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Abstract
Background

‘Newfoundland is an island off Canads's east coast that has & unique population for gene
discovery. Newfoundiand out-port communities were founded by English Protestant or
Irish Catholic fisherman, and were subjct to isolaton due to geographical distance

between commun ates formed.

and religious segregation. As such, many genetic i

and have since aded in several gene discoveries.
Objective

denti s ing genes involved in

arthythmogenic right ventricular cardiomyopathy/dysplasa type 5 (ARVC/D), deafness

and breastcancer, by sudying Newtoundiand familcs.
Resuls

ARVC is an smhytbmic disorder charactrized by fafibro. rplacement of the
myocardium, The causal gene for one subtype of ARVC, ARVDS, was idenified by
sudying 15 Newfoundland ARVC fmiles. Haploype snalys

i

ly revealed a 236
Mb critical region that all affeted individuals shared and after screening positonal
candidate genes, a missense variant, transmembranre protein 43 (TMEM#3) c.1073C>T,

was determined o be the causal varint,

Atage, extended dromic ha pecs
10 havean X-linked mode ofihecitane. Haploypes spannin the e X chromosome
evealed that only  single egion was shared among all afected indviduals, a 133 Mb
on Xp. One key individus, whose parens were both affcted nd rlted, had
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096 Mb region of homazygosity within the dystrophin (DMD) locus, however,
Segregation of the affected haplotype on the maternal side was ot confirmed. Screening
cochlea expressed postional candidate genes in the 133 Mb region revealed no

deletrious varants.

Scrcning cobort of 96 Newfoundiandbrestcacerprobands, with a family history of
reast cancer, for BRCAL and BRCA2 (reast cancer suscaptbily genes 1 and 2)
deletrious variants (phase 1) identified 15 trncaton mutations solving nly 15.6%
(1596) ofthe cohor. I addidon urgeed srsning of he 15 Newfoundiand BRCAT
and BRCAZ mutstions in 5 ewly recuted probands (phase 2 only resled in one

for the BRCA2

‘The two BRCA2 ¢ 67144elACAA probands (one from phase 1 and the other from phase:

Dissi2e

and D135220 — suggesting it may be a founder mutation. Fusthermore, sreening all

probands fora

Conclusions

The population of Newfoundland provides opportunity for novel gene. discovery

partcularly in autosomal dominant and X-linked disorders. By studying 15

Newfoundiand ARVC fanilies we have

nified the cause of ARVDS as a missense
mutation in & novel gene, TMEMJS. This discovery, through mulation screening, now
sids in disease diagnosis and identifis at-risk individuals, which allows the appropriate
life-saving precautions to be taken, including the use of an implantable cardioverter

defibilaor
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A critcal region on the X chromosome has been identified that segregates with non-
syndromic deafness n 8 large Newfoundland family. Despite great effors, the causal
gene has not yet been identified and thus there il emains an opporunity fo a novel

gene discovery.

bresst cancer. Stdying the unsolved familis (spproximately 4% of the BRCAI and
BRCA2 screened cohort) and determining which ones originate from the same fishing
communities may represent clustes of rlated familis that could be uscd to search for

new genes.
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Chapter 1: General introduction

1.1 Aims of this study

The ulimate goal of this thesis was to identify disease genes that segregated in
Newfoundiand familis; three herediary discases including arhythmogenic right
ventricular cardiomyopathy/dysplasia (ARVC/D), deafness and breast cancer were
studied. This general inroduction discusses the modem scope of genetis, familal gene:
discovery approaches, and the benefits of using founder populations for gene discovery.
Each chapter that follows is dedicaed o one of the thce sudicd diseases where the

12 Why make gene discovery efforts?
Idenifying disease genes improves discase management at many levels.  Immediate
impacts include the improvement of discase diagnosis and risk assessment. A simple

genetic test can provide a diagnosis of disease, which can be benefi

A especaly for
discases whre ealy diagnosi s critcal and can improve prognoss,such s in the case
of cardiomyopathies (1), The risk of discase onset can also be bttr assessed by
dentifying mutation carries, who, once idetiied, can b closely monitored for eatly

detection, or maybe even prevention in the future (2). Hamilton discusses the different

preventative measures, including survillance and prophylactic surgeries that posiive

BRCA (breast cancer suscepi

iy gene) mutation carriers, who are at & higher risk of

developing breas cancer, have to face (2).

2301298



elucidate the for discase and may provi ™
for drug therapies (3-5). A recent review sbout calcium deregulaton in amyotrophic

Jatral sclrosis (AL

©. sequ
(79). This ground-breaking rescarch has provided a blucprint for the study of

ranscriptomics (ianscrptional regulation), proteomics. (biological function of gene

protein), i inorder

1o betterunderstand discase pathogenicty (5).

1.3 Genes ~ definition and number
A question that has been posed since the human genome sequence became publically
availabl is “how many genes ae i the human genome?” According 1 the most ecent

assembly of the human genome (GRCh37 — February 2009) and Geneb

by Ensembl
(databse vrson 56.37c — eased May 2010) thre are 21,701 proei coding gnes,
5483 RNA genes and 12,599 pevdogens that have been anntaed with a ol of
148,792 ansripts. The answer o the ahove queston, however, has b suggesed o
Hagely depend on how one deins the word “gene” (10 Gersiei o al,published a

comprehensive review discussing the evolution of the definiton of a gene, which

18005 and eadly C

unit of heredity (1), Later, i the 1940, it was tenmed as a blueprint for a
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it e A

protin bt as the years pssed (berween the 19603 and 19805)and RNA genes wre
esognied, it was defined s a transcript tht gives ris (0 @ functonal procuc (1),
More recenty, s gene has been descibed a3 8 DNA segment that conributes 0 3
paricla funcion or phenotype which, in the absnce of known functin, can be

characterized by sequence, transeripton or homology (gene amnotaion) (11).  The

genome. the same
or different DNA strnd; some share regultory or coding regions (12), whie others are

‘completely independent but are within an intron of an overlapping genc (13). Other

for example, have

‘and promoters (14), andlor have tisue-specific isoforms (14, 15). More uncommon are
bicistronic gencs, where two genes in cis are transcribed together from a single

but ae later cleaved and processed There is

one transcipt, which is termed trans-spliing (17). Defining and categorizing such
{ranserips as multple genes or  single gene is debatable. Furthermore, considering cis-
actng regulatory elements, should they be included in the boundary of a gene? What if

such clements are remote and not even on the same chromosome? Both structure and

“gene” (10), and
when screening candidate disease genes one has 1o take al this information into

considration a well
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1.4 The mutome - common versus rare discase variants
“The mutome i defined s th spctrm of mitations that uderie o ar assocsted with
iscase (18). Over 100,000 gemline mutatons that cther cause orar associted wth 3
diseas have been ienified in 3700 diffret genes. Each year approximatly 10,000

are being ideni 19).

Since 2005, when the Interationsl Human HapMap Project reported that the human
enome i structured into general haplotypes that are divided into blocks and, within

those blocks, genet variants are in linkage disequilibrium (19), association studies

Common,

24), and whether multple common or rare variants actally contrbute to complex

4 26). Whatis cerain though,

understanding of disease it is still very imporant to identify varints that cause

Furthermore, a sing! fant tha fers a high risk for

15 Gene discovery efforts of monogeni
using families

traits - a systematic approach

Family studi dvely to s last 20 years.
(4). The resultng discoveries have mainly revealed deleerious varians that affet the

protein sequence directly and increase discase risk substatially.  According to Online
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Mendelian Inheritance in Man (OMIM) there are. approximtely 2800 monogenic
(Mendelian) diseases with a known molecular basis (27). However, the molecular basis
remains unknown for approximately 1800 described Mendelian discases and another
2000 diseases with o suspected Mendelian inheritance (27). If large, informative,
properly ascersined discase families are available for study then traditonal gene
discovery approaches can be applicd to identiy the causal genes fo the aforementioned
unsolved Mendelian discases.

151 Systematic approach  Part 1 (ascertainment of families)

There s an ideal, families. 0 first

requires the disease of interet 0 be selected and it cinical feaures (slso known s the
discase. phenotype) 1o be well defined, preferably with precise diagnostc ertria.
Families with the disease are then ascersined and the family members are clnically

assessed

family

members is crucial for the success of the gene discovery effort. An accuraely

‘constructed pedigree will then give nsight into the mode of discase inheritance and the

appropriate genetic model that should be used to identify the disease gene. The general

modes.

in a gene located on one of the 22 autosomes, and sexcinked, involving mutations
inherited on itherthe X or the Y chromosome. X-linked inhertance will be discussed in
more detil in Chapter 3. Properly diagnosing a disease, assigning the corret affection

2701298



Complications

pertaning to this are discussed below.

Variable expression
The clinical features of many discases can be expressed variably, which complicates
defining the discase phenotype and identifying affected individuals. Essential tremor

(ET) [MIM #190300], a common neurological disorder, is such a discase (28). ET is

postur) that subsequently worens with mosement nd affcts mainly the uppe limbs

and, ess commanly, the head, voie,fce,tongue, trnk and lower limbs. The ciicl

vaiaily of the phenotype however makes s diagnosis ificult. In fut, there re 1o
P — o it .

has resuted in

ETi 2 “definite

“probable.”
or “possible.” Despite being  herediary disorder in 50-70% of patent, studying ET

familes has not yet led to the identificaton of a causative gene (29), which can be

I 1 ET family s diagnosed a “possibly”
affectd, but is truly unaffected, classifying that individual as affected for the genetic

‘analysis will hinder any gene discovery efforts.
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person who has the genotype will manifest the phenotype. 1fan allele s highly (100%)
penetrant, as is the ¢.338T>C mutation in comnexin 43 [MIM #121014], which causes
autosomal dominant, congenial, oculodentodigital dysplasia [MIM #164200] (30), the

rait will aways be apparent n an individual carryin the allle.

trsit, even though they carry a mutant allle. Regarding autosomal dominant inherited

et if & mutation carrier is asymptomatic but has an affected child the mode of

families with high risk breast cancer suscepibility gene 1 o 2 (BRCAT [MIM #113705]

(31,32), By 70 years of age, breast cancer pencirance for BRCAT and BRCA2 mutation

carrers i etimated o range from 14% to 87% (33-36).

Penctrance can also be age-reated. The penctrance of highly pencirant BRCAT and
BRCA2 allles are a good example of this as well (31, 32). It has becn shown that

different BRCAT mutations result in different median ages of onset (32). For example,

55

higher penctrance, ¢ A184AEITCAA in exon 11 and an exon 13 duplication, where the
‘median ages of onset are 47 and 41, respectively (32).
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Low penetrance alce aso cxist, which ar alele tha have  low assciaied rsk of
deveopin the disese, For cxample, 12 tavia-elangictsia mutted (AT [MIM
#607585] mutions were dentife inbrast caner patets aftrstudying 43 fumiial
breas cancer pedigres.  Women with these variants were detemined o have an

estimated relatve isk of .37 for developing breast cancer (37).

o -

Exclusion of known genes or loci
Before the search for & new gene commences, known disease genes andior loci are

generally excluded as the cause of disase. This is common when studying geneticaly

1 will save time, effot and money i be solved

H h

deafness (38),it is sometimes more effective o skip the exclusion process or screen for

only the most commonly mutated genes.  Autosomal dominant cercbellar ataxi

clinically and genetically heterogeneous group of neurodegenerative  disorders

it and limb ataia, and dysarthria (39, 40).

characerized by imbalance, progressve.

The fr A1 (responsi 1993

(41). At present, at least 25 distinet genetic forms of SCA are known, and many are
caused by tri-nucleotide repeat expansion mutations within the coding region of the

In 2006, SCA28 I

18p11.22:q11.2 by sudying a four generation lalian fumily. Before the search for the

novel e analysis the presence of ions in
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Ty m—

the SCA genes associated with those types of mutations, and linkage analysis was
performed o exclude the emaining known loci (40).

‘approach

when studying disease families, the candidate gene approach and the genomic screening

approsch.

(1) Candidate gene approach
For the candidate gene approach, genes are seected based on their known or predicted
biological function andior on their relation 1o the disease. For example, hereditary

sensory and autonomic. neuropathy type 4 (HSAN4) [MIM #256800] is & very rare

suosomal ™ pain nsnstviy and
which i deseibd s a congenital inseniivity o pain with anbidoss (abilty 0
pespine) (43, 44). I 1996 Indo et . sreened 3 candidae genes (NTRK1, NGF nd 75
seurtrophin. recepo) i three unrlated HSANG. putiens, all of whom had

consanguincous parents, based on similr phenotypes that were reported i the knock-out

‘mouse models for th 45 No F
were identifed, however three different NTRK] [MIM #191315] varints (a deletion,
splice mutation, and missense mutation) were detected which suggested NTRK/ was the

pathogenic HSANA gene (45). Since that time over 40 diffrent HSAN4 NTRKI
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mutatons have been repored i several diferent chic groups (Human Gene Mulation
Database htp/wvow hgmd.cf.ac. /s gene phpgene=NTRK1).

(2a) Genome-wide or chromosome scan approach
‘When families that have gene discovery potential are identified & genome-wide scan or
chromosome scan (for sexlinked disorders) has been the trditional approach used.
Well-ascerained, informative familis are required for this approach (see secton 13.1).
‘Genetic markers spanning each chromosome are genotyped in available individuals. A
total of 300 10 400 evenly spaced microsatelite markers that cover the whole genome
‘were most commonly typed. Microsatelies are simple sequence repeats of monos, di,

i or tetra-nucleatides that represeat 2% of the genome. However, more recently,

chips, which are devices that have thousands of short hybridized DNA sequences, each

SNP st This technology allows many SNPs t be analyzed in paralel (46, 47)

“The abjcive of the genotyping scan i

o detect genetic linkage between the disease.

mutation tha i segregating in a family and a genotyped marker. Genetic linkage is &

same chromosome and physicaly close o one another tend 10 stay together during

meiosi,
Known s haplotypes. How closely linked two alleles are, is measured by genetc
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is, which is

the process of exchanging DNA (deoxyribonucleic acid), usually, between matching

o bination

of 8 crosove betwen two maskers, which o coreates withgenetc disance The
closer two markers ae o the same chromosome, the less lkly crossonr event will
o bewen them, thusthe markers e said 0 be lnked (49, 1 ecombinans re
never scn then the recombination fcton is 0 and the alils re ghly linked; if

b th fraction will have a value gr (he

recombination fract

0.5 when there s no lnkage) (48). Therefore, 8 pathogenic

family has a dis

Atleast one of inthe

hoped tobe linked 10 the disease varant.

In order to interpret the dta from the genotyping scan a parametric or nonparametrc

‘which includes clarly defining the affction satus and pater o inhertance, predictng

the allee frequency of the disease variant (is the discase common or rare?), and

@ non-penctrant carrier). The frequency of phenocopies (same phenotype but different
A ; "
Huntington’s discase (49). The nonparametric linkage analyss s a model-free approsch
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which is appropriate for more complex traits where the exact genetic model is hard to
define. i ic linkage ana idenify markers

where the same idential-by-decent (IBD) allle is shared between affected individuals -

between all sib-pais in a pedigree, for example (0).

Parametric linkage has been a very successful and common approach for mapping

observing a phenotype in a family due 1o genctic linkage between loci, where the

recombination fraction between the loci i some value of theta (6). The second s the

thusthe recombination racion i 0.5, The ratio ofthese two likelihoods gives the odds

of

L s w
marker, The 0 value with the highest LOD. score s the most likey recombination
fcton, A tworeint linkage amlysis is the simplst caleuaion and involes
independenily calclating LOD score forcah typed markerand the discse locus. The

oD score of 3,

1000:1 for linkage (g (1000) = 3). Similacy, linkage can be rejected when the LOD

aftr al known loci were excluded a genome wide scan was carried out on the lalian
family and linkage was identified with markers on chromosome 18. A maximum two-
point LOD score of 420 (9=0) was observed for marker DISSS3 (40). A multi-point
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out which takes the framework of

emotyped markers and anlyzes more than two loc simulancously. This approach s
usully pecformed sfe & two-oint linkage anlyss; markers re grouped ino Tnkage
‘sroups and maltipe markes in  paiclr chromosomal reion re evahatd tgether
for linkage. Mult-point lnkage anslyss can increase power sice the analyss uses

haplotype information from several markers.

(2b) Fine mapping of the disease-linked region

Once linksge i

the discae locus and its boundares. The miimal regon that s shred by al affcied
individuas s charcteried by generaing te discase-asocited haploype and dteting
ey recombinatons. Microstlles have rdionally been used for fine mapping but
it the avaiabilty of th v SNP chips, fine mapping dat is obaned from the
original aalysis because the SNP chips ae s dense (-100000 SNPS). Alyzing a5
many individuss a5 posible can help o th shared region since icrcasing the

number

Fine mapping of d DISSS3,in

Vs fumily, was cared out usin cleven polymorphic markrs (40). Muldpoint LOD
Scoes were caulted and reached 8 maimal value of 477 at marker DISSIS3. A
common discase haploype was shared by al the affcied individuals and ey
ecombinanis refined the dseae region 10 7.9 megabases (Mb) between markers
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'DISSI41S and DISS!104, which ultimately defined the new SCA locus, SCA28 [MIM

#610246] (40).

(26) Assessing the disease-linked locus

Due o the extensiy the Human Genome Project (7,

'DNA sequence of the discase rgion by downloading it fom the world-wide-web using

sl

52). Before ths luxury existed a contig of genomic clones had 1o be esablished across

together represent the original sequence of the chromosome segment. This was the

forsequencing

the human genome (7, 9).

Genes within the disease-lnked region are called positonal candidates and can be

‘ol ofthe Human Genome Project was to construct the human gene map (7, ), thus the

. The 7.9 Mb interval

Segregating with SCA n the Halian family contained over 30 genes (Build 36 version 2)
(40). It important o note that the ls of human genes and isoforms is incomplete, 50

one should not solly ely o these databases.
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(24) Positional candidate gene screening.
‘Sanger sequencing, which involves dideoxy nucleotide chain-tenminating inhibtors of

DN

d

small insrt s (i 5. ing positional candidates,

itis common to prioritize gene screening based on the expression pattem, function and
homology of the corresponding protens. I an effrt to idenify the SCA28 mutant gene,
i Bella ctal. recently screencd 12 genes within the 7.9-megabase critica region based
on nervous system expression (55). They identiied AFGIL2 heterozygous missense
mutations that were likely disease-causing in five unrelaed SCA fumilies (including the

ialian amily that was used o dentiy the locus) (55).

It is important to note that when using Sanger sequencing. the coding exons and
intron/exon boundaries are the egions most commonly screened. As such, oten variants
in introns, untransated regions (UTR) and promoters will go undeteced. It is also

high vol "

reliable sequencing methods, new sequencing technologies now exist, which have the

ability to massively parallel sequence chromosomal regions that have been capture-
argeted (from whole genome to disease loc) (56). These novel technologies will help

detect non-coding sequencing varians in the future.
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More recently ic deletions and dupl a

cawsing. The mechanism that causes many of these rerangements s nonalclic
Homologous ecombination or unequal crossoves of chromosomes between low-<opy
epests (LCRS) (is0 known ss segmertal dupicatons) (57). A sinle xon,a seris of
cxons, a whole gen, o ven age chuaks of DNA rangingfrom ens of thovsands (0
millions of bas pars can be deleted or duplicted (hese variats are known s copy
number varians or CNVS), sl of whih have & Mendelian paterm of iberance. One
elively new echnique tha ensbes the dentfiaion of exonic duplictions and

deletions is multiplex ligation-dependent probe amplificstion (MLPA) (58).  The

detection o pr
to known loci but were found to be mutation-negative by Sanger sequencing.  Large
have been found hereditary colon (59, 60) and

breast cancer (61, 62). In fact, at least 81 different BRCA genomic rearangements and
17 BRCA2 genomic rearangements have been reported to date (63), and studies carried

(64 least

by deleons Halfof the
mutaons i the POU-domain las 3 mansripton focor 4 (POUSFS) [MIM #300039)
gene tha cause detess are deltions of  regultory clement (66) In most cases,
deeion of regultory semens e not a5 common s deletios n the open reading

frame but that could be due to sereening biases (65, 67), hence the proportion of
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pathogenic rearrangements that play a role n geneti disorders is I
.

Generaly, & small number of affected family members and unaffected controls are
screened for don screen, o usivel

found in affected individuals are highlighted. The next step i the exclusion process is

these vari followed by the

Performing

additional bioinformatic snalyses can help to predict the efect a variant has on RNA

splcing and protein functon. 1F a varint s in a coding region it is more lkely to be

also useful (68-70).  Another helpful clue s if the variant is in a gene whose protein

- Ulimatey, the most idesl
validaton methods include identfying additional families that have a mutation(s) i the
AFG3L2, whi mitochondrial metallopr ily gene -lke 2)

was presumed to be the SCA28 mutant gene afler mutaton sercening and detecting
ifferent heterozygous SCA2S mutations in five differnt SCA26 fuilies. For validation,
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and functonal studies demonstrated that expressing the mutant human AFG3L2 protein

i Bell e al. also noted that predominantly

5)

1.6 Gene discovery in isolated populations

Gene discovery efforts have been very successful in isolted populaions, which are
groups of people who have been restricted from inecmarriage with other groups duc to
differences in cultre, religion, language, geography or other factos (71). Generally

these populations descend from a limited number of common ancestors; this can also

out bred populations thus the majoriy of individuals with a disease will often cary the

been used

n

s founde population that exceeds 7 millon eople, 6 millon of whom are of French
decent (72, 7). The Canadisn prvince of Quebes was founded by Frnch immigrants
ho seted song the S, Lawrence Rive in thecaly 1600 In 160, immigrans fs.
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Setled i what i today Quebes City. Immigration continued along the St. Lawrence

River untl 1759, when

A total of 8500 French immigrants had setled permanenly; howener, by the lte 16005
natursl expansion had exceeded immigration (72, 74), such tha by 1759, 76,000 French

. Bon
mariages with the newly areived Englih spesking Protestats (Fench Canadians are
almost exclusiely Romn Cathli). I fc, i onder o preserve thei cultue, French-
Canadians were encoursgeto have lrge faiics, known in Quehe 35 “he revenge of
he cradis” This et severa founder ffcts that werespeific t differnt regions of

the province since most setlements along the rivr were geographically isolated (72).

mixing, urbanizaic in the 20 century,
the historical

.

Many i i for example

autosomal recesive spastic s of CharlevoisSaguenay (ARSACS) [MIM #270550],
ARSACS was repored il in the province (75), and the causaive gene was
idenified by studying the Qusbes population (76, 7 When th gencis of ARSACS
was it sudied, 300 ptens were idenifed, i of whom originsed from the
CharkvoixSagueny region of norbhsiem Quebec. A genome-vide scan was
pecformed on 12 familis and exces shared homzygosiy was observed at 13q11

‘Additonsl analyss on 19 families suggested two different ARSACS haplotypes existed
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ks o b dibar oni e

in this region (77), and s a reslt two French Canadian founder mutations in the SACS
gene [MIM #604490], ¢ 6594delT and ¢.5254C>T, have now been identified (76). Since
then, mutations in SACS have been recognized as causing the same conditon in other
‘populations sround the world. SACS mutations have been found in Tnisian, lalian,

h, s

Quebec gene discovery efforts permit the molecular diagnosis for paticats outside the
founder i

162 Newfoundland as a genetic isolate
Newfoundiand, part of the Canadian province Newfoundiand and Labeador, is an island

offthe country’s cast cosst. It has many distinct genetic isoltes, paticulary along its

Newfoundiand is recognized s being first discovered in 1497 by an Halian navigator,
John Cabor, and scasonal immigrants first setled in the carly 1600 Permancnt

o il the mid 17005, which mainly English

Protestants from south-west England and Iish Catholics from south-cast Ireand (86).

There were about 20,000 inital setlers and the population grew through natural

expansion 10 200,000 by the lte 1800s. Today there are approximately 500,000

esdens, 98% of whom ar of English o Iis descent, and 60% of wham lve
communis of les than 2500 residets (57-89, Geograhicl disance between
communiis and eigous segegation are th two man fcors hat hve conrbtd 0
{he development ofsevera Newfoundiand isoates (37
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multiple endocrine ncoplasia type 1 (MENI) [MIM #131100] from the Burin

MENI gene (90). In 199, five AAPC (atenuated adenomatous polyposis coli) [MIM
#175100] fumilies were reported to have the same ancestral APC [MIM #611731] splce
mutation that resuled in the omission of exon 4 (91). There have also been 12 large
Newfoundland HNPCC (hereditary non-polyposis colorectal cancer syndrome) [MIM
#120435] familes reported o carry the same MSH2 [MIM #609309] founder mutation

(92, 93), three large Newfoundiand familes with a novel and cliniclly varisbe spastic

saze palsy

on chromosome 12p13 (94, 95), and four families with diffuse gasric cancer [MIM

Afactor VI 1
mild form of hemophili A tha is highly prevalent in the Newfoundiand population has

also been determined 0 be a founder muttion (97).

“The unique population of Newfoundland has aided in multiple gene discoveris as well

Newfoundland families have been used to identify genes for hereditary hearing loss

[MIM #606201] (98), HNPCC (99, 100, herdiary sensory and autonomic europathy

. 101), and inteleukin | recep
“The Newfoundland population, perhaps, most greatly influenced gene discovery efforts
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for BardetBied! syndrome (BBS) [MIM #209900], for which Newfoundland fami
sided in the discovery of four of the 14 known BES loc or genes. Five years ate the
discovery of the first BES locus [MIM #209901] (103), the disease interval was refined
by studying a group of BASinked Newfoundland fumilies that shared a rare ancestral
discase haplotype (104), which in tum aided in the 2002 gene discovery by Mykytyn et
al.(105). Similaly, by studying a Newfoundiand BBS kindred in 1998 (106), the BBS3

Tocus [MIM # 209900] was refined four years aflr is iital discovery (107). The

gen ) Furh

of another large consanguincous Newfoundland family identified the BBSS locus [MIM

gene,
DKFZp7621194 in 2004 (110). Finaly, a genome scan that was performed on several

been excluded from BBS-S e a

marker on chromosome 20, D20S189, and ultimately MKKS [MIM #604896] as the
causaive BBS6 gene (111). BBS, despite being a great example of how the

Newfoundiand population is a genetic gold mine, highlights the signficant genctc:

ingle disease within the island’s popult

divensityof

The main objective of this thesis was 1o take advantage of Newfoundland's unique
populaion in order to identify novel disease causing genes involved in ARVC, deafness
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Chapter 2: Arrhythmogenic right ventricular cardiomyopathy
type 5 (ARVDS) is a lethal arrhythmic disorder caused by an
amino acid substitution in the TMEM43 gene

2.1 Introduction

2.1.1 What is ARVC?

ARVC is one of four phenotypic groups of hereditary cardiomyopathies, the other three

being  hypertrophic  cardiomyopathy,  dilated  cardiomyopathy and  restr

and functional abnormalides (112). ARVC is charcerized by progrssve fbo-fatty
eplacemen of the ight veniicular myocardium. Asa rsul,individual with ARVC are
o sk for lfe-thretening ventricla ahythrias (VT) ( resing heart o fster than
100 bestsminue), for which classic symptoms nclude palptations, presyncope (lght
headedness), syncope (u temporary loss of consciousess), and dizzness. VT can
imtely reul in sudden cardia desth (SCD) which makes ARVC one of the major

genetc causes of SCD in young people.

The it systematic descrpion of ARVC was writen in 1982 (113), howeve, 8 1977
epon by Fontaine s generaly consdersd s wel fo th rcogaion of ARVC (114).
There arc even carlr reports of posenil ARVC cases where puients had fay
infiraon of th righ vaice (115, 116). Through the years, ARVC has underone
ks name changes. I Fonsnes repor, the dieas was rcognized 35 & pre-
exiation syndome (114). 1t was lter dscrbed 3 8 dysplatic disoder (sbnormal
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‘rowidevelopment of cels) (117), which then evolved to include an arthythmic factor
and resuled in & name change to arthythmogenic right ventricular dysplasia (ARVD)

) thus known as ARVC (119)

2.1.2 Natural history of ARVC

birth o death

“The natural history of ARVC can generaly be divided ino four phases (120). The first
phase, the concealed phase, s nommally asymplomatic but there can be subtle right

as the overt (obvious) arhythmic phase. Symplomati right ventricle arhythmias can
occur, possibly leading to sudden cardiac death. There are also obvious right venrice
functional and stractursl abnormalities. The predominant symptoms i this stage are
ventricular arehythmias — including palpitations and sustained ventricula tachycardia.
“The third phase, the global right ventricle dysfunctional phase, generally results in the
progression and extension of muscle discase with rlatvely preserved lef ventricular
function. Impaired contractions and isolated right heart flure can occur in tis phase.
“The final phase involves bi-ventricular pump failure and pronounced let ventricular
filure as well. At this stage ARVC mimics bi-venticular dilated cardiomyopathy
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2.1.3 Diagnosis of ARVC

and all i
it ight venicle and sustined VT (113, thus midr cass or mor sver cases
ot caused death bfore “presening” the discase were overlooked or misdignosed.
Since then, addiional fetures ave b recognized, for example the imperiance of
isopathalogy for disgnoss in oxder 1o deect the oy replacement of the

i In1994,asetof
Interationsl Task Force diagnostc critria for ARVC was created that included six

Ford

ot four minor citeri (126). These

Aulill cther two major, one major plus two mil

for cxample,

severely affected family members of known ARVC families, wh did not fulfil the Task

Force crtera (127). Curent limitations of the Task Force critera stl include not

fected, RVC, which

s detrimental when an extended family history is available and SCD s & primary
presenting feature. Also, the level of clnical teting needed for a Task Force clinical

diagnoss is only offered at tetary centers (hospitals tht offer a full complement of

servies), i becar

proper testng i not available.
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2.1.4 How common is ARVC?
ARVC has been reported workdwide (128-131), however, its exact prevalence and
incidence have not been determined (120). Taly has been the population of focus for
many ARVC sudies (132-135), and afler conducting postmoriem studies on 60

Tnaly from 1979

10 1986, ARVC was cstimated to account for 20% of deaths in young Lalian people
(123). A group in the USA stdied sudden unexpected nontraumaic desths between

1960 10 1989 in & young adult population (sged 20 o 40 years old) from Minnesota, and

Suggesiedthat 17% o SCDs i those young individuls wee a resul of ARVC (136,
Ancther sty in Fance performed  rezospeciv analyss of 1700 frcusic autopsies
Tllowing unexpected sudden candie deth tht occurd between 1981 and 1997, and
revesled & group of S0 cases where death occumed during sungery/anesthesia

adminisraion. Patients were young with no history of cardiae discase, however the

180f

2.1.5 The cause of ARVC
ARVC is recognized as a hertable disorder with, typically, an autosomal dominant
pattern of inheritance, It is genetcally heterogencous with 12 known sutosomal
dominant loci (ARVDI-12). One recesive syndromic form of ARVC (Naxos discase)
[MIM #601214] exists (Table 2.1). In fact, the gene for Naxos disease was the first

ARVC gene to be cloncd.
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2.1.6 Autosomal recessive syndromic ARVC

Mutations in plakoglobin (gamma catenin) (JUP) [MIM #173325] cause a recessive

wooly hir, sk ind ARVC, and was first

clinically reported in 1986 (139). Naxos discase was mapped 1o chromosome 17, in

1998, by studying nine Greek familis with 21 affected individuals (140), and in 2000,
McKoy et al. identificd a homozygous 2 bp deletion in the C-terminus of plakoglobin.
Plakoglobin functions in cell assembly in both the desmosome and adherens but it slso

inthe WNT Plakoglobin

mutations, therefore, posibly disturb proper cll-cell adhesion and/or a criteal signaling

pathway (121).

2.1.7 Autosomal dominant ARVC
() ARVDI [MIM #107970]
The ARVDI locus, located at 14q23-024, was mapped in 1994 by studying two large

lalian

s with ARVC (133). A maximum two-point LOD score of 6.04 (0-0) was.

obtained ot marker DI4542 afer o genome-wide scan (133). In 2003, two additional

have disinct haplotypes that segregated with ARVC at the ARVDI locus. Maximum
LOD scores (st 8=0) of .41 with marker DI45254 and 4.06 with marker DI45953 were

However, dmum LOD score

of 151 (6=0) was obtained for marker DJ4559, which the author suggestcd was due (o
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size (141). In 2005, mutation sereening of the regulatory 5' UTR of

TGEB-3 in one of the Ialisn familes described above, identified a variant (¢1-36G>A)

e 4 142, addiional ARVC probands for

TGEB-3 varants identified another variant (¢.1723C>T) i a single proband.  Neither

found i TGRS

been repored for the other ARVD -Jinked familis.

() ARVD2 [MIM #600996]
“The second ARVID locus was mapped t0 1a42-043 by stdying & orth-casiem i
family (134, A LOD scoe of $02 (0=0, sssuming 8 95% pencrance, was obiined
wing & CAvspent poymorphism within the gen. acinin apha-2 (ACTN2) (MIM
#102573. The amily slo showed signifcanty positve LOD sores for markers
Ranking the ACTNZ g (134, Tn 2001, the locus was refined and the causive gene

. p
ARVDS, whichhad been lincallyupdad n sl repot. (143, 14), Afler srening
anaine recaptor 2 (RYRZ) [MIM H180902, which encodes  clcum chamne, four
missnse arians pRI760, pLAI3P, pN2IS6l and pT2S00M were idetied, sl of
which were locsted in highly conserved regions of the protin and crical fo the

regulation ofthe channel.



(il) ARVDS3 [MIM #602086]

ARVD3 was identified by studying three unrelted families with ARVC from laly,

Slovenia, and Belgium (132). ARVC in all tree families linked t0 the chromosome

region 326 2

‘& mulipoint maximal cumulative LOD score of 47 between loci DI45252 and DI45257.

a3,
has since been called ARVD3. The manuscript descibing the discovery of the current

Human Molecul

first

The causative gene remains unknown.

(iv) ARVDS [MIM #602087]

The discovery of ARVDY

ived 8 lnkage analysis on three families (135). Two of

those families were lialan, and one was American with European ancestry, and was
previously described in 1993 (145). Al three ARVC families were characterized by
localized involvement of the left ventile, and were excluded from previously linked

loci, Therefore, R .

two-point lnkage analysis to identify the fourth ARVC locus (135). The discase
appeared 1o be trnsmitted with thre.polymorphic markers (D2S152, D25103, and
D25389)on 2432.1-G32.3. A maximum LOD score of 3.46 (90 forthe marker D2SI52

was obtsined (135). The causatve gene remains 0 be identified.



() ARVDS [MIM #604400]
The ARVDS locus was mapped in an extended seven generaton family from the
geneticaly isolated population of Newfoundiand (146). This family was first identified

i the 19805 (147). There were 200 individuals in tis large o

. including 10 living.

affected individusl. There were aso 17 individuals who died suddeny, fou of whom
ad an autopsy and il had o replacement. A two-poin lnkage analysis was
peformed,assuming an utosomal dominan nheriance and & pectance of 20%, 60%,
805 and 95% for individuss unde te age of 15, between 15 and 35 yers f age,
between 35 and 55 years of age, and over S5 yeas of age,rspecively. Oy one locus
with aLOD scoreover 1.5 was idenifed. Marker D3S3613 on 325 had apesk 2-point

LOD score of 691 with zero recombi

jon. Haplotype analyss identified  shared
region of 93 M between markers DISIGI0 and D3S36S9. The ARVDS gene

identifcation will be addressed inthis chaper.

(i) ARVDG [MIM #604401]
The ARVDS locus was identifed in a large Caveasian North American family with
highly penetrant, carly-onset ARVC (148). The firs five known ARVD loci were

Jinkage studi i locus on

chromosome 10p14-p12. A maximum 2-point LOD score of 392 (9=0) was obtsined
with marker DIOSIG64. A 10.6 cM shared haplotype was generated between markers

DIOSS47 and DIOSIGS3 (148). A second family with ARVDS was idenified in 2006 and

South Afrcan
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descent.

cell adhesion (ITGS and FRMD4A) were screened but no causative mutatons were

detected (149). Thus,the ARVDS gene has yet o be identified.

(vil) ARVD? [MIM #609160]

ARVD? s also known as myofibillr myopathy (MFM) with ARVC.

Tocus was
identifiod in a Swedish family whose affcted individuals suffred from a myopathy
(morphological changes in the skeleal muscle) and ARVC (150).  Linkage anslysis
showed 3 maximum 2-point LOD score of 276 (6=0) with marker DI0S1752, and
‘malti-point peak LOD score of 3.06 between markers DI0S60S and DI0S215. This
disease inerval is located at 10422.3 (150).  After re-examinaton in 2008, the critcal
interval was refined 0 4.37 Mb between DI0SI645 and DIOSI786 (151). Sercening 17
positional candidate genes, including ZASP [MIM #603906], which was previously
associated with myofibrilar myopathy (152), revesled no pathogenic variants (151).
Ineresingly, also linked to this critcal region is dilated cardiomyopathy 1C (CMDIC)

Kubl etal d that ARVD

remains

o be idenifed.

(vil) ARVDS [MIM #607450]

1n2002, R .

ARVC loci (154). After performing a genome-wide scan the discase appeared to be
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linked t0 6p24.

2-point LOD score was 432 (6=0)for marker DGS309. Allaffcted individuls shared
common haplotype between markers DGSIS74 and DASIZ2I that encompassed
approximately 6 Mb (154).  Witkin the ARVDS locus was desmoplakin (DSP) [MIM

#125647],  desmosomal gene, for which Cterminal mutations had been previously

cardiomyopathy, wooly hair, and a skin condition known as generalized stiate
Keratoderma (154, 155). A missense mutation (p.S299R) in exon 7 was identified that

segregated with ARVC in the lsian family (154); it s in the N-terminal and it modifies

(ix) ARVDI [MIM #609040]

Plakophilin-2 (PKP-2) [MIM #602861], another desmosomal gene, is the causal gene.

ARVDS (156). Gerul e al. selcted PKP-2 s the candidate gene for ARVC because

Pepnull mice did at cmbryonic day 1075 due o a defectincardisc morphogeness
(157, After srening 120 westen Erope peobands with ARVC, 25 ifeent mutations
wre deniied slving 32 cascs (156) Another sty has repored 14 PKP-2 muatons
i 24 of 56 Dutch probands, 11 of which were novel (158). The mutations foundin both
Sudies mainly resuted i trncated o abrrantproteins asa resul of deleonnsetion,
nonsense or splce it mutations. Many of the missene muttons changed Highly
conserved amin acids 0 amino acids of diffren charges (156, 158). PKP-2 mutons

159),
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() ARVDIO [MIM #610193] and ARVDII [MIM #610476]

After PKP- RVD9 gene in 2004,

associated with the disease, along with DSP (4RVDS) and JUP (Naxos disease) (156).
Several

H125671) and desmocollin (DSC2) [MIM #125645], two desmosomal cadherin
proteins.  Mutatons in both genes are now associaed with ARVDIO and ARVDII

respectively (160).

‘The DSG2 gene was first analyzed in 54 lsln ARVC pr

be a disease of the desmosomes. PKP-2 was the third known desmosomal gene
‘
for musatonsinthe TGFSS, DSP and PKP-2 gens. DSG2 mutons were dteied
ight pobands, ncudin fiv missense mutations, o inserion-deleors, one nonsense
mutaion and one spice st mutaion. Sevn probands were hetrozygous and one
proband was compound heterzygous (161) Nethr mutaon was deected in 560
conrol chromosomes. - Severl ther stdies have found DSG2 mutaons in ARVC
probands s well(162,163).
Two manusripts suggesing tht musstions in DSC? cause ARVC were ccepid for
publicton on the same day (Sptember 6, 2006). One study secened 77 unvlated
ARVC probands nd idenified two diffrent DSC2 hetcrorygous mutations, o deleon
an s nerion, in four probands rom fou ureated umiles. Bosh mutations esuled
in rameshifts and premature trunction of the desmocolin2 protcin (164). The second
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sudy screened 88 unrelated patints with ARVC for DSC2 mutations and idenified a
heterozygous splice acceptor site mutation i inron 5. This resulied in the use of &

This

mutation was ot detected in S00 contol chromosomes (165).

(xi) ARVDI2 [MIM #611525]
Mutations in plakoglobin (JUP) have been, more recenty, determined to also cause
dominantly nherited non-syndromic form of ARVC, ARVDI2 (166). A novel dominant

mutation in plakoglobin was idenified in 8 German family, which s locsted i the

terminus ofthe protin and inserts an exia seine residue after seine 39 (166).

mutation

resulting in the syndrome Naxos disease. This is similar to muation effects in
desmoplakin, where mutatons in the N-terminus are dominanty inherited and do ot

affect the skin.

2.1.8 ARVC - a disease of the desmosomes
There are 12 known autosomal dominant ARVD loci and seven known genes, five of

which ins. Thas, i the

desmsomes, which indises the imporance of cll adhesion molculs in ARVC
pahogenesis (167). Desmosomes as well a5 gap unctions and adhrens unctons are
{hre types of cellel connctons caled iercalatd discs.  Cardine cells rey on
intercalted discs for both clectrical and mechanical purposes (168). Desmosomes re
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responsible for cell-cell adhesion and help 1 resist forces between cells. Proteins from

the desmosome: d three

desmocollins), the ammadillo proteins (plakophilin and plakoglobin) and the plakins
(desmoplakin) (Figure 2.1) (168, 169).

() Desmosomal cadherins

domains interact with the neighboring cell for adhesion (Figure 2.1). In addiion o

a6, i i ©5G-

2) and desmocollin2 (DSG2). They are both calcium-binding transmembrane

bilize), i “The majority
of i

el adhesion has an important ol in cardiomyopathies (161).

Intrestingly, one of the non-desmosomal ARVC genes encodes RYR-2, & calcium
channel. 1t would be worth studying the relationship between this channel and the

s

Known, however, that in myocardil cells RYR-2 i associated with the prolyl ci-trans
somerase FKBPIB (also known as FKBP-12.6), which is a proein that plays a role in
the RYR-
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2 channels and i ons (1, 52).

from a cel terminates muscle contractions and prevents diasolic depolarization, which

can cause ventriculr arthythmias (121).

() Armadillo proteins
The desmosomal ammadillo protins  (plakoglobin and. plakophiin) comect the
desmosomal cadberins and desmoplakin (Figure 2.1). Plkoghobin fctions in cll

i wNT

signaling pathway (170). It has been shown, in @ myocyte cell line, that when

the acion of P-cateni the canonical WNTIB-

catenin signaing pathway (171). Suppression of the canonical WNT/P-catenin signaling

-

Plakophilin-2 is another armadillo protein associated with ARVC (IS8, 159).

akopt the only
member of this faily expressed in cardiomyocytes (157). It was recently determined
that mutant plakophilin-2 leads o the disruption of desmosome assembly and specific

‘muttions have differen disrupive effects (159). Plakophiln-2 does not localize 1 the

‘when the carbayiterminus s mutated (159).
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(il Desmosomal plakin — Desmoplakin

s the key protein to the inner desmosome. I s responsibl for desmosomal assembly,

il ing of is The N-erminal

domain of desmoplakin binds 1o the amadillo protins, and the Cminus of
desmoplakin s responsibe for snchoring desmin (an inermediae flamen o the
Scromer) o the el sufce (Figure 2.1) (168, 169). A DSP mutan (RRE34H) movse
model was estabished and ver-exresson of that protin ed o caiac bi-ventiular
apoptois, ibrosis, nlargement and dysfunction, wheres wikltype DSP mice had no

adverse effets (172).

219 ARVC variable expression and penetrance
Specfic stdic stempin 1o characterize genotype-phenotype comelations hav been
caied out in ARVC cohorts and the phenotype has been shown (o be vaiale. Orne
Sudy provided a clinicalevalaton of ARVC familis haboring mutations in PKP-2
(7). The dlinical expression of PKP-2 mutations in affected. individuals varied
remendosly, even amongst frsdgree rltives, ranging fom @ complee lack of

symptoms o a severe disease phenotype.  Evaluation of the genotyped fumily members

showed that strict adherence o the Interaional Task Force diagnosti crteria would

quite widely in these PKP-2 familis as well. The age at diagnoss was between § 10 45
years (medisn of 3 years) (173).
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Another study investigated the genotype-phenotype correlaion for DSG2 mutations and
i 266

range from 14-59 years), indicating that ARVC s a progressive disorder o younger
asymptomatic individuals may develop the discase latr i lfe. Dividing gene positive

2,110 Aims of this work

The most recent ARVC gene discoveries have taken a candidate gene approach by
screening desmosomal genes for mutations. The main objective of this work was 1o
idenify the ARVDS discase gene. The ARVDS locus was previously mapped in a large
Newfoundiand family (146). Therefore, positonal cloning was used 10 discover the

causative gene.

6301298




2.2 Materials and Methods

221 Study population
Fifteen families were refered t0 cither the Newfoundland Provincial Medical Genetics
Program or the Newfoundiand Labrador genetcs cardiomyopathy clinic because of a
family history of cardiomyopathy and sudden death (Figure 22, 2.3, 2.4, and 2.5). The
first and lagest family (Family 64) (Figure 2.2) was described as having ARVC in the
late 19805 (147). Comectly diagnosing the individuals in these familis using the
Intemationsl Task Force crieria (126) was difficult. Each family had an extended

pedigre, and & primary i appr
b inherie in an atosomal dominan patr; auopey repos were ot available o
confim ARVC as the cause of death in most of the decessed indvidals of exlier
generaions. As well, these fumiles orgiste from cenrl Newfoundand where &
ety medical center s no accssbl.  As such, the “sandard esing reqired 0
ignosis ARVC based o the Intemtinal Task Force crteria was notavilable which

affected the ability o define affected individuals.

I this study, a subsetof disease features was used (0 define affection satus (Figure 2.6)

(174), and only well-scertained individuals bom at a prior S0% tisk were invest

These individuals were divided into three groups according 1 their presentaton of

disease; primary affection status (clinically afected), secondary affction status and

ciniclly unaffcted (defined in Figure 2.6). A total of 295 individuals across the 15

Originall DNA




of particpants s exiracted from Iymphocytes and stoed i the DNA diagnestic lab o
Eastem Health, Recently, blood sampls were sent 1o the rescarch aboraory of Dr.
Temy-Lym Young where genomic DNA was extcted and. el lines esablihed.
Informed consent was obsined in complance with the Human Invstgaion Commities
requirements of the Esstem Health Corpraton of St. John's, Newfoundland, Canada

(study number 00-176).

2.2.2 Defining the ARVDS locus
Fanily 64 (Figure 22) was the family uscd to map the ARVDS locus to chromosome 3p
(146). Only one marker with a LOD score over 1.5 was identified, D3S3613 (a pesk 2+

point LOD score of 691 (6=0)). Ahmad et al. bt a tircen marker haplotype (Tsble:

22) sing.
were inferrd from thie children (146). A telomeric recombination between D3S3610

and D3ISISSS in individwals V19, VEI9 and V21, slong with @ centromeric

recombination between D3S1293 and D3IS3639 i individuals IV:18 and IV:32, identifed

129,93 Mb disease region between markers D3S3610-D3S3659 (Table 2.2) (146).

The ARVDS hapltype was recapitlted in the Young lab (175) by fst enotyping
genomic DNA from individuals in Family 64 sing 18 microsatelle markers (nluding
markers in the original marke st) (Table 2.2) and manually reconstrcting haplotypes
(Figure 27A). Similaly, genomic DNA from ail avilbl family members of the 14
addiional fails was genotyped and the same discase-asocated haploype was
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determined 10 also segregate with ARVC in those fumilies. The shared haplotype
between families was presumed to be ancestral (Figure 27A). In the original mapping
paper, D3S3610 was the telomeric boundary marker (146). In the Young lab, the

] 246" Gigure 274).
confinmed in familis 76 and 453 (Figure 2.3 and 2.4) where al individuals with he
ARVDS haplotype had the sllele 256" insiad of 246" (Figure 27A).  Another
ecombinant hlotype was idetified in family $40 (Figure 2.) wher all individuals
with the ARVDS haploype hadslele 351" nstead of H7" at maker DSIS16 (Figoe
27A). However, it ws cautiously decidedto nly namow the region if recombinatons

were seen in two or more fami

On the centromeric side of the ARVDS haplotype, a
recombination was observed between markers D3S3595 and D3S3613 in al clnically
affected individuals in families 69 and 273 (Figure 23, 24 and 27A). That key

recombination reduced the critcal region 1o 236 Mb from 9.93 Mb between markers

D3S3610 and DS33613 (Figure 27A) (175).

2.2.3 Screening positional candidate ARVDS genes

“The contig of the 2.36 Mb criical region was determined using the UCSC Genome
Browser homepage (1tps/genome vese cdwindex him2org=Homan), and the March
2006 assembly (Buikd 36.1). In scarch for the ARVDS gene, ol annotated genes in the

critcal region rom Refseq were noted (Figure 2.78 and Table 2.3) and screencd.
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(9 Customized primer design and work up.
Primer sets of all coding and non-coding exons, and intron-exon boundries of all

positional candidate genes for ARVDS were designed using Primer 3 (176). In order to

detemmine optimal amplificaton conditons of thse primer sts, ril PCRs were run on

I il for one pri PeR

cockiails, one with betaine and the other withou, because amplification of GC rich

regions can be enhanced by using betane (Appendix 1). A se of three different DNA

)

In order to determine, for each primer set, which of the two cockuils (betaine or o
betaine) under the TDS4 cycling conditions amplified the DNA. best, reactions were

IXTBE (T nd

5l of ethidium bromide from a stock soluion of 10 mg/mi) per 100 ml o g slution
for a final concenratin of 0.5 gl Generally, S i of PCR product and 1l of
bromophenal belxylenecyanal dye were added to cach well. A 100 bp ladder from
Tnvizogen was usd for band sizing. The Kodak M1 soffware wasused 10 visulize the

banding patien on  gel.

1 no product was observed using these condition, then the annealing temperature was

in the PCR cockiail vas

primer binding les specificistringen. In contrat if multiple bands were scen afer the
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fist tial then the anncaling temperature was. increased andlor the final MgCly

concentraton in the PCR cockiail was decreased (o make. primer binding. more

was adjusted according so that the final volume of the 1X PCR mix was sl 25 . Ifall
else fuled, an additonal primer set was ordered. The conditons for al the primer sets

used during this project ae listed in Appendix 3.

The PCR products were purified using $0% sephacyl (Amersham Bioscicnces) and

Purified PCR.

Terminator

V3.1 cycle sequencing kit on an automated ABI 3700 DNA analyzer. The sequencing

20 pland 1/16

mix was used. A single reaction contained 0.5 i of sequencing mix, 2 I of 5X

Sequencing Buffer, 1yl of purified PCR product, 2 il of cither the forward or reverse

primer (1.6 M) and 14.5 pl of HO. The cyele sequencing PCR had 25 cycls. Each

period,

anda 60 Bl

After cycle sequencing, S gl of 125 mM EDTA and 65 l 95% ethanol were added to
each sample. The samples were then precipitated over night, in darkness, preferably at

we. itation,the sampl i 3000 g for

the DNA. The p 2
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nd
150 pl of 70% ethanol and centrifuging the plate at 3000 g for 15 min. Another quick

inverted spin was carried out to remove the excess cthanol. The samples were then left.

. Atthat

esch sample. The samples were then denatured for 2 minues at 95°C and ready o be
sequenced. Sequencing clectrpherograms were inspected manualy (ABI Sequencing
Analysis version 5.2) and analyzed with Mutation Surveyor software (Transition
‘Technologies) (Appendix 4).

(i) Gene/Mutation screening

from four cliically affeced subjects, from three families (64, 453, and 40), three

unrelsted H,0 control.
o be on this panel had primary affection siatus (Figure 2.6) and the discase haplotype.
Based on the haplotypes that were built using microsatelite markers during the re-
construction of the ARVDS haplotype, some affected individuals appeared 1o be

homozygous for distal portions of the haplotype; in addition, clinically unaffcted

unrlated t© the ARVC familics, did not have the discase haplotype and showed 1o

clinical sgns. 2
columns), threfore, 12 different primer sets (generally representing one exon) were
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amplified on one plate. This pancl was screened foral primer sets (Appendix 3) under

i

Prioity srcening of the posiional candidate genes was based on gene. functon,
expresson, and information given t the Young laboratory from Dr. Ludwig Thierfelder

in Germany, who previously atiempled posi

sl gene scrseing. The it gene 0 be
crecned was fbulin2 (FBLNZ). FBLN? was an ineesting candidate bcause previous
screning detcied severa ptential pathogenic vaiants (datanotpublished, Tieeelder
pesonsl communication), and. frtermore, he gen. produc is involvd in organ
developmens, paricular, the diffrentision of beat, skeleal and nearonl siutures.
The second. gen 10 be scrsencd wis WNT7A. The WNT gene family comsiss of
Sucturally relted gens tat enode sscetd signaling protin. These prosens are
involved in reulating cel fte and paterning during embryogencss. It was reendly

determined that suppression of the WNT/f-catenin pathway by plakoglobin resuled in

the ARVC phenotype (171), thus WNT7A was a good candidate. The remaining
positonal candidates were generally chosen based on their siz, with the smallr genes

soreencd first.

As each positional candidate gene was sequenced all variats were recorded in an excel
dasbase (Appendix 5). This database was creaed before the mutation screening

commenced, at which time, only the genotypes of each microsatelitc marker in the

obeon
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were included. Each marker in the haplotype was designated to a row i the database

(based on their Mb position on chromosome 3), such that the previously determined

denifed, p jants in the

for cach individual on the screening panel (based on the most likely haplotypes). Ifa

variant was deteced in all affected individuals on the screening panel, that variant was

224 Segregation Analysis
Varints that were found exclusively in clnicaly affeced subjecs on the mutstion

screening panel were ofintrest. In order to verify if these variants did n fct reide on

2.2.5 ARVDS Allele Frequencies
The allee frequencies of the ARVDS sequencing varints were determined using
Newfoundiand population-based controls, which were obained through random digit
phone disling, as pat of a large colorectal cancer study (177). Sequencing variants that

were determined t0 be rare (<1% of the control allles screened) were screcned in all

‘were shared amongst al clinicaly affected individuals.

TLof298



2.2.6 Bioinformatic Analysis

‘Conservation of the TMEMAS3 protein across species was determined using ClustalW and

Weblogo (170, 178, 179), and the effects of amino acid subsiations on proein function

site (170).
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23 Results

23.1 Positio

I candidate genes and mutation screening

“The 2.36 Mb crtcal region contsined 20 annotated genes (Figure 278 and Table 2.3).
After sl 20 genes were screened  total of 240 variants were identifed (Appendix 5).
Below the genes are described n the onder thy appear on the ARVC haplotype (Figure

278).

1QSECI (1Q motf and Sec? domain 1 protein)

IQSECI encodes a prtein of unknown function (51). Five non-coding variants were
found in IQSEC, three withi intron and two within the 3 UTR. Four of these varians
were deteted i controls on the screening panel and one, ¢.65+73C>G, was detected in

only one affcted individual on the panel. None of these five varianis were found

causal ARVDS variant (Appendix 3).

NUP210 (Nucleoporin 210 precursor)

NUP210 encodes a membrane-spanning glycoprotein known as a nucleoporin protein.
‘The nucleoporin family of proteins i the main component of the nuclear pore complex,
the structue tha act like a gateway and regulaes the flow of macromolecuies between

the nucleus and the cytoplasm (S1). Thirty three variants were found in NUP2I0.

3 UTRand 15 13 were

coding

five, ¢.S66436AST, cASE2CT, c29644143CT, c305-17T>C and €166+130G>A,
Tof:



were found in only one affected individual. Again, none of these variants were found

causal ARVDS vasiant (Appendix 5).

HDACII (histone deacetylase 11)
HDACII encodes a class IV histone deacetylse. This proten localzes t0 the nucleus
and may be involved in regulting the expresion of nteleukin 10 (51). There were five
variants detected in HDACLL, sl of which were non-coding,intronic variants. OF these
variants, three were found in controls on the sreening panel, and one, ¢490 -97 C>T,
was found in only one affcted individual. Thus, these four varinis were excluded
(Appendi 5). There was one varian of interest, ¢ 369+18_369+19insG that was found

excusively in al the affected individuals. This variant was not excluded despie one

FBLN2 (fibulin 2)

FBLN2 encodes an extracellular marix proten that belongs ( th fibuln fumily. This
proten is known o bind various extracellular ligands and calcium, and it is suspected to
play  role during organ development, More specifcaly, it may be involved in the
diffrentaton of heart, skeletal and neuronal strucures (S1). Twenty six variants were

detected in FBLN2. Thirteen of these variants were non-<oding (sx were inronic and

3UTR),
(expressed sequence tags) that were screened (Appendix 5). All of these variants were
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excluded from futher analysis because they were detcted in controls on the screening

‘panel (Appendix 5).

WNT7A i part of the WNT gene family, a group ofstructurallyrelated genes that encode
secreted signaling proeins. These proteins are involved in regulating cell fite and

pattening during embryogenesis (S1). Seven variants were detected in WNT7A, three

ic snd one 5" UTR varian), w0 were found
i intragenic ESTs that were screened. Five of the varians were found in controls and

two (one EST varis TR

Al

TPRXL (ttrapeptide repeat homeobox-like protein)
TPRAL is & homeobox

that encodes & DNA-binding domain — the homeodomain. Many homeobox gene
products are thought to b nvalved in arly embryonic development, however the exact
function of TPRXL is unknown (51). Two non-coding intronic variants were detected in

PRAL,

cHeHpy

6 highly conserved cysteine residues within a particular moif n the C terminus (51).

Four HCHDY, one
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3 UTR variant and one 5" UTR variant. All were observed in controls so were excluded

from further analysis (Appendix 5).

TMEMA3 (transmembrane protein 43)

LUMA (185).

There were fifteen TMEMJS varinis deteced. Thireen of these were non-coding

S All variants

could be excluded except one, ¢.1073C>T, which was found exclusively i all affected

individuals on the screening pancl (Appendix 5).

XPC (xeroderma pigmentosum, complementation group )

XPC cncodes a protin that is involved in the nucleotide excision repair pathway (S1).

n XPC. Sixeen e ithin
the 3 UTR, 10 were inronic and one was witin th ' UTR) and eght were coding.
“Twenty-hre of thee variants were found in conrols on the sreening panel and were
excluded, however on variant, ¢ 2823+684G>C, was found excusively in al affeied

individuals on the sereening panel (Appendix 5).

Lsm3
LSM3 encodes a Smlike protein, which has sequence homology with the Sm protein

family. LSM3 contains the Sm sequence motf,like all Sm-like protcins, and may be.
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'SLC6AG (solute carier family 6 member )

SUCEA6 cncodes a newrowsmiter, more specficlly, i belongs o the
sodium neurornsmiter symportr fuily (51). There were iy two varini found in
SLCA6,ll of wich were non<oding. Taclve wee ' UTR vaias,ine were inonic
and 1 were 3 UTR vriants. Twenty-nie vriants wer excluded fom furthr analyss,

three of which were found in only one affected individual, and 26 were found in the

5). There were three. L C1274206A,

in all affected.

individuals on the screening panel (Appendix 5).

GRIP2 Gutamaterecptor neracting proten 2
(GRIP2 plays sn imporant ol i neuroalcels by acting s 8 scaffold fo he assembly
of muliproein signaling complexs nd mediaing the rafTicking of i binding parers
(51, There were fourteen varians detected in GRIP?. Eight were non-<ding inronic
rints and sx were coding variats. Al fourtcen varans wer excluded rom furher
analyss, six were found i only one affcted individual and the remanin cight were

found in contrls (Appendix 5)

Corf19
C3o0119 is a hypothetcal protein, also known as LOCSI244. Twelve variants were
detected in C3or/19, all of which were non-coding. Eleven were inronic and one was

within the 3' UTR.

the screening panel (Appendix ).
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Clonfa0
Cori20 s i inthe

10 a5 LOCS407. There were fifeen variants detected in Corf20. Eight varians were

UTR.

Al variants were excluded. Ten were found in control samples, one was found in only

on the panel (Appendix 5).

FGDS (FYVE, RKoGEF and PH domain containin 5)
FGDS s a protein of unknown function but it may actvate members of the Ras-ike

family of Rho- and Rac prteins, andlor play a role in regulating the

in cytoskeleton
and cell shape (S1). Ten varianis were detected in FGDS, seven of which were non-
coding inronic variants and three were coding.  Six of these varianis, .9MG>A,

C2U86+22G>A, €2I8T-82GA, 222065, €2613450C>T and ¢3085-T4G>A, were

5. 3
three of which were seen in controls and one was seen in only two of the affected

ndividuals on the panel (Appendix ).

NR2C2 (nuclear receptor subfumily 2, group C, member 2)

NRZC2 is & member of the nuclear hormone recepior family, and acts as &

activated transeripton factor (51). Nine vaiants were detected in NR2C2. Al variants,
but one, €1685G>A, were noncoding. Three of these variants, c8S5+70G>A,
CIBSSI6SToA, and c. 184842965 _1B48+2966insGATA, were of nterest because they
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were exclusively seen in all affected individuals on the panel (Appendix 5). The
remaining six varints were excluded. One was detected in only one affected individual

‘and five were seen in the controls (Appendix 5).

MRPS25 nitchondria ribesomal poten $25)
MRPS? i  mcler gene tht encodes a mitochondrial rbosomal procn, which ids in
protin synhess withinthe mitohondrion (51). S varians were detected in MRPSS,
il of which were non-<oding. O varant was witi inon 2 ad the remaning five
wee inthe 3 UTR. Four ofthe six vaists could be excluded; on variat was sen in

only one affected indi

idusl and the other three were seen in controls on the pancl
(Appendix 5). One varisnt, ¢.522+109G>A, was observed in all affected individuals

exclusively (Appendix ).

ZFYVE2D Gin Snger FYVE domain-conaining proten 20
ZPYVE20 i  RabiRabS effctor proen tha act n caly endocytc membran fusion
and membeane talcing of recyclng endosomes (51). Seven vaiants were deecid n
ZFYVE20. One varian, TAC>G, was coding and s variats wee now<oding. The

on-coding variants consisted of one intronic variant and five 3" UTR variants.  All

CAPN7 (calpain 7)
CAPNT in family of proteins, which famil

of calcium-dependent, cystine proteases. The exact function of CAPN? is however

unknown (S1). i all One
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the S'UTR i ix ). Two of these

varints, ¢.1289468C>T and ¢.1430-28T>C, were of interst since they were detected
exclusively in all the affected individuals on the scrcening panel (Appendix 3). The

remaining four were excluded (Appendix ).

SH3BPS (SH3-domain binding proein )
SHIBPS encodes 8 SH3-domsin binding proein of unknown functon that was
discovered due 1o s sssociation with bruton tyrosne Kinae, 8 cytoplasmic tyrosine
Kinase tht i crcial for the maturstion of Bincage cels (186). Eigh varints were
detcted in SHIBPS. Two variants were coding and six were non-<coding. The non-
coding variats incuded tree inconic varans, two 3 UTR variants and one 5' UTR
varian. All varians were exluded from futer analyss because they were detcied in

controlindividualson the sercening panel (Appendix ).

ofthe the 20 positional sl of

exclusively in clinically affected individuals on the mutation sereening panel and were

used in further investigaton (Appendix 5).

232 Segregation analysis

In i q

affected individusls from the screening panel, truly segregated on the ARVDS haplotype,

s individuals from Family 1139 (Global ID: 708, 709, 710, 714, 716 and 718) were
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genotype A4F nd28).

Two clinically affected individuals 710 and 709 (mother and daughter) who were
determined to have the ARVDS haplotype using microsatelite markers were chosen for
this analysis, along with the 21 year old daughter of 709, 714, who was also previously
determined 1o carry the ARVDS haplotype, however, had a recombination between
D3SIS16 and D3S3608 (Figure 2.8). Individual 714 has yet to show clinical signs, ths,
her recombination was not used to reduce the ARVDS disease region.  Individual 708,
who also showed no clinical signs, was another recombinant chosen for the segregation
analysis (Table 2.4 and Figure 28). During the carlier microsatllte analysis &

recombination between DIS3595 and DIS3613 was detected in this individual. This

Ho

273 have the telomeric portion ofthe ARVDS haploype (Figure 2.7A and 2.9), whereas
individual 708 has the most distal centromeric porton (Figure 2.8 and Table 24). Two,
other individusls, 716 and 718, who did not have any clinical signs or the ARVDS

aplotype were also chosen (Tuble 2.4 and Figure 2.).

Segregation analysis in Family 1139 determined that five of the 18 variats, XPC
C2R46UGHC, FDS c2186+22G>A, FGDS 621878265, FGDS ¢ 2220G5T, and
[FGDS c2613+50C>T did not esde on the ARVDS anceszal aplaype (yellow) (Table
2.4 and Figure 28). OF the remaining 13 varians that segegaied on the ARVDS
aplotype, two varints, HDACI <369+18_369+19insG and SLCGAG ¢1:27420G>A,
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being th least one

other haplotype that segregated through Family 1139 (Table 24). In addion to the
yellow ARVDS haplotype, HDACL] ¢369+18_369+19insG also segregated on the red,

and SLCBAG ¢

(Table 24). Eleven

233 Identification of the causal variant
Al fequencies of the 11 ARVDS vaciuas wee detrmined. Six. varians were
considered comman with alll fsquences ranging from 9 1o $5% (Table 2.4). The
emaining five however, were e slle (1% ofthealiles sceened)with reguencies

between 0 and 0.60% (Table 2.4, The firs rae allle o be screened in al clinicaly

individuals srsened postve fr tis vaian. The affctod members o fmiles 69 and
273 were wildaype for that alle (Figur 29). Family 69 had thee individuls (wo
female,one ma) with primry clnca affction statusand o females with sondary
ffcion satus, all of whom, srend negaiv fo hat varistio, and Family 273 had
o individual it primary sfcton st thatsreened negaive s well (Fiure 29).
Those two fumiliespreviously deined the new cenromeri boundary by deniying &
ecombinaton between markes DIS3S95 and D3SSGL3 (Figure 27A). The exact

hov it 78)

thus suggesting that the recombination occurred mare elomeric than FGDS (closer 1
D353595). Thies other rare variants, MRPS2S ¢ 522+1059G>A, CAPN ¢.1289+68CT,
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and CAPN7 ¢.1430-28T>C (Table 24), were located between these markers s well, and

were more centromeric than FGDS (Figure 2.78). The affected fumily members of

familis 69 and 273 screened wild-type for those allles as well (Figure 2.9).

“The ony rae varant that was shared by all clnicaly affected subjects cross al 15
famiies was TMEMS3 10T (SISBL) (Figwe 210) In fac, TMEMSS
C07ICT s the ony ar vaiant resined on key recombiant ARVDS haplotyes
dentified i clinically ffecied individuls from fuiles 69 and 273 (Figure 29). This

suggested that TMEMYS3 s ARVDS.

2.3.4 TMEM43 mutation screeni

Al available subjects bom at a priori 50% risk (n<295) across the 15 ARVC families
were sequenced for the presence of the ¢.1073C>T TMEMAS3 variant (Figure 2.6). All

clinically affeted individuals with primary affection status (n=83/83, 40 males, 43

females) were mutaton cariers, All individuals with secondary affecton satus
(123723, 8 males, 15 females) were also mutaton carriers. Twenty percent o clinially
unafected individuals (n=38/189, 10 males, 28 females) were mutation carriers (Figure

26 2 22 and 33 years

for males and females,respectvely. The 151 subjects with n clinical signs who did not

have the TMEMJ3 variant were considered unaffected (Figure. 26).
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235 TMEM43 ARVDS

After screening all available spouses (n=47) and popula

o conrls (a161) for the
TMEV43 varian, no musion cariers were detected (416 muation negaive
chvomosomes) (Table 24). Ao, clinclly unaffected aduts (fom ARVDS families)
who shared disal sections of the ARVIDS haploype that acked the TMEMY3 mutaon
were ideifed (Figure 211, There were severl cases where idividuals, with o
clinical signs of ARVC, hd the centomeric porion of the discase haplotype,inclucing
four of the fve rre varians, FGDS c9MG>A, MRPS2S cS22+1085G>A, CAPNT
C1289+68C5T, and CAPN7 G 143028TC. These individuals inclodd individual 708
(a0 known s 1139016, 3 emale fom Family 1139 who i i he e 405 with no

cinical 4 and Fi nd 28), and three

from Family 64 with no clinical signs, individual 0064.1011 (a female in her late 605)

(Figure 2.2),
ot n the reduced pedigree in Figure 2.2). There was also one case where an individual
from Family 964 (09640004 - a male in his late 605 with no clinical signs) was

but had o recombination and therefore lacked TEMH3 c.1073C>T and the rest of the

haplotype (Figure 2.5 and 2.11).
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236 ARVC linked to the ARVDS locus is caused by a missense
‘mutation in TMEM43

TMEM43 (Genbank Accsson number NM_024334) has 12 exons, and ncodes 2 400
amino prtein known a8 snsmembane protin 43 andor LUMA (185, 187, The
protinis 98% smilar 10 the mouse proten and is well consrvd scros al cukaryoic
and prokaryoic speies (Figure 2.12). In 2001, TMEMAS was it recognized as an
inne ucess membeane protin (18, sl that was e confiemed in aniher
independent protcomics sudy (189, Inirstinly, the frst characieization of the
TMEMS3 poein was ey publshed,nkin t 0 proens known o case cardiac
disease (187 isof TMEMIS prdicts it 0 b

with several potential pos-ranslation modificaion st (Figure 2.13). However, unlike

.~ in nd desmoglen), TMEM3
doss ot have & cadhern domain,  Furtermors, prtcn squence algnmens with
desmoclln nd desmopgen show less tha 10% denty and les tha 12% similiy.
“The mutaion, pS35L, occurs within th thin reditd ransmembrane domin and is

phibian, nd igure 2,12 and

213), Ineresting! s posi in the bacterium Rhizob

lot but it s not found in any multcelular organisms (Figure 2.12). The pS3SSL.
mutation s also predicted through bioinformatic analysis o have a delterious ffect on

TMEMA3 structure and funci




2.4 Discussion

A founder effect within the populaton of Newfoundiand enabled the ARVDS gene
discovery. By sudying 15 ARVC Newfoundiand families and using a positional
mapping approach, TMEMA3 was identified as the causal gene for ARVDS. The ARVDS

at the time,

Jocus was il mapped in one of the 15 fmilcs, Family 64,
extendad seven genrstions and consined 200 individual (146). Ten lving affeced
individuals and 17 decessed individuals (vho had i ied suddeny) were noted on the
pedigre. Afe s two-point ke anlyis, mrker D3S3613 on 325 (LOD seore 691
(60 was detrmined o be the only marker with a LOD. score sbove 1.5, and fine

3 M D3S3610 and DIS3659.

Despite tha the pedigree of Family 64 has cumently been extended from 200 to 1200

duals, the disease egion would no have been reduced t0 2.36 Mb if th additional

5 69 and 273, were not available for stdy. Affected

ARVC fumilcs, especially fami

and DISTS15, which reducsd he centromerc sid of he ARVDS hapltspe. Perhaps
individuals i famiis 69 and 273 arc more closely related and are descendents of an
afected recombinan individal fom years ago. The telomeri boundary that was
detected nthe orignal mapping papr was conimed infumilics 76 and 45, wher ll
individuss had the same recombinant slele st D3S3610. Perhaps,agan, the individuals

from families
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The 236 Mb region consined 20 positional candidate genes.  Deciding which
methodology that should be used 1o screen the positional candidate genes, how 10
prioriize cach candidate’s sereening, and which individuals were 10 be placed on the

mutation screening panel were very importan for effciency and relabiliy. With 357

sequencing was used to identfy all point mutations and small insetions/deletions with
cerainty. The screening began by sclecing the best candidates based on expression,
function and prior screening knowledge.  However, in the end al positonal candidates

were screened.

‘were entifed during the reconsucton of the haplotype (175), howeve, only  select
few of thee indivduss needed 1o be on the mutation srening panel since they all
Shared the same ancesrsl hapltype. To be placed on the seceing pane, he ffected
individul had o ulimaely have  primary affection satus.  Carcully seecting the
conrls o b placed n the mutation scrcaing pnel s crialas wel. Snce ARVC
s il o ingnos, controls wee chosn i they were no blod related 0 the 15
famile, did not have cliial sgns of ARVC, and were prviouly determined ot 0
Wave the ARVDS haplowype. Screening four clinclly afected and thee waffeied

controls, along with a HO control, enabled 12 amy

ns per sequencing plate, making

the screening process a effcient a possibe

the

disease variant. There were initally 240 variants detected, however only 18 varians
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were in individuals on
and were furhe investigaed. Segregation nalysi deermined tha 11 f hose varants
segregated o the ARVDS hapltype, but after calulating the Newfoundiand popuston
allle frquencies only five rar varisns remined of ntrest. Four of those varants
happenad 1o be located between markers D3S3595 and D3S3OIS, where the crial
tecombinstion was noied i fmilis 69 and 27 tht reducedthe discse region 0 236
M. These four varians were detemined ot t be prest inany affeied individul in
{hese two key ecombinant fumilis, denifyng the TVEN3 vaini, ¢ 1073C5T, a the

only rare by all affcted 15 ARVC

Newfoundiand fumilie.

TMEMAS is the third non-desmosomal ARVC gene (© be identified. The TMEM43

predictd o be deleterious. This mutation was not detected in spouses or population
controls,  Bengisson and Ot specifically determined that TMEM43 interacts with
emerin and participates i contollng its distrbution along the nuclear membrane (187).

Emerin [MIM #300384] is a I

.4 LEM-domain protein tht causes an X-

linked form of Emery-Dreifuss muscular dystrophy (EDMD) [MIM #310300] (189)

EDMD s a i s by mutations

otcns of the A
type lamins (190). Bengtsson and Ot also determined that TMEM43 binds both A- and

Btype lamins and depends on A-type lamins for i localizaton. Thus, they suggesied
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that TMEM43 is an integral nuclear membrane protein that structuraly and functionally
organizes inner nuclear membrane protein complexes and has the potential 10 cause
pathological changes to the nuciear envelope (187).

Recently,signaling pathways have been implicated in ARVC pathogenesis as well (171,

191). F Je, lakoglobi docates

canoical WPNTHcteinsgnling pway (171). Suppression o the canonial FNT-
ctnin sgnalig up-rgults two adipogeic tmscripion factors, CIEBP-a [MIM
£116897) and PPARy [MIM 4601487) (171). A genome wide scan for peroisome
rolfestor esponse clements (PPRES) denifed 1085 potenl targetgenes of PPARY,
inclding TMEMY3 (19, 1f TMEMAS i partof anadpogeic pathway regilaed by
PPARy, then perhaps, dysregulsion of this pathway may explin the fbrofaty
eplacementof the myocardiom in ARVC paties.

Afer the third desmosomal gene, PKP-2, was idenified as a causative ARVC gene in

2004, it was suggested that ARVC may be a disease of the desmosomes (156). This

initisted ARVC gene discovery effots using @ candidate gene approach. Several groups
screencd DSG2 and DSC2, two genes that encode desmosomal cadherin protens, in
ARVC probands snd identified the ARVDI0 and ARVDI loci, espectively (161-165).

Another group sercencd

in  German family with autosomal dominant ARVC and idenified the first autosomal
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dominant ARVC JUP mutation (166). Befor this ARVDS gene discovery, there were 12
Known autosomal dominant ARV loci and seven known genes, fve of which code for
desmosomal protein; noting the imporance of cell adhesion molecules in ARVC

pathogenesis (167). Despite the success of the recent candidate gene approsches, the

“The two previously determined non-desmosomal ARVC genes are ryanodine receptor 2
(RYR2) and transforming growth factor 3 (TGFP-3) (141, 143).  Multiple missense

varians in RYR have been reported as pathoger

(143). RYR2 encodes a membrane
calcium channel, and associates with the proyl cis-rans isomerase FKBPIB, a protein

that plays a role in excitation-contracton coupling in cadiac muscle by contollng the

opening of the ).
Regarding ARVC pathogenesis,if RYR? is mutated, venticular arthythmias may arie if
calcium s no longer released from a cell, as this affects the terminstion of muscle

Interesting as well, & A

cadherins are sbilized by caicium binding, 5o  relationship betwween RYR-2 and the
desmosomal cadherins is worth stdying. TGFB-3 as an ARVC gene suggests tht there
s & disruption of some type of signaling pathway in ARVC pathogenesis (121). The

TGE-3 protin is 8 cytokine with regulatory roles in tissue repaic and remodeling. It

plays a major
specifically plays a role in mesenchyme differentiation and the development of ibrous

Septum of the atrum and fibrous skeleton of the hear tissue (193). In viro expression
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assays with ARVC-mutant constructs showed twofold increase of TGFJ-3 expression
compared o wild-type constrcts (142), which may explain the excess fbrosis observed

in ARVC cases. H

the other familis previously linked to ARV mutations (133, 141), which questons the

Therefore, a subset
of disease featurs that defined affection status was esablished in this study (174).

Mutation staus for the defined three groups was as folo

primary affecton status
(elincally affected) (83/83), secondary affction satus (23/23) and cinically unaffected
(39189). Al individusls that had either primary affecton staus or secondary affection

Also, 20% of people that had no clinical signs were mutation cariers; the clinically
unafected mutations cariers were determined to be young (median age of 22 years for
males and 33 years for females). This can be explained by age-related penctrance. The

results of  penetrance study performed by Kathy Hodgkinson showed that ARVC was

76 (174),

In regard to future perspectivs, the size of the ARVC cohort in tis study provides an

opportunity to compare and define ARVC-specific clincal features in affected and
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unafected subjects. One hundred and forty-four individuals with the TMEMA3 mutation

y, 5 well s 151 unaffected control

the ARVC, i (194,

d features in only with

genetc defect. However, it may be that some clinical festures are due 1o the genetic
background of cther the family o the source population, which would be interesting to
sudy using this cohort. Furthermore, due (o the serious repercussions of ARVC, this

gene discovery e st

family members,

deillaor Finally, recent funtional stdies suggest that the responibl mechanism
forthe puthogeneis of ARVC i the suppresion of canoical WNT signaling by nuclear
plakoglobin, which cnhances expresion of adipogenic focors and. leads 1o the
iffreision f  subse of candi progenior cels 1 adpocytes (171). ARVC s the

first disease to be recognized as disupting the differnt

don of cardiae progenitor cells
(196), and it will be intrestingin the fuure o see what therapeutic developments unfold

i onder toreverse o prevent the ARVC phenotype.

As Bengisson and Oto suggested (187), TMEMA3 has the potential to cause discase.
Functionaly studying the effects of the TMEM43 mutation (pS3S8L) can validte its

pathogenic effect and will enable a greater understanding of ARVC pathogencsi.
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Detecting additonal TMEM#3 mutatons in ARV probands from other populations
‘would validte this study, as well as, provide evidence for th fact that TMEMYS3 has a

world-wide impact on ARVC. Inieresingly, after analyzing the personal genome of &

patient with a

ely et l. repor i three genes associated
with SCD, including TMEM43 (197).  Also, most recently, two TMEMHS sequence
variants, including ¢.1073C>T, were dentified in a Danish ARVC cohort. Segregation

TMEMS3 c1073C5T var ARVCin

i tis i  founder mutation o  recuren muaton fom diffre popultons. In the
same report, cvaluston of the cxpression of the desmosomal poten plakogloin in
TMEN43 mutstion carirs indicated reduced leves of the plakoglobin rotcin, Which
Suggest ht the ARVIDS mutsted prtcin TMEMA may shar a fna common paihay
With desmosome-assocated ARVC (198). 1 il be inerctng o detrmine preisly

honw these gene products lnk to a common disease mechanism.
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‘Table 22 Markers n the ARVDS haplotype.
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‘Table 23: The 20 positonal candidate genes for ARVDS.
£ LT T
Number number
San e

Lo L L e e )
L e L R R e
L L L R R T S )
TRV | WO | TRz |+ | visaeags | 1o |76
L L Lo B S
TR [ AKGGaE oV | v | T | aoeo |3
[ R L B T R
T[N RN
D X N e R ST
[ T [ e T R
E O T e R
CRIPT | WLO0TORORE [ BN
oo WO [ gz s [T
T [ NMLOTETST +aeieEs | aTesa |7
FaDE NS | (%
WRICZ | W_003238 | (7
WRPSE | WLGT [ ——owTEz | e [¥
TR (NG (G |- [ TeTiseE | veoae |
L e L B R A
R L L B R e

T T 17

Page 96 07298



)

§81 el

prevy gy

wlw Twlwlalo

PP 0 J0 3415) ST Sy SEAS W o ST ANSIP ION )t poviodas Amousad s jo Kouanbag
Il w1 (§5) sonued oneodod s pooebis Apobosqes am e 6C11 e w Tadsis sdopiy =0
iy et

1 woyeBatos 1og) puE STERPIAIPUL POISY SIEUIP U1 SRS PP SRIES Sususabs oy

Sy






86210 6650

=

¥9 Apurey.



T 1o

Figure 2.3: Pedigrees of families 19, 69, 76 and 195. The symbals in each pedigree
represent: Oclinicaly unafected female; Ci=clinically unaffected male; @=1°
affection status; @=2° cliicalaffction status; and @=obligate carie.
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Figure 2.4: Pedigrees of families 273, 453, 581, 840 and 883. The symbols in cach
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Figure 25: Pedigrees of families 864, 932, 964, 977 and 1139, The symbols in csch
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Abbreviated pedigree stucture used in the study: O=clinically unaffected female;

Dclinically unaffcted male; @=1° clinical Do v S st st
status; and @=obligate carrier.
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Figure 2.13: Predicted topography of the TMEMA3 protein. Indicated are
ransmembrane domains (beige), phosphorylation sites (green), @ transactivation domain
(1ed), YingOYang sites (orange), a SUMO attachment site (purple), and an O-
glycosyltion sie (blue open). The extracelular and cytoplasmic. regions may be
reversed:there s evidence supporting eithr orentaion.
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Chapter 3: Non-syndromic sensorineural hearing loss in a
large extended Newfoundland family maps to Xp21

3.1 Introduction

311 Sound and measurement of hearing

Sound i waves, which are pr

ropagae hrough the s ALl sound waves have pariculr frequence; frequency is
defind s the messurenent ofthe smbe of times  reested eventoccurs per unitof
ime. The unt o requency messurement i the etz (2, wichdeects thepumberof
el p sccond. - Herig is measured in decibels (4B acos all fequencies. The

burst 50% of the time at a cerain frequency. Hearing is considered normal if an

sraph

individual' thresholds are within 15 dB of normal threshold. An audiogram is

jgure 3.1), and it

that depicts the abiliy (o hear sounds at different frequencics

312 Deafness - a common disorder
Deathess affects 6-8% of the population in developed nations and i the most prevalent
sensorineural disorder (200, 201). 1 is also the most common birth defect (200, 201).

Approximately | in boms (. another 1 in

hearing loss to a esser degree, and an additional 1 in 1000 become profoundly hearing
impaired before adulthood (200-202).
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3.3 Classification of hearing loss

There are several ways to classify hearng loss. Firsly, upon analysis of an audiogram,
the severity (and the corresponding frequency) of the hearing loss can be determined.
‘The World Heslth Organization (WHO) divides the severity of hearing impairment nto
several grades: mild or slight (26-40 dB), moderate (41-60 dB), severe (61-80 dB) and

profound (81 dB or

Hz), middle (S01-2000 Hz) and high (>2000 Hz) (199). Secondly, one can classify

Fonset. I hearing. iy to speak it

s known as pre-lingual, which may or may not be congenital. IF it occurs afer anguage

LA i basedon
s sability overtime. 1 the earing loss worsen aver time i is known as progresive
i it emins bl ovr ime it s known 85 on-progresive, howeve hearing loss
can ucuste over time as wel, meaning thatsfe sccesive esting besing los can

appear better or worse (199).

Hearing loss can also be classified based on etiology. It can be due to environmental

factors, geneic defects, or  combination of the two (ixed). It s esimated that st least

and the remaining 25% is unknown, but possibly and probably genetic (200, 201).
Focusing on the physilogical malformation, hearing loss can be defined as conductive
(due 1o extemal car anomalics or sbnormalites of the ossicles in the middle car),

sensorineural (due to inner car malfunctions including defected hair cell or cochles),
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central (due to defects in the VIllh nerve, bran stem or cerebral cortex), and mixed (8

o).

314 Inherited hearing loss

Inherited hearing los, in most cases described, is monogenic (200). It can be inherited
alone with no other manifestatons, which is known as non-syndromic, or it can be
inherted a5 a syndrome with additional manifestatons. The inheritance patien can be:
autosomal recessive, autosomal dominant, X-linked, Y-lnked or mitochondrial. In &
2009 review by Hilgert et al, it was estimated that 70% of inherited deafness s non-
syndromic, with 80% being recessive (DFNB), 15-20% being dominant (DFNA), ~1%
being X-lnked (DFNX) and at least 1% being V-linked or mitochondrial. Non-
syndromic. hearing loss s generally sensorineural - Autosomal dominant deafhess is
enerally postlingual and progressive, and recessive deafess is generally pre-ingual
(70-85%) Q01).

3,15 Heterogeneity of deafness
(i) Genetic heterogeneity.

Deatiess is very genetically heterogeneous with approximately 1% of all human genes

olved in the hearing process; proteins comprising ion channels, the extracellular

matrix, the ytoskel i proper auditory
@03, According to the Herediary Hearing Loss  Homepage
(htp/ebhOl un ac be /), there have been over 120 non-syndromic deatness loci
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dentifed for autosomal dominant (DFNA) and autosomal recessive (DFNB) deafness

(39, The oumbe ideniying the locus, for example DFNA,reprsens he
chronoloielorder i whic e loi wre discoverd (38). OFte denified o, over
45 causative genes have been denified (200) The gap Junton potin et 2 gene
(GIB2) [MIM 4121011, which ncodesthe protin comnexn 26, is e most common

cause of i Jations and in

3546lG,

which may explain up 0 70% ofall cases (205).

(i) Clinieal Heterogencity

diffrent mutations within the same gene.  Different mutations in many non-syndromic

Usher syndrome [MIM #276900], which is associated with deafness and blindness. This
syndrome normally presents with pre-lingual sensorineural hearing los, with or without

vestbular nd

pigmentosa age of onset (207, 208). Many non-syndromic deafhess loci and Usher loci
have the same causative gene (209), for example, DFNB12 [MIM #601386] and Ush!D
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[MIM #601067) are caused by caderin 23 (CDH23) [MIM #603516] mutations (210,

),

3.1.6 Hereditary deafness gene discovery
(@ Mapping hearing loss loci

Duc 10 the geneic heterogencity of deafness, gene discovery efforts have been most
successful in isoated popultions by swdying large  consangineous familes.
Approximately 80% of non-syndromic deafness cass are recessve, and because of the

typial small pdigree sizes that are ascerained in most firstworld wban areas, inkage

Al si 100
Known o for non-syndromic deafhess the likeliness that two. random, hereditary
deafness families from first-world urban areas share the same causatve gene s low.

lis fo linkage analyss, which i a raditional

method for gene dentificaton and was used fr the dentifcation of BRCAL, i gncrlly
ot very useul (201, 212) Comidering tht desthss is a common disorder and vry
senetically heterogencous a5 well as cusily. influenced by envionmenal factors,
phenccopies can be pesen cven within ons hereiary deafess faily. Thiscanslso
inder gene discovry efons, therefrs it s best i the clnica charsceristic re well

defined.

In populations such as Tunisia and Pakistan, consangui

common and prefered
(@13,214). Religious and cultural bliefs, s well s social and economic considerations
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all influence atitdes toward consanguinity. ~For example, in certain populsions
consanguineous mariages are believed to strengthen family ties and reduce financial
problems (215). This belief system resuls in marred couples who share many of the

st

prevalence. i i ientical by
decent in consanguincous familis, has been performed in these populations o find

deathess loci. For exampl

independently identificd through linkage analyss in two large consanguincous Pakistan
families (216, 217). These two loci are now known 1o overlap and have the same
nes).

(i) Ndentifying causal genes within hearing loss loci

positonal candidate genes for screening. One method of selecton is based on gene.

expression. been made t0 i inthe

cochlea and to determine whether these genes map o known deafness loci (219). A

mouse cochlea GDNA. library was established and t has aded i the gene discovery of
several deafness genes. This approach was used to identify the gene oloerlin (OTOF)

[MIM #603681] wi

in DENB [MIM #601071] (220).

models, b way
to identify deafness genes. When an unidenified deafhess gene has been mapped t0 &
v
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| it i A

previously identified, that gene would be a key candidate for screening. This approsch

24)

enable the determination of the phenotype’s anatomicl, biochemical, and  celular
features, which otherwise could o be studied in vivo. The shaker-2 mouse model was
used for morphology studies of mutant-MYO!5A deafness, which showed aboormally

short stereocilia bundies (225).

3.1.7 Hearing loss in the population of Newfoundland

on the south coas of the province, and three large south coast familes have previously
been studid to identify causal deafhess genes. Positonal cloning in a Newfoundland

(south coast) family with autosomal dominant low frequency hearing loss identified

wolframin (WFSD) [MIM #606201], the gene previously known to cause Wolfram
syndrome [MIM #222300], as the causative DFNA3S [MIM #600965] deafiess gene

(98). WESI i the caustive gene forlow-frequency hearing loss at DFNAG/143, which

par 3

(98, 226:29), There are now at et 12 addions il with suosomal dominant
low frequency hesing los that have WFS! causalvaias,al of which re misense
mutions (228:233). In 2004, second suth coss iy wassdied whose affced
individals presented it an atosomal rcesiv, congenial, non-syndroic heaing
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loss (234). Using a candidste gene approach, TMPRSS3 was determined 1o be the

causative gene. Two mutations segregated in the family, one n exon 4, ¢207delC, and

another in exon 8, Affected famil ygous

Thirdly, a family i 1, profound, dromic h

loss was recently determined to have & homozygous mutation in PCDHIS (235). After
performing a genome wide linkage scan, this fumily was determined t0 be linked to the

previously mapped DFNB23 locus. In 2003, Ahmed et al. took a candidate gene

in the protocadhern 15, PCDHIS, gene (236, Two diferent musations were ientified,
AT (PRING) and GT8SG>A (p.G262D), solvng two of the 400 fuilis.
Therstoe, once linkage 1 the same locus was deteined inthe Newfoundiand iy,
PCDHIS was soquenced and 3 missense mution, CISKST>A, in exon 13, was
dentifed.

Due 1o the success in identifying hearing loss genes in Newfoundiand, additional
probands with hereditary hearing loss were ascertained by the Young laboratory. Once

scerained i Newfoundiand

mutations (VES! ¢2146G>A, TMPRSS3 ¢2074eIC, TMPRSS? ¢782+34IGAG, and

PCDHIS c.1S83T>A) and for variants in GJB2 (connexin 26) and GUBS (connexin 30).

Afte th inial ly six of
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One extended

family to have an apparent X-lnked mode of inhertance (10 male-to-male transmission
and varisble expression in females). This fmily has major potental for gene discovery

and wil be th focus oftis chaptr.

3.1.8 X-linked non-syndromic deafness

Xelinked non-syndromic deafness is relaively rae, esimated to contribute 10

approximately
of of males among the deaf (237) and X-linked deafness can explain this excess; it is

Hinked disorders are caused by mutations in genes on the X chromosome, one ofthe two.

sex chromosomes. Females are XX and males are XY.  Assuming no sex anomali

female will ransmit one of hr X chromosomes (o her hildren and a male will transmnit
an X or a Y (50% chance of either case). Therefore, the fiher's sex chromosome

ed tai s not transmitid from male to mae.

determines the sex of a child and an X-
Afather with i

il pass it 0 ll of his daughters. A female who s a carier has a S0% chance of

ransaiting the deafness-causing mutation with ach pregnancy. Sons who inheri the

mutation from their mother will be deaf, and mothers who have a son with X-lnked
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3.19 Variable expression in X-linked diseases

Variable expression of X-lnked trsits in heterozygous females is common and may be

which

X inctivaton is

the phenomenon i female mammals by which one X chromosome, ithe the matemally
or patemally derived X, is randomly inactvated in embryonic cells. Once a female

x e

cells (240). Dobyns et al, 2006, recently suggested to refer to X-linked tris as solly

Jlinked" insead of the traditional terms dominant” and ‘recessive’ because of the
frequent occurrence of varsble expresion across many phenotypes in female cariers.
An X-linked trait was once considered dominantly inherited when the daughter of an
affected fuher was also affected, and was considered recessive when the disease was
passed to an affcted son from an unaffected mother (in this case the mother was

considered an obligat carrier) (241).

310 X-linked non-syndromic deafness loci
To date,ght no-syndomic defness i hav been desgnated ss X-lnked (DFNT-8)
(Table 3.) 38 Howerer, DFN is o longerconsidered 8 non-syndromic Xlnked
dethes locus. The arge Norwegian fuilyorginally linkedto DFNY 242)has since
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been shown to have visual disabilty, dystonia, fractures and mental deficiency, in
‘addiion o hearing loss (243). DFNS and DEN7 have been withdrawn from the list and

Therefore, only four

mapped DFN loci exist, DFN2, DFN3, DFN4 and DFNG. The causative genes for DFN2

@44) nd ified. Recently, it
non-syndromic X-inked loci as DFNX (66),therefore the curret designation in OMIM
s DENXT (DFN2), DFNX2 (DFN3), DFNX3 (DFN4) and DFNX4 (DFN®) (Table 3.1)

(160)

Xclinked deafness was first reported in the 20° century with at least seven different
families described between 1930 and 1970 (239). In the late 19805, one of the first-ever
Xelinked, non-synds

ane large locus on Xal3-421 was idetifed (6249, Cytogeneicaly detecable
deletions e observd sros tht lnked rgion i some mle patents, however there
e clea anicogial diffrnces between the patents with deleions and the paients
ithout (248-250). Thi suggested that maybe two ifferent deaics loci wee n hat

i DY (DFN2) and

DFNX2 (DFN).

) DENXI [MIM #304500]
DFNXT was offcally mapped in 1996 using & Brish-American family with &
congeital, profound, sensorineural, X-linked. heaing loss, originally descibed by
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Reardon et al. (248, 251). This 4 generation fumily had seven affected males and 14

female carriers.

{esting the remainder siter had & normal audiogram o thie hearing satus was
unknown. Aferlinkage analysi hearig loss i that family mapped between DXSU0
and DXSI001 (X521 32:X624, 3 268 Mb egion) ith s maximam two-poin LOD score
o291 i D06 i

have since been linked to the same locus (252, 253).  Manols et al. described 4 large
American family with  profound, sensorineural, X-linked hearing loss, however the

deathess. Cui et al. described enital,

profound sensorineural hearing loss (253). The female carirs in these additonal

families had & milmoderste hesring loss as well. A typical affcted male had
cal 10048 and
3. The DENXI gene
has becn por A second Chinse fumily :
othe DFNXT focu i e PRPSI

gene [MIM #311850], which encodes phosphoribosyl pyrophosphate (PRPP) synthetase

1. Screening the three pr

ly identified DFNX-inked families revealed misense

(i) DFNX2 [MIM #304400]
Linkage analysis for the DFNX2 locus was firt performed in a large Dutch kindred with
Xeinked, progressive, mixed deafness with perllymphatic gusher durng sispes surgery
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@6 i |

- DN (245,

DFNX2 is the most common cause of X-linked non-syndromic deafness, representing
0% of all cases, and at leat S0 families have been repored (66, 245, 254). The
phenotype is described as a profound, sensorineural deafhess Wit or without
‘conductive component associsted with a
(example: perilymphatic gusher afler stspedectomy, and a dilated intemal suditory
meatus). I is also Known as deafhess with stspes fixaion syndrome, perilymphatic
usher-deafness syndrome or Nance deafness (160, 255). In affected males the hearing

ique developmental sboomality of the car

oss is congenital and rapidly progresses 1o severe hearing loss of all tones in the first

usher (255, 256).

POUSF4 i factor and is

addition to POU3F4, mutations of another POU domain transciption factor, POUAF3

[MIM #602460), Mutatons

in POUSF4 that have been implcted i heaing lssinchde poin mutaons and smll
deleons, parial o complee deleons of the POUIFY gen, and deeions and
duplictonsof DNA proximal o but ot inclding POUSF, sggesting he presence of
an imporant rgultory clement that affects POUSFY function (249, 284, 256:260,
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Inteestingly, $0% of POUSFY deafness mutatons are caused by deletions of the
regulaory clement (66).

(i) DFNX3 [MIM #300030]

In 1991 Reardon et al. repored one family with X-

congenital, profound,

sensorincural hearing. Xql3:212 @48).

1
the deafhess in that family linked 1o a novel locus, Xp212 (261). The linked region
included 8.1 Mb with 24 annotated genes, inl

DMD, the gene responsibie for

)
muscula dysrophy (261) .

Asecond ily was identifid in 1998 (262).

and female cariers had  stable moderate hearing loss that only affected the high
frequencies (> 1000 Hz). 1t was inialy thought that recombination events reduced the
Hinked region to within the DMD gene; a 'crossover between DXSI219 and ntron 44 of
DMD, and & 3 crossover between DXSI214 and DXS9SS, defined the boundaries.
'DXS95 s not within the DMD locus, i fact it is approximately S60kb downsizeam and
encompasses two additional genes, FTHLI7 erritin heavy polypepride like-15) [MIM
#300308] and TAB3 (TAK1 binding protei 3) [MIM #300480] (51, 52).  Also, the
boundaries were determined using an *unaffected” female, who could be & non-penctrant
carier, and an “affected” female, who could be a phenocopy, especially due o the
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i affected pos DMD s the

causative gene, and there s & mouse model, md, with @ stop codon in dd reporied to

() DENXY [MIM #300066]
Del Castilo . linked hesing loss n @ single Spanish family, with biea,
ensrinurl and progesive beang loss 1 12 M region on Xp22 265). The ae of
onet n mals wasapproximtlfiv yees,andthe hearnglossinilly afected oy

the high frequencies. The hearing loss lter progressed o affect all frequencies and

became severe-profound. Carrer females have a moderate hearing loss in the high

been reporicd

1084 Mb between markers DXS8022 and DXS7105 (66).

3111 Aims of this work

loss family with an apparent X-linked mode of inheriance i the Young labortory.

Haplotype analyss of the X chromosome was first carried out (0 identify chromosomal

dividual

positonal candidate genes.
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32 Materials and Methods.

321 Recruitment

of Eastem Health, s part of a Newfoundiand population-based, hereditary deafness
stdy. This project was approved by the Human Investgation Comnitee of Memorial

University 01 Fasterm
Heals, . John's, NL, Canada. Al recritd individual tht consented t thestdy had
. ple ke for DNA isol i Family 2024 i n

are 32) that i ClsteNevile

‘Smith i the carly 19708 s two separate familis (families 24 and 25). The probands for

2024 gure 3.2).

3.2.2 Clinical assessment

Dueto

the historic nature of this pedigree most individuals were designated as having hearing
loss by either Dr. Smith herself o from  amily history taken by Dr. Smith in the carly

19705; however, limited medical records were included in the wrchived family fies.

Deathess was only conimmed through medical rcords (audiology rpor or doctor's
opor) in 15 individuns. There were a total of 0 sparenly affected individuls i the
{umily and DNA s collcted o sevn ofthem (1l of whom hd the proper medicl
reconds available. An idividua with known auiclogy had pure-tone audomerc

evaluations o determine the hearing loss severity acrossal frequencies. CT (computed
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Fected

age of onset. Three groups were esablished; (1) age of onset nder 10 years ofage, (2)

ageof 10, 32)

323 A sean of the X chromosome

A genotype scan of the X chromosome was performed on ive individuals, four affected
and one unaffected. The affecte individualsincluded a faher (2024.1000), bis daughter
(2024.0000), and his two grandchildren (2024.A001 and 2024.A002). The unaffcted

individusl was the father of the two grandchildren (2024.0002) who maried into the

family. 32) Panel 28 of the ABI
PRISM Linksge Mapping Set 2.5-MDI0 kit were used for the scan. Panel 28 consisted
of 18 microsatelite markers spaced approximately 10 eM across the X chromosome

(Appendix 6). Markers were labeled

one of the four fuorescent dyes; 6-FAM
(blu), VIC (green), NED (sellow) or PET (Red). A 1X PCR mix had a fnal voume o
75, consisingof 075l of 10X PCR Buff, 075 l o ANTPs (250 m, 075 l of
MgCl (25 mM), .49 ul of 0, .06l of Taq DNA plymerse (5 Unisu, 05 il of
prims mix,and 1.2 ul of 25 gl genomic DNA. Ampifcaton was caried out by an

iniial 12 mis followed by 10 cycles o a

15 second $5°C annealing period, and a 30 second 72°C extension peiod, followed by

20 cyeles of s d
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230 sccond 72°C extension period, which was ultimately followed by a 10 minute 72°C

finalextension. The ABI PCR GeneAmp 9700 thermocycer was used for al reactons.

Afer amplificaton, PCR products were pooled for genotyping. PCR samples from one

ifferent dye or ifthe amplicons were different sizes (non-overlapping) but labeled with

Aol of 24 ampl ' 1l of each PCR
sampl, 0.4 il of GeneScan™ 1200 LIZE size standard, and 9l of DMF (ABI PRISM
Linksge Mapping Set Version 2.5 User Guide and Panel Guide). ~Samples were
clctrophoresed on the ABI 3100 or the 3130, and the daia was analyzed using

GeneMapper version 4.

3.2.4 Building X chromosome haplotypes
Haplotypes (combinations of allees that are transmited togeher) of the entre X

chromosome were built manually using al typed markers, in order o determine which

regions wer shared amongs the aleted individuas, When biling haplotypes, phas,
defined as knowing from which parent & child inhered the alleles, and recombinants
(defned i Chaper 1) nood to b determineds sudying familes wih thre o more
gencations makes ths ask casor, I regad t th individuals gnotyped in Family

2024, p o

the patermal X
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DNA was available for analysis. Since phase was known for 2024.0000, the maternal

1024, A001 and 2024 A00:

3.2.5 Fine Mapping
Fine mapping was performed in regions where the genotypes of 20240000 were
wninformative in order to determine if her children (2024.A001 and 2024:A002) were
recombinant or non-recombinant. Addiionsl markers were selected from the UCSC

Atotalof

49 additional markers were typed (Appendix 7).

The Invitrogen™ 7iag DNA Polymerase kit (Cat. #: 10342020) was used to ampliy all

fine mapping markers (Appendix 1). Trial PCRs were run to determine the best

amplification conditions, similar to thetias run in Chapter 2, section 22.3(). However,

for most fine mappis S0°C, thus.

annealing temperature. Al steps (denaturaion, annealing and extension) were 30

seconds long and there were a totl of 30 cycls.

After amplification, the clectrophoress procedure and imaging of the gel followed the

1 ». don 2236

betaine under the standard s

program (snnealing temperatue SU°C).  Agarose gel
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As addiional affected individuals wihin the large multi-generational family were

they had the same “affected” haplotype. Recombinants of these new individusls were

used to narow th region.
326 i gl

The vese Genome Browser homepage (URL:
hip:/gsnome uese cdwindex hmZorg=Human), and the March 2006 assembly (NCBI

build 36.1) were used to identify the genomic contig of the candidate region and

3

Postionl candidat genes were prirtized for seeening based on exprsson fnction,
previously asocatons with haring loss, and overlap ith known DFNX loci. The
Morton cochlear GONA ey was used to detrmine which genes n the candidte
wgon we  epesed e cochlea  (URL:
o).

Only the genes that were listed in that library were screened in this stady. For all
expressed genes, primer sets for al coding exons and intron-exon boundaries were
designed using Primer 3 (176). The same trial methodology used in Chaptr 2, section
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22.3(), was applied to determine the optimal amplification conditions for each primer

set.

3.2.7 Creation of a mutation screening panel

A mutai i "

from four affected sbjects nd thee unafected contrls, and one 1,0 bank. The
afected iniviual that were chosen included two males (2024A006 and 2024.1000)
and two fmals (20240000 and 2024 A00E). The logc behind using seven DNA
samples and one HO conrol was the same 35 in Chater 2 gne secening (section
223, This panel was serenod for all pimer sets nderthe optimal condiions tha

Chapter 2.3,

3.2.8 Detection of genomic rearrangements in DMD.

“The dsirophin (DMD) gene was  posiona candidie in this sy, and was also the

that Pfister et al. in DFNX @62).

MLPA (58, 266) by using MLPA probe mixes PO34 and PO3S. MLPA was used in this

ofthe

79 exons in the longest DMD isoform (aceession number X14298). In addi

n,a probe.

s present or the altemative exon | o soform Dpé27e.
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Dp427c s not the only isoform of DMD with a non-overlapping fist exon. Within the
refined deafhess region Dp40, Dp71 and Dp116 have alternate first exons. Dp40 and
Dp71 actually have the same altemae first exon, thus there were two additonal exons
that did not overlap with the exons of the longest DMD isoform (accession number

X14298) tht also needed o be screened for du

ions and deltions. MLPA probes.
Were designed for these exons manually following the detaied insructions of ‘Designing
synthetic MLPA probes’ version 8 available at wwww.mipa com. See Appendix 9 for
specifc detals on the manually syntheszed probes.

The MLPA siep-by-sicp protocol for DNA detection/quantifcaon is available at

wawmlpa.com. Below i the protocol for  1X reaction.

A DNA sample (50-200 ng of DNA) was diluted with TE t0 § il and added 0 8 96 well

PCR plate. It was then heated for 5

tes at 98°C in the thermocycler, which was

ooled 0 25°C before opening. A mixture of 1.5 il of SALSA probe mix (black cap) and

15 ulofMLP
il i the themocyle, The mixture was thoroughly mixed by genly re-suspending
With a piptethen incubsted o 1 minue at 95°, folloed by 16 hou icubstion
peiod 60,
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Ligation reaction
Afte the 16 hour incubation, the samples still remained i the thermocycler and the
temperature was reduced to $4°C. Whilk at $4°C, 32 i of Ligase-65 mix was added to
each sample and mixed well. That mixture was incubated for 15 minutes at S4°C then

heated for $ minues at 98°C.

Note: i 1 T
make the Ligase-65 mix, 3 l of Ligase-65 buffer A (ransparent cap), 3 l of Ligase-65
buffer B (white cap), and 25 l of H:0 were iniially mixed together. Then 1 bl of
o ) .

PR
In o new PCR plate, 4 il of SALSA PCR boffr (rd cap), 26  of O and 10 l of
MLPA ligaion resction were mixcd together, This was placed in the thermcycer s
60°C and 10 4 of Poymersse mix was added, which immediaely followed the sart of

the PCR reaction.

‘Note: The Polymerase mix was made less than | hous before use and was stored on ic.

1 of SAL Wl of SALSA

Enzyme Diluion buffer (blue cap) and 5.5 l of HO were mixed together. Then 0.5 ul
of SALSA Polymerase (orange cap) was added and the whole mixture was mixed again
thoroughly.
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“The PCR had 35 cycle, cach with 8 30 second 95°C denaturing period, a 30 second 60°C
annealing period, and a 60 second 72°C extension period. ~ Afler the 35 cycls, the

sampls were then held at 72°C for 20 minutcs.

Separtion of amplifctionproducts by clctrophoress
Following the smplification, 1-3 4l of the PCR reaction, 0.3 l of the intemal sze
andand and 9 il DM were mixed togeher i an individual well of an ABI 9 well
plate. The mixture was incubatedfr 2 minutes at S4C then heldat 4°C for S minues
The sampl was then placed on the ABIPrism 3100 Genetie Amlyzer. For secific

setings see “Settings elctrophoresis instruments” of the MLPA webpage (58).
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33 Results
3.3.1 The hearing loss phenotype in Family 2024 is variable

There i 25 females) in Family

2024,

and comeetly diagnose the hearing loss (Figure 3.2). Based on the medical records

obtained, the hearing loss that segregates in this fumily can be described as a non-

syndeomic, bilateral, progresive, sloping hearing loss that is moderate 1o severs in

igure 3.3,

“The severiy seemed to differ in males and females. Of the 15 affected individuals with

medical reports (10 males, § females), the severity of hearing loss was noted fo 12 of

them (7 males, 32.0d 34, age of
10 with their sudiology tested. Their hearing loss, mild-moderate (2024.A001) and.

a5 severe s the hearing Joss reported from males

Tested over 40 yearsofage (Q024.1043, 2024.1046, and 2024.1000) (Figure 32 and 3.6,
Females had a variable and more moderate hearing loss: flr the ag of 40 there were
hree females whose hearing loss seveity was knows they ere classified as mild-
moderate 2024.A008), moderate (20241024 and moderesevere (2024.0000) Figure

32nd34)

the age of onset was not reported, however there were 12 individuals (10 males, 2
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females)that were reporte o have hearing loss unde the age of 10, and 16 individuals

(0 male, 15 femaes) tht were st recognized a having esrin loss over the ge o 10
(Figure 3.2). Ofthe 11 total men with  known ag of onset, 10 bad hee hearing loss
it reorid under the ag of 10, The one male that was reported over the age of 10
(2024.1046) was actaly 11 years ol when b was fist recognized t have  besing
problem. Of the 17 women with  known ae ofanct, 15 (88 had thei eaing los
it rported ovrthe age of 10, OF the femlecass where 8 speific age of onse was
epored, the age ranged from as arly as thre years 074 yars of ge, with the majoiy

reported from 20-40 years of age.

The universal newbom hearing screening, implemented in the early 20005, was only

performed on one affected male (2024.A001) who passed the screening but was

sequently dig it i his

por A0O1 had s
“cook bite” appearance (Figure 3.3). Follow up reports on 2024.A001 also showed

hearing loss progression over time a the higher frequencies

332 Tnvestip pedi
Hisoicallythis fumily wasconsiderd 0 have a sx-inked mode of inhertance. The
maefemale o for individuls epored 1o have hearing loss s, however, S050.
Despite the fct that the mamber of ffced males i ot large than females thre is
Signifcant iffeenc in the male and female phenotype in egard 1 age of anse and
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severty. is ted lterin

life, and variable. This supports an X-lnked mode of inheritance. Of the 25 affected

males, ildren. These six

10 females)
mle tansision. Thi s sopports an Xlinked mode ofiherance, Four ofte 10
dmghers were affced, which demonstates male-female tansmission. making
mitochondril iberance unlikcly. 1fthe mode of

hertance is X-linked then the six
females that were not deafare caries and do not have signs of hearing loss because of

penetrance issues o X-inactivation

There were 22 matrimonial unions that resuted i at least one affcted child, eleven of

pedir five

32)

acuually s low, th i by

an 1BD mutaton is unlikely. ~Furthermore, if this familia deafness s inherited

recesivly, 1 marrehinspouses n al
were carers of  rcessve deahess aliele i also unlkely. Howerer, it s imporant 1
ot that due o the geneti heterogeneity of deafoess, it is & possbilty that some
branches o the pdigree may be caused by diffrent genetic forms of deaess. Lasly,
the female, 20243000, had children with two iffren men, one ion was

consanguincous and the other unlikely consanguineous. Both rlations resulied in
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children with hearing loss (Figure 3.2). This is more evidence that a recessive mode of

inheritance is unlikely.

333 X chromosome haplotype analysis

X

(Figure 3.5). The patemally inherited chromosomes of females 20240000 and

2024.A002 were confirmed by haplotyping their futhers, 2024.1000 and 2024.0002,

respectively
chromosome does notrecombine.  Since phase was known for 2024.0000, the matermal

crossovers in and 20244002 well

Individusl 2024.A001 had three crossover events over the whole X chromosome and

2024.A002 had only one (Figure 3.5).

The four affected ions on the X

3.5). One was 8 27,6 Mb region on Xp with crossovers occurring in 2024.A001 between
DXS8051 and DXS987 at the telomeric end, and between DXS1049 and DXS3090 ot the

35, They around DXS1106 on
Xq. The crossovers occured between DXSBOS9 and DISII06 in 2024.A002 and
between DXSI106 and DXSBOSS in the 2024A001, Thereore two candidte discase
regions were shared, one between DISHOS! and DXSS090 and the other between

'DIYS8089 and DXS8055 (Figure 3.5).
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The Xq
Family 2024 (Figure 32 and 3.6). One of the three additional affected relatives,

2024.A006, DXSI106,

of the two suounding markers, DXSS089 and DXSSOSS, in fact he inherited

36, 2024.A008 did

[DIXS1106 ciher. Her par
122 allce.

Her haplotypes were infered but it is possible that she shared the proximal half of the
potential disease-associated yellow haplotype. The thd affected reltive, 2024.0007,

shared the whole Xq region with affected individuals (Figure 3.6).

The region on Xp however could not be excluded afler haplotyping the additonal

affected fumily members; al affected individuals shared a porion of the Xp discase-

in 2024.A006 between

‘associated yellow haplotype (Figure 3.2 and 3.7). A crossove

makers DXS999 and DXS7592 narrowed the telomric region, and  crossovr in
2024 AG08 betwcen markes DS997 and DISI219 narowed the centomerc egin.
Therstore the boundary markes for the shard region are DS and DXSI2I9,
namowingth rgion t0 133 Mb from 27.3 Mb (Fgure 7). This nervaloverlaps the

w0 previously discovered Xp DFNX loci, DFNX3 and DFNXY. DFNX3 was mapped 10 8

1.5 Mb interval that is completely within the Xp region that is shared by affected

04, DXS1219,

‘The overlap with DFNXY s 3.5 Mb (Figure 3.8).
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Inersingl, individual 2024.0000 is homorygous for alks on the Xp haplotype
Betnen and ncluding the markes DXSI214and DXSY9? (Figre 3.5 and 37). R should
e noted thatthe puretsof 2024.0000 ae relted (st cousnsonce remoned) and hee
moher, 024,100, i affcted s well (Fiuee 32, 3.5 and 7). Theeore tey might

share the same segregating ancestral genetic mutation. The DNA of 2024.1006 was not

however the X inherited from her

mother was deciphered because. the DNA. of her father was available the male X

2024.0000 had a

0% chance of inheriting the X-linked deafiess allele from her mother and a 100%

of the ancestral discase haplotype. OF all the affected women with medical ecords,

20240000 had the most severe hearng loss, which supports the fact that X-inactvation

would phenatype (if she is homozygous Ifthatis
the case the smal region of homazygosity is 0.94 Mb between markers DXSI234 and

'DAXS1219. Thisonly overlaps the DFNX3 locus (Figure 3.).

3.3.4 Screening of positional candidate genes
Within the 13.3 Mb Xp crtcal rgion, there were 48 posional candidate genes (Table
32 and 3.3), 13 of which are expressed in the cochlea, sccording 1 the Morton cDNA
Hibrary (Table 3.2). The first 18 genes lsed in Table 3.2 overlap with DFNXY and the
last three (74B3, FTHLI? and DMD) with DFNXS (Table 3.2 and Figure 3.8, The 0.94

DMD (Figure 3.8
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and Table 33). All 13 cochlea expressed genes were sequenced. The gencs that
overlapped with the two Known deafhnss loci, were previously associated with hearing

for screening. The

his gene
s the nly gen withinthe rgion of homarygosty of 2024 000, is expessd i the
coclea, and was thekey canddate fo the DFNX lous. The lrgst soform of DMD
(0X14298) has 79 cxons and exons 4579 wer within the discase inerval (Table 3.3,
‘Sequencin those exons in addion to othe cxons from diffrnt fscforms hat did ot

overlap with the exons of X14298, for exampl, exon 1 of Dp?71 (Table 3.3) revealed no

“Th proein Kinase RSKZ,skong with SMS and PHEY were sercnod nest (Tabl-3.2).
“Thee thre genes overlap ith the DFNXY lous,ae all expresed in he cochlea and
ave been asocisted with hesingloss cithe in human or the mouse. ASK? i the causl
gene fo Coffin-Lowry syndome (CLS) [MIM #303600], e form of X-iked mental
etrdaion charseterized by skeleta malformations, growh etrdaio, paroxysmal
movemen disorders,cogaitive impuirment and a hearing deficit in affecied males and

some carier 68). Both SHS and PHEY i he Gyro.

mouse, which is the mouse madel for X-linked hypophosphatemia. [MIM 4307800}, &
disease characterized by growth retardaton, bone discase, hypophosphatemia, renal
defects, and lso neurologic abnormaliies, including deafhess, hyperactivity, circling

behavior, and inner ear abnormalites (269, 270). Only one varint was detected, SMS
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170+30C5T (Table 3.4). This variant was found exclusively inall afected individuals

b W% in

the African population.

Overall,aferall 13 Jof1l 34)

individual or found in control individuals.
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3.4 Discus

n

“The haring loss that segrgats in Family 2024 has 2 paer that models Xolnked

inheriane. Firsly, thre was no evidence of male o male transmission. Six afected

mles,all together hd 15 chiden. Five of those 15 children were males,and al five

o were ot affcted. Secondl, thre was a signifcant ifeence in he male and

femal phenotype in regrd to sevrty and age of omset. Afler 40 years of ag, all
. . i

of the affected women was more moderate. There was also a range of severty for the
bearing loss of females over 40 years of age, which ranged from mild-moderate o
moderate- i

12% of females, wit were

reported o have their hearing loss befor th age of 10.

effors. The X- i in Family 2024 ing all 50

“affected” individuals (35 individuals without, and 1S with the proper medical records).

foct,uncerai — some individuals may rly be unaffected. Also,considein that in
e 19705 the afetion siats of some individusls was dependent upon 3 relaive’s
recollcion of the family isory, some naffcied idividuals may actaly b ly
ffctod a5 well. Both scenarios could change the

le mode of inheriance of the

pedigree. Furthermore, without the proper medical records,the exact deafiness phenotype
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(severity/requencies affected) for cach affected  individual cannot be determined.
Considerng the genetic hetrogeneiy of deafhess and the rnge of possible hearing loss
phenotypes, some affected individuals of the large pedigree of Family 2024 may have
diffrent genetic or environmental causes. It also has 10 be considered, however, that
having the proper medical records will not always identify true phenocopies. Consider,
for example, the variabl phenotype of females within an X-linked deatness family - the
medica reconds for al the affected women will vary in severity and ag of onset. The
deatiess phenotype could be, and s presumed 1o be, due to the same genetic cause,

s possible that one of those individuals

sl 8 phenocopy. The presence of

common phenomenon and can affect

phenocopics in hercditary deafhess familics
gene discovery efforts. However,this does not that mean that most hreditary deafess
gene discovery effots are not worth a try. Some efforts will fail while others will

succeed. The clinical information that was

able for members of Family 2024 was

incomplte but with the presenting evidence for X-linked inheritance this genetic study
had merit

“The hearing loss in Family 2024 appears 10 sgregates With a region on the small am of
the X chromosome. A 13.3 Mb region was determined 10 be shared by all affected
individuals (n=7) that took part i the genetic analysis. In additon, a small egion of
homazygosiy in 2024.0000 may potenially narrow the region 10 0.94 Mb. The father
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‘and mother of 2024.0000 were first cousins once removed. Family 2024 was created by

linking two separately recruited fail

. family 24 and 25, The fuher 2024.1000) of
20240000 came from Family 24 (his mother was the proband), and the mother
(2024.1006) came from Family 25 (her matermal grandmother was the proband). The
ony individuas with DNA svalable were from Family 24 ad a 13.3 Mb region was
shown to segregat with the discae through that part of the pedigre. Haployping
individunls in Family 25 (paricularly 2024.1006 and 2024.2000) could confim the

segregation of the same ancestral haplotype through this side of the fmily and clearly

bination between DXS/234 snd ©

094 Mb.

The 13 i i syndromic,
Both DFNX and DFNX4 have been mapped 1o the p arm of the X chromosome. Two.

DENXH 261, 265).
for these o are unknown but the causative gene of one of them may be the same as
Family 2024. 1t s also possible that this newly discovered discase nterval represents a

ew deafnes locus (DFNXS?) because deafnessis heterogeneous.

b ,265). The region h i idae genes (51,

them Due

o smallfamily size and limited number of familis,this disease-lnked intervl could not
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be

efforts have been put on hold (265). 1f Family 2024 is a DFNXY family then the region

340, M in Spain and

The mapped region for DFNX3 was, however, previously refined o @ small size

(approximately 1.5 Mb), and the 0.94 Mb region of homozygosity in 2024.0000 overlaps

‘with this locus. This region of homozygosity is entirly within the DMD locus, ulike

DN,

authors beliefs that DMD is the causative gene (262). Pfiser et al. only screened for
‘genomic deltions/duplications in exons of th large isoform of DMD and no variations

P

in Family 2024, many issues had 10 be considered due 1o the complexty of the DMD

gene.

and analyzed for genomic rearrangements. Since truncation mutations generaly cause

in the first exon of either, Dp71 or DpI16, two smaller DMD isoforms
tha are expressed i the nervous system, and whose first exons do not overlap with any

deatness. H

sequencing or MLPA.
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Affected males in Family 2024 experience a non-syndromic, bilateral, progressive,

in the DENX/ family,

fami
rofound a bith. The exac ag of nset may no be known forprviously described
'DENXY fuily mermbers or individuss in Family 2024 but they both have  bileeral,
progesive, soping haring loss with similae seveiy. The earliest hearin et of an

204 ed

in 8 “cookie bite configuration. Del Castillo et al. showed the carly stage of DFNXY
hearing loss through an audiogram of a 9 year old male whose hearing loss was sloped

).

Affected females in Family 2024 showed variable expression in regard 10 both age of

In general,

“Thisis ypleal of

syndromie X-linked deafness loci have female carriers that are affected in the same

manner (245, 251, 261, 265). This can be xplained by X-inctvation. Even though
femae clls have two copi of the X chromosome, for gene dosage purposes, ne s
nactivatd during fetal devlopment.  Esch s in the female body is 4 mossc, &
complaion of two celltypes that ife based on which X chromosome is expresed.

The degree of mosaicism differs from tissue 1o tissue and person o person.  The
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phenotype of X-inked discases in females i thas determined by both cell types in the
affected tissue, for example the cochlea. 1 an affected female allel is heterozygous for
the

scase llee, the leves of the two.

rent synihesized proteins (one mutated and
one wild-ype) in the affcted tissue are responsible for the phenotypic diversty in
females (240).

Sequencing the 13 posi )

did ot revealed a causative varaint. In fact very few variants were found in general,
‘which i not surprising ince aferthe cuchromatic sequenc of the human X chromosome

was. detemined, analysis of the sequence revealed that it acually had a low

pared tothe autosomes, approxi s (273). Ross et

" 5 deulary

LINEs @73). It is already known that Xq21, the location of POUSFY (DFNX2), is

subjctto many nd
upszeam ofhe gene is the causeof ity percent of DFNA destoes (66). I s important

o note that

be a common cause of X-linked deafness in general. For example, rearrangements

happen frequently at the DMD locus as well, specifcaly, it has a recombination

frequency of approximately 9-14%, which is sixfold higher than other chromosomal

,274:276) i ion ofthe promoter
or another cis-acting regulatory element of the DMD isoforms DpT1 or DpI16 causes

deafhess at DFNX3, simillr t the siuation with POU3FY. 1t s also important 10 note
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that not all genes or soforms are annotated. Perhaps there s an unidentificd cochle

specifc isoform of ane of the positonal candidate genes with an independent promoter,

gene. Finall ing posit i 10 be in the M

atthe time of development that the library was creted.

Typicaly, the more refined a criical region, the casier it s 10 find a isease gene. The
Key to refining a discase region is finding crucal recombinants. That s more likely to
happen by studying a high number of meioses, in other words, by having a high

participation rate. The recruitment effors for this study were good but, for numerous

reasons, i i For exampl

common for the Newfoundland population and many members of Family 2024 si-ships

Ao,
approch for  herdiry desfss sudy.  Family 2024 had 50 spparely affcted
individuls but DNA was colctd fom oy seven afected indviduals. Beter
envollment might narow the disese region.  Howerer, next geneaton sequencing

(NGS) has the abilty to target-capture and sequence desired. regions of the human

e

50 maybe the recruitment problem can be overcome. One future possibility would be to
target-capture the Xp region and sequence that genomic. region in all (or most) the
affcted individuals that paticipated n the genetic sudy, and some controls. If the Xp
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pos o 75). One
woukd have 10 hope that the discase varan i coding and covered wih the cxome.
squencing ki, bt this approsch would b 8 way to stdy diffrent possble modes of
inherance because the whoe exome vl b sequenced. The X chromosome coud be
anlyzed frs, parcularythe gens inthe Xp rgion, butthe dts woud b avalble 0
ook for sutosomaldominantand recesiv variants s well.

linked discases have had & major impact on medical genetics. Firsly, they are well
studied because the mode of inheriance s recognized rlaively casly. Secondly, there

have been a large number of discases associated with the X chromosome (because of

‘male hemizygosiy and the phenotypic consequence of carrying a single mutation); just
over 8% of recognized Mendelian discases (342 of 4140) are X-linked (160). This is

X

representing 49 of ll the human genes (273), Progress in gene identification of many
uman diseases has been influenced by studying the X chromosome. To dat, there arc

208 X-linked phenotypes for which the molecular basis is known (160). In fct, te frs.

 the causal

gene of the DFNX2 locus (6, 245). dentifing the deafness mutation in Family 2024
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Gene discoveres help cusidste the pthogeneis of deaoess, which. nvolves
approximaely 1% of sl human gencs. Proscins that comprise ion chanels, the
extmcelilar i, the cytoskeleton, and transcripton facors all egulte proper
auditory funcion. Each ne findin helps isc together how the car acually works.

For example,in 2005 digenic inberitance involving PCDHIS and CDH23 mutations was

analysis cl

and
of thee protin s disrpted by cither a homozygous mutation incther ene o digenic
inheriance,then deafes oscrs (280, Gene discovery followed by funcional work is
he ey 0 idenitying destoss genes, detrminin thei specific fnction, and uimatly

linking the functionaly diverse group of proeins together. This may even lead o new

cochiar implans,
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‘Table 3.2: The 48 genes within the 13.3 Mb region on Xp.
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‘Table 3.4 The 11 variants detected after sequencing the 13 positional candidate
‘genes that are expressed in the cochlea.

- Variants
v 1 s r
eI T Y TN Ty 5 5
orret [cs10210a [cuieneT [ cisre 0| ko utima
PoiAL 2 - -
SKBPL = 3 5 A
kit = 3 - -
sws_[omacT B s ,
PHEX = :
san [ caesa - -
T ey 5 5
WIRAPLI [er19GA [ emesscon = -
Tam 5 E s 5
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Figure 3.1: The audiogram.
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blood sample was collected and genctic analysis was performed.
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(Freq - kHz.)
12

T L (W1 53-1969)

T 33 Anilgy eprs of e oo b Py 4 “The blue line

normal hearing individual, the green line represents an affected male —
2034 ADD! et st 2 years of ag, h re e epresets an afocied mal aduk —
2024.A006 tested a 22 years of age.
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The sevrity of hearing loss in males

The severity of hearing loss In fomales.

[ep—
eoes iz

2

]
lili-‘

eatness soverty

Figure 3.4: The severity of hearing loss of affeted individuals within various age
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3.5: Haplotyp
by affected individuals. (A) Hiaplotypes were determined for four affeced individuals in
this three generation sub-pedigree of Family 2024, (B) Haplotypes using all genotyped
markers ae shown for the afcctd individuai in he youngest 2 generations. The two
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‘Segregation analysis for the exclusion of the Xq region between markers
nmm and DXS30S. (A) A sub-psigree o Family 2024 it th aodional affcted
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Figur 37 The 133 Mb eonbetwen markors DXSWD 1 DXSI19 on Xptat
‘Shared by al affected individuals.
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Chapter 4: Newfoundland - a potential population for novel
gene discovery for hereditary breast cancer

4.1 Tntroduction

4.1.1 General breast cancer statistics

One in nine Canadian women wil develop breast cancer at some point during their life

(11.1% life-ime risk). In 2010, breast
among Canadian women and the second leading cause of death (281). Most cases of

breast cancer are sporadic, however, approximately 1% of cases have some type of

412 Breast cancer genetics
Herediary breat cancer is both locus and alllc heterogeneous. More than 10 genes
have been associated with an ncrease isk of breast cancer. These genes have been
identified trough rditonl Tnkage approaches,candidte gene asocinon studies and
senome-ide association tuie, and can be clasiied based on pencrance (283-286)
BRCAL and BRCAZ are two highly pencrant breast cancer suscpdbly genes that were

discovered in 87), and can confer up to 8 P 9

breast cancer, depending o the specific mutation (288). Attempts o idenify additonal
highly penetrant breast cancer genes were unsuccessful for approximately 15 years,

however, RADSIC was just ecently acknowledged as the third highly penctrant breast

Page 16401298



Before the RADSIC gene discovery, during the secmingly fiuiless effors towards the
discovery of additonal high penctrant breast cancer genes, the involvement of BRCAT

and BRCA in DNA repaic i indid

{hat concentsted on other DNA repsie genes denified sevral moderstersk breast
cance genes (CHK2, ATV, BRIP1, NBSI, RADS0 snd PALB2) (7, 290-299. Thebrsst
cancer variants in the afoementoned moderte-rik bress cancer genes re rre and
single mutation n cihr of these genes s enough o ncrease breastcance risk (286) i
addiion, it was el detrmined that common alles i these gnes v unlkely o
incress breast cancerris, cithr individualy o in combination with cach othr (295)

Furthermor, genome-wide associ

fon studies have identified common low penetrant

variants in at least 12 suscepribily loci that have been associated with breat cancer risk

296:303).
occur at  high frequency in the general population and, thus, are frequently found in

controls (284). The exact causal variants and biological mechanisms underlying most of

red. Finally,

mutations in the genes that encode the tumor protein 53 (p53) and the phosphatase and

sk

of breast cancer (304-307).

413 High penetrant genes
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n 1 linked 179in26

high risk hereditary breast cancer families (308). These f

s shared characteisic

features commonly associated with familial breast cance: (i) younger age at diagnosis,

) frequent bilaeral disease,

) the presence of ovarian cancer and (iv) frequent
occurtence of the disease amongst men. Early-onset familes obiained an accumulaive

LOD score of $.98 for lnkage of breast cancer susceptbility o marker DJ7574, whereas

BRCAI was

first identifed in 1994, by detecting mutations n five of cight kindreds whose breast

prviously BRCA ocus Q1.
los of unction llee,inclding () an 11-bse par deetion, 1)  1-basepaie s,
@
(@122, BRCAD i ocatedonshromosome 17421 and codes for 7.5 b mRNA ranserip

a stop codon, (v) a missense substiuton, and (v an inferred regulatory mutation

and an 1863 amino acid protein. It has 24 exons, 22 of which are coding. Exon 11

represents 60% ofthe entir gene sequence (309).

‘The BRCAI proten is & tumor suppressor that plays erteal roles in DNA repair, cell
eyele checkpoint control, and maintenance of genomic stability (310-312). The C-

terminus of the protein has two BRCT (BRCAI C-terminal) repeats that bind pSPXF

phospho-amino acid motifs, and the !

eminus has a RING (Really Intresting New
Gene) domain that binds to BARDI (breast cancer associated risk domain 1) [MIM

#601593], ubiquiin ligase (312-315). The

complexes that BRCAI forms: BRCAI-A, BRCA1-B, and BRCAI-C. Differentadapior
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protens bind the SPxF motifs to form each unique complx.. The adaptor protins are

‘Abraxas (Abral) for the BRCAI-A comple, BRIPI (BRCA -iteracing protcin 1) for

<
complex (316:318).

The

on 15 high-risk i were previously ocus

(319). The critcal region was a 6 cM interval on chromosome 13q12-13 (319). A year
later, BRCA2 i Pl anific

contig t idnify tapped cxons i the region by focusing on 8 600-b ieval

line mutations in the BRCA2 gene were identifed (287). BRCA2 codes for a 105 kb

transeript. Ithas 27 exons, and exon 11 represents 50% of the coding sequence (309).

‘The BRCA2 proein is invlved in DNA dowble-srand break reai in homologous
ecombinaton. In contrst to BRCAL, BRCA2 s not involved in non-homologous
recombinatons,  Thus, BRCA2 has some specifc funcion in the regulation of
homologous.recombination, which may ulimately mainaingenomic gty and
suppress tumor development incells (320 Tn 200, billelic muatons in BRCA2 were

27650,
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DNAcrosslinking agens. It s also associsted with cariae, renal, and. limb
malformations, a5 well as pigmenttion changes (321, 322). There are 12 diferent sub-
types of FA thatar dividd ino complementation groups (FANC-A, B, C, DI, D2,E, F,
.1, L, and M) based on the genctic cause. BRCA2 causes FANC-DI. Eight FA
procins (FANC-A, -B,-C, -, -F, -G, L and -M) and tres non-FA protens (FAAP100,

FA nuclear core complex (286, 322), which is required for

monoubiguitination of the FANC-DYFANC-I dimer upon DNA damage (322).

Monoubiquitinsted FANC-D2 then translocates o the site of damaged DNA where

BRCAL, . and RADSI
Of the 12 FA sub ions in BRCA

the disease, which nvolves an ealy-onset of acute leukemia. Wagner et al. identified
seven affected FA children from five kindreds with billelic mutations n the BRCA2
‘gene, six of whom had leukemia (321). Leukemia occurred st a median of 2.2 years of

age in these BRCA2 patients, in contrast to & median onset of 13.4 years in all other

4.4 BRCAI and BRCA2 contribution to familial breast cancer and
penetrance

Esimates of the proportion of all hereditary breast cancer cases atribuiable to BRCAI

and BRCA2 vary, and range from < 20% (323) to 30-50% (324). By the age of 70 years,

‘germeline BRCAL and BRCA2 from 14-
87% for breast cancer and 10-68% for ovarian cancer (33-36). The wide penetrance

range may be explained by mutaion-specific penetrance because there is significant
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evidence tha age a diagnoss varics by mutation (325). However, penetrance is hard to

nature of family ascersinment

4,15 Ovarian Cancer attributed to BRCAI and BRCA2
BRCAI and BRCA2 confer a high risk 1o both breast and ovarian cancer (326). The
majoriy of fumilies with multile cases of breast and ovarian cancer have inherited

mutations in BRCAI and BRCA2 (327, 328). Specifically, BRCAI and BRCA2 are

responsible fo sppr all
cases (326). When

of an clevated risk of ovarian cancer compared to BRCAI (287). The cumulative lfe-

BRCAI and 20 329). BRCA2

breast

cancer, tend 1o have mutations located within exon 1. This region is known as the
“ovarian cancer cluste region” or OCCR and is between nuclotides 3035 and 6629

@30)

4.1.6 BRCAI and BRCA2 and risks of other cancers
Mtatons in BRCAI and BRCA2 are mainly associated with breast and ovary cancer,
however other organs can be affected (331). There is actually an clevated risk for all
cancers in BRCAT and BRCA2 mutation carriers, and the organs a rik diffe between
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familis. Specifc examples of additonal organs at risk include the stomach, pancreas,

od colon, wi ighest i For

any particular cancer the increased risk ranges from about 20 10 60%. The normal

functioning BRCAI and BRCA2 proteins must be involved i the proection against a

4.1.7 BRCAI and BRCA2 disease-predisposing alleles
() Simple sequencing variants

According to the Breast Cancer Information Core (BIC) databas, sequencing varants
have been detected in every exon of BRCAY, and inall but xon | of BRCA2, There have
becn a totalof 1643 distnct BRCA! variants reportcd, and 841 (519%)of them are n exon
1. There have been  tota of 1856 distnct variants reported in BRCA2, and 787 (42%)

of these are located n exon 11 (332).

Tt was originally thought that BRCAL

and BRCA2 proteins were the most common breast cancer predisposing allles. When

ooking at BI i op.

1309 nonsense mutation enires in BRCAL, and a toal of 3436 frameshifts and 996

wdin BRCA2 O3, 1 dssense vaiaes e the
{econd most rquenly repored varian inthe datbas for DRCAY (i il of 3559
s, and themos rguenly eported n BRCA2 (wih 6168 enis. Many BRCAT
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‘and BRCA2 missense variants are known as unclasified variants (UCV) since their
affect on protein function and discase pathogenesis is unknown; determining if these

variants are neutrl or disease-causing is very imporant (333-335). There are different

in BRCAI

)
Tt was not unil three years afler the discovery of BRCAI and the identification of

hundreds of point mutations and small insertons/deletions (336, 337) that the fist

oo P
‘American family with a multipoint LOD score of 3.62 for two markers that flanked the

BRCAL loc " ”

thus further analysis revealed  deetion of exon 17 (338). This three year delay was
atributed o primarily relying on PCR-based techniques for mutation detction, which

does not eadily detcet copy number variations. In fact, rearangements contributing to

the BRCAT quencing gen
determining that @ very high density of Alu sequences, which could possibly act as
hotspots for unequal homologous recombination, were located within the gene region

639)

Over 30 ifferent BRCAZ germ-line rearrangements have been reported, the majority are
deleions but also

luded are duplication, triplications, and a combination of both
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deletion and insertion events (64). These rearrangements are scatered throughout the
gene, and every exon (except the terminal exon 24) has been involved in at leas one

rearmangemen.

of,

2w

of exons 110 22). BRCAI rearrangements larger than 10 Mb have never been reported -

perhaps they are lethal (64). BRCA rearmangements account for approximately 10 (0

20% of all BRCA! mutatons in the general populs

fon (64). For example, it has been
estimated that 8% of all French BRCAI mutations and 12% of all German BRCA!

mutations are due o genomic earrangements (340, 341).

i) in BRCA:
BRCA2 genomic. reamrangements appeas 10 be less common than BRCA] genomic
rearrangements, and estimating their frequency in the overall BRCAZ mutation spectrum

s been diffcult. The frst rearangement was reported in 1996 when an insertion of an

In1998, 0 i I endof exon
3 and most of intron 3 was detected, which led o the skipping of exon 3 i the mRNA
(343), nd in 2001, 8 62 kb deletion tht resulted in the loss of exons 12 and 13, nd an
insertion of approximtely 60 adenine residues was reported (344) Since then, oy a

few other For 1

o 13 n a high risk US faily (345), and an exon 20 deletion in 8 Danish funly (346),

H
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418 BRCAI and BRCA2 founder mutations

BRCA and p ) }
founder muation is the BRCA2 9994elS muaton in the lelandic popuation
intersingly o oter BRCAZ mutation has been epored i this population.  The
9994els mutation s approximatly 20 imes. more prevalet in Ieland than the

estimated allel frequency of BRCAZ in the general worldwide Caucasian population

47, 348), and i 760 1621) Highe
ik breast cance fmilis (349). In 632 lelandic breatcancer cases nseeced for
il hisory, the BRCA2 99elS mutaton was detected in 7.7 of femle breast
cancr dingnosed at any age, and 24% ofthose diagosed at ag 40 years or younger
o

Anothe example i th tree foundes mutations that have bocn observd in Asbkenazi
Jewish brest and ovarin cancer paients. I the Ashkenazi Jewish populatin, the
BRCA2 G617HdlT mussion has » fequency of 09-1.8%, the BRCA! 185461AG
mutaton has  frequency of 03 1o 1.1%,and the BRCAL ¢5382insC has a frquency of

0.13-0.3%. The population prevalence for these three mutations combined is 2-2.5%,

world

population (350-352). For breast cancer cases unselected for family history, these
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There are at leas six BRCAI rearrangemens that are founder mutations (64). In a stady
of 805 Dutch breast cancer families two mutatons, the deleton of exon 13 and the
deleton of exon 22, were shown to represent 23% of all BRCA! mutatons dentified
(34). The Rotterdam Family Cancer Clinic determined that 20 of the fumiles that

carried the exon 13 deletion all originated from a small, isolted, southwester region of

the i 659, In such pop
estimates for the frequency of rearrangements contibuting 10 the overall number of
BRCAI mutatons s higher than i other populations. Al BRCAI resrrangements

account for 27% of Dutch BRCA1 mutatons (354).

4.1.9 Non-BRCAL/2 families

In regard to familis in which a herediary component is suspected but no mutaion in

which include
() selectng the wrong individual in a BRCAL2 family for screening (perhaps

phenocopy was chosen), (i) regultory element BRCAI/2 mutation, or i) epigenetic

phenomena that inibits BRCAI2 gene expression.  Another possibility (iv) is the

prescnce of mutations i other genes (333).

4,110 Rare low to moderate penetrant breast cancer genes

Rare mutations in less penetrant breas cancer susceptbilty genes tht functon in DNA
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() Check point kinase 2 (CHK2 or CHK2) [MIM #604373]

cHK2 i BRCAI
and pS3, and is activated in response 1o DNA damage. It was the fist low penetrant
breast cancer gene o be discovered. The mutation, ¢.1100d€IC, is  low penctrant breast
cancer predisposition allle that was dentified by studying a single breast cancer fanily

@%). A genomes

e linkage search in a large non-BRCALY2 family revealed the
highest LOD score (2=1.2) at a region on chromosome 224, between D22S1150 and
D225928. A haplotype was crested tha showed patial segregation with breast cancer.
‘The CHK? gene was  positional candidate and considered a plausible candidate gene

because of Afe screening, CHK? ¢.11006€IC,

that abolishes its kinase activity was detected. This variant was present in 5.1% of

from families with male breast cancer. I, however, has a frequency of 1.1% in healthy

individual. 1 is estimated that CHK? ¢.1100d€IC results in an approximately two-fold

K 0). This
variant does not increase the isk of breast cancer in BRCA! or BRCA2 mutaton carrier.

CHK2 activates BRCAI therefore mulations in BRCA! override the clevated breast

cancerrisk. 1n 2006, 2

i P i

foundin

8 of 631 (1.3%) patents with breast cancer and i zero of 367 healthy controls in the
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Cacch and Slovak Republics (356). Mutatons in CHK? are estimated 10 account for

‘approximately 1% of allbreas cancers (357).

‘The ATM protein is & member of the phosphatidylinositol 3-kinase proten family that
phosphorylaes ts substrates upon response to DNA damage. Bialllic mutations i the
ATM gene cause ataxia-clangiectasia (AT) [MIM #208900], a rare, childhood
neurological disorder that causes brain degencration in arcas that controls motor
movements and specch (358).  Approximately 20% of people diagnosed with AT also
develop cancer. Heterozygous mutatons in ATM have been thought 10 increase breast

cancer risk, and recently 12 mutations in affected breast cancer individuals have been

identified after pedi

an estimated reltive risk of 237 (37).

(iil) BRCA L-interacting protein 1 (BRIPI) [MIM #605882]
In 2001, BRIPI mutstions were identified in two of 65 patents with early-onset breast

cancer, 35 of whom had a strong family history of breast andlor ovarian cancer and

BRCAL or BRCA2 genes.
200 matched controls and as such, it was suggested that mutated BRIPI might cause
hereditay breast cancer (359). BRIPI encodes a helicase that interacts with the BRCT

domain of BRCAI and has BRCAI-dependent DNA repai and checkpoint funcions
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(359). Itis also an FA protein (FANCY), thus b

el mutations in BRIP] have been

determined to cause Fanconi anemia (360).

In 2006, Seal et al. sereencd BRIP! in breast cancer paients that screened negaive for

BRCAI and BRCAZ (292). The full coding sequence and intron-exon boundaries of

BRIPI were screened in 1212 women with fumilial breast cancer and 2,081 contols.
Five different truncating mutations were detected in nin of the 1212 affected women.
“The relaive risk for breast cancer associted with truncating mutations in BRIPI was

determined 10 be 2. Due to the low relaive rsk,like al ow penetzant allele, there was

he BRIPI

mutations atibute 10.20% of all breast cancers (292),

1

The NBS! proei il role inthe detct

The NBS! gene was first discovered us the causative gene for Nijmegen breskage
syndrome. [MIM #251260] and hence bears the mame of the disease (361). A

W deleton of was the most

‘common variant identified (361).

“The same NBS/ mutaton also had  significant, but moderate, age-selated isk for breast

cancer, In populations with a high c.657delS carier frequency this mutation i thought 1o

‘contibute substantially o the overal incidence of beast cancer, particularly in younger

Page 177 0f 298



94, 362). Gorski et al 150
consecutive breast cancer patients who were diagnosed under the age of 50 and had
histologieal confirmed breast cance, two of which (1.3%) had the NBS! mttion, () 80

selcted control idividuls withouste diagnois of breastcancer, e of which caried
the musstion, giving it  0.6% fequency i the gencal populton (362). Sicfen et ol
Sudid 562 nomselected brsst cancer putients from Cenral Poland and found 11
(1.96%) 6574cls mutaion caiers. They esimated th risk of ¢.657dlS mutaton
camiersfo bresst cancer onset acconding 0 age; less than 40 years: 8.36; s than 50

40,and or 313209)

More recently,  missense mutation in the NBS! gene, p1171V, has been associated with

364). In a group of 270
women with breast cancer, seven cases of mutated NBS/ were revealed, five of which

carried the mutation 171V in exon 5. The rae of pI71V mutation in the group of

) RADS0 [MIM #604040]
RADSO is a part of the Mrel 1 protein complex, which is importan for recombinaton,

151 northen Finnish

breast cancer families as part of a process 1o determine if any Mrel | complex genes
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(Mrel 14 [MIM #600814], RADS0 and NBSI) had a predisposition (0 breast cancer (365).
A truncation variant, ¢.687delT, was detected in two of these fumilies. Due to the

detection of this variant in unaffected individuals (ranging from 35-81 years of ag) and

because it had a prevalence of 0.6% in the general population the authors suggested the
allele had a low penetrance (365). A late case-conirol study in the Finnish population

four-fold

(366). Eight out of 317 consecuive, newly diagnosed northern Finnish breast cancer
patents carried the mutation (366)

PALB2

i recombinaton repar (367). It was recently determined that PALB2 s also an FA
protein and biallelic mutations in PALB2 cause FA (368). The FA phenotype caused by
malformations in PALB? is similar to the sub-type caused by biallelic mutations in

BRCA2 (368). Thus Rahman et al. investigated whether monoallelic PALB2 mulations

scepil quencing pai a
family histoy of the disease and were BRCAI or BRCA2 negative, and 1,084 contrls
(293). Monoalelc truncating PALB2 mutaions were identified in 10 patents and in no
controls. 1t was also determined that such mutations confer a 2.3-fold higher risk of
breast cancer (293). A highly penetrant PALB allele (¢3113GA (W1038X) has been
detected in the Ausraian population, soving  total of 13 breast cancer familes (369)

these familis and was not found in 764

“The mutation segregated with breast cance
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estimates were

49% atage 50 and 91% at age 70 (369).

4111 Moderately penetrant genes with founder mutations

Founder mutations have also been observed in the known moderately pencirant genes.

For example,
in the Finnish population. T varan has  rlativly high fequency in the Fiish
populaon but i ot bserved in other Nordic cohors such s Sweden, Norway and
eeland. The same haplotype was obsered in 14 caiers, suggesing that ¢ S87deIT
oignaed in Finland rom  common ancstor (36). The PALB2 mutation ¢ 15924elT

“This mutation has

1% of all breast cancer cases, which s remarkable considerng that BRCAI and BRCAZ

4112 RADSIC [MIM #602774]- a third highly penetrant breast cancer
e

for identifying rare

‘mutaton screening based on ther involvement in DNA repar, similar to BRCAI and

BRCA2. Biallelic mutatons in two of the moderate-isk gencs, BRIPI and PALB?, along
with BRCA2 cause FA. Most recently, RADS/C was chosen for candidate gene screening

because a bialeli in the RADSIC gene was
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the cause of
The screening of index cases from 1,100 German fumiles with gynecological
malignancies for RADSIC variaions dentified six monoallelc pathogenic. mutations
(two. frameshift-causing insertions, two splice-site. mutations and two.nonfunctional
missense mutaions) that confer an increased ris for breast and ovarian cancer (289).
“The mutatons were detected in only breastovarian cancer families and were not in 620
families with breast cancer only or in 2912 healthy German controls All RADSIC
‘mutaions segregated perfectly with the discase, unlike the allles of the identified
moderate-risk genes.  The authors suggest the identification of RADSIC as cancer

susceptibility gene supports the ‘common disease, rae allek’ hypothesis (289). A follow

up report by Akbar et al. sequenced an additional 454 familil breastovarian cancer
cases (of various ethnic groups) that previously screened negative for BRCAI/BRCA2

screening and found no delterious mutations. They suggested that RADSIC mutations

may not be as common asthe initial reportsuggested (372).

4,113 Common low penetrant variants with increased risk of breast
cancer

Genoms-vide wssciation studis hav ideified common low pencirant variants n a
Jeast 12 suseptbityloci that hve been asocated with st cancr ik 296:30%),
The exact causal varians and biological mechansns undeling most of these
asocinions are nknow further investigaon s required.  FGFR2, however, 8

factor receptor,

cancer cases (373), has two SNPs in inron 2 (12981582 and rs1219648) that in two
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independent multicenter genome-wide association studies, have been associated with an

1231241 207,

‘These SNPs are, hawever, present in 47-48% of healthy control cohorts, which makes it
difficut o use these SNPs as predictive measures of disease onset (284). This
association has also recently been confimed in an Ashkenszi Jewish three phase

1 healihy contrls (374). Interestingly, the two inronie FGFR2 SNPs seem o aler the
binding affinity of particular transcription factors which increases FGFR2 expression
o9,

4.1.14 Syndromic breast cancer

Mutations in the tumor protein gene 53 [MIM #191170] and in the phosphatase and

associated with are cancer syndromes. The transciption factor pS3 responds o diverse
cellular streses to regulate genes that induce cel cycle ames, apoposis, senescence,
DNA repair,
the cancer predispositon. syndrome

Fraumeni syndrome [MIM #151623].  Li-

early onset tumors ncluding sarcomas, breast cancer, leukemia, bran tumors, and
adrenocortcal carcinoma (305). PTEN is thought o play a ol in preparation for DNA

replcation during the cell cycle (306). Gemn-line mutations i the PTEN tumor-

ppr #8350, Ieis predisposii
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syndrome associated with an increased rsk of breast, thyroid, and endometrial cancers,

and benign tumors (307).

4115 Identifying novel breast cancer mutations and genes

Approximately 50% of hereditary breast cance cases remain unsolved. There may be

will only be & matter of time before they are identifed by studying other populations,

clasifying detected missense variants (UCVS) as pathogenic, and evaluating other

spi in polygenic

e rcent
idenification o thehighy pentrant RADSIC mustions suppors the ‘comm discase,
e allle hypthesis (269, whic indicies tht oter very rre and bighy penctrant
sens may exis. Aty to denty new highy penecant herdiary bess cancer

enes have, however, been relatively unsuccessful. There have been several genome-

wide linkage scans performed on muliple non-BRCAI/2 breast cancer families (376
379). Huusko eral. studied non-BRCA1/2 Finnish fumilies and found linkage at marker
'D2552262 (2932) (378), and Bergman ef l.studied non-BRCAL/2 Swedish families and
reported lnkage at 1023324252, 12914-q21 and 19p13.3-q12 (376). Another suady
was. performed by the Breast Cancer Linkage Consortium using 149 non-BRCA1/2
familis, and despite the large number o families used, no significant linkage was found
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(@79). Gonzalez:Nei

et al. more recently identified five suggestive loci related to

hereditry breast cancer with moderat linkage values at 20223, 4p14q12, Tq21.11-
76213, 11q135-11q143 and 14211-14213 (7). No causatve genes have been
identified in the areas of suggestive linkage.  Regading futre studis, it s been
suggested o use families from & homogencous population o reduce geneti variaton

(377). 1t is possible that other homogeneous populations have founder mutations in

the Newfoundland population.

4116 Aims of this study
The goal of this study was o evaluate, for the frst time, fumilial breast cancer cases in

Newfoundland in order to find cases atributed to BRCAI, BRCAZ and CHK2, and t0
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4.2 Materials and Methods

42.1 Recruitment

ed by the Hi .

Memorial Uiversity (Reference #05.97).  Probands were ascertained through the

Program since 1991 After

blood sample was taken from the proband and used to extract DNA and, in some cases,

in the family)
cases i the family). A toal of 153 probands were recruitd int the study, 75 of whom
e ” i

1. Phase 1 e in Seat
Washingon by Dr. Temy-Lymn Young. and the resuls of this phase re presnid in
Appendix 10. In Phase 1 th fst 96 reruited probands (5 high-risk fumilcsand 51
moderteris familis) had full gene screning or the detction of pint mutations in
both BRCAL and BRCA (Tabe 4.1 and Figure 4.1). Sisty-tre of those il had
ony brast cancer cases (23 highis, 40 moderste-sk) and 33 il had cases of
o breast and ovarian cancer 2 highisk, 11 modersterisk). Nineofthe 9 failis
et ane male breast cancercase. The majrity of the probands rected n this

phase were in thirforis (41/96) (Table .1).
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Inphase
2, 57 of the more recenty recnited probands (30 from high-risk families and 27 from

moderste-isk

phase 1 (Table 4.1 and Figure 4.1, Thieysix ofthose fmlis had breastcance cases
ony (17 highisk and 19 moderai-ris), and 21 familes had cass of both breast and
ovarian cancer (13 highisk, 8 moderateik). Five ofth 57 familis hd at kast one

male breas cancer case.

42.2 BRCAI and BRCA2 conventional gene screening
In phase 1, the first 96 recruted probands had conveational fll gene screening for
BRCAI and BRCAZ. The protein truncaton test (PTT) was firt performed on cach
proband for the detction of truncation mutatons in BRCAT exon 11, and BRCA2 exans
10 and 11, The remaining open reading frame of BRCAI and BRCA2 was screencd by

cither

In phase 2, 57 newly recruied probands had targeted mutation screening by direct
sequencing for the 15 truncation mutatons found in phase 1. These probands were
recruited afer phase 1 from 2002 to 2006, PTT was also performed 1o screen for
additional truncation mutations in BRCA exon 11, and BRCA2 exons 10 and 11 since

they represent over 60% of each gene’s coding region (309)

Page 18607298



(b Protein truncation test (PTT)

In brif, PTT involves an in vifro transcripion mechanism and proten synthesi that
enables the detecton of truncated proteins. Specially designed PTT primers ae used 10
amplify DNA. and the resulting amplified DNA products are then used for in vitro
ranseription end translation 1o generate the proten that would be synthesized in vivo.
‘These protein produ by sodium dodecyl el

) Nommal protein prod: deular patem on the
el wheress truncated proteins from mutated genes are shorter, un fster and have &

different patten from thatof a normal protein (380, 381).

PIT was performed by fist amplifying exon 11 of BRCAL, and exons 10 and 11 of
BRCA2 from genomic DNA. A standard 1X PCR reation cocksil withoutbeaine was
usd fo llprimer sts (Appendix 1), All ampliications consisted of 35 eyces. Each
eyl had 3 94°C 30 second denauring peiod, 30 second anneaing priod at primer

specifc da72°C specific times. The primer

sets and amplifcaton conditions that were used had been previously determined in the

Iaboratory of Dr. Mary-Claire King a the Uiversty of Washington (Appendix 1),

The Promega TNT® T7 Quic kit was usd to oupl the trascripion and taslaon

reaction ™

Quick Master mix, 1yl of [*Slmethionine, and 1.5 l of the PCR-gencrated DNA
template, for 8 totsl volume of 12:5 . The reaction mixture was incubsted at 30°C for
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90 minutes. Afer incubation, 2 I of the translated sample was added t0 20 l of 6X
loading buffe (th remaining translated sample was stored at -80°C). The 22 ul mixture:
was denatured at 99°C for 2 o minutes then the whole volume was run out on 3 12%

SDS-polyscrylamide gel until the bromophenol biue dye reached the bottom of the gel.

109 gacal st acid, nd 40% H0. After fxation,the gl was sosked inan aqueous
Sluton of 7% actc acid, 7% methano, and 10% glycerolfr § s o preven gel
eracking. Th gel was then dred on Whatman'® SMM file paer at 80°C for 30 10 90
minutes unde  vacuum sel. It was then exposed on Kodak X-OMAT® AR filmup 0 6

days, depending on the esired band intensity
(i) Single-strand conformation polymorphism (SSCP)

SSCP takes advantage of the propertes of single siranded DNA (sDNA) during
elecrophoresis. Afler denaturation, ssDNA undergoes 3-dimensional foding and, based
on its DNA sequence, may assume a distinct conformation. ~The conformational
differences between two sSDNA sirands with different sequences can cause them (o

ight) s the same. Thus, a singl can be detected using
this approach. However, not all sequence changes are detected, which decreases its

sensitivity (382).
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All PR products that were screened by SSCP were amplified using primer sets and
amplification conditions that were also determined in the King laboratory (Appendix 12
and 13). AP dCTP-abeled PR was caried out. A 1X master mix ncluded: 25 ul of
10X PCR Buffer, 2.5 pl of NTPs (2 mM) (with 5% of the normal concentrstion of
4CTP),0.75 l of MgCh (SO mM), 02 ul of Tag DNA polymerase, 15.85 ul of 0, 1 ol

of the forward primer, 1 of the reverse primer, and 0.2 ul of P dCTP. Touchdown

‘The SSCP analyses were performed using 44 of P CTP-labeled PCR product and the

same amount of denaturing solution (95% formani

. 20 mM EDTA (pH 80), and 05

mg/m p 10 minutes

non-densturing polyacrylamide gel(10% acrylamide) at 100 V for 16 hours 1 25°C.

(i) Automated Cycle Sequencing
e sequencing prmers s wer the same s th primer scts used for SSCP (Appendis
12 a0 13). A sandard 1 PCR rscion cockisl without betinewas used ol primee
sets (Appendix 1) Touchdown PCRs were used o ampliy the desved produt
(Appendin 2). The desired PCR products were purifed and prepared fo sequencing

following the procedure described in Chapter 2, secion 2.2.3().
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42.3 Founder mutation identification

Probunds that shared the same discase-causing muation were genotyped for several

A2 locus

wre genctyped: DIISI242, DI3SI299, DISSI2ST, DISS260, DISSI7H, and DIS220
(Appendix 14). A sandad PCR coskisl without betsine was used (Appendi 1) The
PCR poducts were amplifie using 8 genral cycling program with  S0°C anealng
emperare (il seps were 30 scconds in drstion).  Genotying was perfored by

fuorescent-based PCR (ABI 3100, dye set DS-33).

4.2.4 Sereening for BRCA1 and BRCA2 copy number variants (genomic
duplications and deletions)

Targeted mutation screening can be performed on known copy number variants when
PCR-based applications have been developed to ampliy across th specific breakpoinis.
Six BRCAI variants were selected for argeted sereening: (1) a dletion of exon 3 (383),

13 (384), (i) delt 1420 08

exon 20 (386), () a deletion of xons 20-22 (354), and (v) a deletion of exon 22 (387).

Fori i ndices 1,2 and

1
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() Multiplex ligation-dependent probe amplification (MLPA)

‘Copy number variants in BRCA! and BRCAZ can also be detected by MLPA. MLPA

BRCAI and BRCA2, respectively.  Only probands recrited in phase 2 were screencd

The MLPA
avilable at wwwmipacom. See Chapter 3, section 327 for a description of the

standard prtocol used for a 1X MLPA reaction.

42.5 CHK2 c.1100deIC screening

() Restriction test

AIL 153 probands were screened for the CHK? varant ¢.1100d€IC. Since pseudogenes
are present in the CHK2 locus, a nested PCR was creaed to increase specificty and
amplify the desired CHK2 fagment. The extemal and intemal primer sets and
amplification conditons can be seen in Appendix 16. The iniial PCR using the cxternal
primer set involved a standard PCR cockiail without betaine (Appendix 1). The PCR

products were ampli

. using 3 TD 60 ccling program. A HO control was used i this
escion. The nested PCR withthe nternal primer set s used  sandard PCR cocksi
withou betane, bt nstead of genomi DNA s the templat,the PCR product was used
(Appendix 1), This PCR was caried ot using the TD S0 cycling program. The PCR
produc ofthe H:O control was cared over o the nested PCR 13 wellto cnsie there

were no contamination ssucs.
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124bp. ild-ype
31 bp, and 19 bp)

(93 bp, and 31 bp). The di i u
of the nested PCR product, 2 il of 10X Buffer 3, 0.5l of Berl (SUAY) and 125 pl of
O, The reacton was carried out t 65°C ovenight. A 2% agarose gel was used forthe
electrophoresis.

() MLPA
“The CH vsiant couldssobe detected by sing the BRCA2 MLPA pobe mix PO4S. A
probe i tis Kt was designed such that ampiification woukd oceur only when 8 DNA
ample contained the CHK? c.110046lC mutation. Only probands rctied in phase 2

were screcned using this method.
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43 Results

43.1 Phase 1 - BRCAI and BRCA2 full gene screening
See Appendi 10.

432 Phase 2 - Targeted mutation screening in newly recruited
probands

phasc |
the 15 Newfoundland BRCA and BRCAZ mutation that were detected during phase |

(Appendix 10 and Figure 4.1)

() Positive screen for BRCA2 ¢.6714deIACAA ~ founder mutation

Only one of the 7 probands pos
he BRCAZ mutaon c67144ACAA (Fgur 42), BRCA2 c6TIAGCIACAA was frt
decciod (phase 1 in the proband of Family 199. The proband was female and was
dingnosed with brest cancer at the age of 59, There were thre total cases of breast

cancer in that family, all of which were diagnosed over the age of S0 in females. There

were two hs family, one i ppendis
10, Table A10.1). The newly recruted proband that sereened positive for BRCAZ
67144elACAA was from Family 1191, The proband was female and diagnosed with

breast cancer at 37 years of age. She also had a secondary ovarian cancer. The sisterof

age of 50. The proband had

o brothers iagnosed with cancer, one brother had throat cancer and the other had
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pancrestc cancer. Both the extended matemal and paternal sides of the pedigree had

several cancer cases, 5o it is unknown which side the mutation segregated from. These

Known t Ranked the

BRCAZ loc

Knowing phase so futher recruitment is needed to confirm this finding.  However,

appears tht the two probands sh

262 M haploype on chromasome 13 between
markers DI3S1242 and D135220. This ot suggeststhat BRCA2 ¢ 67140eIACAA may

be a founder mutation (Figure 4.2).
‘After performing PTT on the 57 newly recrited probands no additional Newfoundiand
truncation mutations were detected in BRCA! exon 11 and BRCAZ exons 10 and 11

(Figure 4.3).

433 g for BRCAI and BRCAZ copy

No copy number varints were deected in the phase 2 probands. - When amplifing
acoss the beskpoits of the i common varans in BRCA,the bund representing the
muant alce of the poidve contols ampified cach tme (Figure 44, bt was ot
observed inany tested pobands. MLPA was he second method used o cren for copy
‘mumber varans, which screcned all xons of BRCA and BRCA2. The qulity of the

however this was not 100% successful. In the unsuccessful cass, the electropherogram
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were 100 low to make rliabe calls. OF the 57 probands screencd by MLPA, 43 and 39
were successfully screened for BRCAI and BRCA2, respectively. No variants were
detected in any of those probands, and the positive controls worked well cach time

(Figure 45).

43.4 CHE2 c.1100deiC targeted sereening

Al 153 probands from phase 1 and 2 were screened for the CHK ¢.1100delC mutation

(Figure 4.1). This in 2% of 2
and Figure 4.6). Two of the probands were from phase 1 and one was from phase 2. All

pri Allwere

There

breast cancer cases in al three familie, and al were diagnosed over fifty years of age.

associated with the disease but there were no male breas cancer cases obscrved (Table

42)
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BRCAL BRCA2 and CHK2, and to

idenify familis sutabl for novel gene discovery in breas cancer. Fiteen BRCA! and
BRCA2 truncation mutaions that contribute 10 both high- and moderte-risk cases of
breast cancer in the province were idenified in 15 different probands during phase 1,

explaining 15:6% (15/96) of the hereditary breast cancer families that had ful gene

screening.  BRCA! mutations explained 8.3% of those fumilies and BRCA2 explained
7.3%. The average age of diagnosis was 41.8 and 47.9 years for a BRCAI and BRCAZ

proband respectvely

‘The number of breast cancer families with BRCAI and BRCA2 mutations varies in
iffrent suied populations. In addition to this, the spectrum of mutations in cach

population can diffe as well (324, 388), and the proporton of BRCAI and BRCA2

with

s Newfoundland coort had a spectrum of 15 BRCAI and BRCA2 mutatons that
explained 15.6% of the probands studied. In comparison,laly, for example, has a fairly
high percentage (23%) of it breast cancer families atributed to BRCAI and BRCA2

both genes. Moreover, there have only been a few founder mutations reported in the
Hialian population, each retricted 0 a paricular iolated geographical area (324). Even
more intereting, Russia has an extremely high proporton (79%) of its breastiovarian
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cancer familis atributed to BRCA! mutations (388) and has a low mutation spectrum,

(BRCAl and

BRCA2 mutations (389).

and founder

mutations have been determined o cause other monogenic disorders in Newfoundiand

®7,91,97,109,390),
phase 1 and seroen all newly recnited probands for the BRCAL/2 Newfoundiand
mutaions t deermin i there e any founder mutatons i the popuiation (phase 2.
Ony on of the 57 new probands scroenod positve, BRCA2 cTIAIACAA, was
deected i a second fmily and an ancestsl haploype appered o be shred by the
probands. Therfore it i ke  founde mustin. Unlike tis Newfoundiand cobort,
ome popultions round the workd, ke Russia, hav a igh percenage of BRCA! and
BRCA2 invlvement due 0 imitcd b of muatons. Thus, argeed screning is:

very beneficial (389). The unsolved probands from phase 2 threfore need screening of

and

of BRCAL/2 mutations in here is, however, no

barm in i i by the screening of the

will save lab funds if there i a postive screen - the main purpose of trgeted mutation
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Newfoundiand's ancesiry can be traced back to England and Ireland (86,

and 13 of

the1s 41 and BRC:

al have a westem European ancestry (cight specifically mention Britain orIreland). Of

Dutch population (392), and ¢.464246IAAGA, to our knowledge, has not been reported
before. This mutation may have occurred more recently, perhaps since the family

migrated to Newfoundland. ~Inteestng, the BRCAI mutsion, ¢ 446C>T, is a well-

Known founder mutation of the French Canadians (71, 332). This Newfoundiand fumily
s actually a small subset of a lrger family with mainland Canadian ancesty therefore

mutation may be the same founder mutation as observed in French Canadians.

Haplotyping would confirm this hypothesi

In addition 1o the 16 BRCAI and BRCAZ2 solved familcs, three other fumilies have

breast cancer isk by two-fold and account for 1% of all breast cancers (357). It also

appr the

early age of breast cancer onset (357, the three probands that screencd posiive for the

CHK? vars e age of 52 years.
also had first degree rlatives with breast cancer, all of which were diagnosed over S0

years of age. €.1100delC mutation withis families
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for

Of the 96 familiesthat had full gene screening, 84.4% were BRCAI and BRCA2 negative

(mystery families).  However, point mutations in these fumiies may have gone

®rT 100%.

If DNA from multple affected family members is available, linkage exclusion can be
performed 1o rule out BRCAI and BRCAZ involvement.  Otherwise, genomic
resrrangements have to be considered, as well as, deleterious variants in promoter

regions, UTRs and intronic DNA. Many of these amilis have distinct charaterstcs

associated with an increased ikelihood of being a BRCA or BRCA2 family; such as, an
early age of onset, bilsteral breast cancer, multple cases of breas cancer, one or more

family member with two primary cancers,etc. (336, 393-395). 1t i kel tha the breast

BRCAL or
been detected for the various reasons lised sbove. However, the question also arises,

could low-moderate penetrant genes or novel high-penetrant genes (BRCA3) be causing

Previous atempis 1o identify new highly-penetrant hr

breast cancer genes have
been relaively unsuccessful; several genome-wide lnkage scans were performed on

multiple non-BRCAL/2 breast cancer fumilies 10 no avail (376:379). More recently,

low-penetrant udies have
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become more of a focus (296-303). The fled attemps of the linkage studies may be
explained by genetic heterogeneity and it has been suggested to use familis from &
homogeneous populaton to reduce genetic variation and increase linkage power (377).
However, the successfl introduction of NGS technologies and s sbilty to use a small
number of samples per discase family (o identify rar variants that are shared amongst
affected individuals (277) appears 10 be the next most relable spproach. ~ Affected
individuals in breas cancer funilies il share many sequencing variant, depending on

how many individuals are sequenced.  Exome sequencing many breast cancer fumiles,

ividuals within cach family may identify new breast cancer genes. This approach

isolates have  higher p e
variant. This makes Newfoundland a good study population. Many mystery families
have been identified in this chapter that can be exome sequenced. Extended family
members of the mystery families are being recruited and the founders of esch mystery
families are being traced back to their original communitis on the island.  Mystery
families that orginate from the same fishing communities may represent clusters of

s that potentally share the same disease varians that can be identified
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Figure 4.1: Breast cancer study design and workflow.
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3218
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k ii: Family 1191
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Figure 42: The BRCAZ 67144eIACAA founder mutation. (A) The sharcd haploty
on chromosome 13 (yellow) between the probands of fuilies 199 and 1191 who have the
B) i 42 mutation
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Figure 43: The Protein Truncation Test. (A) BRCAI exon 11, base pairs 19213383,

‘ for mutaion ¢.2190delA. (B) BRCA2 exon 11, base pairs 3625-7070. Lanes A, C, E, F
and G are wildtype (w) with a normal pepeide patiern. Lane B is  postve control for
mutaon 6293 C>G and Lane D is a positive control for mutation 6714delACAA.
Truncated proten i labeled with  lack arow.
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Lanes186-100bp laddert

Lane2:994bp DupEx 13§

L

3:7255p (Dl Ex 14-20)4

d:514bp Dt Ex 134

Lanes: 3650 DetEx 20

Figure 44: Positive controls for four of the BRCA! genomic rearrangements
screened by PCR and gel electrophoresis
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Figure 45: MLPA detection of the BRCAI deletion of exon 2022. (A) Two

other. of the

ights of the mutant

ol
heights, where there is no variation, are the same.
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CHK2 restriction digest

gure 4.6: Restriction cnzyme test for CHK2 .1100delC. A 2
with 8100 bp ladder in first and last
conteol for CHK2 c.1100elC s i lane 7 (white arrow pointing t0 93 bp band),the rest.
are negative for the mutation (white arow pointing 74 bp band),

agarose gel was run
(100 bp band only one visibl). The positive
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Chapter 5: General discussion

Gene discovery efforts have been very successfulin solaed population (71), and i this

d, i gene discovery. In

the mid 17005 approximately 20,000 permanent immigrants, whose livelihood was the

fishing industry,

fishing communites. The setlers mainly included English Protesants from south-west
England and lrish Catholcs from south-cast Ireland (86). These out-port communities
seographical

ditancs bevwen the commnites and refgous segregaton (87, The Newfoundand
popultion grew seadlythrovgh natura expanson up 0 200,00 by the It 1800, and
today thee are spproximtely $00,000 residens (98% of whom have English or Ish
desnt, and 60% of whom e i commanits of less than 2500 esidents) (7-89),

T i of s

. and several ies have lead

past gene discovery successes (15, 98, 101, 102, 109, 111, 396). This thesis is another

example of the opportunites, breakihroughs and challenges of gene discovery effrt i

“The most significant achievement of this work was the discovery of TMEMYS as the
causal gene for autosomal dominant ARVDS. This success-sory was made possible
through the hard work and dedication of a team of individuals including clincians,
enetc counselors and researchers. Strctly using the Intemnational Task Force criteria
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(126) to diagnose ARVC in this study was difficut because the historic nature of the
Newfoundiand ARVC pedigrees (clinica detals were not avilable for many individuals

in primary discase feature), her

affected individuals live. Therefore a subset of disease features was used to define

affection status, indered pr
gene discovery effors.  Crucial for the gene discovery was the recruitment of the
additional Newfoundland ARVC families that shared the same ancestral haplotype.

Identfying key recombinations in two of these familis reduced the citcal region t0 &

TEMeS
a5 the caussiv gene. Fuhermore, withth overal gosl in gene discovery being the
improvement of dscasc managemen, it i an honour o repor ht his gene discovery
has cnabed a clinical disgnostic tst 1o be designed and offered o aisk family

members. Due to the serious repercussions of ARVC, this gene discovery will aid in

lives, includi h,ther are al

hat the TMEMA3
aises issues reganding the best way 1o provide geneti health care (mutaton testing,

st nterventions).

enetic counseling, and fllow-up speci

The X-linked deafness family suudied in Chapter 3 represented another large and

tended
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disease locus. However, smilar o the large ARVC pedigrees, due (0 the hisoric nature
of this pedigree the proper medical records were not always availabe to diagnose the

discase, espec 15

of the 0 reported. affted individuls and threore, discse siatus was mainy
detrmined by a clncl isory s recollcted by reltvs. Large pdigree sie and the
g number of apparenty affcted individuals can theortcally.facite the
detcminatin of the mode of deafness nbertance, bt not having the proper medical
tecords to confrm discsse satus in sl individuals can be mislading. Taking all modes
of Mendelin iherance nto consideraon, based o the fmily hisory and medicl
teconds, the most lkely mode of nhritance of hesin loss n il 2024 was X lnked

due to the varisble cxpression and less severe phenotype in females, and no apparent

male- which

makes it difficult to collect DNA from all desied individuals. This affcted the

recruitment of members of Family 2024, thus DNA was colleted from only seven

affected individuals. Haplotypes spanning the entire X chromosome revealed only one

on Xp. OFinteest was 2 0.9 Mb region of homazygosity in & woman

with two relaed, affected parents. Tha region of homozygosiy could have potentially
reduced the disease region 1o the DMD locus; a higher paricipation rate could have

confimed this, Overal, no pathogenic sequencing variant was deteced aftr sequencing

the 133 Mb region, don of TMEM43 ¢.1073C>T
assL However, i cochica
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Thus,

yet screened, in & non-coding region of a gene that was screened, within an unidentiied

isoform or ge . NGS

‘il probably b the next best approach o solve this fumily. A target-capure of the 13.3
Mb disease region can be performed and the region sequenced, which will idenify both

coding and non-coding varints, and potentally even rearrangements. Or a cheaper

By
the genome. Using this approach one would hope that the variant s coding (or in an
intronic region that is close 10 an exon) but it would be beneficial if the mode of
inheritance s incorrect because coding regions of autosomal genes will be sequenced as

Lastly, the Newfoundland population provides an opportunity o idenify a novel breast
cancer gene(s). Conventional, full-gene screening in 96 Newfoundland breast cancer
probands with a family history of breast cancer identifid 15 BRCAI and BRCA2

Iving 15.6% of ¢

an additonal two of the 96 probands later sereened posiive for CHK2 ¢.11004elC and

fact be BRCAL o
BRCA2 families with yet-unidentified mutations,there remains an opporunity for novel
gene discovery. Previous attempts (o identify new highly penetran hereditary breast

cancer genes in non-BRCALZ2 families have been relatively unsuccessful (376:379),
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ty of finksge. Smaller famili d

comparng variant lsts between families may identify a novel gene. Even more

s, A found
mutaion may be uncovred. The remsining Newfoundiand mysery fmilesprovide an
opportunty to ind  highly sought aflr, novl bresst cancer gne. Exended family
members are being recuited from the most informatve mysiery famils, and the

founders of these families are being traced back o their original communities on the

" . i ; ) o
clusers of related families that could be used to identfy new genes through NGS.

1o identify low-moderate penctrance breas cancer aleles as el

Overall, it is benefical o study isolated populations

Newfoundland when making

disease gene. 1

was very forunate to find one!
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Appendix 1
Standard 1X PCR cocktail
The Invitrogen™ Tag DNA Polymerase kit (Cat. #: 10342020) was used for the

amplificat

A sandard 1 PCR reaction cocktal without betaine contained:

2.5 4l of 10X PCR Buffer
075l of MeCl (50 mM)

25 4l of dNTPs @mM)

024 of Taq DNA polymerae (5 Uritsl)
1605 ulof H:0

1 of esch 10 M forwardand reverseprimer
1 410£25-100 ng/ul DNA templte.

Toal =25yl

A standard 1X PCR reacton cocktail with betaine was the same s above except § ul of

3.75 M betaine was used and only 11,05 ul of HO.
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Appendix 2

‘Touchdown (TD) PCR

Touchdown PCR is 8 way to incresse spcificty. Th singncy o peimer ybridizaton
(anneaing) i very high st temperstres above the T, ths at these tmpersures
‘purous prodacts are ot fivored 1o ameal and the desied product s predorinandy
ampliid. Therfor,the anneling tmperature s frst st shove the xpected T and

lowered with each additional cyele 1 a temperature below the Tim.

isTD 84,
“The first cycle has an annealing tempersture $°C above (62°C) the desired anncaling

temperature (54°C). Then in cach additional touchdown eycle the annealing temperature

30 cyeles at annealing temperature $4°C in order 10 get the desired amount of product.

30 seconds lon
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Appendix 4

Mutation Surveyor

which compares

your sequences to & reference sequence and aids in mulation detecton. The Mutation
‘Surveyor manual can be used to understand the program.In additon, stated below are

several tips that may aid in Mutation Surveyor use.

How reference sequences were dowaloaded for this study:
Go o the National Center for Biotechnology Informaton (NCBI) homepage
(s sbi i o). Unde the seach optons g0 to “CorcNucleoide’, ten
e in the acsesion number of the gene of nrest, and press G’ Once the search
results appes, click once o the “Links” tb tht i direely 10 the right o the desired
accesion number, A lst of several optons will ppear,slect “Map Viewer. Once in
Map Viewss look on the right hand side of th page just below “Maps and Options’

“Download/View Sequence/Evidence’ should be an option, click on  the

- link. Here 110 plus or negative

depending on the gene of nteest, then click ‘Change Region/Strand'. Also, change the

“Sequence Format' to GenBank. On the same page under the “This chromosome region

) sction lick ‘Display’.
the genomic area of interet (which contains your gene of interet). In the “Festures”
secton, three options should be checked (STS, (RNA and microRNA). The only option
ot checked should be “SNP", check that and then press “Refresh’.  Finally go 10 the
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internet Toolbar, lick “Fil” and then Save s...". Save this report n a desired computer
folder s a text file under encoding ‘Unicade (UTF-8)'. For simplicity, the name of the

file can be the gene accession number.

Mutation Surveyor Basics:

k" il The most fcient way to do 5o is 1o open Mutation Surveyor, elick on

“Tools’, then “GBK il editor...". Once the GBK file edior s open, open the desired

' on *Open’ a the botom icking “Fil’ i
the toolbar,then “Open. Once the folder in which your text file is saved in is open, in

default seting s GenBank il (*.gbk). Once the file is open there should be four tabs
across the top of the page, General & Reference, Features 1, Festures 2, and Sequence.

Look in the *Features 2 tsb and not the “Gene"information. If there are mulipl genes

alistof al i ilable. You have o

analyzed.
reconded, then click *Save As”at the botom of the page. This will convert your text file
Remember the

sequences of that particular gene.  Close the ‘GBK fie dit
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In oder to analyze sequences

on“File then “Open Fils. By dlicking ‘A" i the
*CGenBank Sequence Fle (Optiona)”secton you can uplosd your reference (84 fle
Then add yourraw sequencing data t the “Sampe File” section by clicking ‘AT and
Jocating the r sequencing dat. Bth orvard and reverse sequencs an be added o

this section. Press “OK" once everything s uploaded. Go to ‘Process’ and click ‘Run'. I

conigs. A table o i is For

see the Mutaion Surveyor Manuel,
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Appendix 6

Panel 28 of the ABI PRISM Linkage Mapping Set (v2.5-MD10 kit)
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Appendix 8

X-linked i d
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Appendix 9
Ity igned MLPA pi erlapping DMD exons

Dp116 - Ext = Syathetic MLPA D-Probe Chr Xp21 2
thetic ML 1

‘Genbank sequence: NM_004014
Total length probe inc. primers: 63 + 63 = 126 nt.
Gencats azes axound B 1 of OpLIC. Lower case latters

aquences, sppec cases lettar Tepresents the exon. Red
on-coding ané blue are coding.

getet tecagtrter 31436337

frveer
B Ash Cgtcagatee 31436237
ctacata saatcs ! tocsgt agis 3130187

geagggetce tecagetece 31436337
o ScAGricrar AGToeccoat 31436267

ACCATGTAAN it cagatcc 31436237
‘gtataceagt gaagugaat 31436187

m: 74.53 °C, GC%=38
RIS (5 phosphoryiad! + revrs pimer sequence (ol
TCTTGCTGGCAC

Total lengih (ncluding 23 t PCR primer): 40+ 23 = 63 .

= 84.83 °C. GCY% =52
Torardpraes segience (bold) + LS
GGACTCA

TAGTGCCCGGTT
Tota length (ncluding 19 ¢ primer): 44+ 19.= 63 .
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Dp71 - Exl = Synthetic MLPA D-Probe Chr Xp21.2
ihetic MLP/ i

form Dp71

Genbank 004015
Total length probe inc. primers: 47+ 49.= 96 ot

cna £ 1 ot o7 Lowe case Jeters sopresents
{ntervening ..qu.m. s o Tucter ropresents ©
oding.

pr Rea
eding and blue

tecgenatae tetcagersr

gettage guesgcarcs geaseactee 3116
Sisense

CAT GAGGGACAG CTCANAGEGE
g g gl e gt 3119456

tecgcagege tetcagett gagercagge gvconcagey sevegetes 31NNE

Ace 1154896
CACMCTCONG CocoonGect TIGEMGCNE GAGCGAACAG IOt 31154546
‘aagiggatcg Cggeccogge cocgletgal ggocgeastc cgigeactig 31194796

RPO : Tm: 77.08°C., GC% = 58
RHS (5 phosphorylaied!) + reverse primer sequence (bokl):

Total length (ncluding 23 nt PCR primer): 26 + 23 = 49 .

LPO: Tme 83,83 °C., GC% = 68
forward primer sequence (bold) + LHS:

TGGACGTA
“Total length (ncluding 19 nt primer): 28 + 19.= 47t
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Appendix 10

Phase 1 - BRCAI and BRCAZ full gene screening results
() Variant detection
Ninety-six probands with herediary breast cancer from the population of Newfoundland

had full gene BRCA! and BRCA2 screening fo the detecton of causative point muttions

Aol of
e 96 probands, 8 muttion n BRCAY (83%) and 7 mutations in BRCA2 (73%) (Tabe
AI0., and Figure A10.1 and AI02) Eleven of those 15 mutaions (733%) were
identife in igh-isk familes (7 BRCAL, 4 BRCAZ)and 4 (26.7%) were detiied in
moderste-sk families (1 BRCAI, 3 BRCAD) (Tsbe A102). BRCAI and BRCAZ

mutations explai o

15.6% of those 96 Newfoundland hereditary breast cancer famil

Only one of the mutations, BRCA2 c.4642del, had ot been previously reported (332,
388). Another variant, BRCAZ 10204AT, was detected but considered an unclassified
Variant (389) therefoe, it was no included in th lit of pathogenic mutstions. This

var the last exon (exon 27) of the BRCA2 gene which is ot tanslated, thus its

i

effect on protein function s unclear.

() Probands with BRCAI mutations
Eight probands screened posiive for a BRCAY mulation (Table A10.1 and A102). The
average age of disgnosis for 8 BRCAI proband was 41.8 years. All BRCA] probands

were female. BRCAL
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s disgnosed with a prmary ovaia cancer). The remining two o the cight BRCAT
probands were disgnosedwith ovarian cancer only. Seven of the ight BRCA! pobands
‘v from highrisk il ad one was fom  modert-risk mily (Tabe A10.1 and
A102),with a aversge of ninebrast o ovarian cancer cases per BRCA famly. Forty-

wo the

age of SO (80.8%). There were 15 ovarian cancer cases in the eight familes (n average
of approximately two ovarian cancers per family) and one male bresst cancer case. All

(i) Probands with BRCA2 mutations
Seven probands sercened positve for 8 BRCA2 mutation (Table A10.1 and A10:2). The

average age of diagnosis for a BRCAZ proband was 47.9 years. All probands, but ane,

were female. r
probands srsened had  second primary cancr in the bress, and one proband had &
primary ovaian cancer a5 well (Tabl A10.1). Four of the seven probands were from,
ighisk amiles and 3 from modert-isk il (Table A10.1 and A10.2), and hee

was an average of five breast and ovarian cancer cases per BRCA2 family. There were o

allseven BRCA2 funili

16 of which (61.5%) were

case per fumily) and three male breas cancer cases. Four ofthe seven BRCA2 fumilies

had oher cancers associated withthe disease (Table A10.1).

Page 28601298



86210 182 3%wq

XX ‘TOR LR UNS3L-L USYS XL U] TR 5 mEPOH
“UON-THN BN -1 ROIS-01S “W0jo-00) ‘IS4 FU] -] UG U] WPLEAQ-AO TR SUOTEIASIAY.

TTT] S (e w W
o ww s | f3
s | me fwme 2|3
o s fwme 2|3
o e fwmol s |3
v | wme [ w3
v| e [ e |
= =l Ak
o| e || |3
o s [dmo | w3

oo e [0 |3
ao | ieo [ |3
s o fwma|w s
o wwe || (3
| weo | wes | |3
g a0 | T | (45
s |mo| |

Ly




Table don of the 15 BRCAT and in phase
1into high- and moderate-risk famili
- Fromands g e =
o Groupedbysge | ormons @ioices | "%
nm ' o '
el 2 o 2
el i o i
BRcas P o o o
o o 1 b
Aages 7 ' .
na o o o
n% 1 o 1
e H o 3
srca P o 2 2
3 o i i
Atages ‘ s i
Tour e ) T 0
Page 288 of 298




Figure AL0.L: BRCAI and BRCA2
during phase 1.
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Appendix 12
[BRCAI sequencing and SSCP primer sets
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Appendix 13
'BRCA2 sequencing and SSCP primer sets
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Appendix 16

Primers

r nested CHK2 PCR
Ford
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