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ABSTRACT

FROM GENOME SCAN TO DISEASE GENE IDENTIFICATION

Genetic linkage analysis is used to identify regions in the genome that contain genes
associated with a particular disease. By genotyping with markers and observing allele
segregation with the disease in families, it is possible to map disease loci. Advances in
genotyping techniques together with the availability of densely spaced marker maps have
facilitated such studies. Results of genetic linkage studies are statistically evaluated with
lod score analysis by using computer programs developed for this purpose. In the
framework of this study, genome wide linkage scans performed at the NHLBI Mammalian
Genotyping service were evaluated with parametric linkage programs for the following
five inherited disorders and suggestive loci were subsequently investigated with fine-

mapping studies and candidate gene approach.

Split-Hand/Foot Malformation (SHFM) is a complex limb malformation affecting
the central rays of the autopod. Twelve affected members of a consanguineous kindred had
central feet reductions with or without hand involvement while the remaining one had the
mildest phenotype and atypical SHFM. We identified a novel SHFM locus at 12q13.11-
ql3 and by subsequent candidate gene approach a homozygous missense WNT10b
mutation (p.R332W) in all affected individuals but the atypical case plus in an
asymptomatic female. We propose that either a second locus contributes to the
manifestation of SHFM phenotype or a suppressor locus prevented trait manifestation in
the non-penetrant female. This is the first reported WNT10b mutation on the pathogenesis

of limb development and recessive mutation in SHFM.

Hypomyelination and congenital cataract (HCC) is a recently reported autosomal
recessive white matter disorder characterized by hypomyelination of the central and
peripheral nervous systems, progressive neurological impairment and congenital cataract
and caused by mutations in gene DRCTNNBIA. Here we report a large intragenic deletion

that does not lead to congenital cataract in all of the patients in an afflicted family.
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A novel form of nonsyndromic autosomal recessive cone rod dystrophy was mapped
to chromosome 17p13.2-p13.1 in a consanguineous kindred with six affected individuals,
and the disease gene was identified as GUCY2D encoding the retinal guanylyl cyclase
gene. The mutation (p.1949T) resided in the catalytic domain of the protein where other
mutations had previously been associated with Leber congenital amaurosis, a common
cause of childhood blindness. The milder phenotype observed in our patients implicate that
either the mutation does not disturb the catalytic activity completely or modifier locus/loci

interfere with the phenotype.

Lastly, an autosomal recessive form of mental retardation associated with
hypertension and an autosomal dominant arthrogryposis syndrome Pseudoarthrogryposis-
like Syndrome were mapped to chromosomes 7qg21.3-q31.1 and 13q31.3-gq32.1,

respectively.
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OZET

GENOM TARAMASINDAN HASTALIK GENI TANIMLANMASINA

Genetik baglant1 analizi, genomda belirli bir hastalikla iligkilenen genleri igeren
bolgeleri tespit etmek icin kullanilir. Genetik belirteclerle yapilan genotiplendirme ve aile
icinde alel dagiliminin hastalikla takip edilmesi, hastalik bolgesinin haritalanmasina olanak
saglar. Son yillarda genotiplendirme tekniklerinde yasanan gelismeler ve yogun belirteg
haritalarinin varligi bu tarz ¢aligmalarin 6niinii agmistir. Genetik baglanti ¢alismalarindan
elde edilen sonuglarin istatistiksel degerlendirmesi bilgisayar destekli lod skor analizi ile
yapilmaktadir. Bu calismada, asagida ismi gecen bes kalitimsal hastaligin NHLBI
Genotiplendirme Servisinde genom Olceginde gergeklestirilmis olan tarama sonuglari
kullanilmigtir. Bu sonuglar parametrik baglant1 programlari ile degerlendirilmis, anlamli

bolgeler ayrintili olarak haritalanarak aday gen incelemeleri yapilmistir.

Yarik-El/Ayak Yapisal Bozuklugu (SHFM), el ve ayaklarin merkezi uzantilarini
etkileyen karmasik bir gelisimsel bozukluktur. Inceledigimiz ailede tiimii akraba evliligi
sonucu dogmus olan bireylerin 12’sinde yapisal ayak bozuklugu godzlenmis, bunlarin
bazilarinda bu duruma el bozuklugu da eslik etmistir. Bir tek bireyde ise fenotip en hafif
sekilde atipik SHFM olarak izlenmistir. Yaptigimiz baglanti analizi sonucunda bu
bozukluktan etkilenen 12 birey ile 1 asemptomatik bireyde kromozom 12q13.11-q13’te
ortak yeni bir SHFM boélgesi tanimladik. Daha sonra aday gen calismasi ile WNT10b
geninde homozigot olarak seyreden p.R332W mutasyonunu bulduk. Atipik birey ise bu
mutasyonu tasimiyordu. SHFM fenotipinin ortaya ¢ikmasinda ikinci bir bolgenin katkida
bulundugunu veya baskilayici bir gen varyantin asemptomatik bireyde hastalifin ortaya
cikmasini engelledigini diistinmekteyiz. Bu ¢alismamiz WNT10b gen mutasyonunun el ve
ayak gelisimini etkiledigini ve SHFM fenotipinin ¢ekinik bir mutasyonla

iligkilendirilebilecegini gosteren ilk ¢alisma olarak kaydedilmistir.

Hipomiyelinizasyon ve Konjenital Katarakt (HCC), yeni bildirilmis otozomal ¢ekinik

gecisli bir beyaz madde hastaligidir. Hastaligin ayirici 6zellikleri merkezi ve ¢evresel sinir
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sisteminde hipomiyelinizasyon, ilerleyici norolojik hasar ve konjenital katarakt olarak
siralanir. Bu hastalifa DRCTNNBIA genindeki mutasyonlarin yol agtifi caligmamiz
stirerken bildirildi. Calismamiz kapsaminda buldugumuz bu gen igindeki biiyiik bir

delesyonun ailedeki HCC hastalarinin hepsinde katarakta neden olmadigini gosterdik.

Koni ve Cubuk Distrofisi hastaliginin non-sendromik ve otozomal ¢ekinik gecisli bir
cesidini ¢alistik. Calismamizda bu hastalik alt1 hasta bireyi olan akraba evliligi yapmis bir
ailede kromozom 17p13.2-p13.1’e haritaland1 ve hastalik geninin retinaya 6zel Guanil
Siklaz1 iireten GUCY2D geni oldugu gosterildi. Mutasyonun bulundugu protein katalitik
bolgesinde daha 6nce tanimlanan mutasyonlar ¢ocukluk korliigilinlin yaygin bir nedeni olan
Leber’in konjenital amorozisi ile iligkilendirilmisti. Calistigimiz hastalarda gozlemlenen
nispeten hafif fenotip, mutasyonun katalitik aktiviteyi tam olarak durdurmadigina veya

fenotipin bagka bolgeler tarafindan da etkilendigine isaret etmektedir.

Son olarak, hipertansiyonla seyreden otozomal ¢ekinik gecisli bir zeka geriligi tiirii
ile otozomal dominant bir artrogriposis sendromu sirastyla kromozom 7q21.3-q31.1 ve

13931.3-q32.1°ye haritaland.



X

TABLE OF CONTENTS

ACKNOWLEDGMENTS ...ttt et e e et e e e iaae e e s ensaaeeeenes 111
ABSTRACT ...ttt ettt sttt ettt nb et sat e e eaeen \
OZET oottt ettt aean vii
LIST OF FIGURES ...ttt sttt st Xii
LIST OF TABLES ...ttt ettt sae e eneas XVi
LIST OF ABBREVIATIONS/SYMBOLS. ..ottt xviil
1. INTRODUCTION ...ooiiiiiiiiiiiiiieetetteeetesie ettt sttt ettt ettt st nae e 1
1.1. Split-Hand/Foot Malformation (SHFEM)........c.ccccceeviiiniieniiiiiieiecieeee e 1
1.1.1. PhenotypiC fEatUIES......ccccueeeiiieeiiieeiie ettt eree e e e e e 2

1.1.2. The Developing Limb..........cccociiiiiiiiiiiiiiiiee e 3

1.1.3. Genetic Modifiers in SHFM ......c..ccccoooiiniiiiiiiniiiiieneeeeeeeee 7

1.1.4. Pathogenesis Of SHFM ........c.ccccioiiiiiiiiiiiiiiceceeeeeeeee e 8

1.1.5. WNT Si@NaliNg.....ccooiiieiiieeiieeeiieeciee st etee et e e e e e s 9

L.1.6. GENE WINTIOD ...ttt es 10

1.2. Hypomyelination and Congenital Cataract..........cccoecuervererrienieneenenieneeeennen 12

1.3. Retinal Dystrophies Associated with Retinal Guanylate Cyclase 2D

IMIUEALTIONS ..ttt ettt ettt ettt et e bt e et e bt e et e e sbeeenneeneeas 13
1.3.1. Leber Congenital AMAUTOSIS .....ccceevueeurerienieriiniienieeieneeneeie st 15
1.3.2. Cone and Cone-Rod DyStrophy..........ccccceevieriieiiiiniieiieieeeeeeene 16
1.4. Nonsyndromic Mental Retardation..............ccceeviieriieniiienieiieeieeieeee e 18
1.4.1. X-Linked Mental Retardation.............cccceeiieiiiiiiiniiiiieieeeeee 19

1.4.2. Nonsyndromic Autosomal Recessive Mental Retardation

(NS-ARMR) ..ttt s 20

1.4.3. Cytogenetic Abnormalities in Mental Retardation ..............cccceveennene. 20

1.5. Distal Arthrogryposis SyNndromes..........ccccveeevuveeeiiieeniieeniie e e 21
1.5.1. Arthrogryposis Like Syndromes............ccoceveeveriiineenennieneenenieneene. 23
1.5.1.1. Arthrogryposis-Like Disorder (MIM 208200) .........ccceevuenneene 23

1.5.1.2. Pseudoarthrogryposis (MIM 177300).......cccccceevcvienriencvrenneennen. 23

1.5.1.2. Pseudoarthrogryposis-like Syndrome (PAG-L)....................... 24

1.6, Linkage ANalySiS.....ccccuieiiieiiieiieiie ettt ettt et 24



1.7. LOd SCOTE€ ANALYSIS ..eeccuviieiiieeiiieeciieeceee ettt ettt e e e e e e seseeearee e 25
1.8. Candidate Gene APProach ........ccccecerierieriiniinieeienieeieeeeeee et 27
c PURPOSE ...ttt sttt ettt st ne s 28
o MATERIALS . ...ttt ettt et be et saeenbeenneas 29
R B 1 o] <o £ TSRS 29
3110 SHEM oottt 29
3120 HECC ot 33
3,130 CORD ettt 34
3140 MRHT oot 34
3150 PAG Lottt 35
3.2, CREIMICAIS .. .eeuiiiiiiiiiteete ettt et sttt 38
3.3. Buffers And SOIUHONS. ......coouiiiiiiieiieieceeee e 38
3.3.1. DNA Extraction from Whole Blood............ccccooiiiiiiiiiiniiiiiicce 38
3.3.2. Polymerase Chain Reaction (PCR).........cccccooiiiiiiiiiiiiiiieieeeeeee, 38
3.3.3. Agarose Gel Electrophoresis ..........coceeuieriiiiiieniieiieeieeieeeieeiee e 39
3.3.4. Polyacrylamide Gel Electrophoresis (PAGE)........ccccccceeviivciieiiennenne. 39
3.3.5. Single Strand Conformational Polymorphism (SSCP) Gel
EleCtrophoresis. ... coueiiiieiieiie e 40
3.3.6. SIIVEr StAINING......cccviiiiiieiieiieeieecie ettt ettt ebe et 40
B4 LSttt ettt ettt b et e n e e beenbesneenaeenteas 41
3.5, ENZYIMES ..ttt e e e et e e e et e e e e nnaeeeeennne 41
3.6. Oligonucleotide Primers and Probes...........cccccoeeviiiiniininiiniininicccceienee 41
3.7. DNA Molecular Weight Markers ..........ccccceeviieiiiiniieiieieciceee e 42
3.8, EQUIPIMENL ...iiiiiiiiieiie ettt ettt et enaeenne 42
3.9. Electronic Databases ..........ccceererieriieiiieieniieie ettt 44
 METHODS ...ttt ettt ettt et e e beenteeseenseenseenean 46
4.1. DNA Extraction from Peripheral Blood Samples............ccceoeiiiniininiinnnenn 46
4.2, LinKage ANALYSIS.....cieiuiiiieiiieeiiieieeeie ettt ettt ettt ettt e snaeenaen 46
4.2.1. Denaturing Polyacrylamide GelS..........ccccoevieriiieniiniiieniicieenie e 51
4.2.2. SIIVET STAINING.....cctiieiiieeiieeeiieeesieeetteeeiteeeereesaeeesreeesseeessseeessseesnnees 52
4.3. Candidate Gene APProach ..........cccecerieriiiiiniienininteeeeesee e 52
4.3.1. PCR Amplifications for the Analysis of the Candidate Genes.............. 52

4.3.2. Analysis Of PCR Products .........c.ccccueeviiiriiiiienieeiiecie e 53



xi

4.3.3. SSCP ANALYSIS ..cccuvrieeiiieeiieeeiieectee et eteeetee e ree e e e ae e e e esaeeenneees 53

4.3.4. Preparation of SSCP Gels.......cocerviiriiiiiiiniiiiiiciececcececeeene 54

4.3.5. DNA Sequence ANALYSIS ......cccccueeiuierieeiieniieeieenie et ereesee e ees 54

4.3.6. ReStriction ANALYSIS......cccecviiriieiiieiiieiieeieeieesteereesaeeeeesreesseesneeneens 54

4.3.7. High-Resolution Melting Curve Analysis ........cccccveevieeeniiieenieeerieeennee. 55

4.3.8. Assessment of relative WNT10b transcript levels..........cooceenieiieennne 55

5. RESULTS Lttt ettt st st sb et sbe e b i 60
5.1 SHEM oottt sttt et naeen 60
5.1.1. Recessive Inheritance and Analysis of Gene WNT10b.......................... 60

5.1.2. Assessment of Relative WNT10b Transcript Levels........cccccocevvenenee. 66

5.1.3. Digenic Inheritance: Dominant Model ............ccccoevieiiiienieniiieieeenee, 66

5.1.4. Haplotype Analysis at Five Known SHFM LOCi........cccccocvevvveniennnnnee. 68

520 HEC ettt ettt ettt et sttt e neente e nneen 68
5.3. CORD ...ttt ettt et ettt et e et e b et et e entenseeaeenaenneens 81
54, MRAHT oottt ettt st 88
5.5 PAG L oottt 94

0. DISCUSSION ..ottt ettt ettt e sttt e et e sbeebeeneesseenseeneenseens 99
6.1. Split-Hand/Foot Malformation (SHFM) .........cccccoiiiiiiiiiiiieeeeee 99
6.2. Hypomyelination and Congenital Cataract (HCC) ........ccceeeeviriiniininienenene 104
6.3. Cone Rod Dystrophy (CORD).......cccciiiiieiiiiiiieiiecieeiteee et e 105
6.4. Mental Retardation Associated with Hypertension (MR-HT)..........c.ccccuveennee. 107
6.5. Pseudoarthrogryposis-like Syndrome (PAG-L)......ccccecoeriiniininiiniininiineeene 109

7. CONCLUSION ...ttt sttt ettt st sbe ettt e bt eaesaaenbeens 110

REFERENCES ..ottt s 111



Figure 1.1.

Figure 1.2.

Figure 1.3.

Figure 1.4.

Figure 1.5.

Figure 1.6.

Figure 1.7.

Figure 1.8.

Figure 1.9.

Figure 1.10.

Figure 1.11.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Xii

LIST OF FIGURES

Molecular interactions that govern the early limb patterning phase along

the three 1M aXeS.....cc.eoviiiiiiiiieiieeeeeee e 4
Spatial directions of development in the imb............ccocceeeiiiiiiniiennnnnn, 5
Schematic comparison of Progress ZONE .........eeceevereenreereereeneeneeeeeneenne 5
Model for growth and segmentation in digits..........ccceeeerrerieerieencreeneeennnen. 6
Pathogenesis of SHFM and signaling pathways implicated in SHFM....... 8
Three intracellular signaling pathways activated by Wnt proteins............ 9

Effect of Wnt10b on lineage commitment of pluripotent mesenchymal

CRILS 1ottt et 11
The structures of the human eye and retina.............ccceeeeiieeecieeeciecnieeens 13
Phototransduction cascade in the vertebrate retina...........cccceeeveevieenveennnns 14

Schematic representation of GUCY2D exon structure and encoded

AOMAINS. ...ttt ettt ettt et e et e bt e e e ees 17
Schematic illustration of muscle contractile compleX.........cccccceerveennennne.. 23
Pedigree diagram for the SHFM kindred ...........cocoveiiiniininniniinineee. 30
Examples for autopod malformations in the kindred ...........cc.ccocevieneene. 31
Pedigree diagram for the HCC family........cccccooeniiiiniininiiniiinicens 33



Figure 3.4.

Figure 3.5.

Figure 3.6.

Figure 4.1.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

Figure 5.9.

Figure 5.10.

Figure 5.11.

Xiil

Pedigree diagram for the CORD family.........cccoeeviveeiiieciiiiieeeeeen 34
Pedigree diagram for the MR-HT family .......cccccoceviiiiniininiiniiniieen. 35
Pedigree diagram for the PAG-L kindred...........cccceeveiieeiiiiiniieciieeee 37
Examples for silver stained denaturing PAGE gels..........ccccoeiveiieniennn. 50
Two-point lod scores of the total data set generated by the genome scan

in a recessive model with 80 per cent penetrance .............ceeceeeeeereeeennennne. 61
Partial pedigree diagram and haplotypes at 12p11.23-q13.13................... 62
Multipoint lod score curve of 23.94 Mb region at 12p11.23-q13.13 ........ 63
€.994C->T transition associated with SHFM phenotype ..........cccvveevenenns 64
SSCP results for population screening of ¢.994C->T in 43 controls

together with affected individual 604............cccooviieiiiiiiiiiieeeeee, 65
Evolutionary conservation of WNT10b p.332R amino acid residue......... 65
qRT-PCR of WNT10b transcript level to HPRT 1 .........ccccooceveevenceennannen. 66
Multi-point lod scores of the total data set generated by the genome scan
(SimWalk2) in a dominant model with reduced penetrance...................... 67
Screening of polymorphism rs34201045 in SHFM kindred and

coNtrol INAIVIAUALS ....c.eeiieiiiieiee e 70
Haplotypes of SHFM kindred at 1p36.12-p31.1 ...occeiiiiiiiiiiiniieeeee. 72
Haplotypes of SHFM kindred at 14q11.2-q32.33 ...cooiiiiiieieceee, 73



Figure 5.12.

Figure 5.13.

Figure 5.14.

Figure 5.15.

Figure 5.16.

Figure 5.17.

Figure 5.18.

Figure 5.19.

Figure 5.20.

Figure 5.21.

Figure 5.22.

Figure 5.23.

Figure 5.24.

Haplotypes of SHFM kindred at 17p13.3-922 ...ccovvveeiiieiieeeeeeeeee

Haplotypes of SHFM kindred at Xq21.1-27.1 .c.cooveviiiiiiiiniiieiiceeee

Multi-point lod scores (SimWalk?2) of the total data set generated by the

genome scan in a recessive model with full penetrance.............ccccceneee..

Partial pedigree diagram and haplotypes at 7p21.3-p12.3.....cccceevvenrenneen.

Multipoint linkage analysis at 7p21.3-p12.3 (SimWalk2) ..........cccceuenee.

Screening of exon 1 of HIBADH in individuals 406, 504 and in a control
individual by SSCP and identification of 213G—>T polymorphism in

patient 504 by sequence analysis.........ecceeveueerieniienienieeie e

Agarose gel showing the products amplified by using primers P1_delF
and P1_delR in two control individuals (C1 and C2) and three patients
(P504, P507 and P509) .......ociiiieiieieeeeeeeeee et

Sequence analysis of the deletion region using primer P1_delF in an

affected INAIVIAUAL......cooeieeeee e

6.27-Mb region in gene DRCTNNBIA encompassing exons 7 to 10

Multi-point lod scores of the total data set generated by the genome scan

in a recessive model with full penetrance............ccceevevveeeciiieniieeccieeee,

Partial pedigree diagram and haplotypes at 17p13.3-p11.2......ccccceeennennee.

Multipoint linkage analysis of the 17.21-Mb region at

17p13.3-p11.2 (SIMWaK) .ot
¢.2846T—>C transition associated with CORD phenotype...........cceuveneen.

Xiv

76

77

78

79

79

80

80

81

82



Figure 5.25.

Figure 5.26.

Figure 5.27.

Figure 5.28.

Figure 5.29.

Figure 5.30.

Figure 5.31.

Figure 5.32.

Figure 5.33.

Figure 5.34.

Figure 5.35.

Figure 5.36.

Figure 5.37.

XV

Sequence conservation and structural context of p.1949T substitution..... 86
High Resolution Melting Curve analysis with LC480 system used

for scanning 142 control chromosomes for variant ¢.2846T>C .............. 87
Multi-point lod scores of the genome scan data in a recessive model with

full penetrance (SIMWalK2) .......cccooiiiiiiiiiiiieieeee e 88
Partial pedigree diagram and haplotypes at 7q11.22-q31.1.......ccccuveenneee. 89
Multi-point lod scores of the genome scan data in a recessive model with

full penetrance (GENEHUNLET) .........ccveeiieriiiiieieeieee e 90
Multipoint linkage analysis of the 15.83 Mb region at

7921.3-q31.1 (GENEHUNLET).....ccuviieiieeiiieeiieeeeeeee e 90
Partial pedigree diagram and haplotypes at PARI .........ccccoeeviiieniieenenn. 92
Partial pedigree diagram and haplotypes at 17q11.2-q25.3......cccceeuenneee. 93
Multi-point lod scores of the total data set generated by the genome scan

in a dominant model with 80 per cent penetrance.............cccceeeeeeerueennnennne. 94
Multipoint lod score curve obtained for fine mapping approach

on chromosome 13pter-qter (SIMWalk)........ccoeeveeiieniiiiiiiiiciieeeeeee 95
Haplotypes of PAG-L kindred (branch 1) on chromosome 13 ................. 96
Haplotypes of PAG-L kindred (branch 2) on chromosome 13 ................. 97
Haplotypes of individuals 312, 313, 414, 415 and 416 on chromosome
13G22.2-G32.3 e et 98



Table 1.1.

Table 1.2.

Table 1.3.

Table 1.4.

Table 3.1.

Table 3.2.

Table 3.3.

Table 3.4.

Table 3.5.

Table 4.1.

Table 4.2.

Table 4.3.

Table 4.4.

LIST OF TABLES

Candidate genes in human loci mapped for SHFM..........ccccoceviiiiniinnns

Loci and genes for autosomal recessive LCA ........ccccceevieevienieenieenieenen.

Loci and genes for COD and CORDS .........ccccvieeiieeriieeiie e

Distal arthrogryposis SyNdromes ............ceceevereerieriieneeneniieneeseseeneenens

Review of the autopod malformations in the kindred ............ccccceeuveennenn.

Clinical and neurological findings in patients...........cccceeeeeevienieenieennnnnne.

OFC and ratios of height to arm span and hand to middle finger .............

List of kits used in this study with their description and manufacturing

COTMPANY -ttt entesetenteeneesteeteentesseenseeneesseenseeaeesseenseensesseenseentesseenseensenseans

List Of €lectronic databases.....cuuuuuueeeeeeeeeeeeee et ee e e e e e eeeeeeeaaeeaeaees

List of microsatellite markers used in this Study ..........ccoeevveeciienienciienenns

Primer sequences, properties and PCR conditions for microsatellite

repeats designed in this StUAY .......cceevviieiiiriiiniieee e

Primer sequences designed, properties and PCR conditions for SNPs

analyzed in this StUAY .......cooovieiiiiiiie e

Gel systems used for microsatellite genotyping.........ccceevvveevveerveriveennnenns

Xvi



Table 4.5.

Table 4.6.

Table 5.1.

Table 5.2.

Table 5.3.

Table 5.4.

Table 5.5.

Table 5.6.

Table 5.7.

Table 5.8.

Table 5.9.

Sequences, PCR product sizes and PCR conditions for primers designed

for candidate gene Search ...........coceoviiiiieiiiiiie

cDNA primers and probes used for quantitative RT-PCR ........................

Two-point lod scores at 12p11.23-q13.13 ....coiiiiiiiiieeeee

Effect of R332W substitution on protein function as predicted by tools

ONITIE <ot e e e e e e e e e e e

Summary of haplotypes for all affected individuals plus individual 507

AL TUNE LOCT oo

Two-point lod scores for 17 markers at the 39.92-Mb region on

chromosome 7Pp21.3-p12.31 ..oouiiiiiiieeee e

SNPS deteCted fOr HIBADH .....coooeeeeeeeeeeeeeeeeeeeeeeeeee e

Two-point lod scores for 14 markers on chromosome 17p13.3-p11.2......

Effect of 1949T substitution on protein function as predicted by four

ONIITIE TOOLS ettt e e e e e e e e e eaeeeeeeeeeeeaaaaaeaaaees

Physical and genetic positions of markers used to fine map PAR1

TEZIOT ceutieeiieeeteeeteeeteeeteesteeesbeesseeesseesseeasseensaessseeseeasseensseessaesseasseenssessaens

Two-point lod scores for 32 markers used in fine mapping approach

on chromosome I3 Pter-qer........cevuieriiriiienieeiieeie ettt

xvii

56

59

61

63

71

78

79

83

84

91



xviii

LIST OF SYMBOLS / ABBREVIATIONS

A Adenine

C Cytosine

G Guanine

I Isoleucine

R Arginine

T Thymine

w Tryptophan

7 max Maximum Two-Point Lod Score
AND63 N-Terminal-Truncated p63 Isotype
OMLE Maximum Likelihood Estimate for Recombination Fraction (0)
AD Autosomal Dominant

AER Apical Ectodermal Ridge

A-P Antero-Posterior

AR Autosomal Recessive

BMP Bone Morphogenetic Protein

bp Base Pair

cAMP Cyclic Adenosine Monophosphate
CC2DI1A Coiled-Coil and C2 Domain Containing 1A
cGMP Cyclic Guanosine Monophosphate
cM Centi Morgan

CORD Cone Rod Dystrophy

CRBN Cerebron

CYCS Cytochrome ¢

d.p.c. Days Post Coitum

Dac Dactylaplasia

DNA Deoxyribonucleic Acid

DRCTNNBIA Down-Regulated By B-Catenin, la



D-V
EDTA
EEC
EN1
ERG
FGF
GRIK2
GUCY2D
GTP
HCC
HIBADH
HPRT1
IBD

IQ

kb

LCA
Lod
LRP
Mb

min
MLE
MLS
MR
MR-HT
mRNA
NA
NCBI
NHLBI
NS-ARMR
pS3

p63
PAG-L
PARI1

X1X

Dorso-Ventral

Ethylenediaminetetraacetate

Ectrodactyly, Ectodermal Dysplasia, and Facial Cleft
Engrailed 1

Electroretinogram

Fibroblast Growth Factor

Glutamate Receptor, lonotropic, Kainate 2
Guanylate Cyclase 2D

Guanosine Triphosphate

Hypomyelination and Congenital Cataract
3-Hydroxyisobutyrate Dehydrogenase
Hypoxanthine Phosphoribosyltransferase 1
Identical by Descent

Intelligence Quotient

Kilobase

Leber Congenital Amaurosis

Log of Odds

Low Density Lipoprotein Receptor-Related Protein
Mega Base

Minute

Maximum Likelihood Estimate

Maximum Lod Score

Mental Retardation

Mental Retardation Associated With Hypertension
Messenger Ribonucleic Acid

Not Available

National Center For Biotechnology Information
National Heart, Lung and Blood Institute
Nonsyndromic Autosomal Recessive Mental Retardation
Tumor Protein 53

Tumor Protein 63

Pseudoarthrogryposis-Like Syndrome

Pseudoatosomal Region 1



PCR
pLOD
Pr-D
PRSS12
PZ
qRT-PCR
retGC
RPE
Rpm
RT-PCR
SCAFUD
SDS
SHFM
SHH
SNP
SSCP
TEMED
TP63

U

UTR
Uuv
WNT
XLMR
X-R
ZPA

Polymerase Chain Reaction

Parametric Lod Score

Proximo-Distal

Protease, Serine, 12

Progress Zone

Quantitative Reverse Transcriptase-Polymerase Chain Reaction
Retinal Guanylate Cyclase

Retinal Pigmented Epithelium

Revolution Per Minute

Reverse Transcriptase-Polymerase Chain Reaction
Scanning Fluorescence Detector

Sodium Dodecyl Sulphate

Split-Hand/Foot Malformation

Sonic Hedgehog

Single Nucleotide Polymorphism

Single Strand Conformational Polymorphism

N, N, N, N’-Tetramethylethylenediamine

Tumor Protein 63, Gene

Unit

Untranslated Region

Ultraviolet

Wingless-Type MMTV Integration Site Family Member
X-Linked Mental Retardation

X-Recessive

Zone Of Polarizing Activity

XX



1. INTRODUCTION

In the context of this thesis, molecular studies were conducted with the purpose of
mapping and subsequently identifying causative genes in four autosomal recessive
disorders, namely, Split-Hand/Foot Malformation, Hypomyelination and Congenital
Cataract, Cone Rod Dystrophy and Mental Retardation associated with Hypertension, and
in one autosomal dominant disorder, namely, Pseudoarthrogryposis-like Syndrome.

Causative genes for all were mapped and three of them identified.

1.1. Split-Hand/Foot Malformation (SHFM)

Split-Hand/Foot Malformation (SHFM) or ectrodactyly (from Greek “ektroma”
meaning “abortion” and “daktylos” meaning “finger”) is a limb malformation involving
the central rays of the autopod (hand/foot). It presents with syndactyly, median clefts of the
hands and feet, and aplasia and/or hypoplasia of the phalanges, metacarpals, and

metatarsals.

SHFM is either sporadic or familial. When familial, the most common mode of
inheritance is autosomal dominant with reduced penetrance, and variable expressivity and
segregation distortion with excessive transmission from affected males to sons is a
common feature. X-linked inheritance in a single family (Ahmad et al., 1987) and rare
autosomal-recessive inheritance (Zlotogora and Nubani, 1989; Giil and Oktenli, 2002)
have also been reported. Linkage mapping and/or cytogenetic studies have shown that
SHEM is genetically heterogenous. Four autosomal loci have been mapped, all with
dominant inheritance: 7q21-22 (SHFM1; Scherer et al., 1994), 1024 (SHFM3; Roscioli et
al., 2004), 3q27 (SHFM4; Ianakiev et al., 2000), and 2q31 (SHFMS; Goodman et al.,
2002). Also, for the single X-linked family, a locus with semi-recessive effect at Xq26 has
been reported (SHFM2; Faiyaz ul Haque et al., 1993). The gene responsible has been
identified only in SHFM4, as TP63 (lanakiev et al., 2000), encoding a homologue of the
tumor suppressor p53. Despite the homology, p63 plays a key role in embryonic
development, rather than tumor suppression. Additionally, genomic rearrangements

characterized in SHFM 1, SHFM?3 and SHFMS cases have led to identification of candidate



genes (Table 1.1, reviewed in Basel et al., 2006). In general, genomic deletions in SHFM 1
and SHFMS5 and genomic duplications in SHFM3 possibly resulting in haploinsufficiency

and/or overexpression of certain genes have been proposed to underlie the pathogenesis of

these loci.
Table 1.1. Candidate genes in human loci mapped for SHFM

Designation MIM Locus Candidate Genes

Autosomal Dominant SHFM

SHFM1 103600 7921 DLX5, DLX6,DSS1

SHFM3 600095 10924 DAC, FGFS, SUFU, BTRC

SHFM4 605289 3q27  TP63 (causative gene)

SHFEMS 606708 2q31 DLXI, DLX2

X-linked SHFM

SHFM?2 606708 Xq26  FGFI3, VGLLI

Gene name Encoded Protein and Potential Function

BTRC (beta-transducin repeat containing)  F-box/WD40 adaptor protein involved in ubiquitination
Machinery

DAC (dactylin) F-box/WD40 adaptor protein involved in ubiquitination
Machinery

DLX (distal-less homeobox) Homeobox-containing protein involved in forebrain and
craniofacial development

DSS (dosage-sensitive sex reversal) Proposed to function in ovarian development

FGF (fibroblast growth factor) Growth factor involved in a variety of biological

processes, including embryonic development, cell growth,
morphogenesis, tissue repair, tumor growth and invasion

SUFU (suppressor of fused homolog) Component of sonic hedgehog (SHH)/patched (PTCH)
signaling pathway

TP63 (tumor protein 63) p53 homologue involved in embryonic development

VGLLI (vestigial like 1) Specific coactivator for the mammalian transcription

factor thyrotrophic embryonic factor (TEF)

1.1.1. Phenotypic features

The severity of SHFEM phenotype is highly variable, grading from syndactyly in
mildly affected patients to lobster claw-like appearance of the autopod in severe cases.
Basically, the core SHFM phenotype is categorized in three distinct classes: (1)
Monodactyly, (2) Bidactyly in which two digital elements are present with a median cleft,
as in lobster-claw appearance, and (3) Oligodactyly (most common form) in which three or
more digits are present and associated with syndactyly and median cleft. The noncore

phenotypic features include clinodactyly, campodactyly, triphalangeal thumb and ulnar



deviation (Basel et al., 2006). Elliott et al., 2005 performed a literature review of 153
SHEM cases and suggested that preaxial involvement in the hands is a strong locus
discriminator for SHFM3. They also hypothesized that a differential developmental pattern
exists between hands and feet, as the feet of SHFM3 patients generally have central

longitudinal deficiency without a preaxial component.

1.1.2. The Developing Limb

Limb development relies on interplay of spatially and temporally controlled
processes of cellular differentiation, pattern formation, and tissue morphogenesis. Most
common human congenital anomalies include limb defects, since mutations and teratogens
can cause severe malformations on the structure of the limb morphology without affecting
survival and reproduction. This has led to a wide-ranging set of limb variations throughout

the human population.

Vertebrate limb development is in three phases: limb bud initiation, early limb
patterning, and late limb morphogenesis (Yang, 2003). In the limb bud initiation phase, the
limb protrudes from the flank of embryo from the lateral plate mesoderm as a small bud
that consists of morphologically homogenous mesenchyme cells covered by a layer of
ectoderm (Niswander, 2003). In humans, limb buds appear on day 26-28 for arms and 2
days later for legs (Manouvrier-Hanu et al., 1999). In the early patterning phase, proper
modeling of the limb bud is coordinated by both spatial and temporal expression of a
variety of signaling molecules and transcription factors including fibroblast growth factors
(FGFs), bone morphogenetic proteins (BMPs), WNT and hedgehog signaling molecules,
and homeobox proteins (Figure 1.1, Tickle, 2006). At the apex of the limb bud, ectodermal
cells differentiate into apical ectodermal ridge (AER) by inductive signals originating from
the underlying mesenchyme. AER expresses and secretes FGFs to the sub-adjacent
mesenchyme -the progress zone (PZ)- in order to keep those cells undifferentiated and
proliferating. Interplay between AER and PZ determines the proximo-distal polarity (Pr-D,
shoulder-finger) of the limb. FGF signaling from AER also maintains sonic hedgehog
(SHH) expression from zone of polarizing activity (ZPA, also known as polarizing region)
at the posterior mesenchyme, which controls antero-posterior polarity (A-P, thumb-little

finger) (Ingham and Placzek, 2006). Retinoic acid is likely to play a key role in the



induction of ZPA. Dorso-ventral polarity (D-V, back-palm) is maintained by the non-AER
ectoderm signaling: BMPs and Engrailed 1 from the ventral ectoderm and WNT7a from
the dorsal ectoderm. In the late limb morphogenesis phase, the limb matures into a

functional organ as the skeletal elements, muscles, tendons, vessels etc., emerge.

Posterior
Mesenchyme A-P patterning
Dorsal

D-V patterning s Eﬁﬁ?’.{;;m T

AER -
FGE el Pr-D growth

I

BMP/ENT1
Ventral Ectoderm
Figure 1.1. Molecular interactions that govern the early limb patterning phase along the
three limb axes. Pr—D axis is under the control of FGFs (green) from AER, the A-P axis is
under the control of SHH (purple) from the posterior mesenchyme, and the D-V axis is
under the control of BMPs and EN1 (both in red) from the ventral ectoderm and WNT7a

(blue) from the dorsal ectoderm (modified from Niswander, 2003).

The skeletons of vertebrate limbs consist of three basic elements: stylopod (upper
arm or thigh), zeugopod (forearm or shank), and autopod (hand or foot) (Figure 1.2). This
segmentation is coordinated in a Pr-D fashion: the mesenchymal cells exiting from the PZ
initiate formation of limb elements fated to be closest to the body followed successively by
ones furthest from the body. In this sense, the stylopod is patterned first, followed by the
zeugopod and finally the autopod, digits being the last specified structures. The Pr-D
positional information of the mesenchymal cells has been proposed to be determined by
the length of time cells spend in the PZ under the influence of signals derived from the
AER and ZPA (Progress zone model, Figure 1.3, a). More recently, Dudley et al., 2002
propose that all Pr-D fates are specified within the early limb bud (Figure 1.3, b).
Mesenchymal cells at their final destination condense and enter the chondrocyte
differentiation pathway to form the cartilage elements. An endochondral ossification

process replaces the cartilage elements with bone.
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Figure 1.2. Spatial directions of development in the limb. (a), and three basic elements of

the limb skeleton (b) (modified from Manouvrier-Hanu et al., 1999).
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Figure 1.3. Schematic comparison of progress zone (a), and early limb bud (b) models in

the Pr—D limb patterning (modified from Niswander, 2003)

The digits at the tip of limb development are established along the A-P axis and
separated eventually by interdigital spaces. Initially in the autopod, the regions that will
progress into condensations (digital rays) or interdigital tissue are defined. The direction of
condensations is common in most organisms: it starts from the most posterior digit
followed by a posterior to anterior progression. It is an important developmental
phenomenon, since these two regions will determine the differential fate of cells;
condensations will progress into cartilage, while cells in the interdigital tissue will be
removed by apoptosis. Mesenchymal apoptosis at the interdigital tissue allows separation
of digits on about day 51-53 in humans (Manouvrier-Hanu et al., 1999). If this process

fails, syndactyly occurs, most probably due to defects in BMP signaling. It has been shown



that blocking BMP signaling in chicken embryonic hind limbs resulted in a webbed feet
phenotype. Interestingly, BMPs are shown not to be expressed in the duck interdigit, which
has naturally occurring webbed feet (Zou and Niswander, 1996). The variable
developmental mechanisms leading to differential fates in fore and hindlimbs have maybe
best implicated in bats. It has been reported that bat forelimb and hindlimb interdigital
tissues express BMP signaling components, but that only bat hindlimbs undergo
interdigital apoptosis. Expression of Fgf8 together with BMP inhibitor gremlin
accompanies maintenance of interdigital webbing in the bat forelimb (Weatherbee et al.,

2006).

An AER driven model for segmentation within a digit is shown in Figure 1.4. AER
has both activator and inhibitor roles: it promotes the growth of the digital ray in the distal
direction by FGF signaling while inhibiting joint formation distally, and its presence holds
back tip formation. A joint can only be formed when cells escape both this inhibition and
the one exerted by the previously formed proximal joint. Once both inhibitions are
overcome, joint markers are expressed, probably induced by Wnt14. Upon ceasing of FGF
signaling from the AER, the final joint is formed in the distal region, and the molecular
program to establish the last phalange or the tip is induced (Casanova and Sanz-Ezquerro,

2007).
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Figure 1.4. Model for growth and segmentation in digits (modified from Casanova and

Sanz-Ezquerro, 2007)



1.1.3. Genetic Modifiers in SHFM

SHEM occurs in one in 8,500-25,000 newborns and accounts for 10-17 per cent of
all limb reduction defects (Calzolari et al., 1990). The condition is clinically
heterogeneous; it may occur either as an isolated entity (non-syndromic SHFM) or part of a
syndrome (syndromic SHFM). More than 50 syndromes and associations for syndromic
SHEM have been identified (Duijf er al., 2003), which could have resulted from either
single gene defects or chromosomal rearrangements involving two or more genes. The best
known example for the former case is TP63 gene. Different TP63 mutations are found to
be associated with one non-syndomic (lanakiev et al., 2000) and four syndromic SHFM
disorders (Celli et al., 1999; Bokhoven et al., 2001). Two mutations at the same residue are
of particular interest: p.R280C and p.R280H give rise to either EEC (ectrodactyly,
ectodermal dysplasia, and facial cleft) syndrome or to non-syndromic SHFM (SHFM4).
The situation is even further complicated by the reduced penetrance of mutations at residue
p-R280 in SHFM4 patients. These observations suggest the involvement of other genes in

the pathogenesis of SHFM.

The role of genetic modifiers is also implicated in the semidominant mouse mutant
Dactylaplasia (Chai, 1981). Heterozygous animals display an isolated limb defect
characterized by missing phlanges in the central digits, and homozygous animals are
characterized by monodactyly. The dactylaplasia phenotype depends not only on the
genotype at the mutated locus, Dac, but also on homozygosity at another unlinked locus,
mdac (modifier of dac), that is polymorphic among inbred strains (Chai, 1981; Johnson et
al., 1995). Dac/+ and Dac/Dac mice display the phenotype only if they are also
homozygous for a particular permissive allele at mdac locus (mdac/mdac) - if they are
Mdac/Mdac or Mdac/mdac, their limbs are normal. The Dactylaplasia mouse is a model
for human SHFM3. SHFM3 locus at 10g24 is syntenic to mouse chromosome 19 where
the mouse Dac locus has been mapped (Johnson ef al., 1995) and mutations in mouse
dactylin gene was identified (Sidow et al., 1999). Mdac, which modulates the expression
level of dactylin, resides on mouse chromosome 13 in an area syntenic to human

chromosome 5q.



1.1.4. Pathogenesis of SHFM

Pathogenesis of SHFM has been attributed to defects in maintenance of median AER
activity (Figure 1.5, a) in studies with Dac mice. The primary Dac phenotype has shown to
be a failure to maintain cell proliferation in the anterior and central AER with abnormally
low levels of fgf4, fgf8, bmp2, and bmp4, which eliminates the AER prematurely
(Crackower et al., 1998). Sidow et al., 1999 proposed the existence of a suppressor, which
would be degraded by dac to allow an appropriate level of cell proliferation in the AER.
The structure of dactylin suggests it as a member of the F-Box/WD40 family of proteins,
which recruit specific target proteins through their WD-40 protein-protein binding domains
for ubiquitin mediated degradation. In Dac mice this suppressor would not be degraded
and cell proliferation would weaken, thus shifting the balance between cell proliferation

and cell death, resulting in the premature elimination of the AER (Sidow et al., 1999).

Genetic as well as environmental factors may cause this condition by interfering with
AER. TP63 was shown to be highly expressed in AER (Yang et al., 1999; Yasue et al.,
2001). Proteins encoded by candidate SHFM genes (Table 1.1) implicated in signaling

pathways in developing limb are shown in (Figure 1.5, b).

(b)

Figure 1.5. Pathogenesis of SHFM and signaling pathways implicated in SHFM. (a)
Normal development of the autopod (top) and oligodactylic SHFM (bottom). Defects in
median AER activity (red) lead to an absence of the central rays (right). (b) Positions of

AER (light grey and yellow), PZ (dark grey), and ZPA (brown) are indicated. Numbers 1-5
refer to the future positions of digits 1-5. Proteins encoded by the candidate genes on Table
1.2 are highlighted here in red. Dorsally and ventrally expressed proteins are represented in

lighter and darker blue, respectively (modified from Duijf et al., 2003).



1.1.5. WNT Signaling

WNT signaling plays a role in vertebrate limb development (reviewed in Yang,
2003). WNTs are secreted glycoproteins that are implicated in cell fate determination and
cell growth, acting as short-range ligands in a variety of signaling pathways. Among those
pathways, canonical Wnt/B-catenin is the best defined. Upon WNT binding to cell surface
receptor Frizzled and co-receptor LRP5/6, cytoplasmic B-catenin is stabilized, which then
enters the nucleus and forms a transcriptional complex with TCF/LEF DNA binding
proteins in order to induce the expression of downstream target genes (Miller et al., 1999).
B-catenin independent noncanonical Wnt pathway signals through activating Ca** flux,
JNK activation, and both small and heterotrimeric G proteins, and induces changes in gene
expression, cell adhesion, migration, and polarity. The noncanonical Wnt pathways also
require Frizzled as receptor, but the coreceptor is the proteoglycan protein Knypek
(Kikuchi et al., 2007). Canonical and noncanonical Wnt pathways are summarized in

Figure 1.6.

Canonical pathway Wnt/Ca? Planar Cell Polarity

LRP5/6 %
Fz Fz

l @ \,

| Dah| ox [ oz | DEP
C

Knypek

Stbm

pen| oix ||poz | | oer ||

F'L

Axin osk-3p

APC ',: -l— Cl“
m l —F CaMKil
Cytoskeletal

@ﬁ/!ﬂm l Changes

pﬂhﬂ‘l
Gene

NEAT [ Transcription Nucleus

Figure 1.6. Three intracellular signaling pathways activated by Wnt proteins (modified
from Yang, 2003)

WNTs are found throughout the animal kingdom, and 19 mammalian homologues
several of which encode additional alternatively spliced isoforms have been identified (The

WNT homepage). WNTs contain a highly conserved distribution of cysteines. It has been
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difficult to purify and biochemically characterize WNTs, even though they are secreted
proteins. Currently, only Wnt-3a and Wnt-5a could be purified from cultured cells in active
form as tested for their ability to stabilize cytosolic B-catenin (Willert et al., 2003; Mikels
and Nusse, 2006). The difficulty in purification arises from insolubility of WNTs due to
high hydrophobicity. It is shown that WNTs, at least Wnt-3a and Wnt-5a, are even further
lipidified by post-translational palmotylation. Accordingly, structural data for WNTs could
not be established. It has been suggested that lipidification is crucial for WNT activity,
since either the enzymatic removal of the palmitate or the site-directed mutagenesis of the

palmotylated cysteine in Wnt-3a resulted in loss of activity (Willert et al., 2003).

1.1.6. Gene WNT10b

WNTI10b is a member of the WNT gene family. It was first isolated by Bui et al.,
1997 from human genomic DNA and cDNA libraries, using degenerate primers. The gene
is clustered with another family member WNTI, on chromosome 12ql3, a region
frequently rearranged in human tumors. Expression of WNT10b is found to be elevated in
some breast carcinomas, despite no expression in normal breast tissue or its benign tumors

(Bui et al., 1997)

Wang and Schackleford, 1996 performed an extensive study on expression patterns
of murine WntI0b in adult and embryonic tissues, via Northern blot analysis. Expression of
Wntl0b was highest in adult lung and uterus. In the developing embryo, Wntl0b
expression peaked at about 15.5 days post coitum (d.p.c.) and was strongest in face, limbs
and skin. The expression of WntIOb in limbs was consistent with the finding of
Christiansen et al., 1995, who showed that Wnt10b was expressed in the AER starting from
10.5 d.p.c.

WNT10b -the human homolog of murine Wntl0b- encodes a 389-amino acid protein
with 96.6 per cent sequence identity to murine Wnt10b protein. The gene is composed of
five exons, the first one non-coding. WNT10b major transcript (NM003394) is 2288
nucleotides long and databases report one smaller alternatively spliced isoform

(AI332374). WNTI0b is also shown to be expressed in most adult tissues, but the highest
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levels are found in heart and skeletal muscles, while the lowest levels are in brain

(Hardiman et al., 1997).

Activation of WNT signaling by Wnt10b has been implicated in osteoblastogenesis.
Wntl0b acts as a molecular switch that governs commitment of mesenchymal cells to
adipocytes or osteoblastocytes (Figure 1.7). In vitro studies with bipotential cells showed
that ectopic expression of Wntl0b maintains preadipocytes in an undifferentiated state
through inhibition of the adipogenic transcription factors C/EBPo and PPARy and
activation of osteoblastogenetic transcription factors Runx2, DIx5 and osterix (Ross et al.,
2000; Kang et al., 2007). When WNT signaling in preadipocytes is prevented by
overexpression of either axin or dominant-negative TCF4, the cells differentiate into
adipocytes. Disruption of WNT signaling also causes transdifferentiation of myoblasts into
adipocytes (Ross et al., 2000). In vivo studies with mice expressing Wnt10b transgene in
marrow have further emphasized the role of Wntl0b as a regulator of osteoblastogenesis
(Bennett et al., 2005). Those mice had decreased to about half in whole body fat and
increased four fold in trabecular bone mass and strength. Wnt10b-/- mice, on the other

hand, had decreased trabecular bone.

It was recently shown that autosomal recessive SHFM is associated with

homozygous WNT10b gene mutation (Ugur and Tolun, 2008a).
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Figure 1.7. Effect of Wnt10b on lineage commitment of pluripotent mesenchymal cells

(modified from Westerndorf et al., 2004)



12

1.2. Hypomyelination and Congenital Cataract

Leukodystrophies are a group of genetically determined progressive disorders that
primarily affect the central nervous system and in some cases the peripheral nerves as well.
They are characterized by progressive deterioration of the white matter of the brain due to
imperfect growth or development of the myelin sheath. In general, clinical features include
progressive visual failure, mental deterioration, and pyramidal and cerebellar symptoms
and signs (Kaye, 2001; Schiffmann and Knaap, 2004). The genes responsible for such
inherited metabolic defects have been cloned for a variety of leukodystrophy syndromes:
(1) Lysosomal storage diseases with myelin lipidosis: Metachromatic Leukodystrophy,
Krabbe Disease, Canavan Disease, Cerebrotendinous Xanthomatosis and Sjogren-Larsson
Syndrome; (2) Peroxisomal storage diseases: Adrenoleukodystrophy, neonatal
Adrenoleukodystrophy and Zellweger Syndrome; (3) Myelin protein related disorders:
Pelizaeus-Merzbacher Disease; and (4) Dysfunction of glia leading to abnormal
myelination: Alexander Disease and Vanishing White Matter disease. These syndromes are
usually inherited in an autosomal or X-linked recessive fashion; however, rare autosomal
dominant forms of leukodystrophy have also been reported (Itoh et al., 2006; Stumpf et al.,
2003).

Hypomyelination and congenital cataract (HCC) is a new leukodystrophy
characterized by hypomyelination of the central and peripheral nervous systems,
progressive neurological impairment and congenital cataract. This disease was reported
recently by Zara et al., 2006 who also identified the gene responsible as DRCTNNBIA
(down-regulated by by B-catenin, 1a) and referred the protein product as hyccin. Shortly
after, a large intragenic deletion in DRCTNNBIA that does not lead to congenital cataract

in all of the patients in an afflicted family was reported (Ugur and Tolun, 2008b).

DRCTNNBIA encodes a 521 amino acid membrane protein whose expression was
shown to be downregulated by B-catenin (Kawasoe et al., 2001). RNA blot analysis
demonstrated that DRCTNNBIA is expressed in several adult tissues including heart,
kidney, placenta and brain. RT-PCR analysis showed that the gene is expressed in the lens
as well (Zara et al., 2006). It was suggested that hyccin has membrane localization, as two

putative transmembrane segments were uncovered by a transmembrane prediction
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program. However, database searches did not result in any known functional domains or

motifs (Zara et al., 2006).

1.3. Retinal Dystrophies Associated with Retinal Guanylate Cyclase 2D Mutations

The retina is a light-sensitive multi-layered sensory tissue that lines the posterior eye
and acts at the border of input light and visual perception (Figure 1.8). Its function involves
capturing photons and converting them into electrical impulses that reach to the brain
through the optic nerve. Various cell types comprise the retina, of which neural cells
predominate: rod and cone photoreceptors and amacrine, bipolar, horizontal, and ganglion
cells. Defects in any of these cells can lead to a variety of retinal diseases, resulting in

impaired vision.
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Figure 1.8. The structures of the human eye and retina. The eye is shown on the left side,
and components of the retina are illustrated in the enlarged view. The vertical line divides
the anterior segment of the eye from the posterior segment. Light enters the eye through
the cornea, the anterior chamber and the lens. Light passes through the vitreous humour
before reaching the retina. Components of the retina (from the outside to the inside of the
retina) are the retinal pigmented epithelium (RPE), rod and cone photoreceptor cells,

Miiller glial cells, bipolar cells and ganglion cells (modified from Graw, 2003).
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Guanylate cyclases, either soluble or membrane bound, catalyze the production of
cGMP from GTP. The membrane guanylate cyclases comprise a family of cell-surface
receptors having similar structures: an extracellular ligand-binding domain, a single
membrane-spanning domain, and an intracellular region that contains both a protein
kinase-like domain and a cyclase catalytic domain. cGMP produced binds and activates a

cGMP-dependent serine-threonine protein kinase.

Retinal guanylate cyclase (retGC) encoded by the Guanylate Cyclase 2D gene
(GUCY2D) is an important component in the recovery process of phototransduction in the
vertebrate retina. In both rod and cone photoreceptor cells, light activated rhodopsin which
is a G-protein linked receptor stimulates cGMP phosphodiesterase activity via GTP/GDP
exchange on the G protein transducin followed by hydrolysis of cGMP and the closure of
cGMP-gated cation channels on photoreceptors, causing membrane hyperpolarization. In
the recovery phase, a decrease in the free intracellular calcium due to closed cation
channels stimulates retinal Guanylate Cyclase via a calcium sensor protein. This
contributes to photoreceptor recovery and light adaptation as cGMP level is restored and
cGMP gated channels are re-opened. At the same time rhodopsin-specific kinase
phosphorylates cytosolic tail of active rhodopsin to inhibit rhodopsin activation of

transducin. Also, arrestin binds and inactivates phosphorylated rhodopsin (Figure 1.9).
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Figure 1.9. Phototransduction cascade in the vertebrate retina (Koenekoop, 2004). The

illustration is freely available at www.eyegene.eu.
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Two isoforms of guanylate cyclase, namely retGC and GC-F encoded by separate
genes, have been identified in the mammalian retina (Yang et al., 1995). Although
expressed in the same photoreceptors, these cyclases are active as homodimers like other
members of the receptor guanyl cyclase family (Yang and Garbes, 1997). retGC expression
is confined to the eye (Yang et al., 1995), showing a higher expression in cone than rod
cells (Dizhoor et al., 1994). It is unlikely that GC-F can compensate for defective retGC,
since in humans recessive mutations in GUCY2D encoding retGC are responsible for
congenital blindness as in Leber congenital amaurosis (LCA) and impaired vision as in
cone-rod dystrophy. Ten to twenty per cent of all LCA types and at least seven per cent of
all dominant cone rod dystrophies are caused by GUCY2D mutations (Retinal Information

Network).

1.3.1. Leber Congenital Amaurosis

Leber congenital amaurosis (LCA) is the earliest and most severe form of inherited
retinopathies first described almost 150 years ago. Its prevalence is 1:50,000-100,000 in
newborns, and about twenty per cent of children in schools for blind have LCA. LCA is
generally diagnosed immediately after birth as total blindness or greatly impaired vision,
infantile nystagmus, normal fundus and a non-detectable electroretinogram (ERG).
(clinical symptoms reviewed in Allikmets, 2008). LCA accounts for more than five per
cent of all retinopathies, and this estimate may even rise in countries with high rate of
consanguineous marriages, since LCA is typically a recessive condition (Perrault et al.,

2000).

Molecular genetic studies explain only about one in three of all LCA; to date eleven
genetic loci have been identified and in ten causative genes have been identified (Table
1.2). This heterogeneity in the etiopathology of LCA lead to the classification of the
disease in three categories: aplasia with abnormal embryological development,
degeneration with early photoreceptor death (predominance either in rods or cones or
both), and dysfunction with normal retinal anatomy but defective biochemical pathways

(Ahmed and Loewenstein, 2008).



Table 1.2. Loci and genes for autosomal recessive LCA

16

LCA# Locus Gene

Description

MIM

LCA1 17pl3.1 GUCY2D

LCA2 1p3l RPEG65

LCA3 14924.1 RDHI2

LCA4 17pl3.1 AIPLI

LCAS 6ql4.1 LCAS5

LCA6  14qll RPGRIPI

LCA7 199133 CRX

LCA8 1q31.3 CRBI

LCA9  1p36

LCA10 12q21.32 CEP290

LCA1l 7q32.1 IMPDH1

LCAI12 1q323 RD3

retinal guanylate cyclase

retinal pigment epithelium-specific protein 65
involved in the production of 11-cis retinal and in
visual pigment regeneration

retinol dehydrogenase 12 with dual activity
towards all-trans-retinols and cis-retinols

aryl hydrocarbon receptor interacting protein-like
1 possibly involved in nuclear transport or
chaperone activity and localizes to rods only
protein hypothesized to be involved in
centrosomal or ciliary functions

retinitis pigmentosa GTPase regulator (RPGR)
interacting protein 1, functions in disc
morphogenesis and anchors RPGR to the
photoreceptor cilium

cone-rod homeobox, photoreceptor-specific
transcription factor

crumbs homolog 1 (Drosophila), localizes to the
inner segment of mammalian photoreceptors, may
be a component of the molecular scaffold that
controls proper development of polarity in the eye
centrosomal protein 290kDa, associates with
microtubule proteins in centrosomes and cilia,
including the rod connecting cilium

inosine monophosphate dehydrogenase 1, the
rate-limiting enzyme in the de novo synthesis of
guanine nucleotides

retinal degeneration 3, retinopathy-associated
subnuclear protein

204000

204100

604232

604393

604537

605446

602225

604210

608553

611755

146690

610612

Although LCA is a severe and early-onset disease, its overlapping phenotype with

other causes of early retinal blindness makes the differential diagnosis of LCA complex.

LCA is sometimes misdiagnosed as early onset retinitis pigmentosa, since the two

conditions represent a spectrum of phenotypes often caused by mutations in the same

genes. Nevertheless, with careful ophthalmologic examination and testing together with

molecular genetic analysis, the correct diagnosis can be made.

1.3.2. Cone and Cone-Rod Dystrophy

Rod and cone photoreceptors are delicately designed for vertebrate vision. Rods are

specialized for low-light vision. They are extremely sensitive and can signal the absorption

of single photons. Cones mediate color vision in bright light. They are much less sensitive
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to light than rods, but have higher temporal resolution. The presence of typically more than
one type of cones in the retina mediates color vision. Cone dystrophies (COD) are
inherited, progressive retinal dystrophies that are characterized by an initial degeneration
of cones, causing an early decrease of visual activity and color vision in adolescence or
early adult life. The condition is followed by rod degeneration which is now called cone-
rod dystrophy (CORD) leading to progressive nyctalopia (night blindness) and peripheral
visual field loss (Moore, 1992). Differential diagnosis of early onset CORD from LCA is
sometimes difficult because both diseases share the same clinical signs. The presence of a
time delay of several years before dramatic worsening of the visual impairment allows the
classification of the disease as CORD rather than LCA (Hamel, 2007). Inherited
maculopathies affect the macula, an area of the central retina that involves cones only.
Therefore, it may also be difficult to differentiate large, extended maculopathies from end

stage CORD. The full field ERG is the key test (Hamel, 2007).

COD and CORD are genetically heterogeneous; various loci with dominant,
recessive and X-linked inheritance have been reported (Table 1.3). Autosomal dominant
CORDS6 is caused by mutations in gene GUCY2D. Interestingly, all dominant CORD6
mutations are confined to the exons encoding the dimerization domain of retGC (Duda and
Koch, 2002). Recently, novel mutation P5S75L was found in exon 8 of the GUCY2D gene,
encoding a part of the kinase-like domain (Small er al, 2008). Recessive GUCY2D
mutations causing LCAL1 is distributed throughout the remaining exons (Perrault et al.,

2000). Exon structure of GUCY2D together with encoded domains is shown in Figure 1.10.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

N J . ~ \ )\ Y
Trans- Y Y Y

Extracellular Kinase-Like Dimerization Catalytic
membrane

Figure 1.10. Schematic representation of GUCY2D exon structure and encoded domains.
Untranslated regions are indicated with open boxes. Exons with mutations identified only
for LCA and for CORD are shown in grey and purple, respectively. Exon 8 found to be

mutated in both conditions is shown in green.
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CORD# Locus Gene Description Inheritance MIM
CORD1 18g21.1- - - AD 600624
q21.3
CORD2 19q13.3 CRX see Table 1.2 AD 120970
CORD3 1p21-p13  ABCA4 ATP-binding cassette, sub- AR 604116
family A (ABC1), member 4,
retina-specific transporter
CORDA4 17q - - AD -
CORD5 17p13-pl2 - may be same as CORDO, AD 600977
genetic testing not performed
CORD6 17p13.1 GUCY2D see Table 1.2 AD 601777
CORD7  6ql2-q13  RIMSI regulating synaptic membrane AD 603649
exocytosis 1
CORDS 1q12-q24 - - AR 605549
CORD9 14q11 RPGRIPI  see Table 1.2 AR 608194
CORDI10 1qg22 SEMA4A a transmembrane semaphorin AD 610283
(also called semaphorin B)
which enhances T-cell
activation; homozygous
knockout mice have severe
retinal degeneration
CORDI11 19pl13.3 RAXLI retina and anterior neural fold AD 610381
homeobox-like-1
CORDX1 Xp2l.1 RPGR retinitis pigmentosa GTPase X-linked 304020
regulator, functions in disc
morphogenesis, intracellular
trafficking and
nucleocytoplasmic transport
CORDX2 Xq28 - - X-linked 300085
CORDX3 Xpll1.23 CACNAIF  calcium channel, voltage- X-linked 300476

dependent, L type, alpha 1F
subunit

1.4. Nonsyndromic Mental Retardation

Mental retardation (MR) refers to substantial limitations in mental functioning that

affects from one to three per cent of human population. It is characterized by significantly

sub-average cognitive functioning, existing concurrently with related limitations in two or

more of the adaptive skill areas: communication, self-care, home living, social skills,

community use, self-direction, health and safety, functional academics, leisure and work

(Castellivi-Bel and Mila, 2001). The term ‘intellectual disability’ is increasingly being

used instead of MR. The widely used classification system for MR distinguishes the

several degrees of retardation relative to the intelligence quotient (IQ) scores of the
affected: “mild” (IQ of 50-55 to 70), “moderate” (35-40 to 50-55), “severe” (20-25 to 35-
40), and “profound” (20-25 and below) (Toniolo and D’ Adamo, 2000).
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MR associated with mild to severe learning and behavioral defects may be the only
manifestation of the disease (nonsyndromic MR) or may be accompanied by other somatic,
neurological, behavioral, or metabolic findings (syndromic MR). Therefore, MR is an
extremely heterogeneous condition that may result from both genetic and non-genetic
factors that overall affect cognitive functioning. Well-established genetic causes of MR
include chromosomal anomalies and monogenic diseases, while the environmental factors
that may contribute to MR include alcohol exposure, malnutrition and infectious diseases
during pregnancy, premature birth, perinatal anoxia, and trauma. OMIM database contains
almost 1,000 entries that contain the term “MR” as a clinical feature. However, 40 per cent
of cases with moderate to severe MR and most mild MR cases (about 70 per cent) remain
unexplained. Most of the mild cases probably result from a combination of multigenic and

environmental causes (Chelly and Mandel, 2001).

Nonsyndromic MR is the diagnosis of exclusion in mentally retarded individuals
who do not display apparently abnormal brain development or other clinical features.
Although it represents the most common cognitive dysfunction, it remains poorly
understood. The broad genetic heterogeneity and scarcity of large pedigrees have hindered

linkage analysis in nonsyndromic MR.

1.4.1. X-Linked Mental Retardation

X-linked mental retardation (XLMR) is a common cause of inherited intellectual
disability with a prevalence of 1:1000 in males. The inheritance of XLMR is generally X-
linked recessive, but it is not uncommon for female carriers to manifest milder symptoms

due to skewed X-chromosome inactivation.

The breakthrough on XLMR syndromes was the identification of the fragile X
syndrome as a clinically distinct entity in the late 1970s. The syndrome is associated with a
fragile site at Xq27.3. The causative mutation is the expansion of a CGG trinucleotide
repeat that disturbs the expression of fragile X mental retardation 1 (FRM1) gene (Bardoni
et al., 2000). The FRM1 protein is an RNA-binding factor that is thought to regulate the

transport or translation of specific mRNAs. This syndrome accounts for two to three per
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cent of MR in males and about one per cent in females, who are less severely affected than

males.

In a recent literature review, 215 distinct XLMR conditions have been listed, and
clinically subdivided into two major groups: 149 syndromic and 66 nonsyndomic (MRX)
forms. Eighty-two XLMR genes have been cloned to date, and 97 additional genetic loci
have been identified by linkage analysis or cytogenetic breakpoint determination

(Chiurazzi et al., 2008).

1.4.2. Nonsyndromic Autosomal Recessive Mental Retardation (NS-ARMR)

Autosomal recessive mode of inheritance accounts for nearly twenty-five per cent of
all nonsyndromic MR cases. Eleven loci for nonsyndromic autosomal recessive MR (NS-
ARMR) have been mapped to date, but only four genes have been found to be directly
associated with the condition: PRSS/2 (neurotrypsin at 4q25) encoding an extracellular
trypsin-like serine protease suggested to act in synaptic proteolysis in brain, CRBN
(cerebron at 3p26.2) encoding an ATP-dependent Lon protease, CC2DIA (coiled-coil and
C2 domain containing 1A at 19p13) encoding a putative signal transducer that participates
in the positive regulation of the I-kB kinase/NF-kB cascade, and GRIK2 (glutamate
receptor, ionotropic, kainate 2 at 6q21) encoding an ionotropic glutamate receptor
(Molinari, et al., 2002; Higgins et al., 2004; Basel-Vanagaite et al., 2006; Motazacker et
al., 2007).

Najmabadi et al., 2007 mapped 8 novel gene loci by homozygosity mapping in 78
consanguineous Iranian families with NS-ARMR on chromosomes 1p34-p33, S5p15-p14,
6g21, 8pl2, 10922, 14ql1.2-q12, 16pl2-ql12, and 19q13.2-q13.3, but the causative
mutations have only been identified for GRIK?2 at 6qg21.

1.4.3. Cytogenetic Abnormalities in Mental Retardation

Cytogenically visible chromosomal aberrations account for approximately 15 per

cent of all MR cases, but recent studies suggest that cytogenetically invisible

submicroscopic chromosomal rearrangements especially in the subtelomeric regions are a
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significant cause of mental retardation (Knight er al., 1999). However, conventional
karyotyping allows genome-wide detection of chromosomal abnormalities at a limited
resolution (5—-10 Mb). The development of array-based comparative genomic hybridization
techniques has proven to be an effective tool to evaluate DNA copy-number alterations
across the whole-genome at a much higher resolution. Different studies with numerous
patients with idiopathic mental retardation and normal karyotype using genome-wide
microarray platforms have detected chromosome abnormalities in up to seventeen per cent

of the cases (Zhang et al., 2008).

1.5. Distal Arthrogryposis Syndromes

Arthrogryposis (from Greek “arthro” meaning “joint” and “gryposis” meaning
“abnormal curvature”) is a term describing the presence of multiple contractures at birth. A
contracture is a limitation in the range of motion of a joint. A child with an isolated
congenital contracture is born once in every 200-500 live births, and one of every 3000

children is born with two or more body areas affected by arthrogyroposis.

The etiology and pathogenesis of arthrogyroposis in neurologically normal children,
most of which are sporadic (about 95 per cent), usually remain unclear. Nevertheless,
autosomal dominant segregation of contractures has been well documented. Bamshat et al.,
1996 have classified a group of heritable disorders called the “distal arthrogryposes”
(DAs). In general, DAs are characterized by nonprogressive, congenital contractures of
two or more different body areas without primary neurological and/or muscle disease that
affect limb function. Features common to all DAs include a consistent pattern of distal
joint involvement, limited proximal joint involvement, an autosomal dominant inheritance
pattern, and widely variable expressivity. On Table 1.4, 11 distinct DA classes with
identified loci and genes and the prominent clinical features are listed. Five genes encoding
major components of contractile apparatus of fast-twitch myofibers have been identified to
cause DA syndromes: Troponin T and Troponin I isoforms encoded by TNNT3 and TNNI2,
respectively, B-tropomyosin encoded by 7PM2, and myosin heavy chains encoded by
MYH3 and MYHS. The contraction of striated muscles is initiated by the binding of
intracellular calcium to the troponin complex composed of troponin C, troponin T, and

troponin I and located in the thin filaments.



Table 1.4. Distal arthrogryposis syndromes

1 . .
Class™  Alternative titles Inheritance  Locus ﬁigﬁfg Prominent Features MM
DAl  Arthrogryposis Multiplex Congenita, AD’ 9p13.2- TPM2 o prototypic DA 108120
Distal, Type I pl3.1 o camptodactyly and clubfoot
DA2A Freeman-Sheldon Syndrome (FSS), AD, AR’ 17p13.1 MYH3 o very similar to DA1 193700
Whistling Face-Windmill Vane Hand o also includes scoliosis, small oral orifice, H-shaped
Syndrome dimpling of the chin, deep nasolabial folds and
blepharophimosis
DA2B Freeman-Sheldon Variant (FSSV) AD 11p15.5, TNNT3 o similar to DA1 and FSS 601680
17p13.1 TNNI2, o also includes triangular face, downward slanting
MYH3 palpebral fissures, prominent nasolabial folds, small
mouth and mandible, cervical webbing and ulnar
deviation
DA3  Gordon syndrome AD - - o camptodactyly, clubfoot, short stature, ptosis, vertebral 114300
abnormalities, pterygium colli and + cleft palate
DA4 DA with scoliosis AD - - o short stature and neck, ptosis, immobile facial expression, 609128
camptodactyly with absent flexion creases on hands
DA5S DA with oculomotor limitation & AD - - o rigid trunk with limb contractures and hunched shoulders, 108145
electroretinal abnormalities deep set eyes with ocular movement limitation and
macular pigmentation; limb muscle aplasia, and pyloric
stenosis
DA6 DA with sensorineural hearing loss AD - - o sensorineural hearing loss, camptodactyly, and 108200
- microcephaly
DA7  Trismus-Pseudocamptodactyly AD 17p13.1 MYHS o short finger-flexor tendons, and short leg muscles 158300
Syndrome resulting in foot deformity
DA8  Pterygium Syndrome, Multiple AD, AR, - - o distal limb contractures, multiple pterygia, ptosis and 178110
X-linked - severe scoliosis due to hemivertebrae, short stature,
atrophy in muscles
DA9  Contractural Arachnodactyly, Congenital AD 5q23- Fibrillin-2 o marfanoid habitus, severe kyphoscoliosis, generalized 121050
q31 osteopenia, common proximal contractures, crumpled
ears and muscular hypoplasia
DA10 Tendo Calcaneus, Short AD - - o plantar flexion contractures 187370
o milder contractures of hips, elbows, wrists, and fingers

"Distal arthrogryposis. “Autosomal dominant. *Autosomal recessive.
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This causes an allosteric change, transmitted as uncovering the actin binding sites
occupied by tropomyosin and in turn allowing the cross bridges to bind the actin in thin
filaments. Cross bridges are globular myosin heads which are composed of heavy and light
chains with an ATPase site and an actin binding site. Myosin acts as a contractile protein
that converts chemical energy into mechanical energy through the hydrolysis of ATP

(Figure 1.11).
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Figure 1.11. Schematic illustration of muscle contractile complex. Mutations in genes that
can cause congenital contractures in DA syndromes and myopathies are shown in red and

blue, respectively (modified from Toydemir et al., 2006).

1.5.1. Arthrogryposis Like Syndromes

1.5.1.1. Arthrogryposis-Like Disorder (MIM 208200). An autosomal recessive form of

arthrogryposis-like syndrome has been described in the Eskimo and named Kuskokwim
disease after the Kuskokwim Delta area where it was observed. Arthrogryposis in patients
affected predominantly the knees and ankles with atrophy and compensatory hypertrophy

of associated muscle groups. No locus or gene was identified.

1.5.1.2. Pseudoarthrogryposis (MIM 177300). Pseudoarthrogryposis confined only to

females had been described in two unrelated families. The syndrome manifests with

rigidity of the elbows and/or knees, ankylosis at the elbows, proximal fusion of the tibia
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and fibula, and bilateral fusion of the humerus, radius and ulna. No locus or gene was

identified.

1.5.1.3. Pseudoarthrogryposis-like Syndrome (PAG-L). Pseudoarthrogryposis-like

syndrome (PAG-L), a novel disorder, has been observed in a large Turkish kinship.
Manifesting multiple contractures in patients and displaying an autosomal dominant mode
of inheritance, the syndrome may be classified as a new form of DA. However, PAG-L is
progressive with a preadolescence age of onset, which makes it distinct from DA

syndromes. This is the family genetically analyzed in this study.

1.6. Linkage Analysis

Genetic linkage reflects the fact that two loci close to each other on the same
chromosome tend to be inherited together. However, if the loci are some distance apart,
crossing over or recombination between homologous chromosomes in meiosis creates new
combination of alleles. The frequency with which recombination occurs, namely
recombination fraction denoted by 6, increases with the distance between loci. If the loci
are far apart, the probabilities of recombinant and parental chromosomes are equal, that is
0 = 0.5, just as when loci are on different chromosomes. Recombination events along a
chromosome that harbors closely spaced genetic markers can be used to localize or link a

disease gene within a relatively short genetic distance flanked by markers.

The availability of numerous genetic markers, including restriction fragment length
polymorphisms, variable number tandem repeats, microsattelites and single nucleotide
polymorphisms (SNPs) together with databases that store, integrate and distribute that
information has made linkage analysis more feasible. Recent completion of the HapMap
Project (The International HapMap Consortium, 2007) together with technical advances in
microarray technology has allowed cost and time effective large scale SNP genotyping for
linkage analysis. Commonly used SNP panels varying from 10K (10,000 SNPs) to 1000K
(1,000,000 SNPs) can interrogate many SNP loci in a single chip experiment and allow

genome resolution as low as ten kilo bases (kb) (Li et al., 2008).
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1.7. Lod Score Analysis

Linkage analysis approaches can be classified in two groups: parametric (model-
based) and nonparametric (model-free). The former case requires specification of genetic
parameters such as penetrance, disease-allele frequency, and phenocopy and mutation
rates in one or more families in order to describe the mode of inheritance, in other words
‘the model’. The statistical method to evaluate parametric linkage analysis is lod

(logarithm of odds) score analysis.

Lod score analysis introduced by Morton (1955) discriminates between two
hypotheses: the null hypothesis of no linkage (8 = 0.5) and the alternative hypothesis of
linkage (0 < 0.5). The statistical criterion for concluding linkage between two traits is
based on an observed odds ratio “L”, which is the ratio of the probability of observing the
distributional pattern of the two traits in a given family with linkage at 6 to the same
probability under the hypothesis of no linkage at ® = 0.5 (Risch, 1992). This is a
likelihood-based method that originated from the Neymann-Pearson lemma, which states
that if there is a best test for a given hypothesis, it takes the form of a likelihood ratio test.
The decimal logarithm of L, namely the lod score, denoted by the function Z(0) is
calculated at several values of 0, and the maximum test statistics of Z-maximum
likelihood lod score (MLS) is reported. The © value, which gives the MLS, is the
maximum likelihood estimate (MLE) of 6. A lod score of 3 is the threshold used in human

linkage analysis to accept linkage (Terwilliger and Ott, 1994).

A lod score analysis between two loci, namely two-point lod score analysis,
calculates lod scores by evaluating cosegregation of one marker at a time with disease
locus. The analysis is based on determination of the recombinant and nonrecombinant
individuals in phase-known meioses, i.e., parental origin of a particular allele of a sibling
can be traced in the pedigree. In order to determine the phases and obtain information for
linkage, the parents should be heterozygous for both loci. When more than two loci are
analyzed simultaneously, namely multi-point lod score analysis, linkage analysis can be
more efficient, but far more complex. Multipoint analysis calculates lod scores for each

possible location along a map of genetic markers. Moreover, it can overcome the limited
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informativeness of markers, which is critical for SNPs where only two alleles are present.
In fact, the maximum lod score obtained via multi-point analysis would exactly be the
same as the maximum two-point lod score between the disease locus and a particular
marker locus, if all meioses were informative. Thus, multi-point mapping extracts the full

information from a linkage study.

Homozygosity mapping is an application of parametric linkage analysis in
consanguineous families and inbred or isolated populations. It is based on the idea that
affected individuals for an autosomal recessive trait whose parents are related most likely
have received a common haplotype without recombination and in the homozygous state
from a single ancestor (Lander and Botstein, 1987). Inbreeding increases the incidence of
autosomal recessive disorders. Most of the time, the frequency of a trait is so low that the
disease can only arise due to parental consanguinity. In such cases, it is highly likely that
the affected individuals in the population are homozygous by descent. Inbred families are
of great value for linkage studies, as a single family can produce a significantly high lod

score.

The inheritance patterns for complex traits are not straightforward. In contrast to
Mendelian traits, complex traits are rather common and most probably are due to multiple
interacting genes and environmental factors, thus complicating the genetic analysis.
Therefore, nonparametric methods (model free) are often preferred to search for
susceptibility genes underlying complex traits. The rationale is that, between affected
relatives excess sharing of haplotypes that are identical by descent (IBD) in the region of a
susceptibility gene would be expected, irrespective of the mode of inheritance. Various
methods test whether IBD sharing at a locus is greater than the expected null hypothesis of

no linkage (reviewed in Teare and Barrett, 2005).

Various computer programs have been developed and distributed free of charge for
the application of statistical tests for linkage analysis (Dudbridge, 2003). There is also
much effort in creating user friendly software platforms, where various linkage programs
are integrated with standardized input data formats and results are presented in graphic

outputs. ALOHOMORA (Riischendorf and Niirnberg, 2005) specially designed for SNP
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panels and easyLINKAGE (Hoffmann and Lindner, 2005) applicable both to SNP and

microsatellite panels are such software tools widely used for linkage analysis.

1.8. Candidate Gene Approach

A genetic locus identified with genome scans and fine-mapped with further
genotyping studies is evaluated for candidate genes whenever computer programs and
visual inspection of haplotypes support linkage to that locus. A candidate gene for a
particular disease is selected upon various criteria: (i) the gene is located within the
minimal critical gene region, (ii) the gene product is presumably involved in the
mechanisms leading to disease pathogenesis, (iii) animal models of the gene matches to
the disease phenotype, (iv) spatial and temporal expression of the gene is compatible with
the disease phenotype. Extensive database mining together with proper clinical evaluation

of the patients is crucial in the assessment of the candidate genes.



28

2. PURPOSE

In the first part of this study, the purpose was to map the gene loci for five rare
inherited disorders in single families using the genome scan data for the families and
subsequent fine-mapping studies and statistical analyses. The disorders were Split Hand
Foot Malformation (SHFM), Hypomyelination and Congenital Cataract (HCC), Cone Rod
Dystrophy (CORD), Mental Retardation associated with Hypertension (MR-HT), and
Pseudoarthrogryposis-like Syndrome (PAG-L). Additionally, we intended to investigate

any loci possibly modulating the expressivity and/or penetrance in SHFM.

In the second part of the study, we performed candidate gene approach with the aim

of identifying genes responsible for SHFM, HCC and CORD.
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3. MATERIALS

3.1. Subjects

Informed consent was obtained from/for all subjects participated in this study. The
study was approved by the Committee on Research with Human Participants at Bogazigi

University.

3.1.1. SHFM

A large kindred from Eastern Turkey with thirteen members afflicted with an
autosomal recessive form of SHFM was investigated in this study (Figure 3.1). All affected
individuals were born to consanguineous parents. Clinical findings for nine of the cases
have been described (Giil and Oktenli, 2002). The clinical evaluation for the cases is

compiled in Table 3.1, and examples are presented in Figure 3.2.

All affected members except individual 407 had central feet reductions with or
without hand involvement. Individual 407 can best be described as atypical SHFM (Elliott
et al., 2005), having just unilateral hand syndactyly with no foot involvement. In general,
females were less severely affected than the males, and hands were affected much less than
the feet. The trait exhibited a great degree of variable expressivity among affected subjects.
Blood samples for 21 individuals were supplied by Dr. Davut Giil at the Military Academy
of Medicine in Ankara and processed thereafter for the initial genome scan. Blood samples
for additional twelve individuals were obtained by myself and Dr. Asli Tolun at the
Department of Molecular Biology and Genetics, Bogazici University and employed for

mutation analysis and fine mapping studies.

Radiographs were evaluated by Dr. Aysegiil Bursali at Metin Sabanci Baltalimani

Hospital for Research and Education, Istanbul.
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Figure 3.1. Pedigree diagram for the SHFM kindred. The first three generations are partial.
DNA available for the genome scan is marked with a plus sign, and DNA available later is
marked with an asterisk. Symbols for affected individuals are shown in four quadrants
according to upper and lower extremity involvement. Upper left quadrant represents the
left hand and so forth. Individual 407 is shaded uniquely, since he had atypical SHFM
(Ugur and Tolun, 2008a).



31

(@)

504

511 514 604

(b)

603

Figure 3.2. Examples for autopod malformations in the kindred. (a) Foot phenotypes are
demonstrated roughly in increasing severity: (1) postaxial syndactyly of toes 3-4, (2)
preaxial syndactyly of toes 1-2, (3) conditions (1) and (2) together, (4) (3) together with
loss of toe 2 and no clefting (5) (3) together with loss of toe 2 and clefting, (6) loss of toe 3
with syndactyly of remaining toes in both pre-and post axial direction with clefting, (7) (6)
together with loss of toe 2 and no clefting, (8) (6) together with loss of toe 2 with clefting,
(9) classical cleft foot. (b) Hand malformations in three males (Ugur and Tolun, 2008a).



Table 3.1. Review of the autopod malformations in the kindred. The degree of severity in foot malformations are numbered from 1 to 9

according to Figure 3.2. Photographs and/or radiographs for individuals with a plus sign are available (Ugur and Tolun, 2008a).

Autopod Malformations

1 . Left Right .
ID Case Sex Lefthand Right hand foot foot Photographs Radiographs
407 5 M  None Syndactyly type I (operated) None None - +
409 6 F None Postaxial partial syndactyly 3 ) . 4
(fingers 3-4)
414 7 F i;)stamal partial syndactyly (fingers 3- None 9 2 ) i
Postaxial syndactyly (fingers 3-4) with ~ Postaxial syndactyly (fingers 3-4)
415 8 M  Dbone deformity, extra rudimentary with bone deformity, flexion 9 9 + +
bone, hypoplastic finger 2 deformity of finger 2
501 1 M Postaxial syndactyly (fingers 3-4) with  Postaxial syndactyly (fingers 3-4) 4 5 N i
bone deformity with almost fused nail beds
504 4 F  None None None 3 + -
507 - F  None None None None + +
508 3 F  None None None 3 + -
509 2 F  None None 7 6, b.ut toe 3 - -
rudimentary
510 - F  None None None 1 + +
511 9 M  Finger 5 clinodactyly Finger 5 clinodactyly 6 6 + -
514 ) M None Postaxial partial syndactyly 9 7 . )
(fingers 3-4)
. . Postaxial syndactyly (fingers 3-4)
603 - M Postaxial syqdactyly (fingers 3-4) with with bone deformity, preaxial 9 9 + -
bone deformity
polydactyly type 1
604 - M  None None 8 9 + -

'Case numbering (Giil and Oktenli, 2002)
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3.1.2. HCC

A large consanguineous family afflicted with a novel form of autosomal recessive
leukodystrophy was investigated in this study. (Figure 3.3). Blood samples for 16
individuals were obtained by Dr. Asli Tolun at the Department of Molecular Biology and
Genetics, Bogazici University. The condition was later diagnosed as hypomyelination and

congenital cataract (HCC) (Zara et al., 2006). The clinical and neurological findings in

—

patients are summarized in Table 3.2.
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6 - o SIHOMNI]
501 502 504 505 506 507 508 509 510

Figure 3.3. Pedigree diagram for the HCC family. DNA available for the genome scan is

marked with a plus sign, and DNA available later is marked with an asterisk.

Table 3.2. Clinical and neurological findings in patients (Ugur and Tolun, 2008b)

Cataract Loss of ability
D S Present — . to walk with Sei Mental
ex Age Acquisition Uni/ 0 walk wi CIZUIes  petardation
(age) Bilateral support

502 F dl;i/at congenital bilateral - NA NA
504 M 10y congenital bilateral never walked - moderate
505 F dled;t 12 congenital unilateral 2y NA moderate
507 M 16y congenital bilateral 6y - mild
509 M 13y 9y bilateral 6y - mild

NA: data not available
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3.1.3. CORD

A large consanguineous family afflicted with cone rod dystrophy (CORD) was
investigated in this study (Figure 3.3). Retinitis pigmentosa, Leber's congenital amaurosis
and Best dystrofy were excluded by differential diagnosis. Initial blood samples for 14
individuals were supplied by Dr. Davut Giil at the Military Academy of Medicine in
Ankara and and repeated samples for affected individuals 409, 507 and 509 were obtained
by Dr. Asli Tolun at the Department of Molecular Biology and Genetics, Bogazici

University .

O

101 102
203 204
g i
302 303 304
+
404 405 408 409
+ + +

501 50 ? 508 509 511 512 513 514
+ + + +* + * +

Figure 3.4. Pedigree diagram for the CORD family. DNA available for the genome scan is

marked with a plus sign, and DNA available later is marked with an asterisk.

3.14. MR-HT

Peripheral blood samples from MR-HT patients and their family members used in
this study were provided by Dr. Davut Giil at the Military Academy of Medicine in
Ankara. Detailed clinical findings were available for patient 504 only. He had mental and
growth retardation and facial dysmorphism, including bifrontal depression, down slanting
palpebral fissures, microphthalmic appearance, photophobia, prominent nose and low set

ears. Karyotype analysis was normal. Ophthalmologic examination revealed retinal
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degeneration and normal cornea. Widened subarachnoid spaces and interhemispheric
fissures and sulcus were notable in the computer tomography of the brain. All patients,
including 502 had elevated blood tension levels; 141/93 mmHg for 502 by November
2006, and 134/98 mmHg for 503, 146/86 mmHg for 504 and 135/96 mmHg for 505 by
June 2006. However, recently obtained familial history and some new clinical findings
complicated the mode of inheritance in the family. Individuals 406, 407, 409 and 306 had
sight problems, particularly night blindness. Mental statute for 406 and 407 were moderate.
A detailed clinical examination had not been conducted for 502, including karyotype

analysis. His facial appearance did not match those of the other patients.

-
e

102
203

201 204
301 302 303 304 305 306
401 402 403 405 406 407 408 409
+ * + + +* *
ul O @ O
501 502 503 504 505 506 507
+ + + + + + +

Figure 3.5. Pedigree diagram for the MR-HT family. DNA available for the genome scan

is marked with a plus sign, and DNA available later is marked with an asterisk.

3.1.5. PAG-L

Peripheral blood samples from 28 PAG-L patients and their family members used in
the initial genome-wide linkage study were obtained by Dr. Asli Tolun at the Department
of Molecular Biology and Genetics, Bogazi¢i University. Twenty additional samples were
obtained by me, Dr. Asli Tolun and Dr. Davut Giil at the Military Academy of Medicine in
Ankara. DNA of affected individuals 315 and 416 did not amplify well in the genome
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scan, so new blood samples were obtained and further genotyping studies were performed

with these samples in our laboratory (Figure 3.6).

All of the patients have similar clinical manifestations, so only patient 445 (Figure
3.6) is described here. A normal gestational history and birth were reported for the
proband. The disease onset was early childhood. He was a high school graduate with
normal mental status. At age 20, his OFC (occipital-frontal circumference), height and
limb ratios were recorded (Table 3.3). He had multiple pigmented nevi. Upper extremities
exhibited bilateral rhizomelic shortening, multiple joint stiffness (elbow, interphalangeal),
and brachydactyly. Lower extremities exhibited stiffness in the knees, bilateral cutaneous

syndactyly (2-3), and venous varicosities.

Neurological examination revealed moderate weakness and atrophy in limb muscles,
weaker proximal muscles than distal muscles, hypoactive deep tendon reflexes, and
hypertrophy in the distal muscles of the lower extremities. Gower’s sign was present.
Results of abdominal ultrasonography, electrocardiogram, and echocardiogram were all
normal. X-ray examination of all long bones, hands, and patella revealed short humeri;

otherwise, all bones were normal. EMG showed myopathy. He had normal karyotype.

Table 3.3. OFC and ratios of height to arm span and hand to middle finger
OFC Height /Arm Span Hand / Middle Finger

Normal 56-59 cm ~ 1 ~1

Patient 445 53.5cm  169cm/150cm=1.13 9.5cm/ 6.5 cm=1.46
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Figure 3.6. Pedigree diagram for the PAG-L kindred. A plus sign indicates that DNA was available before and an asterisk after the genome-
scan.
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3.2. Chemicals
All solid and liquid chemicals used in this study were purchased from Merck
(Germany), Sigma (USA), Riedel de-Héen (Germany), Carlo Erba (Italy) and Biochrom

(Germany) unless stated otherwise in the text.

3.3. Buffers And Solutions

3.3.1. DNA Extraction from Whole Blood

Cell Lysis Buffer : 155 mM NH4CI, 10 mM KHCO;
0.1 mM Na,EDTA (pH 7.4)

Nucleus Lysis Buffer : 400 mM NacCl, 2 mM Na,EDTA,
10 mM Tris (pH 8.2)

Proteinase K : 20 mg/ml Proteinase K in dH,O
(Sigma, USA)

Sodiumdodecylsulfate (SDS) 10 per cent SDS (w/v) in dH,O
Ammonium Acetate : 7.5 M CH;COONH4 in dH,O

Ethanol : Absolute Ethanol

TE buffer : 1 mM EDTA, 20 mM Tris-HCI, pH 8.0

3.3.2. Polymerase Chain Reaction (PCR)

10 X PCR Buffer A : 20 mM MgCl,, 500 mM KCl,
100 mM Tris-HCI (pH 8.3)



10 X PCR Buffer B

Mng

dNTP

Betaine

3.3.3. Agarose Gel Electrophoresis

Agarose

NuSieve

10 X TBE Buffer

6 X Loading Buffer

Ethidium Bromide
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20 mM MgSO4, 100 mM KCl,

200 mM Tris-HCI (pH 8.8), 100 mM
(NH4),SO0s4, 1 per cent Triton X-100,
1 mg/ml BSA

25 mM MgCl, (Roche, Germany)

12.5 mM each of dATP, dCTP,
dGTP and dTTP in dH,O (Roche, Germany)

5 M Betaine (Promega, USA)

2 per cent Agarose in 0.5 X TBE buffer

2 per cent Agarose-NuSieve (2:1)
in 0.5 X TBE buffer

20 mM EDTA, 0.89 M Boric Acid,
0.89 M Trizma base (pH 8.3)

10 mM Tris-HCI (pH 7.6),

50 per cent Glycerol,

60 mM EDTA, 2.5 mg/ml Bromophenol Blue
and/or 2.5 mg/ml Xylene Cyanol

10 mg/ml in dH,O

3.3.4 Polyacrylamide Gel Electrophoresis (PAGE)

40 per cent Acrylamide
(Stock)

40 per cent Acrylamide-bisacrylamide (19:1)
n deO
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8 per cent Instagel : 8 per cent Acrylamide-bisacrylamide (19:1),
(Denaturing) 8.3 M urea in 1 X TBE buffer

APS : 10 per cent Ammonium Peroxidisulfate
TEMED : N,N,N,N-tetramethylethylenediamine

10 X Sample Buffer : 95 per cent formamide, 20 mM EDTA,

0.05 per cent xylene cyanol,

0.05 per cent bromophenol blue

3.3.5. Single Strand Conformational Polymorphism (SSCP) Gel Electrophoresis

40 per cent Acrylamide : 40 per cent Acrylamide-bisacrylamide (37.5:1
(Stock) or 50:1) in dH,O

8 or 10 per cent Acrylamide : 8 or 10 per cent Acrylamide-bisacrylamide
(37.5:1, non-denaturing) in 0.6 X TBE buffer

Glycerol : 5 per cent Glycerol in gel solution

3.3.6. Silver Staining

Staining Buffer : 0.1 per cent AgNO; in dH,O
Developing Buffer : 1.5 per cent NaOH,
0.01 per cent NaBHy,

0.015 per cent formaldehyde in dH,O

Stop Buffer : 0.75 per cent NaCOs3 in dH,O
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3.4. Kits

A list of commercial kits utilized in this study is given in Table 3.4.

Table 3.4. List of kits used in this study with their description and manufacturing company

Name Used for Company

Qiagen Taq PCR Core Kit with Q-  Amplification of difficult Qiagen, USA

solution templates

Expand Long Range, dNTPack Amplification of long templates Roche, Germany

GC-Rich PCR System Amplification of templates rich  Roche, Germany
in GC nucleotides

M-MLYV Reverse Transcriptase Kit RT-PCR Promega, USA

Agarose Gel DNA Extraction Kit Elution of DNA fragments run ~ Roche, Germany
in agarose gels

QIAquick PCR Purification Kit PCR Clean-up Qiagen, USA
High Pure PCR Template DNA extraction from whole Roche, Germany
Preparation Kit blood
PAXgene Blood RNA Kit Isolation of cellular RNA from  Qiagen, USA
whole blood stabilized in
PAXgene Blood RNA tubes
LightCycler 480 High Resolution Heteroduplex analysis on Roche, Germany
Melting Kit LightCycler 480
LightCycler 480 ProbeMaster Kit Relative quantification on Roche, Germany
LightCycler 480
3.5. Enzymes

Tag DNA polymerase was purchased from Roche, Germany or Qiagen, USA
(supplied with Q-solution). The restriction enzymes and their appropriate buffers were

from New England Biolabs (USA).

3.6. Oligonucleotide Primers and Probes

The oligonuclotide primers used in this study were purchased from lontek (Turkey)
or Massachusetts General Hospital (MGH) DNA Synthesis Core (USA). Lyophilized
primers were dissolved in 1000 pl dH>O, and 10 uM dilutions were used for PCR assays.

Intron-spanning TaqMan assays for genes WNT10b and HPRT1 were designed at
Universal Probe Library (Roche, Germany) by the software ProbeFinder version 2.35.
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Relevant primers were purchased from MGH DNA Synthesis Core (USA) and the probes

from Universal Probe Library (Roche, Germany).

3.7. DNA Molecular Weight Markers

Lambda DNA/HIndIIl and pUC19 DNA/Mspl markers were purchased from

Fermentas (Lithuania), and 50 bp DNA ladder was purchased from Roche (Germany).

Autoclave

Balance

Centrifuges

Deep Freezers

Documentation System

Electrophoretic Equipment

3.8. Equipment

Midas 55 (Prior Clave, UK)
AMBA430T (Astell, UK)

Electronic Balance (Precisa, Switzerland)

MiniSpin Plus (Eppendorf, Germany)
Universal 16R (Hettich, Germany)
Allegra X-22R (Beckman Coulter, USA)
J2-MC (Beckman Coulter, USA)

-20°C (Bosch, Germany)
-20°C (AEG, Turkey)
-80°C Ultra Freezer (Thermo Scientific, USA)

GelDoc Documentation System with
Quantity One 1-D Analysis Software
(BioRad, USA)

Horizontal DNA Electrophoresis Gel Box
(Bio-Rad, USA)

Primo Minicell Horizontal Gel Sytem
(Thermo Scientific, USA)

Sequi-Gen Sequencing Cell (Bio-Rad, USA)



Incubator

Magnetic Stirrer

Micropipettes

Minishaker

Ovens

Power Supplies

Refrigerator

Spectrophotometers

Thermal Cyclers

Transilluminator

Vortex
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DCode Universal Mutation Detection System

(Bio-Rad, USA)

Orbital (Gallenkamp, Germany)

MR3001 (Heidolph, Germany)

Pipetman (Gilson, France)

Rotamax 120 (Heidolph, Germany)

Heraus (Germany)

EN 400 (Niive, Turkey)

Power Pac Model 3000 (Bio-Rad, USA)
Fotoforce 250 Electrophoresis Power Supply
(Fotodyne, USA)

P250A Power Supply (Sigma-Aldrich, USA)

4°C (Argelik, Turkey)

8453 UV-Visible Spectrophotometer
(Agilent, USA)

NanoDrop 1000 (Thermo Scientific, USA)
MyCycler (Bio-Rad, USA)

PTC-200 (MJ Research, USA)

Techne (Progene, UK)

LightCycler 480 (Roche, Germany)

Fluorescent Table (Consort, Belgium)

Reax vortexmixer (Heidolph, Germany)



Waterbath

Water Purification System

3.9. Electro
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Lab Dancer Vario (Roth, Germany)

Grant LTD 6G Thermostatic Water Bath
(Grant, Germany)

Ultra Pure Water Purification system

(Watech, Germany)

nic Databases

A list of electronic databases utilized in this study is given in Table.3.5.

Table 3.5. List of electronic databases

Name Description
Databases
Software system which produces and maintains
Ensembl : . .
automatic annotation on selected eukaryotic
http://www.ensembl.org/
genomes
EXPOLDB

http://expoldb.igib.res.in/expol/expol.html/

NCBI genome resorces
http://www.ncbi.nlm.nih.gov/genome/guide/human/

Online Mendelian Inheritance in Man
http://www.ncbi.nlm.nih.gov/Omim/

RCSB Protein Databank
http://www.rcsb.org/pdb/home/home.do/

UCSC Genome Browser
http://genome.ucsc.edu/

Amino Acid Substitution Prediction Tools
Molecular Modelling and Bioinformatics (MMB)
http://mmb2.pcb.ub.es:8080/PMut/

MutDB

http://www.mutdb.org/

Polymorphism Pheotyping (PolyPhen)
http://genetics.bwh.harvard.edu/pph/

SIFT
http://blocks.fhcre.org/sift/SIFT.html/

Expression data of human blood leukocytes

Supplies reference sequence and working draft
assemblies for a large collection of genomes

A guide to human genes and inherited disorders

Tools (including Protein Workbench software)
and resources for studying the structures of
biological macromolecules

Reference sequence and working draft assemblies
for a large collection of genomes

Annotation and prediction of pathological
mutations. Output prediction score of > 0.5 is
pathological otherwise neutral

Interactive structural analysis of mutation data

Uses sequence conservation and structure to

model position of amino acid substitution. Output
score ranges from 0 to a positive number, where 0
is neutral and a high positive number is damaging

Calculates position-specific scores for amino
acids, using sequence homology to Output score
ranges from 0 to 1, where 0 is damaging and 1 is
neutral



http://expoldb.igib.res.in/expol/expol.html
http://www.ncbi.nlm.nih.gov/Omim
http://genome.ucsc.edu/
http://blocks.fhcrc.org/sift/SIFT.html

45

Table 3.5. List of electronic databases (continued)

Name Description

Assigns functional effects of non-synonymous
SNPs3D SNPs based on structure and sequence analysis.
http://snps3d.org/ Output scores of <0 is damaging. Mutation on

protein structure can be visualized.

Tools for detection of particular patterns in sequences

Biology WorkBench
http:// workbench.sdsc. edu/

Tandem Repeats Finder
http://tandem.bu.edu/trf/trf.html/

Others

Alternative Splicing Structural Genomics Project
http://moult.umbi.umd.edu/human2004/
Laboratory of Statistical Genetics at Rockefeller
University

http://linkage.rockefeller.edu/

Mammalian Genotyping Service
http://research.marshfieldclinic.org/genetics/
Retina International Mutation Database
http://www.retina-international.com/sci-
news/gcmut.htm/

RetNet

http://www.sph.uth.tmc.edu/retnet/

Rutgers map

http://compgen.rutgers.edu/maps/

The WNT Homepage
http://www.stanford.edu/~rnusse/wntwindow.html/

Web-based package of tools for storing and
analyzing input sequences. Includes Primer3,
restriction analysis, etc.

Locates and displays tandem repeats in a given
DNA sequence.

Modeling alternative splicing and its effects on
protein folds

List of statistical tools for genetic linkage analysis

Genotyping maps and statistics

List of GUCY2D mutations

Retinal Information Network

Second generation combined linkage and physical
map

Up to date information on WNT signaling



http://workbench.sdsc.edu/
http://tandem.bu.edu/trf/trf.html
http://research.marshfieldclinic.org/genetics/
http://www.retina-international.com/sci-news/gcmut.htm
http://www.retina-international.com/sci-news/gcmut.htm
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4. METHODS

4.1. DNA Extraction from Peripheral Blood Samples

Genomic DNA from patients and their family members were isolated from peripheral
blood samples that had been collected into sterile vacutainer tubes containing K;EDTA as
anticoagulant. Thirty ml of cell lysis buffer was added to every 10 ml of blood sample and
kept for 15 minutes (min) at 4°C to lyse the plasma membrane. The samples were
centrifuged at 5000 revolution per minute (rpm) and 4°C for 10 min. The supernatant was
discarded, and the pellet of leukocyte nuclei was washed by suspending in 10 ml of cell
lysis buffer and centrifugation for 10 min. The supernatant was discarded, and the nuclei
were suspended in 5 ml of nucleus lysis buffer by extensive vortexing. After the entire
pellet had been dissolved, 50 pul of Proteinase K (20 mg/ml) and 80 pl of 10 per cent SDS
were added and mixed gently. The sample was incubated either at 37°C overnight or at
56°C for 3 hours (hr) to digest the nuclear proteins. In order to precipitate the protein
residues, the sample was shaken vigorously to salt out the proteins after the addition of 2.8
ml 9.5 M NH;Ac and was centrifuged at 10,000 rpm and room temperature for 25 min.
The supernatant was transferred to a 50 ml tube. Two volumes of ethanol was added to it to
precipitate out DNA. DNA was fished out carefully with a micropipette tip and transferred
into a 1.5 ml tube. DNA was air-dried, dissolved in 500 pl of TE buffer, and stored at -
20°C. If the starting blood amount was low, DNA was extracted by High Pure PCR

Template Purification Kit instead.

4.2. Linkage Analysis

A whole-genome scan has been conducted to localize the genes responsible for
SHFM, HCC, CORD, MR-HT and PAG-L at the National Heart, Lung and Blood Institute
(NHLBI) Mammalian Genotyping Service (Contract Number HV48141, Weber and
Bronnan, 2001). Marshfield Screening Set 13 was used for SHFM, HCC and PAG-L, and
Set 16 for CORD and MR-HT. Screening sets used for the genome scan contained 411 and

402 microsatellite markers, respectively that both spanned autosomes and sex
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chromosomes with an average spacing of 10 cM. The genotyping error rate of the service

was 0.50 per cent, as estimated by blindly typing some control DNA samples.

The genotyping service required 15-30 pg of DNA from each individual for
amplification of microsatellite loci with fluorescently labeled primers. The amplified
products were then genotyped on a custom-built scanning fluorescence detector
(SCAFUD) using software developed to automatically process the SCAFUD output and

assign allele sizes. The results were submitted to us in the LINKAGE file format.

The raw data obtained from NHLBI Mammalian Genotyping Service was
reformatted for the software package easyLINKAGE by an Microsoft Excel macro created
in our laboratory in order to detect genotyping errors (PedCheck), calculating two
(SuperLink v1.6) and multipoint (SimWalk v2.91) lod scores, and constructing haplotypes
(Genehunter v2.1 with split families). The updated physical and genetic positions of the
markers were obtained from the sequence tagged site (STS) map of GenBank (NCBI Build
36.3) and the Rutgers second generation combined linkage and physical map of the human
genome. Rutgers map was also used to estimate genetic positions of markers whenever not
known. The candidate loci deduced after computer analyses were fine-mapped by typing
additional microsatellite markers flanking and/or within those loci using silver stained
polyacrylamide gels. All of the statistical analyses were performed under a parametric

model: dominant or recessive inheritance either with full or reduced penetrance.

Microsatellite markers that were reported in the databases were primarily selected for
the analyses (Table 4.1). Sequences for primers used for amplification of those repeats
were obtained from GenBank; their properties and PCR conditions employed were
available at http://mp.invitrogen.com/mappairs.php3. For regions where no repeats were
reported, the relevant DNA sequence was introduced to Tandem Repeats Finder program
and primer pairs were designed to amplify the repeats revealed by this program (Table
4.2). Nevertheless, some genomic regions did not contain any repetitive elements. We then
amplified groups of SNPs in those regions and checked their inheritance on SSCP gels.
These variants could also be resolved with PAGE, if the sequence variants contained IN-

DELs (insertion-deletion variants) (Table 4.3).
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PCR for each marker was carried out in a total volume of 11 pl, consisting of 1 X
PCR buffer, 0.3 pl of each primer pair, 0.2 mM of each dNTP, 20-100 ng of genomic
DNA, 0.15 U Taq DNA polymerase and sufficient dH,O to adjust the volume. The PCR
conditions were as follows: an initial denaturation step at 95°C for 2 min, followed by 30
cycles of 45 sec denaturation at 94°C, 45 sec annealing at appropriate temperature and 1
min elongation at 72°C, and a final extension step for 10 min at 72°C. In order to avoid
shadow banding in dinucleotide repeats, Betaine together with DMSO were included to the
PCR with final concentrations of 1.3 M and 1.3 per cent, respectively. Buffer B was
preferred for amplification of tri-and tetranucleotide repeats but was mostly not used for
amplification of dinucleotide repeats, as it enhances shadow generation. Genotypes of
microsatellite markers were determined by PCR amplification and subsequent analysis by
PAGE and were visualized by silver staining. Examples for gels showing marker

genotypes are given in Figure 4.1. Noninformative markers were left out when

constructing haplotypes.

Table 4.1. List of microsatellite markers used in this study

SHFM
Chromosome 1
D15496 D1S2131 D182733 D1S386 D1S2137
D1S1190 D1S2743 D1S451 D15200 D1S2139
DI1S1157 D152632 D1S2874 DI1S1150 D1S3736
D152892 GATAI129H04  |D1S197 D1S3728 D1S2137
MYCLI D1S193 D1S1661 D1S3467
Chromosome 4
D4S1533 | D4S1650 | D4S2305 | D4S1091 | D4S2397
Chromosome 7
D7S531 | D7S517 | D75493 |D7S673 | GGAA3F06
Chromosome 11
D11S1334 D11S4114 D1154967 D115929 D11S2001
D11S1901 D11S1359 D11S4163 D11S2364 D11S1393
D1154190
Chromosome 12
D1251053 D1251687 D12S1661 D125339 D1251620
GATA167C012 | D12S85 D1252196n D1251590 D12S1635
D1252194 D12S1701 D1251290n D12S1627 D125398
D12S1296
Chromosome 14
D14S1280 D14S607 D14S63 D14S603 D14S555
D14S306 D145994 D14S125 D145251 D145606
D145976 D14S586 D14S119 D145268 D14S128
D145562 ATA19H08 D14S540 D14S77 GATA168F06




Table 4.1. List of microsatellite markers used in this study (continued)
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D14S745 | D145997 |GGAA4AL2 |D1451025 \
Chromosome 17
GTATI1AO05 GATASBC04 D17S749 D175966 D175902
D17S960 GATAI185H04 D17S1841 D17S1181 D17S2180
D17S1353 D17S689 GGAA9DO3 D17S1814 D17S51302
D17S1791 D17S691 D17S52194 GATA25A04 AAT245
D17S804
Chromosome X
GATA31F01 DXS8063 GATA172D05 ATCTO003 DXS8094
DXS6799 DXS6797 GATA48H04 DXS1047 DXS1062
DXS8020 DXS1059 GATAI165B12 DXS8033 GATA31EO08
HCC
Chromosome 7
D75493 D7S5673 D7S1808 D7S617 D7S2492
D7S2510 D7S2440 D7S2515 D7S2496 D7S632
D7S1810
CORD
Chromosome 17
GTATIAOS D17S1828 D17S906 GATA7B03 D17S1791
D17S919 D17S559 D17S1353 D17S1844 D178945
MR-HT
Chromosome 7
GATAI118G10 D7S627 D7S1796 D7S796 D7S692
GATA73D10 D7S1820 D7S1522 GATA23F05 D7S1817
GATA3F01 GATAS5D08 D7S515 D7S501 D7S2214
D7S2555
Chromosome 17
GGAA9DO3 D17S964 095TC5ZP AAT245 D17S2182
D17S1293 GATA25A04 D17S1306 GATA49CO9N TTCA006M
D17S1872 D17S965 D17S2188 300xa5P 044xg3
D17S1181 D175934
PARp (Major Pseudoautosomal Region)
DXYS233 | DXYS228 | DXYS234 | \
PAG-L
Chromosome 13
D13S787 D13S765 D13S318 D13S628 D13S631
ATAS5a09 D13S325 D13S800 D13S767 D13S793
D13S893 D13S788 D13S1804 D13S795 D13S770
D13S1493 D13S784 D13S170 D13S1811 D13S1284
D13S894 D13S801 D13S317 D13S762 D13S1267
D13S779 D13S796 118097 D13S783 D13S895
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Figure 4.1. Examples for silver stained denaturing PAGE gels. Alleles resolved for a tetra

repeat marker (upper panel, D14S562) and for a di repeat marker (lower panel, D1S193)

are shown. Arrows indicate allele numbers scored manually according to ascending allele

length.

Table 4.2. Primer sequences, properties and PCR conditions for microsatellite repeats

designed in this study

. Annealing
. , , Size Repeat Buffer
Marker Primer Sequence (5’ 2 3’) (bp) Type Choice Tem?oeé;ﬂure
SHFM
TTCCTCCTCCTCTTCCCTGT Buffer A + TouchDown
DI1S 39.89Mb 177 CA
- GGCCTGGTAACATGGACATT (CA) 8 % DMSO 65>55
GGAACCCCCAGAGCTACACT Buffer A + TouchDown
D1S 39.90Mb 177 CA
- GTGATGGTCCGTTGTAACCC (CAo 8 % DMSO 58->48
AGATCTTGCCACTGCACTCC Buffer A + TouchDown
DISAAAG*? 220 | (AAAG
CTTAACATGCCTGTGCCTTG ( )2 | 8o, DMSO 65->55
TGTGCCCACATGTTCTGTTT Buffer A + TouchDown
DISTTAT*'? 270 | (TTAT
GAATCGCTTGAACCCAGAAG ( )2 | g9, DMSO 65->55
GGACTTGGTCCTAAGGGGAA Buffer A + TouchDown
D3S190.88 189 AT
TGCAGAATAATGGTGAAAGACC (AT 6 % DMSO 65555
CAAGGCATCTGCAATGAGAA Buffer A + TouchDown
D4S26.1 130 CT
TTTGCCCCTTTACCACTGAC €Dy 8 % DMSO 64->54
CACACCTGGCTTTCCTTCTC Buffer A + TouchDown
D4S26.4 213 | (CTTT
CATGGTGAAACCCCATCTTT ( )2 8 % DMSO 64>54
CCTGGCAACAGAGCAAGACT
D12S48 196 127 | (AT Buffer A + 525
ACATGTAGCACATGACCCCA 10 % glycerol
CATGTTCACGCCACTACACC
D12S48 286 120 | (CA) Buffer A + 545
TTTAGCATTATGGGATGTTCCTC Betaine
CCACTTATGCACTGGAGCCT Buffer A + TouchDown
D12SAAGG*'® 270 | (AAGG
GATCGTGTCACTGCACTCCA ( D8 | g0, DMSO 65->55
GGGTGCAGGGAAAGAGAGAG
DI12SAAAG™ 285 | (AAAG)y; Buffer A 53
TTTTTCCTTCTTTCCTCCCG
MR-HT
CCTTAGAATCATGGCCTCCA Buffer A
uffer A +
DXYSI 244 | (TTA 54
CCTGGGGAACAAGAGTGAGA (TTA%s | BSA(02ug/mi)
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Table 4.2. Primer sequences, properties and PCR conditions for microsatellite repeats

designed in this study (continued)

. s , Size | Repeat Buffer Annealing
Marker Primer Sequence (5* = 37) - Temperature
(bp) Type Choice °C)
CAGAGCTGCTCAACTGAACG
DXYS2 238 (CT)s Buffer A 56
GATTGCTGTCTGCATCTTGG
ATCCAGTGAGTGGGATGAGG
DXYS3 293 (GT) Buffer A 56
GTGGTGCATGCCTGTAATCC
GCCCTGTGATTAAATCCGAA Buffer A+ TouchDown
DXYS4 141 AG
TTCTCAGGGACCTTCTGTGG (G 6 % DMSO 67>57
TGTGGAAGGGAAACCTCATC Buffer A+ TouchDown
DXYS5 116 GT
CCTTGAGAGGAAACAGGTGC (G 6 % DMSO 67->57
CTTTGGTAGGGGTTGGGAG Buffer A+
DXYS6 140 | (CCCT 54
TGACAGAGCAAGACCCTGAA ( )0 | g0, DMSO
GGGCTGATAAAGAATGGGCT Buffer A+ TouchDown
DXYS7 106 | (CCCT
ACTCAGATCTTCCCTGCTGC ( y 6 % DMSO 67->57
TGCCTCTGTCTCTCCTTCTCA
DXYSS8 113 | (CA)p Buffer A 57
CACAAACACCTCCACACCTG
GTATTCCCTTTCTTGCCTGC
DXYS9 180 | (CCTT),4 Buffer A 55
ATATGGGCTACATTCACGGC
PAG-L
CAGAGCGAGACTCCATCTCA
D13S91-7 115 | (CA)x; Buffer A 53
TCTGGATGTTTTTCCCATCA

Table 4.3. Primer sequences designed, properties and PCR conditions for SNPs analyzed in

this study
. Annealing
Primer Sequence (5” = 37) Size Included SNPs Buffer Temperature
(bp) Choice C)

BMP-G1 Ro745515 230328, | Buffera+
TTAACATGGGTGAGTGCGG 300 rs11585053 ’rsl 1581 13’4 8 ‘1’;0 DMSO 26
CAGGTGGGCAAAGACATCA rs11585039, rs2463261

rs12756902, rs7518937,
BMP-G2 rs498734, rs230323, Buffer A +
AGCACTTTGGGAGGCCAAG 303 1230322, 156678976, o (;‘ DeMS o 56
CTTATTGAGCAGTGCCAGACA 1s3062778, 1s5773675, 0

152311563

BMP-G3 152300743, 15914962,
GACTTCAAAAGACACCCTTGG 322 1511806256, 152248883, Buffer A 56
AGTGCCTTCCCCAAAACC rs2676688, rs1810966

4.2.1. Denaturing Polyacrylamide Gels

Sequi-Gen GT (BioRad, USA) nucleic acid electrophoresis system assembled with
0.4 mm spacers was used for resolution of marker alleles in fine mapping studies.

Denaturing instagel was used for this purpose, which was initially prerun for 15 min in
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order to facilitate the gel temperature to rise to 40-45°C. The samples were mixed in equal
ratio with 10 X Stop buffer, denatured at 95°C for four minutes, and chilled on ice before
loading in individual slots of a sharks tooth comb. Table 4.4 shows the systems used with

required amounts of instagels, APS and TEMED and the constant power to run the gels.

Table 4.4. Gel systems used for microsatellite genotyping

Gel Cast Size Instagel 10 % APS TEMED Power
21 x40 cm 35 ml 300 wl 30wl 35W
38x30cm 45 ml 350 wl 35u 70 W

4.2.2. Silver Staining

Glass plates were separated gently by allowing the gel to remain intact on one of
them. The gel was then transferred to staining buffer by first laying a piece of filter paper
onto it and then detaching it from the glass plate together with the filter paper. It was
soaked in staining buffer for 10 min. The gel was subsequently incubated in developing
buffer until bands appeared (Kavaslar et al., 2000). When staining reaction was inadequate,

procedure was repeated after extensive washing inbetween.

4.3. Candidate Gene Approach

The mutation detection systems wused in this study were Single Strand
Conformational Polymorphism (SSCP) and High-Resolution Melting Curve Analysis in

conjunction with DNA sequence analysis.

4.3.1. PCR Amplifications for the Analysis of the Candidate Genes

In order to detect any sequence variation in the candidate genes, intronic exon-
flanking primers were designed by Primer 3 software to amplify exons and associated
splice junctions of WNT10b, TP63, BMP8b, HIBADH, CYCS, DRCTNNB1A and
GUCY2D. PCR uniqueness was checked with in silico PCR at UCSC database. Unless
otherwise stated in the text, the PCR reactions were carried out in a total volume of 25 ul,
consisting of 1 X PCR buffer, 0.2 mM of each ANTP, 400 nM of each primer pair, 20-100
ng of genomic DNA, 0.2 U of Taq DNA polymerase, and sufficient dH,O to adjust the
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volume. The cycling conditions for amplifications were as follows: an initial denaturation
step at 95°C for 3 min, followed by 30 cycles of 30 sec denaturation at 94°C, 30 sec
annealing at appropriate temperature and 1-2 min elongation at 72°C, and a final extension
step for 10 min at 72°C. Fragments amplified for WNT10b, DRCTNNB1A and GUCY2D
were screened for mutations by SSCP, and only fragments with aberrant migration patterns
were sequenced. On the other hand, all fragments for genes TP63, BMP8b, HIBADH, and
CYCS were sequenced, irrespective of observing a variant SSCP pattern or not. The primer

sequences and PCR conditions optimized for the candidate genes are given in Table 4.5.

4.3.2. Analysis of PCR Products

To check the amount of amplification, a five pul aliquot of PCR product was mixed
with one pl of 6 X loading buffer, loaded on a two per cent agarose gel containing 15 pg
ethidium bromide, and subjected to electrophoresis in 0.5 X TBE at 150 volts for 10
minutes. Long PCR products amplified for HCC deletion mapping (Table 4.5) were run in
0.8 per cent pre-cooled agarose gels at 100 volts for four hours at 4°C. The bands were

subsequently visualized over a UV light transilluminator.

4.3.3. SSCP Analysis

Each candidate gene for the particular disorder was initially screened by SSCP using
the PCR products of three individuals: an affected individual, one of his/her parents, and an
unrelated individual randomly chosen from the population. The analyses were carried out
on nondenaturing gel matrices with crosslinking ratios of 2 per cent with and without five
per cent glycerol. For fragments smaller than 200 bp ten per cent but otherwise eight per
cent polyacrylamide gels were used. Whenever a variant SSCP pattern was observed in the
affected individual, that region of the gene was analyzed by SSCP also in other members
of the family as well as in at least 50 unrelated individuals, in order to assign this variance
as a polymorphism or a mutation responsible for the particular disorder. Furthermore, the
region was subjected to DNA sequence analysis to determine the nature of the variation.
Lastly, if the base variation was found to create or abolish a restriction enzyme site, the

samples were also subjected to restriction analysis.
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4.3.4. Preparation of SSCP Gels

The gel plates were 20 cm x 20 cm in size and assembled using 0.75 mm spacers. Six
ml of 40 per cent acrylamide stock was mixed with 1.8 ml of 10 X TBE, and the volume
was adjusted to 30 ml by dH,O. Three hundred pul of 10 per cent APS and 30 pl of
TEMED were added, and the solution was poured between the glass plates. A 20-well
comb was inserted, and the gel was left to polymerize for at least an hour. After

polymerization the gel was cooled at 4°C for at least a half an hour before use.

Electrophoresis was carried out in 0.6 X TBE buffer at 4°C. Samples were mixed in
equal ratio with 10 X Stop buffer, denatured at 95°C for 5 min, and immediately chilled on
ice. Seven pl of each sample mix was loaded and subjected to electrophoresis at a constant
power of 10 W for 10-15 hours in the BioRad DCode™ Universal Mutation detection

System. Subsequently, the gel was silver stained to visualize the samples.

4.3.5. DNA Sequence Analysis

PCR-amplified fragments were purified from primers, nucleotides, polymerases and
salts using QIAquick PCR cleanup columns (QIAGEN) and were sequenced on an ABI
PRISM Genetic Analyzer (Applied Biosystems) at Bogazi¢i University, Department of
Molecular Biology or at Iontek (Istanbul, Turkey).

4.3.6. Restriction Analysis

The fifth exon of WNT10b was screened for the presence of a restriction enzyme
NlalV cutting site in the SHFM kindred and unaffected controls. Restriction enzyme
digestion was carried out in a total volume of 10 pl, consisting of 5 pl of the amplified
product, 1 X restriction buffer (NE Buffer 4), 10 ug BSA, 1 U NlalV and sufficient dH,O
to adjust the volume. The digestions were incubated overnight at 37°C, run on a 2 per cent

NusSieve gel and visualized under UV light.
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4.3.7. High-Resolution Melting Curve Analysis

High-resolution melting curve analysis with LightCycler® 480 system was used for
scanning control chromosomes for variant ¢.2846T—=>C in gene GUCY2D. Real-time PCR
reactions were carried out in a total volume of 20 pl in 96-well plates, consisting of 10 pl
of High Resolution Melting Master Mix, 200 nM of each primer pair (GUCY2D-ex15),
final MgCl, concentration of 2 uM, 30 ng of total genomic DNA, and sufficient dH,O to
adjust the volume. PCR was carried out using a touchdown protocol with annealing
temperatures ranging from 62°C to 54°C under the following conditions: 95°C for 10
minutes, and 45 cycles of 95°C 10 seconds, annealing at calculated temperature for 30
seconds and 72°C for 15 seconds. High-resolution melting curve data were obtained at a
rate of 25 acquisitions per °C. Fluorescence data were visualized using normalization,
temperature-shifting, and difference plotting and then analyzed using the LightCycler®

480 Gene Scanning Software.

Because high-resolution melting curve analysis is a heteroduplex method, i.e., it
cannot discriminate between wild-type and mutant homozygotes, spikes of wild-type DNA
were added to all samples individually, while screening the population. Spike amount used
for each well was six ng, and results were compared to spiked and unspiked control
reactions in order to address this issue. The gene scanning results were best when the
amount of starting DNA was standardized as much as possible, since blood samples were

derived from various origins, so the DNA quality varied.

4.3.8. Assessment of Relative WNT10b Transcript Levels

Blood samples from individuals 409, 415, 507 and 511 were available for RNA
study. Total RNA was extracted from whole blood using PAXgene Blood RNA Kit
(Qiagen). First strand cDNA synthesis from one pg total RNA was performed with use of
M-MLV reverse transcriptase and random hexamer primers (Promega, USA). Real time
quantitative RT-PCR was performed to investigate the relative transcript amounts of
WNT10b, and HPRT1 was used as the control gene (Table 4.6). Intron-spanning TagMan
assays were designed and purchased from Universal Probe Library (Roche Applied

Science, Germany). Real-time PCR reactions were carried out in a total volume of 20 pl in
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96-well plates, consisting of 10 pl of LightCycler® 480 ProbeMaster Mix, 200 nM of each
primer pair, 100 nM of appropriate hydrolysis probe, 3 pl of cDNA, and sufficient dH,O to
adjust the volume. Primer-probe mix was preheated for one minute at 95°C prior to the
reaction setup to avoid possible primer interactions. All reactions were performed using
with three replicates per sample under the following conditions: 95°C for 10 minutes, and
40 cycles of 95°C 10 seconds, 55°C for 30 seconds and 72°C for one second. Relative

transcript levels were calculated using LightCycler® 480 relative quantification software.

Table 4.5. Sequences, PCR product sizes and PCR conditions for primers designed for

candidate gene search

Size Buffer + Annealing
Exon | Primer Sequence (5’ 2 3’) (bp) Additives Tem?oecr?ture
SHFM
WNT10b
) GTGTCTGATTGGGCAAGGTT 491 Buffer A + 575
CTCATTGCTTAGAGCCCTGG 6 % DMSO ’
3 GGAGAGTTGGAGGGGTCTG 405 Buffer A + 55.8
GAAACCATCCCTTCCCGC 6 % DMSO ’
4 TGCCTGTCAACCTTACCTCC 470 Buffer A + 535
TAACCAGGCCTCAAAAGCTG 6 % DMSO ’
5a P1: TGTGCCTCTGTGTTCTGTCC 508 Buffer A + 56
P2: GAAATCAGAGCAAAGGGCTG 6 % DMSO
P3: GCCTCTCAGGAGAGCTGGT TouchDown
14 Buffer B
30 4 ACAGCACAGGCTGCCACA 0 et 67>57
TP63

TCCCGGCTTTATATCTATATATAC
! GACACATTCATAATACACAAGGCAC 220 Buffer A 54

TCCACTTGGGTTTTCATGATAGAG

2 GTAAGCAATATTTTGACCACCCAC 300 Buffer A >4

, | GCTTGTTGTTAACAACAGCATG . Buffer A TouchDown
GAAAAGACAGGTTTAACAGAGC 64->54

;| GAGAGAGAGGGACTTGAGTTCTG 6l Buffer B s

GACCGAGAACCGCAAATACG
GGCTAATATTGGGGTTTCTGG

4 [ GGGGTCAGGTATGTGCGT 321 Buffer A 56
CCTGTTGGTTCTCTCCTTCCT

> [ TCAAACAAAAATGCCCACAG 306 Buffer A 56

| CCACCAACATCCTGTTCATGC o S ”

GTCTACTCAGTCCATAGAGGTGTTG

GAAGGAACAACGTCAGTTTAAACCC
7 AAAGCAGCCACGATTTCACTTTGCC 245 Buffer A 56

GTGGTAGATCTTCAGGGGACTTTC
8 [ CCAACATCTGGAGAAGATTC 263 Buffer A 56
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Table 4.5. Sequences, PCR product sizes and PCR conditions for primers designed for

candidate gene search (continued)

Size Buffer + Annealing
Exon | Primer Sequence (5’ 2 3’) (bp) Additives Tem?oecr?ture
GCTTTAGAAGTGTTCCCAGG
? [ ACACCTCCTTICCCATTGTC 237 Buffer A >4
TGAGGATTGACCACACTTCTAAC
10 ATCAATCACCCTATTGCTGATC 287 Buffer A >4
TGCTCACCATTATTTCCATGTTTGTC
T CACAGAGTCTTGTCCTAAGC 257 Buffer B >4
., | GGACTATAACAGTATCCGCCC rou Buffer A o
CAAGATGGACCACTGGGATG
CTTATCTCGCCAATGCAGTTGG
B AACTACAAGGCGGTTGTCATCAG 241 Buffer A >4
14 GGGAATGATAGGATGCTGTGG 449 Buffer A + TouchDown
AAGATTAAGCAGGAGTGCTT 6 % DMSO 64->54
s | GATGAAGTCCTAGGCCTTC 205 Buffer A + Touchdown
GGAAATACAACACACACACT 6 % DMSO 6252
BPMSb
| CAGGAGCCAGGACAGGTG 576 GC-rich Touchdown
CCAGCTTACTCCGAGGGTC PCR kit 6555
, | CAGCGCTGCTTTGTCTTCTA . Buffer A + 5
GCTGCCTTGACCATGAGACT 4% DMSO
, | CGCCGGTTAATTGTTCTTTC )50 Buffer A + 5
CACAGGAAGCCACTACCGCT 4% DMSO
, | TGAGTGACCCCTCTCTCCTT 252 Buffer A + 5
CTGCCTCTCTCAGCCAGAAG 4% DMSO
CCCCATAGTAGCTGCACACA
> [ CCTCCCTGCAGATTCACTTC 214 Buffer B >8
. | CTGGGTGGATTCAAGCCTCT 202 Buffer B s
ACCAGACCCCTCTCCACAG
g | CCCCATAGTAGCTGCACACA 6 Buffer A + o
ACCAGACCCCTCTCCACAG 4% DMSO
. | GTGGGTCCTTGGAGGAGG 283 Buffer A + 55
TTGAGGGTTTCCTGCTTCTG 4% DMSO
HCC
HIBADH
| [ CACGCTCGCAGTCTGTGG 04 Buffer A + s
CAGGCCTTTAGTACCAGCCA 5 % DMSO
TGCACCTGGTTCCTGAAAGT TouchDown
2 [ TTAGGTTTACAACTCCATTGGG 398 Buffer A 5955
, | TAGGCATGCATGAAAAGTGG 150 Buffor A TouchDown
CAATGAGAAAACCACCACACT 59555
, | ATGGCAGCTTTTCAGCAGAT i1 Buffer A o
TTGGCTTTATTTTTAATGAGAATCC
CAGATTGGAGGCAGGATGTT
> [ TGAGCAAAGAATCCATAGGTTG 359 Buffer A >8
6 | CGCACTCGAGAAAATCAACA
2 Buffer A 5
TGCTCTCCTGGGTCCTATTG 39 e 8
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Table 4.5. Sequences, PCR product sizes and PCR conditions for primers designed for

candidate gene search (continued)

. , , 1Zze uftrer +
si BUff Annealing
Exon | Primer Sequence (5’ 2 3’) (bp) Additives Temperature
()]
AGAGAAGATGGAGCATCCCC
Buffer A
7 I ITTTGCCTCTTACCTGAGACA 393 uier >8
CATTTTTCCTTCTTTCAAACCAA
8 ' TGTGACCTAGACAATCAAAAGCA 381 Buffer A >8
CYCS
. [ GGACTGGAGCCAATGAGGT 149 GC-rich s
GTCTGACCACAGTCCAGGGT PCR kit
213 | AAGTGGCTAGAGTGGTCATTCA <03 Buffer A + N
GGTGTATGAGATCTATTAAAGGATG 8 % DMSO :
DRCTNNBI1A
., | CAAAAATCACTGGAATTTAAACG i1 Buffer A 5
GCTTGTTTGTGCACATTGG
AGATGGCTTCTGGAATACGG
3 [ TCTTCTCCCATCTGCAGTCC 397 Buffer A 57
CGCTTGTATGTCTCCCAATCC
4 [ GGAAGAAACTCCCTACAACTTAGC 492 Buffer A 375
TTTGTGGGTGTTTATACTTTTGC
> [ CCGGTGTTGATGAATAATAATGG 376 Buffer A >7
GCTGACACCTGAAGCAAAGC
% I TGTTCGTGGTAGCTATTTTAG 394 Buffer A 37
| GGGAACTTTCCATGTGTTGG 144 Buffer A 5
TATCTCTCCCCAAGGAGTGC
TTTCACAAAAAGTATGCAAATCA
8 I GAAAGTGTACCTAGTACATTGTTGG 333 Buffer A >4
ACATATTAATAAACTATGAATGGC
? [ TGCTTTGAAATTGCCITAGC 461 Buffer A 375
GTTAAGGGCAACTCCACAGC
10 CCTGTTTAGCATCATGTTTTATCG 382 Buffer A >7:3
GCAAAGTTGTATTTCCAGGTTCA
12 | Buffer A .
TGTAAAGCATAACTGATTTGGTGT 7 e 375
DRCTNNB1A (deletion mapping)
P1 P1_delF: CGATAAAACATGATGCTAAACAGG (reverse complement of 10R)
11,982 Long PCR +
P2 | TTCTCTCCCATTGTCTAAGGGA 1 P2 S EOMSO 56
P3| GCTGATCTCAAACTCCCGAC (P?715,3) Buffer B 58
) 6,272 Long PCR +
P4 | P1delR: TTTTGAAATGGTCTGTGGCA | " NSO 56
8,311 Long PCR +
P5 | GCTGGTCTTGAAACCTGACC @i B5) T EOMSO 56
10,116 Long PCR +
P6 | CTTTCCGTGACCATCATTCC ®1 P6) S EOMSO 56
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Table 4.5. Sequences, PCR product sizes and PCR conditions for primers designed for

candidate gene search (continued)

Size Buffer + Annealing
Exon | Primer Sequence (5’ 2 3’) (bp) Additives Tem?oecr?ture
CORD
GUCY2D
) GGTCTCAGTCGCTCAGCCT 876 Buffer B + 54
ACCGAGTGCATCACCATGA 6 % DMSO
3 CCAGGGTCACAGGTAGGCT 492 Buffer A + 515
GTTCTTTCTCCATTGGCTGC 6 % DMSO ’
4 AATCTGGTCTGTCTGTGGGC 472 Buffer A Touchdown
CATCACTTTGTGGATGGTCC 64->54
si6 CTGGCATCGCTCCTCAGTAT 555 Buffer A + 5
ACGGAAAGAAGACAACTGGC 6 % DMSO
; AAATCCCCAAAACTCAGCCT 229 Buffer A Touchdown
CTTCCCCCACTGTCTCTCTG 64>54
p CAATGGAAATGAGGGGGAG 278 Buffer A Touchdown
GAAGGCAAGGAGGGAGAAAC 64->54
91410 TGATTAACAGCCCCTTCCC 583 Buffer A + 52
GCCCTTGAAATAATGGGGAT 6 % DMSO
GTGAGGGTGGGAGTCTTTCC Touchdown
N T TTCTAACTGCAGGGTGCC 259 Buffer A 64->54
TGTGTTCTGGGGGCACTC Touchdown
12 I AGGTTGCTGACAAGCATCTG 260 Buffer A 64->54
13414 CAGCAGCTTTACCAGCTTCC 504 Buffer A Touchdown
TGAATTGAAGGTCAGGAGGG 64->54
AGGCAATCGCTTCGTGTACT Touchdown
15 293 Buffer A
AGGCCCTAAAGAGGGAGATG uter 64->54
GGAGATAATGGGTGCGAAGA Touchdown
+
T T CAGAAGGGTGAGCTGAGG 469 Buffer B 64->54
18419 CTCAGCTCACCCTTCTGACC 470 B;lffer A+ 57
CTGAGGGGGCAGTACCTGT 6 % DMSO
Table 4.6. cDNA primers and probes used for quantitative RT-PCR
Size (bp) on  Universal ProbeLibrary
Gene Primer Sequence (5’ 2 3’) cDNA DNA Probe #
AATGCGAATCCACAACAACA
WNT100 TCCAGCATGTCTTGAACTGG 10 27
HPRT1 TGACCTTGATTTATTTTGCATACC 102 1712 73

CGAGCAAGACGTTCAGTCCT
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5. RESULTS

5.1. SHFM

5.1.1. Recessive Inheritance and Analysis of Gene WNT10b

The data from the genome scan were subjected to two and multi point lod score
analyses, assuming recessive inheritance with reduced penetrance (80 per cent), taking into
account the general incomplete penetrance in SHFM. Due to lack of significant lod scores
in multipoint analysis, fine mapping studies were conducted in loci with two criteria:

relatively high two point lod scores and identical by descent (IBD) allele sharing.

Two point lod scores higher than 1.5 were obtained for single markers on
chromosomes 1p34, 3ql3, 4pl5 and 7p22 and for two consecutive markers on
chromosome 12q12-13 (Figure 5.1). Among those five loci, only for GATA91HO6 at
chromosome 12 the highest score was at theta=0, and at this locus all affected individuals
were homozygous for an apparently IBD haplotype. To further analyze the haplotypes in
the homozygosity region, thirteen additional known microsatellite markers (D12S1053,
GATA167C12, D12S2194, D12S1296, D12S1687, DI12S85, D12S1701, D12S1661,
D12S1590, D12S1627, D12S1620, D12S1635 and D12S398) plus two identified in this
study (D12SAAGG*'® and D12SAAAG™) were employed. An ancestral recombination
event between DI12S1661 and DI12S1590 together with a recent one between
DI12SAAGG*'® and D12SAAAG* in individual 511 delineated the gene region to a 1.71-
Mb interval (Figure 5.2). The cumulative genotyping data assuming again 80 per cent
penetrance yielded maximum two-point and multipoint lod scores of 3.87 and 5.47,
respectively (Table 5.1 and Figure 5.3). However, a reportedly unaffected individual (507)
was also homozygous for the haplotype. Nevertheless, candidate gene analysis was carried
out in this region, as SHFM is generally well-known for its incomplete penetrance. In the
evaluation of the candidate genes, individual 407 who was homozygous only for part of the

haplotype was disregarded, since he displayed atypical SHFM.
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Figure 5.1. Two-point lod scores of the total data set generated by the genome scan in a

recessive model with 80 per cent penetrance. Maximum scores for each marker are plotted

in order of chromosomal position. Top five scores are given within the graph as a table.

Loci with lod scores higher than 1.5 are depicted with asterisks (Ugur and Tolun, 2008a).

Table 5.1. Two-point lod scores at 12p11.23-q13.13 (Ugur and Tolun, 2008a)

Position Lod Score at 6 =
Marker Mb cM' Zp® Oue 0.00 005 0.10 0.20 0.30 0.40
D12S1042 27.54 52.09 0.62 0.15 -8.03 -0.10 0.45 061 0.36 0.09
D12S1053 2922 5379 091 0.00 091 086 0.77 0.54 031 0.13
GATA167C12 37.48 58.19 022 0.15 -0.83 0.05 0.19 020 0.11 0.03
D12S2194 38.74 59.12 3.61 0.00 3.61 340 3.12 242 161 0.76
D12S1296 4045 (59.7) 220 000 220 202 1.79 126 0.74 0.30
D12S1301 4235 61.09 1.62 0.00 1.62 141 120 0.80 045 0.17
D12S1687 43.01 61.09 294 000 294 277 252 193 125 0.56
D12S85 45.62 63.46 294 000 294 269 241 180 1.14 0.49
D12S1701 4621 64.12 3.50 0.00 3.50 3.30 3.04 237 1.58 0.74
D12S1661 4689 65.12 132 000 132 1.17 1.01 067 0.36 0.13
D12S1590 4782 6554 1.65 0.00 1.65 144 124 0.84 048 0.19
D12S1627 48.07 6571 3.57 0.00 3.57 326 290 2.10 124 047
DI2SAAGG*'® 48.46 (66.0) 3.87 0.00 387 3.54 3.15 229 138 055
DI2SAAAG™ 48.60 (66.2) 120 0.10 -235 1.16 1.20 094 0.59 0.26
D12S1620 4889 6622 0.65 0.10 -2.31 0.55 0.65 0.54 0.33 0.14
D12S1635 4932 6622 258 005 -0.99 258 252 205 139 0.66
D12S297 50.90 6844 1.61 0.10 -438 149 1.61 123 060 0.05

'Estimated cM distances are given in parenthesis.

*Maximum two-point lod score with Superlink (Autosomal recessive, 80 per cent penetrance)
*Maximum likelihood estimate of recombination fraction ().
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generations 1-3 are not known, except for 307, 308 and 309 (Ugur and Tolun, 2008a).

Figure 5.2. Partial pedigree diagram and haplotypes at 12p11.23-q13.13. Phenotypes in
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Figure 5.3. Multipoint lod score curve of 23.94 Mb region at 12p11.23-q13.13 (SimWalk).
Autosomal recessive inheritance with 80 per cent penetrance was assumed (Ugur and

Tolun, 2008a).

The databases reported 51 genes in the 1.71 Mb gene region identified. WNT10b
stood out as the best candidate, being highly expressed in AER (Christiansen et al., 1995)
and limbs of developing mice (Wang and Schackleford, 1996). We identified a C>T
transition in the homozygous state in exon 5 of the gene in all affected subjects except 407,
as well as in individual 507. Several evidence indicated that this variant was a mutation
and not a simple polymorphism. It was predicted to be damaging with high confidence by
online tools predicting effect of amino acid substitutions on protein function, including
MMB, PolyPhen, SIFT and SNPs3D (Table 5.2). 400 control chromosomes were screened
for the mutation (Figure 5.4 and 5.5) to achieve at least 95 per cent power to detect a
normal sequence variant with a frequency of 0.01 (Collins and Scwartz, 2002), and the
mutation was not found in any. At the protein level, mutation ¢.994C—>T leads to the
substitution of an amino acid with a residue having completely different biochemical
properties: positively charged arginine is replaced with a nonpolar tryptophan: p.R332W.

The residue has been strictly conserved in all paralogs and across species (Figure 5.6).

Table 5.2. Effect of R332W substitution on protein function as predicted by tools online

Database MMB PolyPhen SIFT SNPs3D

Score 0.94 3.54 0 -1.59

Effect Pathological with Damaging with Affects protein  Intolerable amino
high reliability high confidence  function acid change

Protein — \p 003385 000744 GI: 16936522 NP 003385

Accession
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(2) 2125 1661 D12SAAG G*“*|
|_4?;I3|ZI Wb [4?;6? b
FEEP11 I ARF3 HNT10 HHT1 OON I

WNT10b mRNA =
[ HE .
B - Coding sequence - UUTR

WHNT10b protein

®r 6 RW A ¢ R 6 W A cC R G R A C
AGGGGCOTGGGCC TGC AGGGGCTGGGCC TGC AGGGGCCGGGCC TGO

Cantrol

Heterozygous Affected

SRS kRS

23 26 &7 28 29
S04 507 508 309 511
212 22 M2 M2 A2

@ DO0OGOOIEIMETDHmO

401 402 504 505 507 409 408 511 414 407 603 C1

338 bp, uncut
243 bp
227 bp

Figure 5.4. ¢.994C->T transition associated with SHFM phenotype (Ugur and Tolun,
2008a). (a) 1.71-Mb region between markers D12S1661 and D12SAAAG*. Genomic
structure of WNT10b and schematic representation of WNT10b protein are also shown

(modified from NCBI gene viewer). The sites of mutation ¢.994C—>T and the
corresponding p.R332W amino acid change are indicated. (b) Chromatograms showing the
€.994C->T transition. (c) SSCP results for c.994C—>T screening using primer pairs P2-P3
in the SHFM kindred and six controls (C1-C6) are shown and alleles are compiled in the
table. The wild type allele bands are labeled 1 and mutant allele 2. (d) Confirmation of
€.994C->T transition by PCR-RFLP assay (P2-P3 primers and NlalV digestion).
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Figure 5.5. SSCP results for populaion screenig 0f c.994C—>T in 43 controls together

with affected individual 604

332R
Homo sapiens 315 PDFCERDPTMGSPGTRGRACNETSRLLDGCGSLCCGRGHNVLRY 358
Pan troglodytes 315 PDFCERDETMGSEGTRGRACNETSRLLDGCGSLCOCGRGHNVLRY 358
Canis lupus familiaris 315 PDFCERDETVGSEGTRGRACNETSRLLDGCGSLOCGRGHNMLRG 358
Bos taurus 355 PDFCERDPTVGSPGTQGRACNETSHQLGSCGSLCCGRGHNVLRY 402
Mus musculus 315 PDFCERDETLGSEGTRGRACNETSRLLDGCGSLCOCGRGHNVLRY 358
Rattus norvegicus 315 PDFCERDPALGSPGTRGRACNETSRLLDGCGSLCCGRGHNVLRY 358
Danio rerio 353 PDFCDREPAVDSLGTQGRICNESSPGMDGCGSLCCGRGHNILEQ 396

Figure 5.6. Evolutionary conservation of WNT10b p.332R amino acid residue

To ascertain that the mutation was indeed non-penetrant in 507, repeated radiological
investigations of the hands and feet were performed, and no evidence supportive of SHFM
phenotype was found. Individual 407, having no foot involvement, no bone defect and no
WNT10b mutation obviously had atypical SHFM, and so was left out in the subsequent
linkage analyses for SHFM.

Linkage to chromosomes 3q13, 4p15 and 7p22 was not supported by the results of
the additional genotyping with a total of 13 markers and the haplotype segregation
analyses at those loci. But at 1p34.3-p32.3, an approximately 20-Mb haplotype justified
with 17 additional markers and delineated by D1S496 and D1S200 was found in all
affected subjects except for 510 in either heterozygous or homozygous state. This
haplotype was not present in individual 507 either. BMP8b encoding bone morphogenetic
protein 8b was chosen as a candidate gene in this region, and screened for mutations before
linkage analysis for individuals later joined the study including 510 (Figure 3.1) was

performed. However, no mutations could be identified.
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5.1.2. Assessment of Relative WNT10b Transcript Levels

WNT10b transcript levels relative to an outsider in four mutation p.R332W
homozygotes (three SHFM individuals and non-penetrant 507) were assayed by
quantitative RT-PCR (qRT-PCR). The relative levels correlated well with the severity of
the phenotype: highest in the severest case 415 and lowest in the non-penetrant 507 (Figure

5.7).

3k
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calibrator 409 415 507 511 control

Figure 5.7. qRT-PCR of WNT10b transcript level to HPRT1. Data are mean =+ standard
deviation (error bars). Significant differences between 507 and other individuals are
depicted with asterisks (Student’s t test; *p < 0.05 and **p < 0.0005). These results are

representative of three independent experiments.

5.1.3. Digenic Inheritance: Dominant Model

We investigated whether any dominant locus also was associated with SHFM in the
family. Multipoint lod score analysis of the initial data set highlighted two loci, one at
7p22.3-p15.1 and the other at 14q21.3-q31.3, with lod scores higher than 2.3 (Figure 5.8).
Further genotyping at those loci with 5 and 23 markers, respectively, rejected linkage to
7p, while complicating the picture at 14q.
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At 14924.2-q31.3, a haplotype of 13.1-Mb between markers D14S268 and D14S128
was shared by all affected individuals except 501, either in the heterozygous or
homozygous state. Also, a centromeric but overlapping 5.3-Mb haplotype between markers
D14S119 and D14S1025 was shared by all affected individuals plus 507, either in the
heterozygous or homozygous state. Although that haplotype was not inherited in all cases
from the same parent in a sibship, it was considered IBD since parents of all SHFM

subjects were consanguineous.

In addition, amongst other loci with lower but positive lod scores, chromosomes
8p23.2-1, 11p14.3-q11 and 17p13.2-q22 were assessed significant in the light of haplotype
segregation. Results of genotyping with additional 4, 18 and 9 markers, respectively, were
suggestive of linkage only to chromosome 17. A 22.80-Mb haplotype delineated by
D17S1791 and D17966 was found in all affected SHFM individuals either in heterozygous
or homozygous state. The final genotype data yielded a multipoint lod score of 1.48.
Remarkably, 8.95 Mb of this region (delineated by D17S691 and D17S966) was not
carried at all by 507.

LOD SimWalk v2.91 (MultiP oint Parametric)
=] o o = = o = = 3.00
Inheritance: Domirmnt | Marker CHR oM LOD|
T | common altete: o990 % [ 1 GATALZTHIZN - GaTaLlGoTM 7 a8 gaaf[ [T T T - 2.75
Disease allele: 010 % | 2 GATAIIGITM 7 4R 2.39
"|LCL PCOPY rute: 0.00 % | 3 GATALITHICN - GATAMGITM 7 1936 2.35|[ 7777777777 rfrmmss s rr s presose e ] AR RS R e 2,50
LCL PENET wifmir .00 % | 4 GATAIIGITM - GGAASDE 7 2121 2.34) e
TLC1 PENET .00 % | 5. ATALIHDR - GGAAAALL 14 6047 23| e ﬂ AR SAAS A RN A BN M -+ 2.25
O R AN ISP BOPY PP | IR AR (N S RS FRP S O 1 1 R R Y PR S O -+ 2.00
T e e e e e T e e S oY e e e et ST et e | S TeT eaere [ oreTeteats (aTatelate | a ool (e e aTeTate | S m SSTaTL Smeara [Yotetor A ) AR AR Z2A N crete 175
I e TN I L I R N I I T - cesafusndelladeaches ey 1.50
B e et herrrrd eonen Fesoneen) Meoaoees . P ..... I O 1 O DS N | 9 DO i d o qos
LI - N T Sl 100
4
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Marker coverage and chromosomes
Figure 5.8. Multi-point lod scores of the total data set generated by the genome scan
(SimWalk?2) in a dominant model with reduced penetrance. Top five scores are given
within the graph as a table and five loci fine-mapped in this study are depicted with
asterisks. Arrow heads correspond to loci that had already been fine mapped in the analysis

with recessive model.
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5.1.4. Haplotype Analysis at Five Known SHFM Loci

We investigated by haplotype segregation analysis whether any of the five known
SHFM loci could possibly be contributing to the etiology of SHFM in our family. Only
two loci, SHFM4 at 3g28 and SHFM2 at Xq26.2-27.1 seemed candidates. Due to a
common haplotype observed in many of our SHFM subjects at 3q28 and to similar
phenotypic similarity between members of our family and SHFM4 cases reported
(Tanakiev et al., 2000), we screened all of the exons of TP63 for mutations in individual
409, who was homozygous at the locus. No obvious disease causing mutation was found,
but a rare insertion polymorphism (rs34201045) was detected at the alternate promoter
used for transcription of the N-terminal-truncated p63 isotype (ANp63) (Figure 5.9). The
frequency of the rare insertion variant (c.-71insAG from GenBank accession no.
AF091627) in 100 control chromosomes was 0.073 and that of the frequent allele 0.69. We
detected also a novel allele (c.-71insAGAGQG) at a frequency of 0.24 in the control samples.
We did not detect any homozygotes for the rarest allele. Such homozygotes would be
expected at a frequency of about 0.005 per cent, indicating that homozygosity for this
allele is highly significant. All SHFM subjects but 508 were either homozygous or

heterozygous for the rarest allele.

Genotyping at Xq26.2-27.1 with 4 markers excluded linkage to SHFM2. However,
we identified a common haplotype at Xq22.3-25 (between markers DXS6797 and
ATCTO003) in all affected males but 604.

Results of genotyping studies at nine loci with significance, namely 12q13.12, 3928
(SHFM4), 1p34.3-31.1, 14q23.2-31.3, 14q24.1-24.3, 17p13.1-q11.1, 17q11.1-q12, Xq22.3-
g25 and Xq26.2-q27.1 (SHFM2), are summarized in Table 5.3, and relevant haplotypes for

chromosomes 1, 14, 17 and X are given in Figures 5.10 to 5.13.

5.2. HCC

A genome scan for the family at NHLBI Mammalian Genotyping Service, followed
by statistical analysis (Figure 5.14) and fine-mapping with eleven additional markers

including all family members available identified a 9.02-Mb gene locus between markers
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D7S5493 and D7S632 (Figure 5.15). Maximum two and multipoint lod scores in this
interval were 3.70 and 4.41, respectively (Table 5.4 and Figure 5.16). Two genes HIBADH
(GenelD: 11112) and CYCS (GenelD: 54205) were assigned as candidate genes by position
and function. HIBADH, or 3-hydroxyisobutyrate dehydrogenase or 3-hydroxy-2-
methylpropanoate: NAD(+) oxidoreductase (EC 1.1.1.31), is a dimeric mitochondrial
enzyme that catalyzes the NAD(+)-dependent, reversible oxidation of 3-
hydroxyisobutyrate (3HIBA), an intermediate of valine catabolism, to methylmalonate
semialdehyde. The other candidate gene was the nuclear gene encoding mitochondrial
cytochrome ¢, CYCS. Cytochrome c is a component of electron transport chain in
mitochondria. It accepts electrons from the b-cl complex and transfers them to the
cytochrome oxidase complex. It also acts as an apoptotic initiator; its secretion to the
cytoplasm activates apoptotic initiator procaspase 9. However, no causative mutations but
only polymorphisms were identified for these two genes. Polymorphisms detected are
summarized in Table 5.5, and an example for SSCP and sequence analysis is given in

Figure 5.17.

This locus also included gene DRCTNNBI1A reported later as responsible for HCC by
Zara et al., 2006. We analyzed exons 1-7, 10 and 12 by SSCP but did not observe any
aberrant pattern in the three patients available for molecular study. However, exons 8 and 9
were refractory to PCR amplification, suggesting the presence of a homozygous deletion

mutation. Exon 11 was not analyzed, since it is part of a low expressed isoform.

Amplification using intronic primers P1 delF and P1_delR with a PCR kit suitable
for long templates yielded an approximately 2-kb fragment rather than the 6.3-kb fragment
observed from the normal individuals, supporting the presence of a deletion (Figure 5.18).
Sequence analysis of the small fragment identified a deletion of 4001-bp encompassing
exons 8 and 9 (Figure 5.19). The region of the deletion is flanked by an 82 — 83-bp direct
repeat (Figure 5.20). In the mutant allele, a 4001-bp region together with the adjacent
halves of the flanking repeat copies had been lost. This mutation ¢.531-439 743+348del is
predicted to lead to the shift of the translational reading frame at the beginning of exon 10

and thus the truncation of the protein, 5 codons into the exon.
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Figure 5.9. Screening of polymorphism rs34201045 in SHFM kindred and control
individuals. Alleles are scored according to the number of AG dinucleotide insertions in
the promoter region of TP63 encoding the ANp63 isotype (0: no insAG, 1: insAG, 2:
insAGAGQG). (a) Chromatograms showing different alleles. (b) SSCP results for rs34201045
screening. (¢) rs34201045 genotypes shown on the SHFM kindred.



Table 5.3. Summary of haplotypes for all affected individuals plus individual 507 at nine loci. A plus sign indicates that the relevant mutation,

haplotype or polymorphism is present.

Locus Gene/Marker Model | 407 | 409 | 414 | 415 | 501 504 | 507 | 508 |509 |S510 |511 |514 | 603 | 604
12q13.2 WNT10b AR’ o T S o S o S o s S ol s S ol s S ol S ol S ol S ol e S ol s S S B S o B S
3g28' TP63 (SHFM4) AD 0 2|1 1|0 1|1 11]1 0 1|1 0 0 1|1 I 141 0 1|1 1
1p34.3-31.1 D1S496-D1S3736 AD I e S o S o I S B S B T I ST R B S B e e
14g23.2-q31.3 | D14S997-D14S128 AD T I S e L S T T T A T s S S B S S B
14g24.1-q24.3 | D14S119-D14S1025 AD e e e I s S e S N o B S N S N e S S i I S e S o e S
17p13.1-q11.1 | D17S1791-D17S691 AD’ R I I T T S o S S I S I S B S (N S (S S I S I S I S S S
17q11.1-q12 | D17S691-D175966 AD e e e I s e e S N S B S N S R N S B S B S e S
Xq22.3-q25 DXS6797-ATCT003 X-R* |+ + - - -]+ + I T T T T + + -
Xq26.2-q27.1 DXS8033-GATAIIEOS X-R + + - |- - |+ - N I e T T B I + + -
(SHFM2)
'Alleles represent the number of AG dinucleotide insertion in the promoter region of TP63 encoding the ANp63 isotype (0: no insAG, 1: insAG, 2: insAGAG).
?Autosomal Recessive. *Autosomal Dominant. *X-linked Recessive.
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Figure 5.10. Haplotypes of SHFM kindred at 1p36.12-p31.1. Shared haplotype is boxed.
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Figure 5.11. Haplotypes of SHFM kindred at 14q11.2-q32.33. Shared haplotype is boxed. An alternative haplotype at 14q24.1-q24.3 is shown
in black.



o J=k=l: B

HomOS0SSmdma«

0.57
720
7.56

M

GTAT1ADS
GATA158HD4 6.27
01751353

407 Locus
22

33

12 D173960
1

D1EE1D4QHS1?HEST.T50325
e e A e el R B s e ]
=R RN =N Wb Ty = s = e R -

— o O o e 0 ) &3 o= =

= =
far]

md.mmwn: nzmumﬁn.md.mzmm_
?UEDSEW4EW1E1m5ﬂ135
— o B T D D e e 2n..._11ﬂn:214
_..._.un._...__.ﬁ|_n7l_.ﬁ|_mn_.un._.un._..._n.c.ln%n._..._n.c_..._.un._..._T_..._.uﬁ_..._n.Cm
T.T.;HGTH-H??T.T.GT.T.??-H?T.T.
DDGAGDDDDGDDDDGDDDM
__.3245214 _52_5243_ T
I D o R T e e D

T R e P R T T T T L

L el e I e R T S A ] TR i B a Il ]

[ B Bar I T I i P i o I B B AP T T B S

O o— o

R R ks el e R R s B B i e s B S

W oot

[ I r I R o Bl o B ]

' [ s I B s B el e Wi |

1
LI ar e r I B B B DR

[ ar e r B r BT R T ot B T |

bl BEAE R o B = Tl b AT AT B = A I T I A B P Il N T

L R I e L Yy R e T TRl R R R el T

H13113_3245214
o ol 00 e e e W e O

3231{3—3245214
-
e e s T B R T s ]

[==R e B A ]
Fr—o—

W23113_3245214
R e N

e G A L R e BT

[ B S B Bl B i S Sl

152_5_423_ =t

RS IS = T R s o
[ ar I ol ap B ol e B ap ]

mEw o [AE

[T R o I T B P B B N I ]
[ ar B e o r ot B Bt B ol ol s N o ]

— w0 e w e e

Mdln/__—./_n/_
LE=RE R | ot oY)

o e o e o o

b T B T B Bl R R i o Bl - T B R T
I B s Rt i ] h B o I s B R R I

R I T e N Rl )

e i B s T B o B s S T B I L B B B IR o Ty

e LI s o Dar Bl B B B B oy B

[ar Bl B A e

il B e e e T e e e N 1]

uwy O oo o

Ll T B T B B ol ol VB I IV o I e B s B ol i I Vi ]

1
412224324521415212322215_

=

.u..12224324521_113143132125

I o s B B B A TS Bl A TR R e R R A R L E] |

wz2224324521_113143132ﬂj25
532224324521415212322215_

W13114324523323332321125

52233213?532234221211111

W e () W= W= 0 O 00 O T D O ) D0 B DYy e e WD

=

L N B T T B e e I S T L T R e B B Tl

[ 1)

o Y Y 00 WY 0 00 T 0 Y LD

[=]

52—22243245._21415._2 b A e 1]

[ el L]
=

Lo B B e B B Y I Bl B o T o R R |

[ e L B ]

El D | G B B ol B i Vo B I VR B B S T VA IR Tl S el el

A IR e A I d [ R It i i Il i e B s B B o R T

=

R s A i e e s i s R e )

m2_2224324521

o O w0 o 00— YWD
b R i aF I A I A T R F R A A B A B e B B ol ol B Y]

1—32224324521415212322215

=

b e B e B B B Rl T B I B B B B

Figure 5.12. Haplotypes of SHFM kindred at 17p13.3-q22. Shared haplotype is boxed.
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Figure 5.13. Haplotypes of SHFM kindred at Xq21.1-q27.1. Shared haplotype is boxed. At Xq26.2-q27.1, the haplotypes extending to

SHFM2 locus are framed.
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LOD SimWalk v2.91 (MultiP oint Parametric)
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Figure 5.14. Multi-point lod scores (SimWalk?2) of the total data set generated by the

genome scan in a recessive model with full penetrance. Lod scores are plotted in the order

of chromosomal position. Top five scores are given within the graph together with their

loci and chromosomal positions. The lod score graph of chromosome 7p15.3-p14.3 is

enlarged.



77

102

101

206

307

913

O]

205

204

203

20z

201

s

304

22322323321231344_

Nt M WD MM ™

305

304

—OMOTOUN RN

FAHONNNN ™= NM —

9z

411

303

anz

—ONOEFOMTOn e O NS OO

_23142323321231344

407 408

307

[op RN Eas s s il N s

——M et~

D7S2200
D753051
D7S1802
D75493

D7S2510
D7S1810
D7S673

D752440
D751808
D7S2515
D75617

D7S2496
D752492
D75632

D7s817

D752846
D751818

N O STTMreNNS MO

23142323321231344_

—rmmsMmn 00y

SN NN T o N

Norsposmnrrors ©
MTFTONTN NN~ N [3rNar]
NOO=STHNONMON—=NMN P o

NN ON——NM D m

o o7 0000 oo

4314232332123134_3

S Rk Rl B i N T R SR

D7S2200
D753051
D7S1802
D75493

D7S2510
D751810
D7S673

D7S2440
D7S1808
D7S2515
D7S617

D7S2496
D752492
D7S632

D7s817

D752846
D7s1818

507 508 509 510

505 506

504

502  b0O3
D7S2200
D753051

501

—_N == M

TNONOON— NG —

I[N N N N0 — 0 F =
N =P NN N ) ) SF s

22322323321231344_

mFONMTE MOS0 O

I N OO NN N0 — 0=k
= NN N N0 — o) =

NS MmN 0N M

723142323321231344_

S| NN N N0 O s (O
N s NN N OO0 =00

D751802
D75493
D752510
D7S1810
D7S673
D752440
D751808
D7S2515
D75617
D752496
D752492
D75632
D75817
D752846
D751818

S|t O NOM M
Nt ONONOOO N NN SO

Figure 5.15. Partial pedigree diagram and haplotypes at 7p21.3-p12.3. Disease haplotype is

boxed (Ugur and Tolun, 2008b).



78

Table 5.4. Two-point lod scores for 17 markers at the 39.92-Mb region on chromosome

7p21.3-p12.31

Position Lod Score at 6 =
Marker Mb M Znk Owe 000 0.05 01 02 03 04
D7S2200 9.44 18.81 033 0.18 -2.69 0.02 025 032 023 0.10
D7S3051 18.25 31.04 049 015 -0 0.13 043 046 029 0.11
D7S1802 20.67 34.63 146 0.06 -1.14 1.45 141 1.02 055 0.19
D7S493  21.77 36.08 138 006 -1.05 137 133 096 048 0.11
D7S2510 22.14 3735 358 000 3.58 3.18 277 195 1.14 042
D7S1810 22.67 (38.1) 1.78 0.00 1.78 1.60 140 1.01 0.61 0.25
D7S673  23.81 3938 3.57 000 3.57 3.19 280 202 123 0.51
D7S2440 26.53 4292 196 0.00 196 1.75 154 1.10 0.67 028
D7S1808 28.00 4292 3.58 0.00 3.58 3.18 2.77 195 1.14 0.42
D7S2515 28.68 4438 328 0.00 328 291 253 177 1.02 037
D7S617 2929 4659 1.11 000 1.11 097 0.83 0.56 030 0.10
D7S2496 29.53 47.04 3.70 0.00 3.70 329 289 207 125 0.51
D7S2492 30.08 47.44 237 000 237 211 1.84 129 0.75 029
D7S632  30.79 4865 2.03 006 -342 202 194 147 09 038
D7S817 32.10 50.85 1.73 0.06 -231 1.72 1.67 127 0.77 032
D7S2846 38.10 5835 044 0.16 -291 0.17 0.38 042 031 0.16
D7S1818 4936 71.09 0.10 025 - -0.85 -0.25 0.08 0.09 0.05

'Estimated cM distances are given in parenthesis.
*Maximum two-point lod score with Superlink (Autosomal recessive, full penetrance)
*Maximum likelihood estimate of recombination fraction (0).

Distance (Mbp)

Lod Score
6 -
D7S2510 D752492
D7S673
D7S1808
3 4 - - - - _____________ |- ____________________
p D7S493
0 -
D752200 D7S2846
. J
D7S1802 <
D7S632
6+ - - b
b D7S3051
_9 |
D7S1818
'12 T T T T T T T T T T T T T T T T T T 1
8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Figure 5.16. Multipoint linkage analysis at 7p21.3-p12.3 (SimWalk2). Microsatellite

markers used in this study are plotted on the graph (Ugur and Tolun, 2008b).
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Tablo 5.5. SNPs detected for HIBADH

Allele Frequency

Exon Variation Codon Position  Function  Consequence - dbSNP
Estimated Reported
1 c¢lI8G>T 3 Synonymous p.R6R 0.50 0.16  rs11550134
3 230,704A>G - Intron - - 0.89 157779990
5  ¢525T>A 3 Synonymous p.G175G 0.80 - -
8 g.136,550C>G - Intron - 0.70 043 rs12700813

A S L R L L G

—r
406, 504C GCCTCCTTACGGCTCCTCGGA

=

oo e —

Figure 5.17. Screening of exon 1 of HIBADH in individuals 406, 504 and in a control

individual by SSCP and identification of ¢.18G—=>T polymorphism in patient 504 by

sequence analysis

23,130 b
P \.

9,461 bp _
6,557 bp —
4,361 bp —
2,642 bp N

2,322bp _

2,027bp 7~

NHindll 50 bp C1 P504 P507 P509 Cc2
size marker size marker

Figure 5.18. Agarose gel showing the products amplified by using primers P1_delF and
P1 _delR in two control individuals (C1 and C2) and three patients (P504, P507 and P509).
Size markers are in first and second lanes (ADNA/HindIII and 50 bp, respectively) (Ugur
and Tolun, 2008b).
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Figure 5.19. Sequence analysis of the deletion region using primer P1_delF in an affected
individual. The sequence including the break-point is boxed. The upstream and

downstream sequences flanking the fused repeats are shown in yellow (Ugur and Tolun,

2008b).
Chr. 7 22097 Mb 2297 Mb 228 Mb 228 Mb
Length F—Fomward stmnd 18.27 Kb =
Ex10 Ex9 Ex8 Ex7
DRCTNNBTA 40 5~ S !
arientation -}
Ex10 Ex9 Ex8 Ex7
N S— . — . -
P1 — - _ P4 P5 P6 P2
< A=40kb < < < <
6.3 2.0 1.8 1.9 — kb

Figure 5.20. 16.27-Mb region in gene DRCTNNB1A encompassing exons 7 to 10
(modified from Ensembl contig view). In the lower schema, the deletion region (in dashed
lines) is shown together with flanking direct repeats (arrow heads) and primers used for

deletion mapping.
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5.3. CORD

Genome-wide multipoint lod score analysis of the initial genotyping data with
autosomal recessive inheritance and full penetrance yielded a single locus at chromosome
17p13.3 with a highly significant lod score of 4.23 (Figure 5.21). Additional genotyping
with ten markers and all family members refined the gene locus to a 4.14 Mb interval
between markers D17S559 and DI17S1791 (Figure 5.22), with maximum two and
multipoint lod scores of 4.57 and 5.48 (Table 5.6 and Figure 5.23). Two cross-over events,
a recent one between D17S559 and GATA158H04 in unaffected individual 511 and an
ancestral one between D17S1844 and D17S1791 defined the borders of this gene region.

LOD SimWalk v2.91 (MultiPoint Parametric)
ey = ™ = = = = = = ... = —T———— T 5.00
| I s i
N T——— Recessive | Marker CHR oM pLOD | oo R R S N A A I - -]
i e e e N I =
o ][Tl'l Pl':-lI]"I\'nm 000 % | 3 GTATIAD - GATALSEEDY 7 L7 ENEC" I R R AR N E R R I e e e e 400
LC1 PENET wi/mi: 000 % 4. GTATIAD - GATAISEEOS 17 238 41440
L .. | LCI PENET mufmu: 10000 % | 5 GTATIADG - GATAISEED 7 2as Attan | JROSURN [DUPR AU PR AU I A i 350
S I I S S NN S bbb 300
f So000000: Foonoooooee: Jonooonoe Fooccoo00| Ieeooat [ooa0000 B rnooog hooocoe 560000 ooy 5500008 Foceod doooos erer el 280
f SoS00000: Foonoooomee: bonooonoe: Fooccoo00] ooeooat [ooa0n00 B rnooog hooocoe 56000 ooy 5500008 Focrod booo0s erer bcensfeeafbe ek bbb 200
| E— SRRSO [N ISR FUSRR SR SRR ISR NN S S NN S JRR R S A S I A 5
J S [V AN S RO S SR U ISR IR S SR N vt 4 100
J S [V AN S RO S SR U ISR IR S SR N vt 4 050
(KA 111 - IHl I I I I I I | [N 1] T T T o 0.00
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Figure 5. 21. Multi-point lod scores of the total data set generated by the genome scan in a
recessive model with full penetrance. Lod scores are plotted in the order of chromosomal
position. Top five scores are given within the graph together with their loci and

chromosomal positions. Lod score graph of chromosome 17p13.3-p13.1 is enlarged.



82

”3211521C2112436
NYoon~YoOosTtTooo28d
W56762658151_7402 WoNddNA0NATOHOMmAN W
SCHMFTOO~NN~NGBGOo o BN
<t <t
£ o -
0 ]
© [} < o
MQZQ%GSD%495@O%
SoonBomgqlors gy o
ST915A91YA119A8A 12221343T3223
5 SSSTSSCTSSST_/
CA777 N~ N~ NN~ N < = W ooAdmoNLNAdAONAST ™M
OFEFAddd L Add DL Addd < =<
2000000000000 0<<O
\.m ONAA DN AONA M A M ®m®
m M FoNAdALNAONATO®MN WO N Db N0l »o©
=
o o WMoOoNAddbLNA0ONATOMAN WO
3_3211521C2112436
m NANNAOTOFONN®MT® W0
ﬁ3211343T3223
WoNdd b NdONATm™
L]
a
[
[=]
(4] |
_3211521C2112436|_| m3132612T3314238 W»|<3211521C21>|412435
[N a0 AT m® 0| N OoA0douNd0NAT®OO N
o N T OO NEFEAA®OA®M®O®
=1
el
m m3211521c2112436
L3 ] WoaNNddo NN A0NAdATOmHm®MmAN WD
[}
o
[y
—...._3211521C2112436 W3211521C2112436
m2221343T3243325 WoNdAdoLNAdONATOMmN WO
-
o
-
-
[=]
o
-
[ =]
(3]
2 oaocnodaFDOaTN®® R TR PO
F[OoNAA N AONAT OO N D B OAONOANRFM®»® A< NM®

Figure 5.22. Partial pedigree diagram and haplotypes at 17p13.3-p11.2. Disease haplotype

is boxed. Deduced alleles are in italics.
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Table 5.6. Two-point lod scores for 14 markers on chromosome 17p13.3-p11.2

Position Lod Score at 0 =
Marker Mb M Zpwl Owue 0.00  0.05 0.10 0.20 0.30 0.40
GTAT1A05 0.57 452 287 000 287 253 218 146 077 0.23
D17S8919 3.64 1324 059 0.15 -0 043 0.58 0.54 035 0.14
D17S1828 376 13.74 128 0.10 - 1.08 128 1.04 058 0.18
D178559 469 (155) 186 0.00 1.86 171 153 1.14 0.71 0.28
GATA158H04 627 1997 3.65 0.00 3.65 323 281 197 1.14 042
D17S906 6.64 2099 324 000 324 283 241 156 0.76 0.20
D17S1353 7.56 2331 390 0.00 3.90 342 293 194 099 0.26
GATA7B03 8.14 (23.4) 457 000 4.57 4.05 351 242 134 042
D17S1844 856 24.61 390 0.00 390 344 298 2.06 1.18 0.42
D17S81791 9.10 26.87 152 0.10 -o 132 152 128 0.77 025
D17S8945 976 30.55 1.12 0.15 -0 082 1.10 1.03 0.66 022

GATAS8C04 1046 33.56 1.01 0.15 -0 0.69 098 094 0.65 0.27
ATA78D02 13.06 (404) 0.33 0.15 -2.34 -0.06 0.24 0.32 0.18 0.02
GATAI85H04 17.21 50.99 040 0.25 -0 -0.66 0.00 038 0.34 0.13
'Estimated cM distances are given in parenthesis.

’Maximum two-point lod score with Superlink (Autosomal recessive, full penetrance)

*Maximum likelihood estimate of recombination fraction ().

Lod Score
D7S1353
6
4 GATA158H04 D17S1844

D17S559

il

12 14 16 18

6 8 10
Distance (Mb), 17p13.3-p11.2

Figure 5.23. Multipoint linkage analysis of the 17.21-Mb region at 17p13.3-p11.2

(SimWalk). Autosomal recessive inheritance with full penetrance was assumed.

The 4.14 Mb region reportedly contains a very high number of genes; 171 genes in
total (NCBI Build 36.3). Nevertheless, one of those genes, GUCY2D, stood out as likely
the disease gene, since it was implicated at least in two retinal disorders, autosomal
recessive Leber congenital amaurosis type 1 (LCA1) and autosomal dominant cone-rod
dystrophy 6 (CORD®6). Eighteen coding exons of GUCY2D were analyzed in thirteen

fragments for mutations by SSCP. Exon 15 with an aberrant mobility shift in the patients
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were sequenced, and homozygous mutation ¢.2846T—>C was detected (Figure 5.24). This
amino acid change is predicted to be a mutation rather than a polymorphism, since it was
not found in 186 control chromosomes screened (44 by SSCP and 142 by HRM analyses,
Figures 5.25 and 5.26) which corresponds to a power of 80 per cent to detect a normal
sequence variant with a frequency of 0.01 (Collins and Scwartz, 2002) and was predicted

to be damaging by various tools online (Table 5.7).

At the protein level, this transition caused Isoleucine to Threonine change (p.1949T)
in the catalytic domain of the protein. Isoleucine is the most hydrophobic amino acid,
while threonine is a polar uncharged one. The residue is evolutionary highly conserved and
rarely replaced with the two of the eight highly hydrophobic amino acids methionine and
valine (Figure 5.25, a). 1949 is positioned within an alpha-helical region on the outer

surface of the catalytic domain formed by a ret-GC homodimer (Figure 5.25, b).

Table 5.7. Effect of 1949T substitution on protein function as predicted by four online tools

Database MMB PolyPhen SIFT SNPs3D
Score 0.11 1.41 0.02 -2.61
Predicted to be Affegts Intolerable amino
Effect Neutral . protein .
benign . acid change
function

Protein

. NP _000171 Q02846 GI: 4504217 NP 000171
Accession
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(a)
ID1TS1353 GATATBO3 I
[F.77 Mhll- 17p13.1 I[T.EIS e 3
TRAPFCL I GLICY 20 e— ALOX15E ALO¥1 26 I
CHNTROE
c.2846T=C
p.1249T
1 2 3 4 5 & T &8 9 10 11 12 13 14415 16 17 18 19 20
\ J . \ ]\ J
Y Trans- . . . Y . Y
Extracellular Kinase-Like Dimerization Catalytic
membrane
®) A E T A N A E | A N

pr—t— ey, ety ey ey pr—t— ey, ey, ey ey

GCAG AGACCGCCAAC GCAGAGATCGCCAAC

Affected TCuntml

Figure 5.24. ¢.2846T—>C transition associated with CORD phenotype. (a) 1.2-Mb region at
17p13.1 including gene GUCY2D. Schematic representation of GUCY2D exon structure
and encoded domains are also shown. Mutation ¢.2846T—>C in exon 15 corresponds to an
amino acid change (p.1949T) in the catalytic domain. (b) Chromatograms showing the
¢.2846T—>C transition. (c¢) SSCP results for ¢2846T->C screening in the CORD kindred
and four controls (C1-C4) are shown, and alleles are compiled in the table. The wild type

allele bands are labeled 1 and mutant allele 2.
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Mus musculus
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9491
921 VYEVETIGDAYMVASGLPQRNGORHAAF TANMSLDILSAVGTFR 564
925 VYRVETIGDAYMVASGLPQRNGQRHAVE IANMALDILSAVGSER 968
924 VYRVETIGDAYMVASGLPQRENGORHARAF TANMSLDILSAVGSEFR S67
924 VYRVETIGDAYMVASGLPQRNGQRHAAFIANMSLDILSAVGSEFR 967
955 VIRVETIGDAYMVASGVPNRNGTRHAAFMANMSLDILHCIGTFR 598

Danio reno
(b)
GTP
Me**
1949

1949

Me2+
GTP

Figure 5.25. Sequence conservation and structural context of p.1949T substitution.

(a) Evolutionary conservation of GUCY2D 9491 amino acid across species. (b) Theoretical

homodimer structure of retGC catalytic domain. The positions of mutated 1949 residues in

a-helixes together with bound Me®"-GTPs are indicated with arrows, and their atomic

structures are shown in blue. The structure was modeled using the Protein Workshop tool

(Protein Data Bank, accession ID: 1AWL).
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Figure 5.26. High Resolution Melting Curve analysis with LC480 system used for
scanning 142 control chromosomes for variant ¢.2846T->C. As this is a heteroduplex
method, i.e., it cannot discriminate between wild type (WT) and mutant homozygotes

(wells A3, A4, H3 and H4), a spike DNA was added in screening the population. Spike
DNA has been sequenced and so known to be WT homozygous for ¢.2846T. Its addition
creates artificial heterozygotes (A6 and H6) in both mutant and WT homozygotes, which

lead to their discrimination. In wells A5 and HY, it is shown that adding a spike DNA does
not affect the melting analysis of real heterozygotes. Wells A7-A12, H7-H12 and G12

were not used.
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5.4. MR-HT

A genome scan for MR-HT family had been performed previously in our laboratory
with microsatellite markers of 25 c¢cM spacing and only using DNA of four affected
individuals. However, no significant linkage to a locus was found. Therefore, this time the
family was genotyped with more densely spaced markers at the NHLBI Mammalian
Genotyping Service. The highest and sole significant multipoint lod score was 1.88 at 7q
(Figure 5.27), but even this score was far lower than 3 to accept linkage. Nevertheless, fine
mapping study at this region was launched which delineated the region between markers
D7S1820 and D7S1817 only in the three affected sibs (Figure 5.28). The affected cousin
(502) carried only part of the haplotype in the heterozygous state. Recent clinical
information suggested that diagnosis of 502 might be somewhat erroneous. This
information prompted us to analyze the genome scan data once more by excluding 502
from the analysis. Chromosome 7q was again the only significant region, with lod score
approaching to 2.7 this time (Figure 5.29). So, the gene for MR-HT was localized to a
15.83 Mb region at 7q21.3-q31.1 with a multipoint lod score of 2.65 (Figure 5.30). This

interval contains 243 genes.

LOD SimWalk v2.91 (MultiP oint Parametric)
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Marker coverage and chromosomes
Figure 5.27. Multi-point lod scores of the genome scan data in a recessive model with full

penetrance (SimWalk2). All four patients are included.
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Figure 5.29. Multi-point lod scores of the genome scan data in a recessive model with full

penetrance (GeneHunter). Patient 502 was excluded from the analysis.
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Figure 5.30. Multipoint linkage analysis of the 15.83 Mb region at 7q21.3-q31.1

(GeneHunter). Autosomal recessive inheritance with full penetrance was assumed.
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A twopoint lod score of 1.35 (theta = 0) for the whole family was obtained at
GATA2A12 located in the major pseudoatosomal region (PARI). PAR1 covers a 2.7 Mb
region at the extreme tips of the short arms of X and Y and is known to contain 40 genes,
many of which are hypothetical. It is the site for an obligate crossover during male meiosis.
This high recombination frequency at this region increases the genetic distance to
approximately ten times the physical distance (Table 5.8). Further genotyping at PAR1
with 12 additional markers did not detect a shared homozygosity in all of the affected and
showed that the positive lod score at this marker is due to a noninformative homozygosity
of 405 for GATA2A12 (Figure 5.31). Expected crossover events in all male meioses could
not be detected clearly, since DNA of 401 was not available, and not all meioses were
informative. Also, many of the markers for fine mapping studies were designed for this

study, so genetic distances are not available.

Table 5.8. Physical and genetic positions of markers used to fine map PARI region

Map Position (cM)

Marker Bp Sex-averaged Female Male
DXYSS8 307,322 0)' (0) 0)
DXYS9 385,607 (0) (0) (0)
DXYS4 501,544 (0) (0) (0)
DXYSS5 685,651 (0) (0) (0)
DXYS233 818,388 (0) (0) (0)
GATA2A12 860,138 0 0 0
DXYS2 978,341 (0.8) (0) (1.6)
DXYS3 1,282,729 (2.9) (0) (5.8)
GGAT3F08 1,306,724 3.18 0 6.1
DXYS228 2,631,455 13.04 2.82 25.98

1 R . R . .
Estimated cM distances are given in parenthesis

Chromosome 17 was analyzed before the genome scan at NHLBI Mammalian
Genotyping Service, due to the high incidence of homozygosity in the patients. However, a
shared region of homozygosity in all affected patients could not be identified, as shown in

Figure 5.32, where the genotyping results before and after the genome scan were pooled.
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5.5. PAG-L

Multipoint lod score analysis of the genome scan data of PAG-L kindred resulted in
a single significant peak of 3.2 between markers D13S784 and D13S317 (Figure 5.33).
However, further genotyping studies with twenty additional markers and including DNA of
other family members available yielded negative multipoint lod scores along chromosome
13. As chromosome 13 was the sole significant locus, we decided to fine-map the region as
much as possible with affected individuals that apparently carried a common IBD
haplotype. This approach mapped the gene region to a 3.04-Mb interval between markers
D13S91-7 and D13S631 with a multipoint lod score of 4.25 (Table 5.9, Figure 5.34, 5.35
and 5.36). However, neither affected individual 312 nor his affected sons 414, 415 and 416
carried this haplotype, and the sons inherited the same haplotype from the father (Figure
5.37).

LoD SimWalk v2.91 (MultiPoint Parametric)
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Figure 5.33. Multi-point lod scores of the total data set generated by the genome scan in a
dominant model with 80 per cent penetrance. Lod scores are plotted in the order of
chromosomal position. Top five scores are given within the graph together with their loci

and chromosomal positions. Lod score graph of chromosome 13q14.11-q32.3 is enlarged.



Table 5.9. Two-point lod scores for 32 markers used in fine mapping approach on

chromosome 13pter-qter

Position Lod Score at 6 =
Marker Mb M Zowd Oe 0.00 005 0.1 02 03 04
D13S787 2328 875 0.10 025 -1.99 -049 -0.10 0.09 0.08 0.03
ATA5A09 26.00 16.05 0.00 050 -2.35 -1.77 -1.14 -0.51 -021 -0.05
D13S893  30.96 2835 0.84 0.10 -0.81 0.79 0.84 065 037 0.13
D13S1493 3291 31.13 0.00 0.50 -636 -2.07 -1.55 -0.81 -0.36 -0.11
D13S894  37.64 37.87 004 035 -136 -0.75 -040 -0.09 0.03 0.03
D13S765  39.36 (40.6) 0.00 0.50 -3.65 -1.61 -0.98 -0.38 -0.13 -0.03
D13S325  42.07 43.84 0.05 030 -3.56 -146 -0.67 -0.06 0.05 0.00
D13S788  50.79 54.17 0.51 020 -0.62 0.04 038 051 037 0.13
D13S784  54.00 (55.5) 0.12 020 -1.70 -0.11 0.07 0.12 0.08 0.03
D13S801 6146 5851 123 0.15 049 1.01 123 1.13 0.81 041
D13S318  69.47 62.00 0.00 040 -1.29 -0.57 -030 -0.08 -0.01 0.00
D13S800 7277 6739 059 0.10 -0.89 0.50 0.59 048 026 0.07
D13S1804 76.03 7248 097 0.15 -3.00 0.63 093 091 063 027
D13S170  80.01 7626 1.02 0.10 -0.30 098 1.02 081 048 0.16
D13S317  81.62 7730 396 0.00 396 3.55 3.13 226 139 056
D13S628  84.58 79.02 043 0.10 -0.85 034 043 034 0.18 0.06
D13S767 88.92 8154 214 005 079 214 208 1.67 1.10 0.46
D13S795 9149 8390 134 000 134 1.17 099 065 035 0.12
D13S91-7 91.70 (83.9) 1.77 0.05 047 177 173 135 086 0.37
D13S1811 9231 (84.7) 134 0.00 134 1.17 099 065 035 0.12
D13S762  93.23 (85.8) 0.51 0.00 051 043 035 022 0.10 0.03
D13S631 9474 89.14 0.88 0.15 -0.11 0.65 0.88 080 0.52 021
D13S793  96.75 (91.0) 0.62 0.10 -125 048 0.62 054 031 0.10
D13S770 9843 9429 0.07 025 -1.93 -026 -0.04 007 0.06 0.02
D13S1284 98.69 9477 0.00 0.50 0.00 0.00 0.00 0.00 0.00 0.00
D13S1267 99.70 95.67 0.00 045 -1.70 -1.03 -0.60 -0.21 -0.06 -0.01
D13S779 10030 97.08 130 0.10 -0.10 129 130 1.00 059 0.19
D13S796 106.69 111.13 0.13 030 -2.45 -0.84 -042 0.05 0.13 0.06
L18097 106.89 112.74 1.83 0.00 1.83 1.57 132 084 043 0.14

'Estimated cM distances are given in parenthesis.
*Maximum two-point lod score with Superlink (Autosomal recessive, 80 per cent penetrance)
*Maximum likelihood estimate of recombination fraction ().
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Figure 5.34. Multipoint lod score curve obtained for markers on Table 5.9 (SimWalk)
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Figure 5.35. Haplotypes of PAG-L kindred (branch 1) on chromosome 13. Shared haplotype is boxed.

N uiii‘iﬁ)n

447 Marker

Ll
A

[0}

-
4

[ S R S

L L o e

M da s de g

1
I
I
Il
4

T D135787
5 ATASMO0S
i 0135893

4 D1351493:
. 3764
© 3936
s 4207
- 5079
- 34.00
. B1.46
L6947
CT2TT

5 0135594
1 D135763
1 0135325
4 0135788
3 0135754
2 D350
5 01355313
3 D135a00

1 01351804
- 80.m
o 8182
. 84.58
o 88.92
1 91.49
2 91.70
=Ry
D 9323
19474
D 9E.TS
S 9543

& 0135170
I D13ET
o D135628
1 D13576E7
3 [M35795
D135 -7
3 D13sma
2 0135783
@ D135631
I 0135793
@ D135770

o 01331284
@ D1IZ1267
210030
- 10665
- 10685
2107 46
S 10838
S 11800

4 D135779
4 D135796
o L18097

o D135753
4 D135893
5 AGATIN3

hdlx

D 2328
C26.00
3096

329

76.03

9565
93.70



310

407
5 6
3z
4 3
4 6
11
7] [l
i 2]
6§ 4
31
7] 2]
4 3
g1
501
34
31
14
1 2

3

3 3
: 2
(3] 2
5| 4
3| 1
/) [
5 )
4 3
p| 4
p| 2
2 )
3 4
3 3

311 319

Marker Mb
D13S787 :23.28
ATAS5A09 :26.00
D13S893 :30.96
D13S1493:32.91
D13S894 :37.64
D13S765 :39.36
D13S325 :42.07
D13S788 :50.79
D13S784 :54.00
D13S801 :61.46
D13S318 :69.47
D13S800 :72.77
D13S1804:76.03
D13S170 :80.01
D13S317 :81.62
D13S628 :84.58
D13S767 :88.92
D13S795 :91.49
D13S91-7:91.70
D13S1181:92.31
D13S783 :93.23
D13S631 :94.74
D13S793 :96.75
D13S770 :98.43
D13S1284:98.69
D13S1267:99.70
D13S779 :100.30
D13S796 :106.69
L18097 :106.89
D13S783 :107.46
D13S895 :108.39
AGAT113:118.00

421
i} ]
i} il
2 2
o i
[ [l
2 4

5 ]
(i) ]
4 il
3 3
! 4]
a 4]
1 1

&

i
2 3
4 4]
') (4]
4 4
a 4]
a 4]
a 4]
5 ]
3 |
il ]
5 4]
4 3
2 4]
2 2
2 4]

a

a

320 321 322
422 423
2 3 2 3
3 L 5 L
3 El i i
4 4 5 4
] 4 il 4
3 1 i !
il il il il
il il il i
2 [ 3 4
2 3 1 3
il ) il il
1 3 1 3
1 3 3 3
2 .} i L.}
4 [3] 4 [3]

k] 2 3 2
3 4 3 4
1 1 1 1
3 4 3 4
3 3 3 3
3 3 i 3
2 3 2 3
4 5 4 5
2 3 2 _2‘-
il 7] il 7]
a 5 3 3
3 4 3 2
4 2 4 4
3 2 3 2
1 |2 2 [}
3 3 4 4
2 3 [ ]

oW =

[

[}

Ui b2 bd b e WA

|I"

97

329 330
441 443

2 1 1
3 3 3
3 7] i
4 24
5 4 &
2 o 0
§ 2 1

23

4 3
2 2 2
[ 2 k)
3 4 4
4 2 1
8 508
4 6 6
3 i [l
3 2 2
| 13
3 I3
3 34
4 1 2
2 4 2
4 5 2
1 i ]
il o ]
2 i ]
2 i 2
5 4 2
2 i ]
2 i ]
4 5 5
2 2 3

Figure 5.36. Haplotypes of PAG-L kindred (branch 2) on chromosome 13. Shared

haplotypes are boxed. Haplotypes of individuals 441 and 443 are given as references to

Figure 5.37.
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Figure 5.37. Haplotypes of individuals 312, 313, 414, 415 and 416 on chromosome
13g22.2-q32.3. Haplotypes are colored to track their inheritance.
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6. DISCUSSION

Large-scale genotyping centers together with the availability of high-density marker
maps have facilitated cost effective genotyping. Mammalian Genotyping service funded by
the National Heart, Lung, and Blood Institute (NHLBI) had been performing genome scans
with multiallelic microsatellite markers to support world-wide studies of mapping genes
which cause or influence human diseases for 12 years until December, 2006. The service
accepted three genotyping projects from our laboratory and produced a total of 121,210
genotypes from 293 samples. This study describes locus and gene analysis in five of the

inherited disorders submitted to the service, starting from the initial genotyping data.

Extended families with several affected members as a result of the high rate of
consanguineous marriages in certain parts of Turkey have provided the starting point for
this study. In all but one (PAG-L) of the disorders analyzed, it could be assumed that
disease alleles were homozygous by descent, and in turn homozygosity mapping could be
applied. Then in the identified loci, candidate genes were evaluated on the basis of their
genetic location, expression pattern, tissue specificity, reported function and similarity to

known genes.

6.1. Split-Hand/Foot Malformation (SHFM)

The kindred we analyzed was the only one reported so far exhibiting autosomal
recessive inheritance for SHFM (Gul and Oktenti, 2002). Incomplete penetrance reported
for all SHFM with known locus except for the X-linked one (a single family) strongly
implies the contribution of more than one locus to each autosomal SHFM. In addition,
general variability of the trait among the autopods of a single individual further
complicates the picture, indicating that the contributions of genes to the trait are not
absolutely additive. Therefore, our results that revealed the complex inheritance for SHFM
in the kindred studied were not unexpected. A homozygous mutation in WNT10b having a
penetrance of 92.3 per cent underlies the trait in subjects with foot involvement, while the
atypical SHFM individual did not carry the mutation at all. Additionally, a dominant locus
at 17p13.1-q12 was identified, making an oligogenic inheritance model possible. The lod



100

score at this locus did not reach significance, because both the number of subjects and the
penetrance were low. It is noteworthy that the severest cases (415, 501 and 603) shared
homozygosity for part of the haplotype. Alternatively, a digenic model is also possible, in
which the part of the haplotype (17q11.1-q12 between markers D17S691-D17S966, Table
5.3 and Figure 5.11) inherited by all SHFM subjects but not by 507 would be essential for
the penetrance of WNT10b mutation. Thus, the finding that SHFM phenotype did not
manifest in 507 who was homozygous for the mutation could be explained by two
alternative models: Either the coinheritance of additional locus/loci was essential for
SHFM manifestation, or a protective modifier locus suppressed or rescued the trait
manifestation. The first model proposes oligogenic inheritance as explained above, and the
13.35-Mb region between markers D175689-D17S1181 is a good candidate. As for the
second model, the sample size was too small for a meaningful investigation, 507 being the
only individual homozygous for p.R332W and not manifesting SHFM. Suppressor
genes/loci for other human traits have been reported and are reviewed by Nadeau, 2001.
Since sisters of 507 are only very mildly affected, it is possible that only minor genetic
differences have led to a shift from the equilibrium for the normal phenotype in favor of

the SHFM phenotype.

Spinal muscular atrophy (SMA) is a very recent example how a protective modifier
locus rescues an otherwise lethal condition. SMA is an autosomal recessive neuromuscular
disorder caused by mutations in the survival motor neuron 1 gene (SMN1). In some
families, despite having homozygous SMN1 gene deletions, the penetrance is low and there
are asymptomatic individuals. This condition is partly explained by the number of SMN2
gene copies located centromeric to SMN1. The copy number of SMN2 affects the amount
of SMN protein produced and thus the severity of the SMA phenotype (Lorson et al.,
1999). However, in rare conditions, two sibs having no SMN1 gene product and identical
number of SMN2 gene copies can be either affected or asymptomatic. It was shown
recently that a significantly high expression of yet another gene, plastin 3 (PLS3), rescued
the trait in unaffected SMN1 deleted females (Oprea et al., 2008).

As for the variability of the SHFM phenotype, the simplest model would suggest that
combinations of various loci shared by various combinations of SHFM subjects act in

concert with the two loci we identified (WNT10b mutation and 17p13.1-q12). Several
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haplotypes shared by most SHFM members of the family could be interpreted in favor of
this model (summarized on Table 5.3). An interesting candidate locus example was
1p34.3-31.1, where a haplotype was found in all SHFM subjects except the atypical case
407 and 510, in either heterozygous or homozygous state. It is remarkable that the
phenotype of 510 was unique in the family in the sense that she had postaxial involvement
in the affected foot. Postaxial syndactyly in foot was not observed alone in any other
member of the family but in association with a preaxial defect (Table 3.1). Another locus
of interest was 3q27 harboring TP63, the gene for SHFM4. We analyzed all sixteen exons
of TP63 encoding the six p63 isotypes (Yang et al., 1998). Only a rare insertion
polymorphism at the promoter for isotype ANp63 was identified. The homozygosity for the
allele was highly significant (p=0.005) and was observed in four SHFM subjects. Two
SHFM subjects (407 and 508) did not carry the allele (Table 5.3 and Figure 5.9). No
functional study has been reported for the alleles. ANp63 lacks the transactivation domain
for transcriptional activity and was suggested to have dominant-negative effects on p53
and p63 activities (Yang et al., 1998). Whether any of the loci found to be shared by most
of the SHFM cases indeed contributes to phenotype severity cannot be assessed for sure
before the responsible genes are identified. One factor that hinders such an evaluation is
that a quantitative phenotypic classification was not possible in our SHFM subjects.
Moreover, complex inheritance is generally complicated also by environmental factors,

and nothing is known yet about possible effects of environment on SHFM phenotype.

A general feature of SHFM is that males are more affected than females. No locus on
the X-chromosome was shared by all male SHFM subjects in the family. Locus Xq22.3-
g25 was shared by all but 604. Although it is possible that the locus may have a modifier
effect on the severity in males, acting as an X-linked recessive locus, it is more likely that

in this family the trait severity is sex influenced rather than modified by an X-linked gene.

Homozygous WNT10b mutation was definitely non-penetrant in 507, since
radiological investigations excluded SHFM. No malformation could be observed in hands
or feet. However, two clinical findings in her feet are remarkable: unusually large
navicular bones fused to accessory bones and reduced bone density as evidenced by the
hollow appearance in calcaneus bones. Available radiograms allowed the investigation of

those phenotypes in two SHFM cases as well: The navicular bones were bilaterally large
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but not fused in individual 409, who also had a weak calcaneus appearance. In individual
407, who did not carry mutation p.R332W at all, the bone density was normal and the
navicular bones were neither large nor fused. The somewhat lower bone density in
mutation homozygotes is in agreement with the positive role of WntlOb in

osteoblastogenesis and regulation of bone density (Bennett et al., 2005; Kang et al., 2007).

In order to investigate whether there is a correlation between WNT10b transcript
levels, which in turn may be an indicative of protein level, with phenotype severity, we
assayed WNT10b transcript levels in four individuals, all homozygous for mutation
p.R332W. Indeed, there was about a two-fold difference between the non-penetrant

individual 507 and individual 415, with severest SHFM phenotype.

The other perplexing phenotype was that of individual 407, who did not carry the
mutation. He exhibited the atypical SHFM phenotype: just a mild hand involvement. This
together with the observation that seven of the remaining twelve SHFM cases had hand
involvement (in addition to foot) suggests that a particular set of genes could underlie hand
involvement. SHFM individuals 407, 409, 414 and 514 were afflicted with postaxial
cutaneous hand syndactyly type I, while three males (501, 415 and 603) had severe hand
malformations. We propose that yet unidentified locus/loci other than gene WNT10b could
be responsible for the mild syndactyly phenotype without bone involvement as in 407, 409,
414 and 514. As for 501, 415 and 603, phenotype is perhaps too complex to distinguish a
probable syndactyly component alone. Further evidence in support of the presence of a
hand-involvement locus is the phenotype of brothers 603 and 604: both have severely
affected feet as their father, but only 603 had hand involvement, and it was as severe as the

father’s.

Oligogenic inheritance might be not very rare in bone morphogenesis. Recently
SHFM with long bone deficiency was shown to link simultaneously to two dominant loci
in an extended kindred (Naveed et al., 2007), but still parental consanguinity raised the
question whether a recessive gene could also be involved. The clinical variability was
extremely high as in our family and it was mentioned in the report that mild cases were not

included in the study.
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This is the first report on the pathogenesis of a WNT10b mutation in limb
development (Ugur and Tolun, 2008a). WNT10b acts as a key signaling molecule
promoting osteoblastogenesis and inhibiting adipogenesis. WNT genes were shown to be
mutated in at least four other autosomal recessive developmental human disorders: WNT3
in tetra-amelia (Niemann et al., 2004), WNT7a in Fuhmann Syndrome and Al-
Awardi/Raas-Rothschild Syndrome (AARRS) (Woods et al., 2006), and WNT10a in
Odonto-onychodermal Dysplasia (Adaimy et al., 2007). It is remarkable that mutation
p-R292C in WNT7a reported for AARRS is at the homologous position for mutation
p-R332W identified in this study. This position is perhaps important for regulation or
receptor recognition by the WNT protein.

It was a challenge to work with such a large family with a large number of affected
members having such a variable phenotype. Several frequent haplotypes were observed. It
is difficult to speculate which of those haplotypes harbor additional genes contributing to
the trait, not only because of the high consanguinity but also because several inheritance
models could be proposed for the highly variable phenotype. The hands were either not
affected at all or much less affected than the feet, indicating that separate but overlapping
molecular mechanisms may exist for morphogenesis of hand and foot. Individual 407
lacked both WNT10b mutation and foot malformation. It is therefore justified to propose
that mutations in that gene underlie typical recessive SHFM phenotype and work in
concert with defects in several other genes to fully manifest the phenotype. In spite of the
high parental consanguinity, the genetic background in the family cannot be expected to be
as uniform as in inbred mice with dactylaplasia, the mouse model for SHFM. This may
explain why a clear cut phenotypic classification could not be drawn in humans and effects
of locus combinations on the phenotype could not be established. Nevertheless, recessive
genetic components have never been considered previously in SHFM families, and this
report emphasizes the importance of studying such components and evaluates possible
complex inheritance models which are extensions of an underlying recessive gene defect

(Ugur and Tolun, 2008a).
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6.2. Hypomyelination and Congenital Cataract (HCC)

In this study, we investigated a family with an autosomal recessive neurological
condition initially diagnosed as sensory motor demyelinating neuropathy followed by a
diagnosis of a new form of leukodystrophy. We launched a linkage study in the family in
order to map and subsequently identify the causative gene for this novel condition. The
manuscript was submitted for publication after the mapping studies were completed and
two candidate genes, namely HIBADH and CYCS were excluded from the disease
phenotype by mutation analysis. The manuscript got rejected because of insufficient
clinical description. Later Zara et al., 2006 described HCC as a new disorder in five
unrelated families and identified the causative gene as DRTCCNBI1. Linkage to 7p in the
family we studied together with close clinical resemblance to the disorder reported by Zara

et al., 2006 led us to assign the condition in our patients as HCC.

We subsequently showed that our patients carried in the disease gene a homozygous
large deletion that apparently resulted from an unequal crossover at the direct copies of an
imperfect repeat (Ugur and Tolun, 2008b). The mutation would cause skipping of exons 8
and 9 and, due to the one-nucleotide shift in the translational reading frame, is predicted to
lead to a premature stop codon at position 214. The truncation deletes 308 amino acid
residues from the carboxy-terminal of the native 521-amino acid protein. This mutation
c.531-439 743+348del is predicted to result in absence of the protein since the deleted
region spans more than half the coding region, including amino acids 230 to 248, which
comprise one of the two putative transmembrane segments. The mutations reported in the
mentioned study were either splice site (c.51+1G>A and c.414+1G>T) or missense
(c.158T—=>C). It is difficult to speculate on the relative severities of the splicing and
truncating mutations. All 10 patients in the previous report could walk with support until at
least age eight years, while none of our four patients that survived beyond age two years
could walk with support past six years. However, while all patients in the former study had
bilateral congenital cataracts, two of our patients did not: patient 509 developed cataracts at
age nine years and her sister (patient 505) had cataract seemingly only unilaterally until she
died at age 12 years. Our findings add to the clinical variability already reported, in that

congenital or bilateral cataract should not be considered a prerequisite for the diagnosis of
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HCC. Especially in isolated cases, bilateral or congenital cataract as a criterion for HCC

would lead to misdiagnosis.

6.3. Cone Rod Dystrophy (CORD)

The third disorder analyzed was a nonsyndromic autosomal recessive cone-rod
dystrophy observed in six individuals of a consanguineous family. A genome-wide search
followed by further genotyping at the single suggestive locus localized the gene to a 4.14
Mb interval at 17p13.2-p13.1 with two and multipoint lod scores of 4.57 and 5.48,
respectively. A database search revealed 171 genes in this critical gene region (NCBI Build
36.3). Although this number was very high to initiate a candidate gene analysis, one of
those genes GUCY2D encoding retina specific guanylyl cyclase (retGC) stood out to be a
highly promising candidate. Mutations in GUCY2D have been associated with autosomal
recessive LCA1 and autosomal dominant CORDS5/6. Eighteen coding exons of GUCY2D
were screened for mutations in the family, and indeed a novel variation ¢.2846T>C was
identified in the fifteenth exon of the gene. This variation was assessed as a mutation, since
it was not observed in about 200 chromosomes tested and it caused substitution of the most
hydrophobic amino acid (Isoleucine, I) for a polar uncharged one (Threonine, T) at the
catalytic domain of the protein. In a theoretical model for the catalytic domain of retGC
(Liu et al., 1997) based on the crystal structure of the catalytic domain of type II adenylyl
cyclase (Zhang et al., 1997), 1949 is positioned within an alpha-helical region on the outer
surface. The insertion of a polar residue instead of a strongly hydrophobic one into this
region would likely to affect the folding of the helical segment. Additionally, two online
tools used for predicting the effect of amino acid variations (SIFT and SNP3D) suggested
that this change is intolerable for the protein (Table 5.7). The other two tools (MMB and
PolyPhen) predict the change as neutral, possibly due to an error in the scope of their
alignment files. These programs include natriuretic peptide receptor type C (NPR-C) in the
alignment, which disturbs the conservation of 1949 residue. However, NPR-C is the only
member of the natriuretic peptide receptors without a guanylyl cyclase domain (Rose and

Giles, 2008).

The mutation segregating with the condition in the family created p.1949T amino

acid change in the catalytic domain of the retGC, and homozygous mutations in this
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domain is shown to be associated with LCA in several instances. Nevertheless, LCA which
is a common cause of childhood blindness was ruled out from differential diagnosis in the
family upon fundus examination and electrophysiological findings. Although the patients
exhibited a great degree of variability in their ophthalmologic manifestations, the condition
was diagnosed as a novel form of cone rod dystrophy (CORD). CORDs are inherited
retinal dystrophies from the group of pigmentary retinopathies. CORDs are characterized
by retinal pigment deposits, principally in the macular area in the ophthalmologic
examination of the fundus. Cone loss precedes the rod loss in CORD, which explains the
generally sequential symptoms of CORDs: reduced visual sharpness, defects in color
vision, photophobia and decreased sensitivity in the central visual field, later followed by

progressive night blindness and peripheral visual field loss.

Functional consequences of missense mutations found in the catalytic domain of ret-
GC have been studied extensively (Rozet et al., 2002; Tucker et al., 2004). In general,
mutant GUCY2D constructs are expressed in vitro and subsequently assayed for their
ability to hydrolyze GTP to cGMP. All mutations within the catalytic domain were shown
to abolish cyclase activity completely. In addition, Tucker et al., 2004 have shown that the
catalytic domain mutant alleles act in a dominant negative fashion to reduce the activity of
wild-type construct when co-expressed. Such a dominant negative activity reflects
formation of inactive mutant/wild-type dimer (Thompson and Garbes, 1995). This finding
was consistent with abnormalities in cone electroretinograms (ERG) detected in obligate
GUCY2D heterozygotes for the p.L954P mutation (Konekoop et al., 2002). In this sense,
the p.J949T variation identified in this study most probably does not abolish but only
decreases the activity of the protein, since an abolishing mutation would create a very
severe phenotype leading to childhood blindness as in LCA. Alternatively, modifier
locus/loci may have had a role in this less severe phenotype. It will be interesting also to

test the p.1949T carriers in the family for cone ERG.

Intrafamilial differences in the severity of the phenotype are well known for retinal
dystrophies. Application of microarray technology for screening disease-associated
variants for LCA not only proved to be a strong diagnostic tool but also explained the
variable expressivity in LCA by modifier alleles. Zernant et al., 2005 have performed a

comprehensive study in 300 patients using an LCA genotyping microarray platform
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containing 307 variants from eight genes. Interestingly, eight per cent of the patients were
found to have a homozygous defect in one gene together with a heterozygous defect in a
second gene. The clinical findings were also supportive: the phenotypes were more severe
in the affected individuals with three defective alleles compared to their age-matched
affected siblings with only homozygous mutations in one gene. The CORD family in this
study was reconsidered clinically in order to address the phenotypical differences. The
clinical findings for patients 509 and 512 were compatible with tapetoretinal degeneration,
which is a disorder of the retina mainly affecting photoreceptors and retinal pigment
epithelium, while a diagnosis of CORD was more suitable for patients 409, 507 and 514. In

this regard, the former patients may be considered as having a more severe phenotype.

The genome scan data were reanalyzed by grouping the patients according to the
severity in their phenotypes in order to detect modifier locus/loci with various penetrance
models. A 14-Mb recessive locus on chromosome 14q23.1-q24.3 between markers
D14S592 and D14S1433 was a good candidate that could account for the observed severity
in individuals 509 and 512. Among affected individuals, only 509 and 512 were
homozygous for the locus and multipoint lod score approached 1.6 when penetrance was
reduced (66 per cent). Interestingly, this region contained gene RDH12 implicated in
LCA3.

6.4. Mental Retardation Associated with Hypertension (MR-HT)

In this study, we identified the genetic loci for an autosomal recessive mental
retardation on chromosome 7q21.3-q31.1. The linkage studies in this family were rather
challenging. Initially, the genome scan data performed previously in our laboratory were
utilized, which consisted of genotyping results of only three affected sibs with
microsatellite markers having 25 ¢cM spacing. Fine mapping studies in candidate loci did
not result in linkage. Therefore, the pedigree was genotyped once more at NLHBI
Genotyping Service with more densely spaced markers and including this time all four
affected individuals, their available parents and siblings. However, the results were

disappointing again, as shared homozygosity in the patients was not found in any locus.


http://cancerweb.ncl.ac.uk/cgi-bin/omd?retina
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We were recently informed that patient 501 had never been clinically evaluated but
was assigned as having the same clinical manifestations as his cousins upon the claim of
the family. We have requested a clinical examination for this patient which resulted in a
diagnosis as a different form of mental retardation. We therefore reanalyzed the genome
scan data with excluding this individual. The gene locus was then mapped to a 15.83 Mb
interval on chromosome 7q21.3-q31.1 between markers D7S1820 and D7S1817 with a
maximum multipoint lod score of 2.65. As both the structure of the pedigree and the
number of affected individuals were different after individual 502 was excluded from the
analysis, simulation programs were run under the hypothesis of linkage in order to estimate
the power of this reduced pedigree to yield a significant lod score. Simulation studies of
1000 replicates resulted in maximum estimated lod scores of 2.48 (two-point, FastSlink)
and 2.86 (multipoint, Allegro). These results imply that this pedigree structure is not
sufficient to detect significant linkage and our actual analysis has gathered nearly the
maximum linkage information that can be extracted from this pedigree. Therefore, it is
justified that the gene locus was indeed at 7q21.3-q31.1. It was risky to initiate candidate
gene analysis in this region considering the uncertainties in the clinical diagnosis of the
individuals and the very large number of genes in this region (243 genes, NCBI Build
36.3).

The roles of autosomal genes in mental retardation are not very well known. It is
partly because severe autosomal dominant forms are almost exclusively sporadic, since
affected individuals rarely have children. For recessive cases, it is not always possible to
find large pedigrees with multiple affected individuals. To date, only four genes mutated in
autosomal recessive mental retardation were reported, and seven additional loci were
mapped in an extensive study with consanguineous Iranian families by large-scale
homozygosity mapping (Najmabadi et al., 2006). None of those genes or loci seems to be
the common cause of MR, which is not surprising, since about half of the human genes are
expressed in brain. Our findings describe a new locus for AR-MR and support the evidence
for genetic heterogeneity in this disorder. Identification of underlying gene defects in all
identified loci will accelerate our understanding of the basic mechanisms underlying

mental development.
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6.5. Pseudoarthrogryposis-like Syndrome (PAG-L)

The last disorder analyzed in this study was PAG-L. The PAG-L phenotype was
observed in an extended kindred, inherited in an autosomal dominant fashion. A genome-
wide linkage scan in this kindred highlighted a sole locus with significance: 13q14.11-
q32.3 with a multipoint lod score of 3.2. Surprisingly, fine mapping studies on
chromosome 13 did not support linkage for all of the affected individuals. Still, we mapped
the gene region to a 3.04-Mb interval between markers D13S91-7 and D13S631 using only
the affected individuals with shared IBD haplotypes. The purpose for such an approach
was to initially map a critical region as small as possible and then check the genotypes of
unlinked individuals at this locus to make sure that a likely haplotype was not hidden by
ancestral cross-over events. However, affected individual 312 and his affected sons 414,
415 and 416 neither carried this haplotype, and the sons had not inherited the same paternal
haplotype.

Having chromosome 13 as the only significant locus and eliminating other
chromosomes also by haplotype inspection prompted us to conduct detailed linkage studies
on this chromosome. However, there is always a risk to overlook a haploype with a limited
size. A better approach for the family would be to repeat the genotyping with high density
SNP arrays that would cover the genome with less spacing and with more homogeneityin a
more uniform fashion. Several reports have demonstrated the ability of SNP linkage scans
to identify loci not detectable by in multiple microsatellite-based scans (Yang et al., 2005).
A relevant example is identification of the gene PLA2G6 responsible for the infantile
neuroaxonal dystrophy in an extended pedigree. A 400 microsatellite based scan missed
the 1.5 Mb shared haplotype in the patients which later was identified by a 10K SNP array
(Khateeb et al., 2006). Nonmendelian genotyping errors that are not detected by the
computer programs may also be the cause of missing the likely gene locus. Yet a new scan
would help reevaluation of such loci with correctly genotyped markers. Alternatively, the
challenge in this study may also reflect that the apparently monogenicly inherited
phenotype in the family has in fact a heterogeneous etiology. Phenotypic classification

within the pedigree together with likely effects of other loci should be reconsidered.
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7. CONCLUSION

In the framework of this study, causative genes have been identified for three
autosomal recessive disorders; WNT10b for Split-Hand/Foot Malformation, DRCTNNB1A
for Hypomyelination and Congenital Cataract, and GUCY2D for Cone Rod Dystrophy.
Additionally, a novel gene locus for an autosomal recessive mental retardation associated
with hypertension has been mapped and a candidate locus for autosomal dominant

Pseudoarthrogryposis-like Syndrome has been identified.
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