Primers used for Sanger Sequencing ZRS 

EJ Forward Nucleotide sequence(5'-3') Reverse Nucleotide sequence(5'-3') 

EJ GCTGTGCTTATCATACCTCAGATT GCACAATAGAGGAGGAACAAAGAT 

I ZRS-2 I TGGAATGTCTATAAAGCTGAGCAA TTGATTTTCCCAACACCTTCAAGA 
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Results 

The present research study was conducted on four families (A, B, C, D) afflicted with 

polydactyly and originated from various regions of Pakistan, and Azad Jammu and 

Kashmir. Pedigrees, constructed with information provided by the elders, showed the 

disease phenotypes segregated in autosomal recessive form in three families . The 

fourth family showed autosomal dominant inheritance of the disease phenotype. The 

study was approved by Institutional Review Board (IRB) of Quaid-i-Azam University 

Islamabad. 

Family A 

This family was sampled from Rahimyar Khan district Sadiqabad province Punjab 

(Figure 1). Affected individuals of the family segregated non-syndromic polydactyly 

in an autosomal recessive form (Figure 3.2). Two afflicted (IV-l and V-I) and normal 

members are (III-3, III-4, IV-2) participated in the present study. Blood samples from 

participated individuals were collected in EDTA-containing tubes. 

Family B 

Fami ly B was sampled from a remote village of Azad Jammu and Kashmir (AJK) 

near at India-Pakistan border. This is a five generation pedigree having four affected 

individuals. Three normal persons (IV-I, IV-2, and V-4) and two afflicted persons 

(IV-3, V-I) participated in the study (Figure 3.3). Clinical pictures of affected 

individuals depicted that the family segregated non-syndromic preaxial polydactyly 

(PPD) in autosomal recessive form (Figure 3.4). Blood samples from two afflicted 

and three normal members were taken in EDT A tubes for DNA extraction. 

Family C 

Family C was located in Azad Jammu and Kashmir (AJK),an independent state of 

Pakistan. Fami ly pedigree showed an autosomal recessive inheritance of the disease 

(Figure 3.5). Examination of autopods of affected individuals showed post-axial 

polydactyly in two while preaxial polydactyly in the third affected individual. The 
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disease phenotypes were present only in upper limbs. Lower limbs of the affected 

individuals presented normal anatomy. All the affected individuals had normal 

intellectual and hearing abilities, with normal height and weight. Blood samples from 

three affected (II-4, II-S, III-3) and three normal individuals (I-I, 1-2, III-3) were 

collected for DNA extraction. 

Family D 

Family D, recruited for this study, was the permanent resident of Rawalpindi, Punjab 

province of the country. The disease phenotypes segregated in three consecutive 

generations of the pedigree with at least one affected in each generation, thus proving 

the dominant inheritance of the disease (Figure 3.7). Clinical examination of the 

affected individuals showed features of non-syndromic bilateral postaxial 

Polysyndactyly (Figure 3.8). 

Homozygosity Mapping and Sanger Sequencing 

A well-known technique of homozygosity mapping based on typing microsatellite 

markers and Sanger sequencing were used to solve three families(A, B, C), inheriting 

the disorders in autosomal recessive manner at genetic level. Detailed protocols used 

for homozygosity mapping and Sanger sequencing are described in chapter 2 

Materials and Methods. Linkage in the three families was tested to eight candidate 

genes including GLll (12q13.3), ZNF141 (4pI6.3), IQCE (7p22.3), FAM92A 

(8q22.1), PITXl (Sq31.1), GLJ3 (7p13), SHH (7q36.3), and KlAA0825 (SqlS). In 

addition, markers mapped at chromosome13q13.3-q21.2 and 13q21-q32 was typed as 

well (Table 2.6). All markers genotyped showed heterozygous pattern of alleles in 

both affected and unaffected individuals of three families (A, B, C). Thus no 

homozygous region was found shared by all affected individuals in a respective 

family at any locus tested for genotyping. Therefore, linkage in the three families to 

tested genes was considered as excluded. 

The fourth family (D) showed autosomal dominant inheritance of the disease. Three 

previously reported genes including GLJ3, SHH, and intron S of LMBR1(ZRS/SHH) , 

involved in causing polydactyly, were sequenced in affected and unaffected members 

of the family . Sequence analysis revealed a novel variation (g.10I S37T>C; c.l034 + 
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182 T>C) in intron 5 of the LMBRI. Freely available online mutation effect prediction 

tool MutationTaster predicted the identified variant as disease causing. The frequency 

of the variant was zero in gnomAD and Human Genome Mutation Database. 
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Figure 3.1: Pedigree of the family A with hereditary preaxial polydactyly. Symbols 

of Squares and circles represent male and females, respectively. Unfilled symbols are 

used for normal individuals while filled represent affected members. Consanguineous 

marriages are indicated by double lines. Slashed lines depict the departed individuals. 

Roman numerals are used for indicating generation number while Arabic numbers 

indicating the number of individuals in the pedigree. Asterisk (*) labeled shapes are 

symbolizing the individuals whose blood samples were available to carry out the 

study. 
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Figure 3.2: Affected member (V-I) of family A showing preaxial polydactyly which 

was surgically removed at time of birth. A small skin tag remained after surgical 

removal of the extra digit is shown with an arrow (A).Patient (VI-I) depicting the 

presence of fully developed finger at the radial side of left hand (preaxial 

polydactyly). 
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Figure 3.3: Pedigree of the family B with hereditary preaxial polydactyly. Squares 

and circles represent male and females, respectively. Unfilled symbols are used for 

normal individuals while filled represent affected members of the family. 

Consanguineous marriages are indicated by double lines. Roman numerals are used 

for indicating generation number while Arabic numbers indicating the number of 

individuals in the pedigree. Asterisk (*) labeled shapes are symbolizing the 

individuals whose blood samples were available to carry out the study. 
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Figure 3.4 Clinical features of affected individuals in family B. Affected member 

(IV - 2) showing an extra non-functional digit cutaneously fused with great thumb in 

left hand (A).Patient (V -1) showing extra digit with fully developed nail pointed 

towards thumb in right hand. 
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Figure 3.5: Pedigree of the family C with hereditary postaxial and preaxial 

polydactyly. Squares and circles represent male and females, respectively. Unfilled 

symbols are used for normal individuals while filled affected members. 

Consanguineous marriages are indicated by double lines. Roman numerals are used 

for indicating generation number while Arabic numbers indicating the number of 

individuals in the pedigree. Asterisk (*) labeled shapes are symbolizing the 

individuals whose blood samples were available to carry out the study. 
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Figure 3.6:Clinical features of affected individuals of family C. Patient (II-4) 

showing postaxial polydactyly in right hand (A). Patient (II-5) is showing postaxial 

polydactyly in left hand (B). Affected member (III-3) showing duplicated thumb, 

turning towards palm at proximal-distal phalangeal joint illustrating preaxial 

polydactyly (C). 
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Figure 3.7: Pedigree of the family B with hereditary postaxial polydactyly. Squares 

and circles represent male and females, respectively. Unfilled symbols are used for 

normal individuals while filled affected members of the family . Consanguineous 

marriages are indicated by double lines. Roman numerals are used for indicating 

generation number while Arabic numbers indicating the number of individuals in the 

pedigree. Asterisk (*) labeled shapes are symbolizing the individuals whose blood 

samples were available to carry out the study. 
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Figure 3.8: Clinical features of affected individuals of family D. Feet of affected 

individual (IV -2) showing bilateral postaxial polydactyly (A).Hands of patient (V -3) 

showing bilateral postaxial polydactyly and unilateral syndactyly of digits 4-5 in 

right hand (B). 
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Microsatellite results 

FamilyA.-?GLIl 

Normal Normal Normal Affected Affected 
STS cM 

111-3 111-4 IV-2 IV-I V-I 

012S1724 70.52 

D12S 1632 72.58 

012S305 74.31 

D12S104 74.31 

D12S1700 75.09 

-
D12S 1056 75.09 

), - I. .. • 
. ~~ ~ _.... w, .. """l" ......... " 

D12S1072 75.19 

Figure 3.9 Allelic arrangements obtained with microsatellite markers linked to 

candidate gene GLIlin ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree. 
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Family A -7GLI3 

Normal Normal Normal Affected Affected 
STS cM 

111-3 111-4 IV-2 IV-I V-I 

D7S2454 62.11 

D7S2548 62.57 
t, .. '. .' ' 

D7S691 62.99 .... - • • ~~ ..... J 

D7S2428 64.26 

D7S667 65 .75 

D7S2427 66.58 

Figure 3.10: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene GL13 in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicates family members of the pedigree. 
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Family A -7 IQCE 

STS cM 

D7S2474 1.94 

D7S1532 3.12 

D7S616 4.79 

D7S2484 5.35 

D7S531 5.81 

D7S472 6.96 

Normal Normal Normal Affected Affected 

111-3 111-4 IV-2 IV-I V-I 
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Figure 3.11: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene IQCE in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicates family members of the pedigree. 
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Family A-7ZNF141 
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Figure 3.12: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene ZNF 141 in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree. 
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Family A ~SHHILMBRI 

Normal Normal Normal Affected Affected 
STS cM 

111-3 111-4 IV-2 IV-I V-I 

. 
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Figure 3.13: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene SHHILMBRl in ethidium bromide stained Electropherograms. The 

Roman with Arabic numerals indicate family members of the pedigree. 
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Family A~PITXI (Sq31.1) 

Normal Normal Normal Affected Affected 
STS cM 

111-3 111-4 IV-2 IV-I V-I 

D5S2057 136.27 

D5S2002 137.30 

D5S2117 138.54 

D5S2056 l39.55 

D5S2115 140.06 

D5S816 141.18 

Figure 3.14: Allelic arrangements obtained with microsatellite markers linked to 

candidate geneP ITXl in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicates family members of the pedigree. 
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Family A 7 KIAA0825 (5qI5) 

Normal Normal Normal Affected Affected 
STS cM 

111-3 111-4 IV-2 IV-I V-I 

DSSl72S 103.13 

DSS81S 10S.S 

DSS2100 10S.8S 

DSS644 109.21 

DSS1462 109.S8 

DSS lS03 111.33 

Figure 3.15: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene KlAA0825 in ethidium bromide stained Electropherograms. The 

Roman with Arabic numerals indicates family members of the pedigree. 
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Family A -?FAM92A (8q21.13-q24.12) 
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Figure 3.16: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene FAM92A in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree. 
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Family A7Chromosome 13 (locus 13q13.3-q21.2) 

Normal Normal Normal Affected Affected 
STS cM 

III-3 1II-4 IV-2 IV-I V-I 

D13S244 43.02 

D13S 1227 44.74 

D13S887 47.47 

D13S 1492 55.56 

D13S803 55.64 

D13S233 56.13 

Figure 3.17: Allelic arrangements obtained with microsatellite markers linked to 

candidate locus 13ql3.3-q21.2 (Chromosome 13)in ethidium bromide stained 

Electropherograms. The Roman with Arabic numerals indicate family members of the 

pedigree. 
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Family A -7Chromosome 13 (Locus 13 13q21-q32) 

Normal Normal Normal Affected Affected 
STS cM 

111-3 111-4 IV-2 IV-I V-I 

D13S1306 81 
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Figure 3.18: Allelic arrangements obtained with micro satellite markers linked to 

candidate Locus 13 13q21-q32 (Chromosome 13) in ethidiurn bromide stained 

Electropherograms. The Roman with Arabic numerals indicate family members of the 

pedigree 
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Family A 7CHROMSOME 19(1ocus 19p13.1-13) 

Normal Normal Normal Affected Affected 
STS cM 

111-3 111-4 IV-2 IV-I V-I 

D19S901 22.98 

D19S403 29.1 

D19S581 31.21 

D 19S840 34.46 

D19S432 38.36 

D19S1171 40.3 

D19S915 44.26 

Figure 3.19: Allelic arrangements obtained with microsatellite markers linked to 

candidate Locus 19p 13 .1-13 (Chromosome 19) in ethidium bromide stained 

Electropherograms. The Roman with Arabic numerals indicate family members of the 

pedigree 
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Microsatellite results 

Family B ~ GLI 1 

Normal Affected Normal Normal Affected 
STS cM 

IV-I IV-2 IV-3 IV-4 V-I 

D12S1632 72.58 

D12S90 73.71 

D12S305 74.31 

D12S104 74.31 

D12S1700 75.09 

D12S1072 75.19 

Figure 3.20: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene GLll in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree 
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Family B 7GLI3 
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Figure 3.21: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene GLI3 in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree 
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Family B ~IQCE 

Normal Affected Normal Normal Affected 
STS cM 
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Figure 3.22: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene IQCE in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree 
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Family B 7ZNF141 
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Figure 3.23: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene ZNF141 in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree 
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Family B 7SHHILMBRl 
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Figure 3.24: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene SHHILMBRl in ethidium bromide stained Electropherograms. The 

Roman with Arabic numerals indicate family members of the pedigree 
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Family B -7PITXl (5q31.1) 
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Figure 3.25: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene P ITX1 in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree 
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Family B~KIAA0825 (SqIS) 
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Figure 3.26: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene KIAA0825 in ethidium bromide stained Electropherograms, The 

Roman with Arabic numerals indicate family members of the pedigree 
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Family B7FAM92A (8q21.13-q24.l2) 
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Figure 3.27: Allelic arrangements obtained with micro satellite markers linked to 

candidate gene FAM92A in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree 
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Family B 7CHROMOSOME 13 (locus 13q13.3-q21.2) 

Normal Affected Normal Normal Affected 
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IV-I IV-2 IV-3 IV-4 V-I 
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D13S803 55.64 

D13S233 56.13 

Figure 3.28: Allelic arrangements obtained with microsatellite markers linked to 

candidate locus 13q 13 .3-q21.2 (Chromosome 13) in ethidium bromide stained 

Electropherograms. The Roman with Arabic numerals indicate family members of the 

pedigree 
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Family B7 Chromosome 13 (Locus 13q21-q32) 
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STS cM 

IV-I IV-2 IV-3 

D13S1306 73.25 

D13S1230 81 

D13S265 82.3 

D13S 1300 83.19 

D13S627 89.29 

D13S1280 90.12 

D13S1823 90.80 

Normal 

IV-4 

Affected 

V-I 

Figure 3.29: Allelic arrangements obtained with micro satellite markers linked to 

candidate Locus 13q21-q32 (Chromosome 13) in ethidium bromide stained 

Electropherograms. The Roman with Arabic numerals indicate family members of the 

pedigree 
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Family B~CHROMSOME 19 (locus 19p13.1-13.2) 

STS cM 

D19S1034 18.21 

D19S901 22.98 

D19S403 29.1 

D19S581 31.21 

D 19S840 34.46 

D19S432 38.36 

D19S1171 40.3 

Normal Affected Normal Normal Affected 

IV-l IV-2 IV-3 IV-4 V-I 

- - -

t::;S,.,.. U i.iiiI &iii1 .,. 

.... - "!WI ... ,j , ,_. J" l~ .. " _J ........ ........., ~ '----' ~ 

- - -

'-",·~i ,- ~1 ..J' _ .... ..... --. .... 
..J. . 

Results 

Figure 3.30: Allelic arrangements obtained with microsatellite markers linked to 

candidate Locus 19p 13 .1 -13.2 (Chromosome 19) in ethidium bromide stained 

Electropherograms. The Roman with Arabic numerals indicate family members of the 

pedigree. 
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Microsatellite results 

Family C 7GLIl 
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Figure 3.31: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene GLll in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree. 
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Family C7GLI 3 

Normal Normal Normal Affected Affected Affected 
STS cM 
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Figure 3.32: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene GLI3 in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree. 
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Family C -7IQCE 
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Figure 3.33: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene IQCE in ethidium bromide stained EI ectrophero grams. The Roman 

with Arabic numerals indicate family members of the pedigree 
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Family C~ZNF141 
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Figure 3.34: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene ZNF141 in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree 
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Family C-7SHHILMBRl 
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Figure 3.35: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene SHHILMBR1 in ethidium bromide stained Electropherograms. The 

Roman with Arabic numerals indicate family members of the pedigree 
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Family C 7 PITXI (5q31.1) 
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Figure 3.36: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene P ITXI in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree 
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Family C ?KIAA0825 

Normal Normal Normal Affected Affected Affected 
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Figure 3.37: Allelic arrangements obtained with micro satellite markers linked to 

candidate gene KlAA0825 in ethidium bromide stained Electropherograms. The 

Roman with Arabic numerals indicate family members of the pedigree. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~??ss~~~. 
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Family C-7FAM92A (8q21.13-q24.12) 

Normal Normal Normal Affected Affected Affected 
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Figure 3.38: Allelic arrangements obtained with microsatellite markers linked to 

candidate gene FAM92A in ethidium bromide stained Electropherograms. The Roman 

with Arabic numerals indicate family members of the pedigree 
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Family C~CHROMOSOME 13 (13q13.3-q21.2) 

STS cM 
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Figure 3.39: Allelic arrangements obtained with microsatellite markers linked to 

candidate Locus 13q13.3-q21.2 (Chromosome 13) in ethidium bromide stained 

Electropherograms. The Roman with Arabic numerals indicate family members of the 

pedigree 
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Family C 7Chromosome 13 13q21-q32 
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Figure 3.40: Allelic arrangements obtained with microsatellite markers linked to 

candidate. Locus13q21-q32 (Chromosome 13) in ethidium bromide stained 

Electropherograms. The Roman with Arabic numerals indicate family members of the 

pedigree 
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Family C ~CHROMOSOME # 19(1ocus 19p13.1-13.2) 
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Figure 3.41: Allelic arrangements obtained with microsatellite markers linked to 

candidate locus 19p 13 .1-13 .2(Chromosome 19)inethidium bromide stained 

Electropherograms. The Roman with Arabic numerals indicate family members of the 

pedigree 
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( ) teroZY OQ·S AUected c~423+4695 T>C .. 
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Figure 3.41 Panel (A) shows Sequencing chromatogram of ZRS/SHH with novel 

point mutation (c.423+4695T>C) within intron 182 T>C in heterozygous affected 

members, while panel B shows wild type with normal nucleotide sequence. Point of 

variation is presented with an arrow. 
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Chapter 4 Discussion 

in hands. Affected members III all the four families did not show any other 

abnormality. 

In three families (A, B, C) linkage was searched by typing microsatellite markers 

mapped in vicinity of the candidate genes. The genes tested included GLI3 (7p13), 

ZNFl41 (4p16.3), IQCE (7p22), GLll (1 2q13 .3), FAM92A (8q22.l3), PITXI 

(Sq31.1), SHH(7q36.3) and KJAA0825 (Sq1S). In addition, three other chromosomal 

loci (13q13.3-2 1.2, 13q21 -32 and 19p13.1 -13.2) were tested for linkage in the 

families as well. Analysis of the haplotypes, constructed from typed markers, revealed 

both affected and unaffected members were heterozygous for the gene alleles, 

therefore excluding the linkage in the families. This enhanced possibility of finding 

novel unknown genes responsible for the disorders in the three families. 

In fourth family, direct Sanger sequencing of the genes GLI3, SHH and intron S of 

LMBRI (ZRS/SHH) revealed a novel heterozygous variant c. 1034 + 182 T>C in the 

region of ZRS/SHH. Previously, Zhao et al. (2016) reported two pathogenic mutations 

(10SC>G, 406A>G) in intron S of the ZRS/SHH in two Chinese families with 

TPT /PPD. These authors have identified enhancer sequences in intron S of 

LMBRI.Therefore, it is highly likely that any variant in the enhancer sequence for 

SHH perturb expression of the gene and result in malformation of limbs e.g. 

polydactyly. 

In summary, three families (A, B, C) were failed to show linkage to already reported 

genes, predicting the involvement of other novel genes which are responsible for 

developing non-syndromic polydactyly. In order to search for the causative genes, 

recently developed technique exome sequencing will be one of the possible choices. 

The variant identified in the enhancer sequences in the intron of the SHH needed 

further characterization. 
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In hands. Affected members In all the fo ur families did not show any other 

abnormali ty. 

In tlu'ee families (A, B, C) linkage was searched by typing microsatellite markers 

mapped in vicinity of the candidate genes. The genes tested included GLJ3 (7p 13), 

ZNFl-ll (4p 16.3), IQCE (7p22), GLll (l2q1 3.3), FAlvJ92A (8q22.1 3), PITXl 

(5q3 1.1 ), SHH (7q36.3) and KJAA0825 (5q1 5). In addition, tlu'ee other clu'omosomal 

loci (l3 q1 3.3-21.2, 13q2 l-32 and 19p1 3.1 -13.2) were tested fo r linkage in the 

families as well. Analysis of the hap lotypes, constructed from typed markers, revealed 

both affected and unaffected members were heterozygous fo r the gene alleles, 

therefore excluding the linkage in the families . This enhanced possibility of fi nding 

novel unknown genes responsible for the di sorders in the three families. 

In fourth fa mily, direct Sanger sequencing of the genes GLJ3, SHH and intron 5 of 

LMBRI (ZRS/SHH) revealed a novel heterozygous variant c.423+4695 T>C (182 

T>C) in the region of ZRS/SHH. Previously, Zhao et al. (2016) reported two 

pathogenic mutations (l05C>G, 406A>G) in intron 5 of the ZRS/SHH in two Chinese 

families with TPT/PPD . These authors have identified enhancer sequences in intron 5 

of LMBR] .Therefore, it is highly like ly that any variant in the enhancer sequence fo r 

SHH perturb expression of the gene and result in malfOlm ation of limbs e.g. 

polydactyly. 

In summary, three families (A, B, C) were fa iled to show linkage to already repOli ed 

genes, predicting the involvement of other novel genes which are responsible for 

developing non-syndromic polydactyly. In order to search for the causative genes, 

recently developed teclmique exome sequencing will be one of the possible choices. 

The variant identified in the enhancer sequences in the intron of the SHH needed 

fmi her characterization. 
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