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sul'll,lARY

The frag'i 1e x syndrome is the most common cause of familial
mental retardat i on. It 'i s characteri sed by mental

retardation, subtle dysmorphìc features, and a frag'i le site
at Xq27.3. Segregation studies have demonstrated incomplete

penetrance j n mal es and femal es.

It was not known whether mal es wi th X-l i nked mental

retardation who v'rere f rag'i 'l e x negative had a di sorder that
u,as al I el'ic to the f rag'i I e x syndrome. The I ocus responsi bl e

for non-specific X-l jnked mental retardation in a ìarge

pedigree b,as mapped to Xpll by 'l inkage anaìysis. Thjs locus

(MRXI) js distant from the fragììe X locus (FRAXA) which js

located at xq27.3. The fact that MRXI is not allelic to FRAXA

indicates that non-specific x-l jnked mental retardatjon is
genetical'ly heterogeneous. The 98% confjdence interval for
MRXI location was estjmated by using a novel resampìing

strategy to be 0 to 9 centjl'lorgan (cl'|) distal to DXSl4.

The development of a precise genetic map near FRAXA has been

hampered by a lack of cìose'ly linked polymorphic loci. The

cl osest restr j ct i on f ragment I ength pol ymorph'i sms ( RFLps ) to

FRAXA I ay 5 cM proximal (DXS369) and 3 cM dj stal (DXs304) to

FRAXA. The establ i shed order of ì oci near FRAXA was

cen - F9 - DXS I 05 - DXS98- DXS369 - FRAXA- DXS304 - DXS374 - DXS52 - qter.
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A panel of l4 cel I I i nes wj th X chromosome transl ocati on or

deletion breakpoints near FRAXA b,as assembled. The locations
of the breakpoi nts vlere defi ned wj th l4 establ i shed probes.

Seven of the cel I I i nes had breakpo i nts between DXS369 and

DX5304, and it v',as not possjble to define further the

I ocati ons of the x chromosome breakpoi nts i n rel at'i on to
FRAXA. 0ne of these cell Iines r',,as derived from a female with

Hunter syndrome (MPs II; iduronate-2-sulfatase tIDSI
def jc'iency) due an x;autosome translocation, thus local izing
IDS to between DXS369 and DXS304.

The panel of cel I I i nes h,as used to I ocal j ze lB neu¡ DNA

probes i n th i s reg'ion. 0ne probe was an IDS cDNA c'l one; the

remai nder were anonymous DNA fragments. Ei ght of the probes

detected ì oci near FRAXA. The x chromosome breakpoi nts, the

new probes, and IDS were al I I ocal j zed i n rel atj on to each

other and to FRAXA. The order of probes and I oc i near FRAXA

V'raS:

cen - DXS369 , UK24 - VK47 - VK23 - VK 16, FRAXA- VK2l - VKl S - I DS -

VK37-DXS304-qter.

RFLPs were detected by the probes vK2l and vK23. RFLps were

al so detected at IDS usi ng the IDS cDNA cl one. RFLps v,,ere not

detected with the probes vKl6 or vKl8. The RFLps were mapped

jn normal pedigrees using the LINKAGE package of computer

programs and programs written by the cand jdate. The fol'l owìng

order of I oci and recombi nati on f racti ons vlere obta'ined:

xi



6% 4% 72% 0% 6% 0% t% 12%

F9- -DXSl05- -DXS98- - -DXS369- -VK23- -VK2l - - IDS- -DXS304- - - -DXS52

This genetic map was used as the basis for a multipojnt
I i nkage study of the f ragi'l e x syndrome. 35 Austral j an

ped i grees r,,ere genotyped f or the three new RFLps and other
nearby polymorph'i sms. Genotypings were obtained from a

further 77 ped'igrees as part of an jnternational

collaborat jve project. 0n mult'ipo'i nt I jnkage ana'lysis of
these data, FRAXA r,ras located z crr proximaì to vK2l. These

resul ts defi ne a net,r dì agnosti c strategy for DNA studi es of
f rag'i le x f amil ies. A combinat jon of f ive probes and three
restrictjon endonucleases will identify an RFLp wjthjn 4 cM

of FRAXA i n 94% of women.

The genet'ic maps deri ved f rom the normal f am j I j es and f rom

the fragi I e x fami I j es hrere compared. contrary to prevj ous

reports, there was no djfference jn these genetic maps

between or within the popul ations.
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PREFACE

The fragi'l e X syndrome js the most common cause of famil.i al

mental retardati on. It 'i s an x-l i nked d j sorder wi th very

unusual clinjcal and cytogenetic features. Nothing is known

of the pathogenesis of the fragì'l e x syndrome and ljtile
progress has been made towards j sol atì ng the fragÍ ì e x

mutation-

In this literature review the pìace of the fragììe x syndrome

in the history of mental retardatìon is discussed. The

cl'i n j cal and cytogenetì c f eatures of the syndr0me and the

results of segregatìon stud'i es are then presented. Those

studi es cl arì f i ed the ma jor questi ons regard'i ng the f ragì ì e x

syndrome but essentì aì ìy I eft them unanswered. A dj fferent
approach !,Jas requi red to begi n address'i ng the mol ecul ar

pathoìogy of thjs djsorder.

The evoìving human gene map has provided the necessary

f ramework f or approach'i ng the f ragi ì e X mutati on. The

deveì opment of the human gene map wi I I be revì ewed, w'i th

particular reference to the role of genetic linkage studies
'i n I ocaj i zi ng genes of unknown funct'i on. The current status
of the human gene map near the fragìle x locus wirr be

described. The revi ew wl'I I concl ude wi th a descrì pti on of the

ratjonale for the research presented in the remainder of this
thes'i s.
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I NTRODUCT I ON

In 1930 the 14edical Research councìr of the united Kìngdom

supported an exhaust'ive study by Ljonel penrose of the causes

of mental retardatìon at a I arge institutjon in colchester.
Th'i s was a crjtical time in the history of the study of human

inte'l ìigence. The hered'i tarjan theory of jnteìligence had

come 'i nto disrepute in academic cìrcìes, partìy because of
the racjaì prejud'i ce of some advocates of the Eugenìc

movement, ârd partìy because 'inteìì igence lvas recognised to
be a graded character that did not easì'ly fit into
Mendelian mould (Kevles 1985, p.rz9). In the preface

Penrose's report, the counc'il acknowledged that poì it.icaì
social factors, as much as scientific ones, had deìayed

study of mental retardat'i on (penrose lg3g, p.l).
"llental def iciency i s a social problen of najor
iryrportance... It is only in recen't years, howevâr,that students of soci al probl ens have cone to
rec-ognize the inportance and significance of nentaldeficiency. The reasons for -this are obvious.
Hi therto the 14ental Heal th Seryi ce has been
leggrded as the í nf ant anong the general publ i chealth seryices,. The lnportaice of 'nental
de.ficíency has been masked atsb by the f act that,
adnin'ì stratively, the mental defective indíviduaiwas sínply one of a large nunber of destitutepersons for whon the Poor Law authoríties had tocater. . .The I ack of defi ni tí on of the prob lens tobe faced, and the further practi cat difií cul ty thatthe methods of study of nental di sordeî arel-inited, ...hy3 f-rightened away nany investigatorsfron this field of inqu'iry.,,

By the time of Penrose's report there had been a number of
surveys showi ng an excess of mal es i n mental ly retarded
popul atjons (Rosanoff I93l; others cìted by penrose 193g,

a

to

and

the
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p.l2 and by Lehrke r9l4). Rosanoff had concluded that ,,gene

factors of intellígence nay in sone cases ôe carried in the
x-chronoso,?,es...". In v'i ew of the djfficulties of grappìing
wjth the biolog'ical basjs of mental retardation it .i 

s

intrìguìng that this suggestion was not pursued. There are a

number of reasons why thjs was so.

F'i rstly, there was considerable concern 0ver the influence of
the eugenic movement in pubìic debate and'l egìslation (Kevies

1985, p.147), and the environment was acknowledged to have a

major impact on measured inteìì igence (Kevles lgg5, p.l4l).
secondìy, the discrepant sex-ratio was attributed to
ascertai nment bj as due to socì ety havi ng dj fferent
expectati ons of men versus women ( penrose lg3g , p.z) and

institutions having sex-b'i ased admissjon crìteria (Anastasì

197?) . Thj rdly, the data sometimes faj I ed to support the
theory of specific x-r inked loci responsible for
'i nte'l ìigence. In Penrose's study he noted a 25% excess of
males but was unable to prove that th.is was due to sex-l.inked
genes (Penrose 1938, p.6o¡1. Finaì1y, the male excess was

possibìy attributed to socjoìogicaì rather than genetic
factors because many of the retarded men I acked any other
evidence of a genetic defect - they had no phenotyp.ic or

t

I s data some 40
X-linked loci

stud'ied (Morton

A sophisticated re-ana'ìysis of penrose,
years later tentatìveìy concluded that
accounted for perhaps S% of the caseset al . 1977) .
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biochemical abnormalities

(Penrose 1938, p.55).

However, if genes necessary for normal'intellectual functjon
were I ocated on the X chromosome, oñe coul d expect that
allelic variation at these loci would be more evident in
mal es because they are hemì zygous f or x- I i nked I oc.i . 14en

would be over-represented jn retarded populatjons and also be

over-represented in hìghly jnte'l'l ìgent popul atjons. Lehrke

(1972a,1972b, l974) argued that the observed excess of both

retarded and gi fted mal es i ndj cated that there are major x-

ljnked loci responsib'l e foli ntellect. The absence of
physìcal or bjochem'i cal stìgmata assocjated with ejther
extreme of intellect ìndicated that the prìmary function of
the X-linked loci related to brain function, ârd that ,,non-

speci fi c" x-l i nked mental retardati on was not secondary to a

more general error of metabol i sm. 0n the basi s of popul ation
data Lehrke est'imated that x-l i nked I oc.i accounted f o r zs-so%

of all mental retardat'ion.

Lehrke's hypothesis rel ied heavììy on data from the

I i terature and attracted strong crj tj ci sm regardj ng the

sujtabìì ity of his secondary sources (Anastas i 1972; Nance &

Engel 1972). Nonetheless, he neatìy encapsulated the
potential biological and cljnjcal s.ignjficance of non-

spec'i fic X-linked mental retardatjon: there are x-linked loci
specifically associated with intellectual function; allel.ic
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variatjon at these loci accounts, in part, for the range of

i ntel I ect observed 'i n human popul at'i ons; del eteri ous

mutatjons at these loci are common; and, as these loc'i are

brajn-spec'i fic, there are few phenotypic clues to

di f ferenti ate the I oci or the mutat'ions.

At about this time Turner et al. (1971, 7972) and Davison

( 19i3) documented that X-l j nked mental retardati on was common

in mentalìy retarded popuìations, and accounted for
approximately 20% of menta'l retardation in males (Turner &

Turner 1974). Gjlljan Turner went further and noted that many

of the mal es wì th X-l i nked mental retardati on were of normal

appearance, and that "to be normal 'l ook'i ng i n a moderateìy

mental l y retarded popul at i on was rel at i vel y abnormal " (Turner

1983). Popul at'ion surveys suggested the f requency of mal es

with moderate X-l jnked mental retardat'i on was 0.6 per 1,000

(Turner & Turner 1974), and of males with any degree of X-

I inked mental retardation was 1.8 per 1,000 (Herbst & Miller
1e80 ) .

It was 'i nd jrectìy est'imated that non-specif ic X-l inked mental

retardation could be due to 7-19 d'i fferent X-l inked loci
(Morton et al. 1977; Herbst & Ì'liller 1980). These estimates

of the number of brain-specific X-linked loci were critìca'lìy
dependent on two assumpt'i ons. The fi rst was that the mutat'i on

rates at these I oci were s imi I ar to those documented for
other X-lìnked condjt'ions such as Duchenne muscular dystrophy
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or hemophi I ì a A. Secondly, 'i t was assumed that the hemi zygous

mal es had zero reproducti ve fi tness whi I e heterozygous

femal es had normaj reproducti ve fj tness. It i s now apparent

that these assumptions are not true, at least 'i n relatjon to

the frag'i 'l e X syndrome, and the number of X-l inked bra jn-

spec'i fi c I oc'i i s sti I I open to quest'i on.

In the absence of any phenotypìc classjfication 'i t was

ìmpossible to specificaì1y anaìyze djfferent X-l inked loci.
It was therefore of interest when the association of non-

specjfic X-linked mental retardation and macro-orchjdjsm was

noted (Turner et al. 1975). Even more intriguing was the
'identificat'ion of a fragile site at the d'istal end of the

ìong arm of the X-chromosome in some males wjth non-specific

X-lìnked mental retardatìon (Lubs 1969; Gìraud et al. 1976;

Harvey et al. 1977; Sutherland 1977a). The first descrìption
of the fragiìe site pre-dated Lehrke's work but 'it t{as not

unti I Sutherl and descri bed spec'i f i c f ol'ic ac'id def i ci ent

culture med'i a (Sutherland 1977b) that the fragìle site could

be reproduci bly observed i n a number of I aboratori es. Turner

studied 16 ped'igrees with non-specific X-linked mental

retardat'ion and found that in sjx pedigrees the affected
mal es had macro-orchid'i sm and expressed the f rag'i ì e si te

(Turner et al. 1978, 1980). Subsequent studies of non-

speci fjc X-l jnked mental retardation ìndicated that macro-

orchjdism could occur jn the absence of fragiìe site
express'i on (Herbst et al . 1981; Fishburn et al . 1983).

7



Ch. 1. Literature Revíew. p. B

The f rag i I e X syndrome may be def i ned as con s'i st'i ng of

X-l inked mental retardation with express'i on of a fol ate-

sensjtive frag'i le site at Xq27 (the fragile X) 'i n the absence

of other phenotypì c or bi ochemi cal abnormal i ti es (Kai ser-

McCaw et al . 1980). 0n th'is basis, the fragiìe X syndrome

accounts for approx'imateìy 5% of all mental retardation and

at least 25% of X-linked mental retardation (Sutherland &

Hecht 1985, p.ltl). The first pedìgree described with

X-linked mental retardat'i on and subsequently shown to have

the f rag'i ì e X syndrome was that reported by Mart'i n and

Bel'l (1943); the frag'i ìe X syndrome is occasionally referred

to eponymousìy as the Martj n-Bel I syndrome.

THE FRAGILE X SYNDROME Cl i ni cal Features

The main ascerta'i nment criterion for identifyìng people with

the f ragi'l e X syndrome has been mental retardati on. 97% of

mal es who have the fragi I e X have at I east mi I d mental

retardat'i on 'i .e. an IQ of less than 70 (Sutherland & Hecht

1985, p.115). The vast majority of the males have moderate to

severe mental retardation. The degree of mental retardation

can vary w'ideìy between affected brothers (Sutherland & Hecht

1985, p.115). In cross-sectional studì es, the degree of

mental retardat'i on j ncreases w'i th âgê, and i t j s uncl ear

whether th j s refl ects an organ ì c process or the effect of



Ch. 1. Literature Review. p

inst'itutional izat'ion (Sutherland & Hecht 1985, p. llg).
Psychometri c studi es of mal es wi th the fragi I e x syndrome

ind'i cate better verbal inteì1ìgence than performance capacity
(Herbst et al. l98l; veenema et al. 1987b; Hagerman r9g9).

This is in contrast with both normal males and males with

other forms of non-specific X-l inked mental retardation who

have better performance than verbal capaci ti es ( Lehrke

1972a). Affected males frequently demonstrate auti stic
features, âffd between 5 and L6% of aut'i stjc males have the

fragi ì e X syndrome (Chudì ey & Hagerman 1987) .

Between one thi rd and a hal f of al I b/omen heterozygous for
the f rag'i I e X mutat'i on are mental ìy retarded (Turner et al .

1980a; Chudìey et al. 1983; Fishburn et al. 1983; Fryns

1986) . The majori ty of these affected women have mj I d to

moderate mental retardation, and there is some dispute

whether they have specific cognjtjve defic'i ts or not (Veenema

et al . i987b; Hagerman l9B9). Inte j I ectua'l ìy normal ob'l igate

carri ers may have subtl e abnormal i t i es on psychometri c

testi ng (Loesch et al . 1987) . It i s not known why there i s

such a high proportion of symptomat'i c heteyozygotes in the

fragiìe x syndrome. symptomatic heterozygotes are uncommon 'i n

other X-linked recess'i ve disorders. The cases that have been

reported can usuaì ìy be attri buted to non-random X

'i nactivat'ion (Boyd et al . 1986; N'i sen et al . 1986). No

evjdence has been reported of non-random x inact'ivat'ion in

the fragile X syndrome.

9
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The fragiìe X syndrome was initjaììy defined as a form of
non-specjfic X-ljnked mental retardation. Subsequent studjes
of fragì I e x mal es have demonstrated a number of mi nor

phys'i ca'l abnormal i t j es. None of these abnormal i ti es are

specific for the fragiìe x syndrome: some males with non-

specific X-l inked mental retardation may have these secondary

features but lack the fragi'l e x (Herbst et al. i9g1; Fjshburn

et al. 1983), ârd majes with the fragììe X syndrome may not

have any of these phenotypìc abnormal'it'i es, pârticu'l arìy in

childhood (Jacobs et al . 1980; Njelsen r983; Sutherland &

Hecht i985, p.133). Frag'i ìe X males have an jncreased mean

birth welght (Turner et al. l9B0b), but the'i r post-natal
growth i s I ess than normal and the'i r adul t heìght i s

generaì'ly below the 50th centjle (sutherland & Hecht 1995,

p. l3a). Young boys wi th the fragi ì e X syndrome tend to I ook

normal but 'in I ater years they may deveì op a promi nent

f orehead, 'ì ong nose, prom j nent ch i n, and ì ong protrud'i ng ears

(Turner & Jacobs 1984). Macro-orchidi sm i s an almost

universã'I'feature of post-pubertal fragiìe X males (Turner &

Jacobs 1984). certain dermatoglyph'ic abnormal jties have been

noted jn the fragile x syndrome but they are not specjfic or

sensitìve enough to be used as a diagnostic tool (simpson et

al. 1984; Loesch 1986). Some fragi'l e X males have features
suggestive of connective tissue dyspìasìa, such as

hyper-extensi bl e joì nts, mj tral val ve proì apse, or pectus

excavatum ( Hagerman et al . l9B4; chud'l ey & Hagerman l ggi ) .



Ch. 1. Literature Review. p. jj

Mentaì ì y retarded heterozygotes may di spì ay some of these

cl inical features but, particularìy jn childhood, ôFe often
of normal appearance (Turner et al . 1980a; Turner & Jacobs

1984; Fryns 1986; Loesch & Hay l98B). Intellectualìy normal

heterozygotes may also have subtle dysmorph.ic features
(Loesch et al . 198i).

There have been few neuropatho'l og'icaì studies of affected
males. Frag'i ìe x males have mjld generaljzed ventr.icular
di I atati on (veenema et al . l987a) . There has been one

preìimìnary report of an ultrastructural study of the brain
from a fragi'l e X male wh'ich documented reduced dendrjt.i c

arborization and dimjnished synaptic contact?.

There are no geneti c condi ti ons speci fi caì ly associ ated wj th

the fragi ì e x syndrome. There have been case reports of
i nd j vi dual s w'i th both the f ragi'ì e X syndrome and Kl j nef el ter
syndrome (Fryns et al. 1984a), triple-x syndrome (Fuster et

al. 1988), and neurofjbromatosis (Mitchel'r et al. l9g5). The

fragile x syndrome ìs a common djsorder and is hardìy
surpri sing that an occas'ional indjvidual will have both the

frag i I e x syndrome and some other d i sorder. There has been

onìy one report of the fragi ì e X syndrome occurri ng i n

conjunction with a second x-linked djsorder. suthers et al.

Presented by K. wyzniewski at the Fourth International
workshop on the x-l i nked Mental Retardati on and the
Frag'i ìe X held 'i n New York, Juìy 1989.
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(1988 [Append'ix D]) described a man with the frag.iìe x

syndrome and X-linked nephrogenìc diabetes insipjdus.
Al though the I oci f or the f ragi ì e X syndrome and nephrogen.ic

diabetes insìpidus are located close to each other on the x

chromosome, DNA studi es 'indi cated that thi s concurrence was a

chance event and was not due to a singìe mutatjon.

THE FRAG I LE X SYNDROI'IE Cytogenet j cs

Fragiìe sites are non-staìning gaps on chromosomes whjch can

be induced under specific culture condit'i ons. The sites are

consistent 'i n successjve cultures from one person, and are

inherjted 'in a Mendel ian co-dominant fashion. Fragi'le sites
occur'w'ith differi ng frequencies throughout the genome, and

have been classjfjed on the bas'i s of the manìpulatjons of

cul ture medì a requ'i red to j nduce them (Sutherl and & Hecht

1985). some fragi'l e sjtes are expressed 'i n less than l% of

the population, and are classified as rare. The fragììe x is

a rare folate-sensitive fragiìe sjte.0ther fragi'le sites are

common and are expressed by the ma jori ty of the popul at'ion.

common fragììe s'ites are induced weakìy by the same folate-
defjcìent cond'i tions that induce express'ion of the fragiìe X,

but are more strongly'induced by other manipulations such as

the additìon of aph'idicoljn (Glover et al . l9B4).

12
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The fragile X 'i s the onìy fragiìe site known to be associated

w'i th a partjcular disorder. It is located at xqz7.3. under

the scanning electron microscope there js a loss of the

organized structure of the chromosome at the fragììe s.ite.
The sjte 'i s a gap of approx'imateìy l00nm and is traversed by

25-30nm chromat'i n strands (Harrison et al. l9g3).

Although folate-defjcient medja were first used to jnduce the

fragiìe x, a variety of special media and antj-metaboljtes
are also effect'i ve (sutherland & Hecht 1995, p.59). These

culture manipuìatjons all provide a stressful environment for
cells which is reflected in the relativeìy poor cell growth.

The end result of all these culture manipulations js probabìy

a reduction in the concentration of e'i ther of the pyrimidines
i . e. drrP or dcrP (Kunz lgBZ; Sutherr and & Hecht 1985, p.B0;

sutherl and & Baker 1986a; sutherl and lggs) . The fragì ì e X can

be i nduced i n lymphocytes, fi brobl asts (Stei nbach et al .

1983a, 1983b; sutherland & Baker t9g6b), or somatic cell
hybrìd l'ines containìng a frag'i1e x chromosome ìn a rodent

background (Nussbaum et al. 1983; Ledbetter et al. l9g6b).

The fragile x may appear in up to 60% of cultured lymphocytes

from affected mal es. The proport'i on changes on repeated

sampì ing and under different culture conditìons, indjcat.ing
that some of the varjation in expressjon is related to
non-genetì c factors (Sutherl and & Hecht 1995, p.l0; stei nbach

et al . 1983a). 0n the other hand there is a correlation jn
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the degree of express i on between affected brothers suggest.i ng

that genetic factors also play a part (soudek et al . 19g4;

Hecht et al. 1986). It js not known why this variabiljty in

expressi on frequency occurs, or i n fact why the fragì ì e X i s

not noted in every cell of an affected male. The frequency of

expression of the fragi'l e X does not correlate wjth the

degree of mental retardat'i on (Turner & Jacobs 1gB4) or other
phys'i cal f eatures i n af f ected mal es (Soudek et al . 1984) .

Approximate'ly 50% of obì igate heteyozygotes express the

fragile X (Sutherland & Hecht 1985, p.54; Fryns 1986).

Heterozygotes who are mentaì ìy retarded are much more ì i keìy

to express the f ragi ì e X than thei li ntel l ectuaì ly normal

counterparts, but the dist'i nctìon is not absolute (Turner &

Jacobs 1984; Fryns 1986). There is no correlation between the

frequency of fragiìe X expression and the degree of mental

retardation among frag'i ìe X positive vromen (Turner & Jacobs

1984) . some authors have suggested that the chromosome wj th

the fragììe x is more 'ì ikely to be active in mentaìry

retarded carri ers than 'i n i ntel I ectual ì y normal carriers
(uchida & Joyce 1982; uchida et al . 1983; Knol I et al. l9B4)

but the literature is conflict'i ng (Fryns et al . l984b). From

a techn'ical point of view, it is difficult to correlate x

inactivation with expression of the fragìle x because agents

which are used to determine the replicat'i on status of the x

chromosome also jnhjbit expression of the fragiìe x

(sutherland & Hecht 1985, p.12?). Furthermore, the pattern of

14
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x inactìvation noted in hemopoiet'ic cells may not correlate
wi th the pattern ì n non-hemopo'i eti c t.i ssues such as

fibroblasts. A recent study of lz heterozygotes suggested

that mental retardatjon was associated w'ith an actjve fragiìe
X chromosome'i n fibroblasts but not jn hemopoietic cells. If
the pattern of X inactjvation in fibroblasts reflects that in

neural ti ssue, the proportj on of act'i ve fragi'l e X chromosomes

in neural t'i ssue may dictate the degree of mental retardatjon
j n heteyozy gotes ( Rocch i et al . 1990 ) .

Expression of the fragì'le X in males is not always assocìated

w'i th mental retardatjon. Instances have been reported of
'i ntellectuaììy nor,mal males who are fragiìe X posjtjve and

who have mental ly retarded f ragi ì e X pos'i ti ve mal e rel ati ves

(webb et al . 1986b; veenema et al . l9B7a; Mu'r ì ey et al .

1988). voelckel et al. (1989) have reported a ped.igree with
frag'i 'l e X positive men and women and no mental retardation jn
either sex.

The puzzììng observat'ion of menta'l ìy normal males with the

fragììe x has possib'ly been expìajned by the observation that
there 'i s a common fragiìe s'i te close to the frag.i ìe x

(Ledbetter et al . 1986a; Ledbetter & Ledbetter 1988). Th.i s

common f rag'i ìe s'ite I ies just proximaì to the fragi'l e x, and

can be i nduced i n both normal mal es and fragì ì e x mal es

( Ledbetter & Ledbetter I 988; Sutherr and & Baker I 990 ) . The

common f ragì'l e si te can be di sti ngui shed f rom the f ragì I e X
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on the basjs of careful cytogenetìc examjnation of banded

chromosomes (sutherl and & Baker 1990) , the di fferent medi a

conditjons which best induce expressjon of the two s.ites
( Ledbetter & Ledbetter 19BB), and by observi ng the di fferent
distribution of DNA probes derjved from xqzl around both

fragile sites (sutherland & Baker 1990). Some intellectua'lìy
normal men supposedìy wj th the fragi ì e X may have been

misclassified due to induction of the common fragìle sjte.
However, recognitìon of the common fragiìe s.i te does not

resolve all the puzzììng aspects of fragìle x expressjon.0n
ìnspect'i ng the karyotypes from the ped'igree reported by

voel ckel et al . ( 1989) , the mental ìy normal men and women

express the fragiìe x, not the common fragiìe site.
Karyotypes often are not presented i n the I i terature and i t
'i s not possjble to determine how frequent'ly the two fragììe
sites have been confused.

The del i neat'i on of the cytogeneti cs of the f ragi ì e x syndrome

had major impìicatjons for the genetìc counselìing of
f am'i I i es w j th menta'l ìy retarded chi I dren (Turner et al .

1986). It was now possjble to make a specìf.ic dìagnos.is of an

x-linked condition and to detect half of the carriers. 0nce

the fragile x could be'induced in fibroblasts jt was possjble
to of f er prenata'l di agnosi s (Hebb et al . l9g7) . However, many

of the possible carriers have very low levels of fragile x

expressi on (Turner & Jacobs t9B4) . Do they have the fragi I e
x, or are they expressing the common fragìle sìte,0F do they

16
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have non-specific chromosome breakage (Jenkins et al. l9g6;

Mari ani 1989)? The jnclusion of cytogenetìc data 'i n the

estimation of carrier risk estimates has reduced some of the

uncerta'inty, j n the sense that the range of carri er ri s ks

given to a woman may be narrowed. But cytogenetìc
j denti fj cati on of peopl e heterozygous or hemì zygous for the

fragi'l e X mutation can be difficult.

THE FRAGILE X SYNDROI'IE Popul at i on and Segregat'i on Stud i es

There have been a number of prevalence surveys of the fragi'l e

X syndrome (Turner et al . 1980a; B'l omqu'i st et al . r9B2; webb

et a'ì . 1986a; Turner et al . 1986; reviewed by l.Jebb r9g9).

These surveys tJere based on total ascertainment of ch'i Idren

with various degrees of mental retardat'ion in speciaì

school s. Estimates of the preval ence of fragi ì e X mal es

ranged from 0.4/ 1000 to 0.9/ 1000 i n predom'inantly caucas j an

popul at'ions. The preval ence of mental ly retarded f ragì l e x

femal es was 0.2/ 1000 to 0.6/ 1000. 0n the basi s of these

figures, the fragiìe X syndrome 'i s the most common cause of

famil ial mental retardation, and js second onìy to Down

syndrome (trisomy ?1) as a cause of all mental retardation.
The fragi ì e x syndrome i s not I jmjted to just caucasi an

popuìatìons, and has been documented ìn a wjde variety of
ethnj c and racj al groups (t.lebb 1989) .
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Segregatìon studi es of the f ragi'l e X syndrome are di f f icul t
for a number of reasons. Mi I d mental retardat i on ì s not a

dramatjc phenotypic feature and may be missed during famiìy

stud'i es. The variable expression of the fragììe X makes jt
diffjcult to posìtìveìy identify carriers, ârìd women of

unknown carrier status who express the common frag'iìe site
may be mi scl ass i fi ed. Because the syndrome I acks

characteri st'i c physicaì features, a retarded female who is
frag'i 'l e X negative may be misclassjfìed as having the fragiìe
X syndrome while in fact she js a phenocopy.

Three 'l arge segregatì on stud j es of the f ragi I e x syndrome

have been carried out by Sherman (Sherman et al. 1984, 1985,

1988b) . The underlyi ng assumpti ons of these analyses were

that the fragile X syndrome is a Mendel'i an disorder and that
adequate correct'i on was made f or ascerta'i nment b j as. The

estimation of parameters such as mutat'i on frequencies in ova

and sperm, gene frequencì es, and penetrance i n mal es and

femal es are j nterdependent and rel y on accurate est'i mates of

prevalence and reproductive fitness, and accurate

identification of affected ìndividuals.

The conclusions of these studies were strikìng and have yet

to be exp'l ained. The penetrance of the fragi'l e X mutatjon

(def ined as the presence of mental retardat'ion) var j ed

accord'i ng to the sex and phenotype of the parent transm j tti ng

the mutatj on. The penetrance among sons and daughters of

phenotyp'ica1ìy normal carrier females was 0.76 and 0.32
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respect'i ve'ly. This indicates that phenotypica'ì ìy normal males

can carry the fragììe X mutation. pedigree stud.i es, jncludìng

the originaì report by Martin and Bell (1943), confirmed that
a male could be the onìy common relative of mentaìly retarded
'i ndividuals who expressed the fragìle x. These non-penetrant

mal es wi l l be referred to as "transmj ttì ng mal es " . The

penetrance among the brothers and s'i sters of transm j tt.i ng

ma'l es $ras 0.18 and 0.10, much lower than expected. Among

daughters of transmjttìng males the penetrance was less than

0.01 (sherman et al . 1985. ; Froster- Iskeni us et al . l9g6)
jndicating that the sex of the carrier parent jnfluenced

penetrance. If the mutation was transmitted by a retarded
carri er mother, the penetrance fi gures for sons and daughters

were 1.0 and 0.55 respectiveìy.

If the parenta'l phenotype lvas 'ignored, the penetrance figures
for males and females were 0.79 and 0.37 respectìveìy
(Sherman et al. 1985). 0n the basìs of these values and

taki ng the preval ence of the fragi ì e x syndrome ì n mal es to
be 0.44/ 1000, sherman estimated the fragi ì e x al I el e

frequency to be 5.5 x l0-4. This is consistent with the

observed preval ence of affected femal es.

Estjmation of the mutation rate rel ies on the fertjl ity of
affected maìes and females as measured by famì'ly size.
Fragiìe X males are effectìve'ly jnfert'i le. Menta'l ly normal

heterozygotes have normal fertjl jty and retarded females as a

19
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group have reduced f erti I j ty. Horvever carr.i ers wi th
borderl'i ne mental retardati on have i ncreased f ertì I i ty
(Sherman et al . 1984; Loesch & Hay lgBg) . sherman (sherman et
al . 1984) regarded the retarded carriers as a s.i ngle group

w'i th reduced fertil ity and estimated that the mutat jon rate
was 7.2 x l0-4. Th'i s 'i s an order of magnitude higher than the

mutation rates in other common X-linked conditions. Thl's

mutat'ion rate i s equal to the pooì ed mutat j on rate f or al I

causes of non-speci fi c X-l i nked mental retardati on (Morton et

al . 1977; Herbst & M'i I I er l98o) and woul d suggest that there
are fewer brain-specific loci on the x chromosome than

prevìous1y suggested.

The high mutation rate proposed by Sherman et al. has been

chal I enged (voge'l 1984; vogei et al . 1985) . vogel has argued

that the high preval ence of the fragi ì e x syndrome may be

expi ai ned by 1 arger fami ly si zes of heterozygotes rather than

a h'igh mutat'ion rate. t.lomen who are mildly retarded for any

reason may have ì arge f ami I i es f or soc'i al reasons ( penrose

I 938 , p .L2; Vogel I 984 ) . However there may al so be a

biological basis for increased famiìy size among fragile x

carriers. There i s some evidence that the incidence of
twjnnìng is 'i ncreased among carriers (Fryns l9g6; Sherman et

al . i988a) . The 'i ssue of what i s the true mutat j on rate j n

the f rag i'l e X syndrome 'i s unresol ved.

20
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In the jnitial segregatìon studjes (sherman et al. 1994,

1985) there was no ev'idence of sporadic males (ì.e. fragiìe x

mal es wi thout af fected rel ati ves), 'impìyì ng that al I the

mothers of fragììe x males were carri ers. The corol'ì ary of
this was that all fragile X mutations occur in sperm. A later
study (Sherman et al . 1988b) found that tl% of fragi I e X

mal es were sporad'i c. Thus some f ragi ì e X mal es are the resul t
of new mutat'ions that occurred duri ng oogenes j s. At th j s

stage jt seems that the mutation rate may be higher in sperm

than in ova, but there is insufficient data to be confjdent

of this. The d'i stri bution of mutations between sperm and ova

does not alter the overall mutat'ion rate.

The fragììe X ìs one of many rare folate-sensitive fragììe
s'ites on human chromosomes ( Sutherl and & Hecht 1985, p. 5 ) .

Unusual segregation rat'ios have been noted for the rare

autosomal folate-sensitive sjtes as well as for the fragile
X. In a pooled ana'ìysis of ll rare autosomal fragiìe sjtes
the penetrance of fragììe sìte expression varied according to
the sex of the transmitting parent (Sherman & sutherland

1986). If the transmitting parent was male, the penetrance

was 0.50; i f the transmi tti ng parent was femaì e, the

penetrance was 1 . 0 . None of these rare autosomal fol ate -

sensitive fragile sites has been associated with a human

di sorder, âñd none has been studi ed as i ntensi vely as the

fragile X. The observation that d'isturbed segregation ratjos

21
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many rare fo.l ate-sens'i t'i ve sites suggests

a common molecular mechanism.
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Trying to rigorousìy define and anaìyze the fragi'ì e X

syndrome bJas like try'i ng to catch a shadow. Some thìngs were

clear. It bJas clear that mutations at one or more loci on the

X chromosome could cause mental retardation w'ithout causìng

major congeni tal mal formatj ons. It was al so cl ear that a

sign'ificant proportion of males with non-specific X-l jnked

mental retardat'ion expressed a fragììe site at xqzl .3. The

consi stent co-segregation of mental retardat'ion and the

fragi ì e x i n mal es suggested that the syndrome was due to a

singìe locus near the fragile X, but this v,ras not proven. It
was not known whether non-spec'i f ic x-l jnked mental

retardation without the fragiìe X was due to allel ic
vari at'ion at the fragììe X ìocus, or whether a different
locus was jnvolved. Genetic counse'ì ling had to be based on

cytogenetic anaìysìs that was at times equ'i vocal or gave

fal se-negatìve results. There bJas an urgent need for a

d i fferent approach to research on the syndrome.

The human gene map provi ded a new conceptuaì framework for
analyzi ng the fragì ì e X syndrome. The devel opment of thi s map

is reviewed below. The techniques of molecular biology and of
genetic ììnkage anaìysis furnished the necessary tools for



Ch. 1. Literature Revíew. p

mapp'i ng loc'i of unknown funct'i on 'i n the human genome. By

localizing the fragìle X locus genetìcaìly, it bras possible

to test whether the fragile X syndrome lvas genet'icaììy

homogenous, to define the genotypes of ind'i viduals withjn

f rag'i 'l e X ped'igrees , and to d j rectl y determi ne the penetrance

of the condit'ion. The ult'imate a'im of these gene mapping

studies is to isolate the fragììe X mutatjon and to determine

the molecular pathogenesis of the condit'i on.

THE HUI'IAN GENE 1'IAP I ntrod uct i on

At the turn of the century Mendel i an characters were assumed

to segregate independently with'i n a pedigree, that is, the

inheritance of a spec'i fic allele at one locus did not alter
the probabì'l 'ity of i nheri t'i ng a parti cul ar al I el e at another

locus. In 1905, Bateson et al. (1905) observed that two

Mendel i an characters in the sweet-pea did not segregate

i ndependentìy. The data brere compat'i bl e wi th the two I oc'i

be'i ng I i nked w j th a recomb'i nati on f racti on of 0.L2. At the

time the authors thought these observatjons were at odds with

the chromosomal theory of heredity. Six years I ater Morgan

interpreted non-independent segregation and recombination in

terms of exchanges between homol ogous chromosomes (Morgan

l9l1). An undergraduate student of Morgan's, A.H. Sturtevant,

took Morgan's concept and exam j ned the recomb'i nati on

f ractions between s'ix sex-l'inked characters in Drosophil a

23
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melanoqaster. Sturtevant was able to determìne the order

p

and

His

the

was

relatìve positions of the s'ix loci along the chromosome.

paper (Sturtevant l9l3) has become a classjc. It v,.ras

first I inkage map; ìt was a multilocus map; and it
stri ki ngìy accurate (Crowe 1988) .

The f irst measurement of ìinkage in man tvas reported by Bell

and Haldane in 1937. They est'imated the frequency of

recomb'i nati on between the X-l ì nked I oc'i f or col or bl'i ndness

and hemophiìia to be 0.05 (Be'l ì & Haldane 1937). It was

Hal dane who fi rst saw the potentì al of gene mappì ng i n the

investigation of human health and d'i sease. In the croonjan

Lecture del j vered to the Royal Soc ì ety i n I 946, Hal dane

prefaced his dìscuss'ion of "The Formal Genetics of Man" with

the f ol I ow'i ng words (Hal dane 1948) :

" the fi nal ai n Iof the fornal geneti c study of nan]
shoul d be the enunerati on and I ocati on of al I

the genes found i n nornal hunan bei ngs, the
functí on of each bei ng deduced f ron the varí ati ons
occurring when the said gene i s altered by nutation

The end resul t of such a genetí cal study as I
have adunbrated would be an anatony and physíology
of the hunan nucleus, which would be inconparably
nore detai I ed than the anatony and physi ol ogy of
the whole body as known at present."

To achieve Haldane's ajm of localizing all human genes, two

requ'i rements had to be fulfjljed. The fjrst was the

i denti f i cati on of many po'lymorph'i c I oci i n the genome that

could be mapped in relation to each other. The second

requ'i rement was f or a stati sti cal methodol ogy to ef f i cì entìy

analyze the 1ìnkage relatjonships of these loc'i .
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THE HUI'IAN GENE I'IAP Polymorphic loci

Up unt'i I the 1970's, the study of the ì inkage relationships

of genetìc loc'i was I imited to those loci which had an

observable phenotype. As less than l% of the human genome

consists of coding sequences (Alberts et al . 1983, p.406) a

human gene map limited to the anaìysis of these codìng

regìons would be a frail scaffold for Haldane's vision.

However progress in molecular bioìogy in the 1960's and

1970's yì el ded a technol ogy that removed th i s crucì al

limitat'i on to ìinkage anaìysis. It became possjble to defjne

an al most unl i mi ted number of poì ymorph i c I oc i 'i n both the

vast non-coding reg'ions as well as the coding regions of the

human genome (Whjte & Lal ouel 1986). These polymorphi sms are

sìmply variatjons ìn the DNA sequence at spec'i fic points

al ong the chromosome. Averaged over al I the autosomes, the

probabì'l ity that an 'i nd jv'idual is heterozygous at a specif ic

base-pair is 0.003, 'i .e. a DNA sequence polymorphìsm occurs

every 300 or so base-paìrs (Cooper & Schmidtke 1984). t.lith

the deve'lopment of three methodologies in molecular biology,

it was poss'i ble to'identify many of these polymorphisms. The

fi rst methodol ogy was the use of enzymes wh i ch cut DNA at

specjfic locations (restrjction endonucleases)(Nathans &

Smith 1975) or joining DNA molecules to permit molecular

cloning (Cohen et al. 1973). The second technique was the

devel opment of I aboratory methods that control the
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denaturati on and re-assoc'i atì on of DNA mol ecul es

(hybrjd'ization reactions) (Marmur et al . 1963). The third
cr jt'i cal step was the abi'l ìty to rapid'ly jncorporate rad'io-

I abel I ed nucl eoti des i nto short stretches of DNA

(radiolabell ing) (Feinberg & Vogelstein 1983).

The fj rst poìymorphi sms from non-codi ng DNA that were used

f or genet'ic I i nkage studi es were restri cti on f ragment ì ength

polymorphisms (RFLPS) (l,lyman & t.lhite 1980). RFLPs are due

either to variations in the DNA sequence at specific
restri cti on endonucl ease si tes or to the i nserti on or

del etj on of bl ocks of DNA between two speci fi ed endonucl ease

s'i tes . The val ue of an RFLP f or 'l i n kage stud'i es j s d'i rect'ìy

rel ated to the degree of pol ymorph i c vari at'i on observed at

the locus. If an X-l'i nked po'lymorphic locus has just two

al I e'l es, the maximum proport'ion of f emal es who w j I I be

heterozygous at that locus js 0.5 ('i .e. 2 x 0.5 x 0.5), and

ìt will be possible to detect recombination around that locus

in onìy 50% of all fema'l e meioses. If more alleles could be

detected at thi s 'l ocus, rêcombi nat'i on could be scored i n more

than 50% of female mejoses ìn which it occurred, âÍtd the

locus would be more informative. The recognition of other

types of highly vari abl e DNA poìymorph'i sms (Nakamura et al .

1987; Noll & Coll ins 1987; Nobile & Romeo 1988; Litt & Luty

1989; t.leber & t',lay 1989; Vergnaud 1989; 0rita et al. I989)

wjll make many locj informative and provide the basis for a
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genetì c 'l ì nkage map coveri ng much of the
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THE HUI-IAN GENE I'IAP Two-point Linkage Analys'i s

The study of genetìc 'l inkage in man js plagued by problems of

arbjtrary pedìgree structure, unselected mat'ings, 'i ncompìete

data, and - part'i cularly 'i n the latter part of thìs century

smali sibships. In the 1930's and 1940's a number of

statjstical approaches were suggested to maxìmize the ì ìnkage

i nformat i on that coul d be extracted from human pedi gree data

(Connea'l ly & Rivas 1980; 0tt 1985, p.24; Smjth 1986). The

fjrst likelihood approach to ììnkage anaìysis !ras made by

Fisheri n 1935, âDd was ljmited to two-generatjon pedigrees.

In 1947 Hal dane and Smi th showed how to cal cul ate the

likelihoods of multi-generation pedìgrees, but thejr method

was particul arly I aborious. Smith subsequentìy jntroduced the

term L0DS for the I ogari thm of the rel at i ve I i kel i hood3 .

Morton (1955) made the key step and introduced sequential

test procedures to I inkage anaìysìs. Sequential test

3 Th. LOD score at a parti cul ar recombi nati on
fraction is log
genotypes in t
are I i nked at the spec ifi ed reconbi nati on fracti on

m j nus 'l oglg of the I í kel i hood assuni ng that the
I oci are unl i nked i . e, have a reconbi nati on
f ractí on of 0.5. The peak LOD score i nd'i cates the
best estimate of the recombination fraction in the
pedìgrees studied.

I 0 of the I i kel i hood of the obse rved
he pedi gree assuni ng that the I oci
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procedures may be used for testing hypotheses when the sampìe

sjze is not fixed in advance; data are collected sequentialìy

until there is sufficient jnformatìon to accept or reject the

hypothesis (Mood et al. 1974, p.464). In the case of two-

point I inkage anaìysis, Morton showed how data from separate

fam'i ljes could be sequentially included ìn the analysìs until
there was suff ic'i ent 'i nformat'i on to e jther conf irm ì inkage or

to exclude it. He recommended that researchers tabulate the

results of ììnkage anaìyses as LOD scores for specified

values of the recombinat'i on fraction between 0 and 0.5. This

method of condensing pedigree I jnkage data was very effect'ive

and remai ns 'i n genera'l use. The end-po'i nt f or thi s sampì i ng

was defined in terms of the risk of falseìy detecting linkage

(Type I error) and the ri sk of faìseìy not detecting linkage

(Type II error)(14orton 1955; Conneaì'ly & Rivas l9B0). A peak

L0D score of more than 3.0 (autosomal I ocì ) or 2.0 (X-l i nked

ì oci ) i s proof of I'i nkage; a LOD score of I ess than -2

excludes ì inkage at that recombination fraction (Morton 1955;

Conneal ly & Ri vas l98O; Ott 1985, p.69) 4. Morton al so

streaml j ned the app'l i cat'ion of an exact max'imum I i kel j hood

method, and provi ded tabl es for the ready cal cul ati on of L0D

scores for many types of two-generation pedigrees.

These figures are derived by Bayesjan anaìysìs of
the prior probab'i I i ty of 'l i nkage (0.022) , a pri or
Type I error of 0.001, and a prìor Type II error of

2B

4

0.05. I f the LOD score i s
probabi I ì ty of fal seì y detecti n

error) js 0.05; if the L0
osterior probabiììty of falsel

0, the posterior
ì i nkage (the Type
score 'i s -2 the
excluding l'inkage

I
p

(

R

3
g
D

v
Type II error) is <0.01 (Morton 1955; Conneaììy &

ivas 1980).
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In 1971 El ston and Stewart descri bed a general method for
computjng the I jkel jhood of a pedìgree of arb'itrary size and

structure. The ìmpìementation of Morton's concepts and the

aìgorithm of El ston and Stewart 'i n a computer program, LIPED

(0tt 1974; 0tt 1985, p.86), made it feas'i ble to do two-poìnt
'l inkage studies in any number of fam'i lies of arbitrary size

and structure. L I PtD made al I owance for qual i tat i ve or

quant'itative phenotypes, incomplete penetrance, âge-of-onset

correctìons, mutatìon, allelic assocìation, and miss'i ng data.

L I PED was adapted to run on smal I personaì computers, makì ng

I i nkage of compl ex pedigrees feasi bl e for many research

workers around the worl d.

It is possjble to provide an estjmate of the reliabjlity of a

recombìnation fractjon est'imated by two-po'int linkage

analysis. For certain defined ped'igree structures there are

analytical methods for determining the standard error of the

recombination fraction (0tt 1985, p.4l). This is usualìy not

applicable as most pedigrees have an arbitrary structure. If
there is defjnjte evidence of 'l inkage, an approximate 90%

confidence interval for the recombjnatjon fractjon'is given

by the range of recombination fractjons with L0D scores

within 1.0 of the max'imum L0D score (Connea'l ly et al . 1985).
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Incomp'lete penetrance and m'isclassification5 reduce the

efficiency of the ììnkage anaìysis, particuìarly at low

recombi nati on fracti ons (0tt 1985, p.124,132) . The effj ci ency

i s a stat'i st'i cal measure of how much ì ì nkage i nf ormati on can

be deri ved from the study. In the presence of i ncompl ete

penetrance, more pedìgrees must be studied to confirm or

exclude linkage than if the penetrance was complete. In
generaì , mutat'i on has I i ttl e ef f ect on the ef f ici ency of an

anaìysis. If the true recomb'i nation rate'i s zero or greater

than 0.001, the loss of information due to a mutation rate of

l0-4 i s I ess than 5% (0tt 1985 , p.127 Eqn 6.10) . However, i f
the true recombi nat'i on rate i s of the same order as the

mutat'i on rate, the loss of information becomes sìgn'i fjcant
because it js ìmpossible to differentiate between a very rare

recombination event and a new mutation. The sampìe s'i ze in
human genetic ìinkage studies js usuaììy jnadequate to

document a recomb'i nati on f racti on i n the range 0.000-0.001,

In considering the impact of reduced penetrance on'l 'inkage analys'i s, jt does not matter whether the
i ncompì ete penetrance 'i s due to genet i c f actors or
i s j n fact due to non-genetì c factors (Greenberg &

Hodge 1989). An individual may be mjsclassified on
the basis of an incorrect diagnosis, beìng a
phenocopy of the condition under investigation
(equivaìent to unrecognìzed I ìnkage heterogeneìty),
or hav ì ng a new mutat i on .

5
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I i ttl e effect on the

lìnkage study6.
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The accuracy of the resul ts of 'l i nkage analysi s obvi ousìy

depends on the accuracy of the spec'i f i ed parameters ( and the

pedÍgree/genotype data). If ejther the penetrance or allele

f requenc'i es are i ncorrectly spec'i f ied, the recomb j nat'i on

f racti on may be bi ased wi th I i ttl e change 'in the peak L0D

score (Cìerget-Darpoux et al. I986). As a corollary, the peak

LQD score may give no indication uJhether approp¡i ate

parameters were chosen for the ì'i nkage study. IFor a contrary

view, see Greenberg 1989 with crit'i c'i sm by El ston 1989.l

In man, as in many specìes, there are sex specifjc

differences in the estimated recombination fractions. 0ver

the whole genome recomb'i nation is more common 'i n ova than in

sperm, al though j n some regi ons thì s rat'i o 'i s reversed (0tt

1985, p.97; t'lhite & Lalouel 1986). LIPED is able to calculate

sex specific L0D scores. 0bviously th'i s consideration does

not apply ìn ììnkage analysis of X-linked loc'i .

of a disease gene toBy using LIPED to

another locus in a

analyze the 'l 'i nkage

series of pedigrees, it may be poss'i ble to

6 it ìs worth noting that jt 'i s nolr feasible to geng!.yp.
'i ndividuaì sperm at specified loci (Li et al . 1988).
0nce this process is automated, jt wi_'l_'l be polsjble to
do 'l inkage' studies w'ith dal a from mjll ions of meioses
and to d-ocument very I ow recombi nati on fracti ons. The
possible loss of jnformation due to mutation will be

offset by the vast amount of data avai I abl e.
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These three homogeneìty tests are jnherently conservative,

i.e. the probabìlìty of a Type I error (faìsely detecting
heterogene'i ty) is 'i n fact less than the specified p-vaìue. To

c i rcumvent th i s prob'l em, Ri sch has tabul ated cr j t'ical val ues

of the test statìstics for each of the tests under various

condjtions (Risch 1988). However Risch's tables are not

genera'l'ly appl i cabl e, âDd appìy onìy under the speci fi ed

cond'i t'i ons.

Even i f al I owance i s made for the conservati ve nature of
these tests, they al I requi re a ì arge amount of data to
detect or exclude ììnkage heterogeneìty (cava'l l'i -sforza &

Ki ng 1986; 0tt 1986; R'i sch 1988) . The povrer of a homogeneì ty
test varies according to the alternative hypothesjs being

tested. For examp'l e, a sampì e of 3B two-generati on f am'i I i es

each with four chjldren will detect 'l inkage heterogeneity at

odds of 10:l if the alternative hypothes'i s js that 90% of the

families demonstrate tìght linkage and L0% are unlinked.
However; more than 104 fam'i I ies would be requ jred to detect
heterogeneity at odds of l0:f if the alternative hypothesis

was that 90% of the fam'i l'ies were l'i nked at a recomb'inatìon

fraction of 0.20 and 10% were unlinked (cavalli-sforza & King

1986).

In view of the arbjtrary
i s no analytical method

structure of human pedigrees

f or determi n'i ng the power

there

of a
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proposed two-poì nt I i nkage study. In other words, there j s no

sìmpìe answer to the question: Is this samp'l e of pedigrees

suffic'ient to demonstrate or exclude linkage? In the absence

of mutation or.i ncomplete penetrance, it js possjble to

estimate the number of phase-known or phase-unknown mejoses

that must be scored to obtaj n a signi fi cant L0D score for a

pair of loc'i wjth a specìfied recomb'i nation fractìon (Morton

1955) . However, cal cuì at'i ng the power of a gì ven study to
detect ììnkage is complex, and involves consjderation of the

allele frequenc'i es at both 'ì oc'i , the recomb'i nat'ion fraction
between them, ârìd the penetrance of the d i sease gene. A

computer simul ati on method has been descri bed that wi I I

estimate the power of a proposed I i nkage study under the

assumpt'i on of complete penetrance (Boehnke l9B6). Although

the reduct'i on 'i n ef f icì ency of a two-poi nt ana'lysi s due to
incompìete penetrance (0tt 1985, p.134) or m'i sclassjf ied

individuals (ibid. p.12a) can be calcuìated, it is onìy

recentìy that estjmates of the power of a ljnkage study under

these conditions have been calculated (Martinez & Goldjn

1989). if the djsease locus is ident'i fied as a quantitative
trait, it 'i s possible to est'imate the pobrer of a linkage
study 'in rel ati on to the measured di f f erence 'i n the trai t j n

normal vs. affected fami ly members (Demenai s et aj . l9B8) .

34
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Analysis

l^lith the increasing number of polymorphic loci available for
ì inkage ana'lysìs there was great interest jn anaìyzing the

I inkage rel atjonshìps of three or more locì sìmultaneousìy.

Mult'i point I jnkage anaìysis retains hap'l otype jnformation j.e
know'ì edge about the phase of three or more r oc'i ; thi s

information would be lost in a serjes of two-point linkage

analyses. whether or not phase can be inferred, ffiultìpo'i nt

ì inkage analysis js stat'i sticalìy more eff icient at us jng the
jnformatìon about all loci in the anaìysis (Lathrop et al.
1984, 1985) . It provìdes a more accurate and precì se geneti c

map with greater evidence for or against a particul ar locus

order or locus position. It js a part'icuìarìy valuable

approach in mappìng rare recessive or dominant conditìons,
and is much more effic'ient in analyz'i ng disorders with
reduced penetrance (Lathrop et al . 1985). Multipo'i nt risk
anaìysi s i s al so useful for estimatì ng genetì c rj sks when

there are no polymorphic loci tìghtìy I ìnked to the disease

locus. The statistical efficiency of multipoint anaìysis

increases as more loci are included.

A number of multìpoint I inkage analysis algorjthms and

computer programs have been descri bed ( Lathrop et al . 1985;

Cìayton 1986; Buetow & Chakravarti 1987; Lange et al . 1987).

The LINKAGE package of programs ( Lathrop et al . l9B5; Lathrop

& Lal ouel 1988) has been used wj dely because i t can be
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readily adapted to address a varìety of problems jn genetìc
'l i nkage and can be 'impl emented on a personal computer. The

LINKAGE package can essentia'l ly perform four f unct'ions.

Firstìy, the most ìikely location of a locus on a pre-defjned

genet'i c map of other I oci can be estimated. secondìy, the

likel'i hood of djfferent locus orders (or other genetjc

parameters ) can be cal cul ated al ong wì th the recombj nati on

fracti ons between adjacent I oci . Thi rdìy, mul tì poì nt ri sk

analyses can be performed once the I ocati on of the di sease

locus is def ined in relation to other loc'i . Fìnaììy, two-

poì nt L0D scores can be cal cul ated. However LINKAGE (as

i mp1 emented on a personal computer) i s unabl e to analyze more

than 6 loci simultaneous'ly in ped'igrees of arbitrary
structure because of software and operati ng system

constra'ints.

There are three major jssues to be addressed in considering

mult'i point linkage analysis. The first two issues relate to

the I ack of sequenti al test procedures i n mul tì poi nt I i nkage

ana'lysìs; the third deals with the relationsh'i p between

recomb'i nati on f ract'ions and genetì c d j stance.

In contrast to two-point linkage anaìysis, none of the

currently ava'i I abl e mul ti po'int I i nkage programs use

sequentì al test procedures. Thus there r's no easy neans of

suós equentl y i ncorporati ng the resu/ ts of other nul ti poi nt

anal yses. t,lhen mappi ng the I ocati on of a di sease I ocus on a

36
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pre-def j ned genetì c map (the f i rst f unct'i on ref erred to

above), 'it would be feasible to sequentiaììy add location
,coresS provided other researchers used the same pre-defj ned

geneti c map and cal cul ated I ocati on scores at the same

i nterval s on such a map. I am not aware of any pubì i shed

reports where this has been done. In pract'i ce, there is

a'l ways some uncerta i nty regard j ng the accuracy of the genet ì c

mâp, and it is usuaììy sìmpìer to share the raw pedìgree and

genotype data. [..lhen ordeni ng a number of I oc'i (the second

funct i on referred to above) , subsequent data may be added i f
the data have been recorded in summary form as two-poìnt L0D

scores. A mul ti poi nt map can be generated from these two-

poi nt I i nkage data (Morton & Andrews 1989) . The major penal ty
of thi s approach i s that most of the 'i nf ormati on f or orderi ng

loci (i.e. haplotypes) is lost (t,lhite & Lalouel t98O).

In an attempt to circumvent these difficult'ies an

i nternati onal col I aborati ve effort to deveì op the human

genetic I inkage map has been initjated by the centre d'Etude

Pol vmorohisme Huma'i n (cEPH) (l,lhite & Lalouel 1986, 1988;

Dausset et al . 1990) . DNA sampì es from 40 three-generati on

A locatjon score is analogous to a two-point L0Dscore. It gjves a measure of the rel ative
likelihood that the test locus is located at a
gpecified point on the genetic map. The peak
location score ìndicates the most I i keìy locat'ion
of the test locus. The location score may be
defi ned as I og t n of the I i kel i hood that the tesú
locus is locateð at that point minus loglO of the
I i kel í hood that the úest I ocus is not I oéated on
the pre-defi ned nap. The I ocati on score may al so be
expressed in terms of 2ln(1ikel jhood).

I
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pedigrees each w'i th 8 or more ch jldren are d.i stributed to
col I aborators on the understandj ng that new genotype data

will be contributed to the genotype database. The database

and as soc'i ated sof tware are ava i I abl e to col I aborators . Raw

pedigree and genotype data are thus shared among

investìgators and duplication of effort is avoided. complete

three-generation pedigrees with many ch.i ldren are highìy
efficient in providing genetìc ì inkage data (t./hite et al.
1985). Lìnkage analysis is performed wjth modif .i ed versions
of the LINKAGE programs which exploit the fixed structure of
these pedigrees and speed the calculatjons by a factor of l0
or more (Lathrop et al. l9g6; white & Lalouel lgBg; Lathrop &

Lalouel 1988). Despite these modifications anaìysis of many

I oci can take an 'inordinate amount of computer time, even on

a ma'i nf rame computer, âñd more ef f i ci ent al gor.i thms and

impìementations have been descrjbed (Lander & Green l9g7;
Lathrop et al . 1988; l,lhi te & Lar ouer 19Bg; Lange & weeks

l ese ) .

The second feature of sequenti at test procedures that i s

Iacking in nultípoint linkage analysis is a clear endpoínt

f or the analysis. At what point can you be gs% sure that the

most ì ikeìy locus position or order of loci is correct?
Multipo'i nt ljnkage analysis js statistjcalìy and numerìcaììy
compì ex and there i s no general'ly accepted method f or

determin'i ng the reliability of the results (Lathrop et al.
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1984)9. In mappìng a disease locus on a pre-defjned genetic

ffiâp, there 'i s no defjned relatjonship between the locat.ion

score, the prior risk of ìinkage, and the Type I and II
errors as js the case with two-poìnt I inkage ana'lys.is.

Sìm jl arly, there i s no standard stati st jcal techn.ique f or

determining a confidence interval for locus posjtion.
computer s j mul at i on methods have been suggested (Keats et al .

1989), but these lack general applìcabììity and wou'l d be time

consum'i ng. In practice the confidence interval for locus

position is often taken to be the range of genetic locations
with relative loglo locatjon scores wjthin 1.0 of the maximum

locat'ion score. The sign'i fjcance level (in terms of a p-

vaìue) of this confjdence ìnterval is unclear (Keats et al.
1989). A varjation on this method has been suggested for
determining the confjdence interval s for a number of

recombination fract'ions between adjacent loc'i 'i n a fixed
order (t^Ihite & Lalouel l9B8).

The I ack of a method for defining a confidence intervaj for
gene locat'ion js partìcuìarly acute in mappìng loci where

there are very l'imjted data e.g. rare d'i sease genes, or

heterogenous dj sorders ( such as non-speci fi c x-l'i nked mental

Thi s d'i I emma i s not new. In 1g4g Barnard stated that
"we staúi súi cians have a úask here of educati ng thescientific public that the answer to a quantitat.Ìve
gues ti on nay consi st i n nore than one nunber; for three
1l!elngti yes , the positi on i s spec ifi ed by two
I i kel i hood ratí os i nstead of one . . : þle nust push onwith thís, until people are ready to accept ansh/ers in
the forn of seús of nunbers, or even whole functions.',(cited by tlhjte & Lalouel 1986).

39
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retardatìon) where ì inkage studjes have to be I jmjted to
single f amil ìes. The rel iabìì'i ty of multipoint genet jc r jsk

est'imates that might be provided when counseìì ing such a

fami'ly is critica'l ìy dependent on the confjdence with which

the gene locat'i on ìs known (Lange 1986). In the absence of a

confidence interval for gene location, it js djfficult to

specify the uncertainty of risk est'imates provided to
consultands.

In determìning the probable order of just three ìoci, a test
for locus order has been proposed (0tt & Lathrop lggi). when

testì ng the order of more than three I oc'i , two methods have

been suggested to ì nd i cate how confi dent one can be of the

most lìkeìy order.0ne approach is to test the ljkelihoods of
a series of orders with'inversion of adjacent loci (whìte &

Lalouel 1988). While this may indjcate that these ìnversions
are unìikeìy, it is not possible to ass'ign a significance
I evel to th j s concl us i on and ambi gu ì ty may pers i st. A second

approach i s to use the boot-strappì ng (or resampl ì ng)

technique (Lathrop et al . 1987; l.l'i lson & La scala l9B9). This

can provide a signifìcance level but involves a great deal of
computer time.

The third issue to be addressed in nultipoint tinkage
anal ysis i s the choi ce of a nappi ng functi on. Mul ti I ocus

ìinkage anaìysìs jnvolves the construction of a linear
genetìc map from recombinat'ion data, and requires a specjfied

40
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relat'ionshìp (or mapping function) between recombination

fractjon and genetic distance. A number of mappìng functions

have been described, the ma'i n difference between them being

the degree to which they'incorporate interference (0tt 1995,

p.6). Interference is well documented in controlled matings

of laboratory animals where it'i s possjble to use vary large
samp'l e s'i zes. The appropriate mapping funct'ion for mult'i point

lìnkage studies remains a matter of some dispute 'i n the

I i terature . There are a number of arguments for not j ncì ud i ng

'i nterf erence 'in mul tì poi nt I i nkage stud'ies ( Lathrop et al .

1985; hlhite & Lalouel 1986). F'irstly, the bìas in assuming no

i nterf erence ì s wel I wi th'i n the error range of recombi nati on

estjmates for the relatìveìy small samp'l es sizes that can

presentìy be achieved 'i n human studies. Second'ly, âS more

l oci are mapped th.e di stance between ad jacent l oc'i wi l l get

smal ì er, and the b'i as of assumi ng no 'i nterf erence w'i I I be

reduced. Thirdly, ìgnori ng 'i nterference great'ly simpl'i f ies

the deveìopment and appì ication of muìtìpoint anaìysìs

programs. Finalìy, the degree of interference can vary

accord'i ng to chromosome Iocation (tlhite & Lalouel l9B6). The

contrary view js that includ'ing interference provides a much

more consjstent genetic ffiâp, more accurate genetic distances,

more effic'ient anaìysis, and greater support for correct
I ocus orders (Morton et al . 1986; Pascoe & Horton 1987) . It
will be possible to test a variety of mappìng funct'ions in
humans by us'i ng the CEPH database of pedìgrees and genotypes.

4t
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As mìght be expected, ffiuìtìpo'int I inkage ana'lysis is more

efficient than two-poìnt anaìysis in detectjng genetjc

heterogene'ity (Lander & Botstei n l9g6; Mart j nez & Gol d j n

1989) . The A-test (0tt 1985) can be readi ìy adapted for use

with multipoint I inkage data (as detailed jn chapter z), and

exami nes f or homogene'ity of I ocus posi ti on on a spec j f i ed

background genet'ic map. However, the signjf.i cance of the

result (in terms of a p-va'l ue) js not known, and it can onìy
be expressed in terms of the odds jn favor of one hypothesis

vs another (Cìayton et al. 19gg; J Ott, personaì

commun'i cation). cìayton et al. (l9gg) have descrjbed a

simj I ar mul ti poi nt homogeneì ty test.

42

*****

Genetjc ì ìnkage anaìysi s is not the onìy method for mapping

I oci j n the human genome. The use of somatì c cel I hybrì d

I ines and in si tu hybridization are two techn.iques that
phys'i cal'ly position loci on chromosomes. l.lhen somat jc cell
hybrid I ines were first used for locus mapping, a paneì of
cel I I ì nes contai ni ng a vari ety of human chromosomes or

chromosome fragments was assayed for the protei n of i nterest.
By compari ng which cell l'i nes expressed the protein it was

possible to local'ize the corresponding gene to a partjcu'lar
chromosomal region. By us'i ng sophist'icated selection
mechan'i sms it is now possible to generate hybr.id ljnes that
contain a sjngìe discrete fragment of a human chromosome
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(Rosenstraus & chasin 1975; D'urso et al. I983; callen l9g6;
Brown & l.li I I ard 1988; Benham et al . l9g9; t,tarburton et al .

1990) . A panel of cel I I i nes conta'ini ng over'l appi ng f ragments

al I ows high resol ution physicaì mapping of DNA probes

(t.li eacker et al . 1984; Murphy & Ruddr e l9B5; Rj ddel I et al .

1986; 0ber'ìe et al. 1986a; Patterson et al. l9g7b; cremers et
al. 1988; Schonk et al. l9B9).

In si tu hybrid jzat'ion (simmers et al . l988) of a labelled DNA

probe to banded chromosomes allows djrect visual izat'ion of
the probe's location. Thjs procedure is technically demandìng

and provides relatively low resolution. However, jt may be

more rap'id than an extensive I jnkage study or mapp.i ng wjth
cell ììnes, and js particuìarìy valuable jn local.i zing DNA

probes in relation to cytogenetìc abnormal ities such as

translocation breakpoints or frag.i ìe sjtes.

The appì i catj on of the advances j n mol ecul ar bj ol ogy and i n

genet'ic I ì nkage methods to devel opment of the human gene map

bras recognised in a seminal paper by Botste.i n et al. jn 1990.

They suggested that a genetjc map of the non-codi ng regions
of the genome coul d be deveì oped wi th just several hundred

polymorphìc loci (Botste'i n et al. l9g0; Lange & Boehnke

1982). lrlithin 7 years sufficjent RFLPs had been characterised
and mapped to generate a genetic linkage map covering gs% of
the human genome (Doni s-Kel I er et ar . lggz) . Wj th the
jnclusion of much of the non-coding region of the human
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genome jn the gene frâp, the tenuous ìinkage map of the 1970,s

has become a sol id foundation for Haldane's vi sion. It has

been possible to local'ize genetìc locj causing diseases

w'ithout any pri or know] edge of the f uncti on of the

responsible genes. Localization of disease genes has allowed

for precìse genetic counsel'l ìng (Guseììa lgB6) and for the

i sol ati on and c'l on'i ng of a number of dj sease genes (Lange et

al . 1985; l.Jhite & Lalouel 1988). 0nce a high resol ution map

of the genome is defjned it will be possjble to map the

various loc'i respons'i ble for polygenic djsorders (Paterson et

al . 1988) or the I oci i nvol ved j n compì ex geneti c tra'i ts
(l.lhi te & Lal ouel 1988) .

THE FRAG I LE X SYNDROI'IE Linkage Anaìysis

Prior to the identjfjcation of poìymorphisms jn non-coding

reg'ions of DNA, there were only two X-l ì nked non-pathogenìc

poìymorphi sms that coul d be used f or genetì c ì'i nkage stud j es.

The Xg bl ood group I ocus r,.ras I ocated at d i stal Xpter wh i I e

the g'l ucose-6-phosphate dehydrogenase (G6PD) I ocus was

located at distal xqter (Davies 1985). Filippi et al . studjed

the ì inkage relationsh'i p of G6PD and the frag'i ìe X mutatìon,
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FRAXAl0, in a series of sard'i nian pedigrees (Fìl ippi et al .

1983) . The maximum LOD score was 3.16 at a recomb j nat.i on

fraction of 0.06. This result was cons'i stent with the

suggestion that FRAXA h,as close to the fragiìe x (Kaiser-
McCaw et al. 1980).

f,li th the deveì opment of a genet'i c I i nkage map of the x

chromosome usi ng DNA po'lymorphì sms (Drayna & t.lh j te lgg5) i t
was possible to expìore I inkage rel atjonships of FRAXA and

poìymorphic loci located at Xqter. The Hemophiìia B locus

(F9) was initiaìly reported to show tight I jnkage to FRAXA

(camer j no et al . 1983) . Th j s was I ater d'i sputed (choo et al .

1984; l.larren et al . 1985) and F9 was shown to be proxima'ì to
FRAXA (Davies et al. 1985). The recombjnatjon fraction
between F9 and FRAXA is 0.21 (Keats et al. 1989). In t9B4 the

probe 4D-8 (DXS98)ll bras isolated (Boggs & Nussbaum t9B4) and

was subsequentìy shown to al so I je prox'imal to FRAXA wjth a

l0 The terms 'fragììe X syndrome,, 'fragile X,, and
'FRAXA' are not synonymous. The symbol -FRAXA refersto the abnormal DNA respons'i ble for il.Le fragiìe X
syndrome. The term 'f rag i'l e X' ref ers to thé rarefolate-sensitive fragì'l e site at XqZ7.3. The'fragiìe X syndrome' may be defjne'd as the
combi nati on of mental retardat i on and express i on ofthe fragiìe X.

1l
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DNA probe hybrjdizes to a specifjc locus in th
enome. _L 

j nkage ana'lysì s j ndi cates the rel at.ionshì p
etween 'l oci , not between probes. Probes have a vari etf laboratory names (e.g.4D-g) but locj have specìfì
esignations that are written in italjcs or underline
e. g. DXS98) . I n pract i ce, the two terms are often use

A
g
b
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g

a

a

e
s

v
c
d
d

ntercl.ngeab'ly. In this thes'i s, locus symboìs wjll
eneral'ly be used f or establ i shed I oci or cloned genes,
nd probe names wi I I generaì ìy be used for I oci mappeds part of th'i s project.
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recombjnatjon fraction of 0.10 (Brown et al. IggZa; Keats et

al. 1989). DXs98 js not a very informative'l ocus, and a more

'i nf ormat j ve I ocus prox jmal to FRAXA, DXSl05 (cX55-7), þras

'ident'i f ied in 1987 (Hofker et al . rgïr; Arveiler et al.
1988a; Reki I a et al . 1988) . The recombi natj on fracti on

between DXSl05 and FRAXA ì s 0. l6 (Keats et al . l9g9) .

0n the di stal side of FRAXA, the probe Str4-l (DXs52) was

jsolated in I985 (0ber'le et al. 1985; He'iljg et al. lggg) and

has a recombi natj on fracti on of 0. l4 (Keats et al . l9g9) .

DXS52 is a highìy polymorphìc locus. Although other locj have

been identjfied whjch lie between FRAXA and DXS52 (Patterson

et al. 1987a; Patterson et al. l9B9; vincent et al. l9g9a)

they are tightly I inked to DXS52 and are of I ittle add'it jonal

benefit for either deveìopìng the genetic map around FRAXA or

for providing genetic counseìì ing based on DNA studies.

I n 1989 two new pol ymorph ì c I oc'i wi th j n 5cM of FRAXA !,rere

reported. DXS369 (RNl) I ies approximately 5cM proximaì to
FRAXA (Hupkes et al. 1989; 0ostra et al. r990) while DXS304

(u6-2) l'i es 3cM dìstal to FRAXA (Dahì et ar. r989a, 1989b;

V'i ncent et al . 1989b; Rousseau et al . 1990) .

Two-point I inkage stud'ies of frag'i ìe x pedigrees and a major

multipoint I inkage analysis of FRAXA (Brown et al. 1988) were

summarized at the b'ienn'i al Human Gene Mapp'i ng l,lorkshop hel d

'i n 1989 (Mande'l et al . 1989; Keats et al . l9B9) . The order of
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I oc'i i n the reg'i on of FRAXA 'i s shown bel ow. The genet j c

djstances between adjacent locì (ìn cM) were der.ived usìng

Haldane's mapping functionl2 from the recombinatìon fractions
l'i sted in a number of sources (Keats et al . 1989; vincent et

al . 1989a, 1989b; 0ostra et al . 1990).

st35/cX55-7 4D-8 RNI U6.Z tAl St14-l
cen -
*t€rF9 DXS DXS DXS FRAXA DXS DXS DXS

1 05 e8 36e 304 3!5/ E
374cM 8 I 6 5 3 lZ I

The genetic distances gìven above are based on two-poìnt
I inkage anaìyses in different sets of fragìle x pedigrees. A

multipoint I inkage study of these loci 'i n the cEpH ped.igrees

has yet to be reported.

FRAXA is consistentìy mapped to xqzl with no evidence of the

f ragi ì e x I ocus be'i ng unl i nked to these markers 'i n any

pedìgrees. There is one possible exception to the apparent

geneti c homogenei ty of the fragì I e x syndrome. It has been

suggested that the l'inkage rel at'ionship between F9 and FRAXA

'i s not homogeneous jn fragile x pedigrees, and that some

famil ies have tight l'i nkage between F9 and FRAXA while others

show I ittle or no ì ìnkage (Brown et al. 1985, 1986, l987b,

47

qtr"¿,'

x = -0.51n(1-2r) where x is the genetìc djstance in cl'|,
and r i s the recombi natj on fracti on (0tt 1985, p. B) .

Haldane's mappìng function makes no allowance for jnterference.

t2
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1988). Thl's would expìain the contrad'i ctory reports that were
'i n'itia'l ìy pubìished describ'i ng the F9-FRAXA lìnkage
relatjonshìp. using both the A-test (0tt 1985, p.105) and the

8-test (Risch 1988) on the one set of fragì'l e x ped.igrees,

the ì'inkage rel ationshìps between F9-FRAXA and Fg-DXs52 were

shown to be heterogenous (Brown et al . l9g7b; R.i sch lggg).
There was no evi dence of heterogeneì ty between FRAXA and

DXS52 suggest'i ng that the heterogene'ity ref I ected di f f erent
recomb'i nation fractions proximal to FRAXA, and was not due to
the fragiìe X locus being located away from xqzl jn some

pedìgrees. Approxìmateìy 20% of fragiìe X pedìgrees had no

recombj nati on between F9 and FRAXA, whi I e the remai nder

demonstrated a recombi nat'i on f ract j on of approx.imateìy 0.35

(Brown et al. 1988). IIn the summary map above, the genetìc

location of F9 in relatjon to FRAXA is based on poo'l ed
'l inkage datal. An in'i t'i al suggestion that transmitting majes

were more common in fam'i I ies with tight F9-FRAXA ì inkage

(Brown et al. 1985) has been refuted (Brown et ar. t9g7b).

There are a number of reasons for advocat'i ng caut.ion in

attributing this heterogeneity to the fragiìe x mutation.

Fì rstìy, 'l ì nkage heterogeneì ty may be a f eature of the normal

gene map. Normal pedì grees have not been tested f or ì'inkage

heterogeneìty 'in this regìon. It has been suggested that the

f requency of recomb'i nat i on around DXS52 may vary i n normal

ped'igrees (Drayna & t.lhjte 1985), but thjs has not been

rigorously tested. 0berle et al . (r986b) found no
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heterogene'i ty when comparing the F9-DXS5z I i nkage

relatìonship in normal versus fragiìe x pedìgrees. secondly,
I'i nkage heterogenei ty has not been documented for FRAXA and

the proximaì I ocus DXS98 (Brown 1999) , al though th.i s probab.ly

refl ects the smal I number of pedigrees tested (0tt l9g6).
Thi rd'ly, the testì ng f or genet'ic heterogenei ty wi th the A-

test or B-test jnvolved multiple pair-wjse comparisons, and

i t i s not cl ear what al I owance bras made f or th i s. As a

conservat'i ve approach, f or N pa j r-wi se compar.i sons the

sìgnificance level should be o.os/N so that the overall p-

value is 0.05 (J 0tt, personal communicatìon). 0n thjs basis,
the degree of F9-FRAXA heterogenei ty (grown et al . lggg) .i 

s

highly sìgnificant, but the degree of F9-DXS52 heterogeneity
(Rìsch l988) is not sìgnificant. Fìnaìly, a mu'l tipo.i nt study
of heterogene'ity in fragiìe x pedigrees failed to confirm
ì i nkage heterogene'i ty (cì ayton et al . lggg) . F9, DXS9g, and

DXS52 are al I more than l0cM from FRAXA (Keats et al . l9g9).
These studi es need to be repeated j n both normal and frag.i I e
X pedigrees using multipo'i nt homogeneity tests and loci that
are closer to FRAXA.

Genet jc ì inkage studies of the fragi'l e X syndrome have

resolved some of the questions left unanswered by evaluating
cl inical and cytogenetjc features or by segregation anaìysis.
In the first p1ace, the fragiìe x syndrome js a geneticaiìy
homogenous condit jon i.e. jt is due to a sìng'l e ìocus, FRAXA,

located at xq27. secondly, FRAXA is either at or very close
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to the frag'i le x itself . Poìymorphìc loc j which I je prox.imaì

or d j stal to FRAXA on l'i nkage stud j es are I ocated proximal or

djstal to the fragìle X on in situ hybridjzatjon of the

I abel I ed probes to chromosomes expressi ng the fragi I e x

(Szabo et al. 1984; schnur et al. l989; suthers et al. l9B9a

IAppendix D]). Thirdìy, genetìc 'l 'i nkage stud-ies have, to a

I j mi ted extent, confi rmed the penetrance fi gures reported by

sherman et al . ( 1984, 1985) . In sherman's segregatì on

analysìs the penetrance of the frag'i le x mutation jn the sons

of intellectuaììy normal mothers was approximateìy go%. Thjs

resul t predi cts that approxi mateì y 17% of the normal sons of
i ntel I ectuaì ìy normal carri ers woul d have the same hapl otype

f or I oci 'immedi ateìy f I anki ng FRAXA as the j r mentaì ìy
retarded brothers. This pred'iction has been confìrmed (Brown

et al. 1990). Finaììy, the development of the genetic I inkage

map around FRAXA has made it feasible to identìfy carriers
and provìde genetic counseìl ing jn fragiìe x pedigrees

(Muì ì ey et al . 1987; Sutherl and & Mu'l 
'l ey 1990) .

However, as mì ght be expected i n dea'l ì ng w'i th such an unusual

condi ti on, some aspects of geneti c I i nkage stud'ies around

FRAXA have rai sed further questi ons. Fì rst, progress i n

identifying poìymorphic loci close to FRAXA has been very

sl ow. unti I 1989, rìo I ocus uJas i sol ated that was cl oser than

l0 cM to FRAXA. As only one I ocus (DXS52) near FRAXA u,as

h'ighly poìymorphic genet'i c risk estimates were often based on

genotypes of locj djstant from FRAXA. To some extent the lack
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of c'l ose'ly I jnked poìymorphìc locì was due to d jff jcult jes jn
i sol atì ng RFLPs on the x chromosome. RFLps are I ess common on

the x chromosome than the autosomes (cooper & schmjdtke l9g4;
Hofker et al . 1986) due to conservati on of the x chromosome

during evol ut'ion (0hno 1969). As a consequence, searches for
RFLPs are three times less efficient on the X chromosome than

on the autosomes (Hofker et al . l98O¡ 13.

Second, while the fragiìe X syndrome is geneticaì'ìy

homogenous, it js still not known whether other forms of non-

specific X-linked mental retardatjon are alleljc to FRAXA, or

whether they are genetical'ly djstjnct.

Thìrd, the possib'i I ity of ì inkage heterogeneìty between F9

and FRAXA 'in fragiìe X pedigrees makes it difficult to
provide rel jable estjmates of carrjer rjsk on the bas.i s of Fg

genotypes.

Fourth, in performìng genetic I ìnkage studies in fragile x

pedigrees it is necessary to infer the genotype of an

'i nd i vi dual at FRAXA f rom the phenotype us i ng parameters such

as penetrance and mutati on rate. The reduced penetrance of
the fragi'l e x mutation reduces the efficiency of the

l3 A second cl ass of 0NA poìymorphi sms, 'vari abl e numberof tandem repeats' (VNTRs ) , are al so rel ati vely
uncommon on the X chromosome. However, a recentìy-
described class of. h_ighìy poìymorphic ACn repeât
poì ymorph i sms i s probabì y ar common on the X chromosome
as on the autosomes (Luty et al. 1990).
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anaìysis. At a recomb'i nation f raction of 0.10, the incomplete
penetrance of the fragì ì e X mutati on reduces the effi cì ency

of a two-poìnt linkage study by a factor of two to three (0tt
1985, p.134). Although the penetrance jn sons of retarded
carrjers 'i s reportedìy 1.0 (sherman et al . l9g5) it is not

cleai" what degree of retardation a carrier must have for the

penetrance to be that hìgh. If a carrier js incorrect'ly coded

as bei ng retarded, the penetrance i n her sons wi I I be f aì se'ly

hìgh and the recombinat'ion f raction wl'I I be over-est jmated

(cì erget-Darpoux et al . 1986) . The uncertai nty regardi ng the

di stri but'ion of the mutati ons between ova and sperm makes

I ittle difference jn genetic I ìnkage studjes of pedìgrees

wi th two or more af f ected i nd i v'iduar s . However, th i s

djstributjon'i s critical jn providìng carrier ri sk estjmates
to the mother of a sporadic frag'i ìe x male (Sherman et al.
re88b).

The f ifth d'i lemma that genetìc 'l ìnkage stud jes of FRAXA has

rai sed .i s the occas j onal confl i ct of cytogenet i c and DNA

studi es. It i s recognì sed that there are transm.i ttì ng mal es

who are phenotypì cal ly and cytogeneti caì ìy normal desp.i te
j nheri t'i ng the same hapl otype of I oc'i f I anki ng FRAXA as thei r
affected brothers (Brown et al. 1990). However, there have

been occas i onal reports of mentaì ì y normal mal es who on
'l ì nkage analysì s are at I ow ri sk of havi ng FRAXA who express

the fragiìe x at low frequencies (Mulley et al. lggg). The

explanation may be that such indivjduals expressed the common
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fragile site rather than the fragiìe x (sutherland & Baker

1990). The cytogenetic distinct'i on between the fragile x and

the common site was made only recentìy, ôrìd some men and

women may have been misclassified as fragìle X positive in

earl i er genet'i c 'l Í nkage studi es.

THE FRAGILE X SYNDROI'IE Hypotheses

The fragiìe X syndrome is an enigma. Numerous rnodels have

been proposed in an attempt to 'integrate the unusual and

variable cl'i nicaì, cytogenetìc, and genetic features of the

syndrome. The types of model s that have been suggested

i ncl ude the foì ì owi ng :

53

the fragìle X

several genes

le87);

syndrome j s due

(Steìnbach 1986;

interaction of

1987; Sherman

to the

Israel

the vari abl e f ragi ì e X phenotype 'i s medi ated ma.i nìy by

the uteri ne envi ronment as a consequence of dj fferent
patterns of x inactivation in the uterine tissues (van

Dyke & l.leiss 1986);

dermatogìyphìc findings 'i n the

i nd i cate a subm j croscop'i c X; Y

(Loesch 1986);

f rag'i ì e X syndrome coul d

reci procal transl ocat'ion
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the fragììe X 'i s due

functjon by transposons

Hoegerman & Rary 1986);

to disruption of normal

( Fri edman & Howard-Peebl es

gene

1986;

a non-pathogenic pre-mutation at FRAXA ìs converted

deleterious mutation by recombination (pembrey et
1985; þl'inter & Pembrey i 986 ; t.li nter l ggZ; Brown et

1987c ; t^li nter & Pembrey l9B7 ; Sch aap l9g9 ) ;

to a

al.
al.

the unusual cytogenetj c characterj stj cs of the fragi ì e x

could be due to repeated polypurìne/polypyrimidine

sequences (Sutherland et al. lgB5).

These hypotheses have been revi ewed by Nussbaum and Ledbetter
( 1986) . They present thej r own suggesti on that FRAXA i s a

pyrim'idine-rjch sequence that is amplified in a step-wise
fashion 'in successive meioses; the amp'l ifjed sequence

d j srupts one or more genes and causes the phenotype of mental

retardation and expressjon of the fragile X.

La i rd has proposed a soph i st i cated model wh i ch attri butes the

features of the fragile X syndrome to abnormal X jnactivation
and re-activat'ion at xqzl .3 (Laìrd et al . l9g7). This process

of 'ìmprìnt'i ng' could account for the unusual penetrance and

popul atj on geneti cs of the syndrome (sved & Laj rd 1990) . 0n

the bas'i s of this model, Laird has also suggested that the
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femal e are deri ved from j ust two

embryo (Lajrd et al. 1990).

These hypotheses w'i I I not be di scussed f urther. It j s

poss i bl e to j nterpret the observed features of the syndrome

i n rel ati on to a number of these model s, but none of the

hypotheses i s read ì ì y testabl e. There has been one
'i nvestìgat'ion of the 'ìmprjnted x' model which found no

evjdence of abnormal methylation (suggest'ing X jnactjvatìon)

at genes located at xq27-qz9 (Khaì'i fa et al. 1990). This does

not dìsprove the'imprinted x'hypothesis because the genes

exami ned were al I more than I 0 cM from FRAXA. Becau se there
js no robust testable model of the fragìle x mutat-ion, there
j s a ri sk that a model coul d be accepted uncri ti ca1 ìy
( suthers & sutherl and I 990 [Append i x D] ) . 0nce the DNA

sequence at the fragi'l e x locus has been cìoned, it will be

possible to evaluate the hypotheses and to address the cell
bioìogy of this fascinating conditjon.

C ONC LUS I ON

The frag'i le X syndrome remajns a puzzle for clinìcians,
counseì'l ors, and geneti ci sts. progress towards i sol ati ng a

DNA probe specific for the fragi'l e x mutation has been slow.

Thjs lack of progress is due in part to the reduced frequency

of RFLPs on the X chromosome, ârìd i n part to the unusual
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penetrance of the syndrome. The probl em of reduced penetrance

would be lessened if a series of hìghly polymorphic tighily-
j inked loc'i were identif ied near FRAXA.

0ne question that could be readily addressed with genetic
'l inkage studjes is whether other forms of non-specifjc
X-l inked mental retardation are al lel ic to FRAXAI ,.inkaqe

stud'ies jndicated that such a locus was placed well away from

xq27 thjs would indicate that nonspecific x-lìnked mental

retardation js genetìcaì'ly heterogenous. This issue is
addressed i n chapter 3 where the posì ti on of the I ocus

responsible for non-specific X-l inked mental retardat'ion in a

ì arge pedìgree 'i s descri bed. In thi s f ami ìy the I ocus (MRXI )

was mapped to the short arm of the X chromosome, j nd i cat i ng

that MRXI is not alle'l ic to FRAXA and that non-specif r'c x-

I jnked mental retardation js genetica'lìy heterogenous. In

order that multipoint carrier rjsk estjmates could be

provided for the women in this ped'igree, a confidence

i nterval for MRXI I ocati on was determj ned us i ng a novel

resampì ì ng strategy

The difficulty of identìfying RFLps on the x chromosome has

prompted researchers to util'ize physicaì mapping methods.

somatic cel I hybrìds containing human x chromosomes wjth
translocation or deletjon breakpoints have been used to
physicaì'ly map loci in varjous regions of the long arm of the

human X chromosome (l,lì eacker et al . l9g4; 0berlê et al .
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1986a; Hofker et al. lgBZ; cremers et al. lggg). 0nce a probe

is shown to identìfy a locus in the regìon of interest the
search for RFLPs can be focussed on that I ocus. However, few

cell I ines have been identified that have breakpo.ints that
are close e.nough to the FRAXA to be useful in thjs regard.

A panel of cel I I i nes wi th x chromosome breakpoi nts cl ose to
FRAXA i s descri bed j n chapter 4. Th j s panel was used to
physìcaìly localjze l8 new DNA probes near FRAXA. It was

possi bl e to order both the x chromosome breakpoi nts and the
new probes i n rel at'ion to FRAXA w j thout relyì ng on ì ì nkage

studies. Investigation of one of these cell lines indicated
that the gene responsi bl e for Hunter syndrome i s I ocated
'immediateìy d'istal to FRAXA.

If RFLPs can be ident'i fied at loci cìose to FRAXA, ìinkage
stud'ies can be used to confirm the order of the loci
suggested by phys i cal mappi ng. Such RFLps woul d have an

immedi ate rol e i n geneti c counseì'l i ng. Three of the probes

detected po'lymorphic locj very close to FRAXA (chapter 5).
Multipoint linkage studies of these new RFLps and adjacent
I oci 'i n the cEPH pedigrees conf i rmed the order suggested by

the physìca'l mappìng studjes. There was no evidence of
'l inkage heterogeneity 'i n these famil ies as assessed using
two-point homogeneìty tests.
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The multipoint linkage relationshìps of these nebr probes in
rel ati on to FRAXA vlere def i ned 'i n a col I aborati ve study of
112 fragi ì e x pedigrees (chapter 6) . The three new

po'lymorphic loci are the closest polymorphic loci to FRAXA

yet descri bed, and are the bas i s of an effi c i ent strategy for
diagnostic DNA studies in fragiìe x famil ies. Multipo.i nt
tests of I Ínkage heterogene'ity of these loci near FRAXA did
not indicate genetic heterogeneity (Chapter l).
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Chapter 2

I'IATERIAL AND I.IETHODS.
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I NTRODUCT I ON

' The patì ent DNA sampì es, cel r ì i nes, and DNA probes used j n

th js project were obtained on a col I aborative bas'i s f rom many

sources. Establ i shed methods for handl i ng DNA were empl oyed

and are brief 'ly descri bed .

Lì nkage anaìyses were performed us'i ng the LINKAGE package of
programs. The ìmplementat'i on of the LINKAGE programs js

descrj bed j n some detai I . The H0M0G programs are descri bed,

and the data requjrements and I imitatjons of the anaìyses

presented. The genet'ic parameters used .in ì inkage analyses of
the fragile X famjlies are jndicated.

A 'l arge vol ume of genotype data was generated dur j ng th ì s

proiect, and a number of smal I computer programs for handl i ng

these data are descrjbed. In add'ition programs for est.imating

the ìength of DNA fragments and for converting recombination

fractions to centiMorgans are presented.

A resamp'l i ng method f or determi n'ing approxi mate conf i dence

i nterval s f or the resul ts of mul t'i poi nt I i nkage anaìysì s i s

descri bed. Thi s method was used to defi ne confi dence

intervals for the locations of MRXI (chapter 3) and FRAXA

(Chapter 6).
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DNA SAI'IPLES FROl|I PEDIGREES

Bl ood sampì es were col r ected from 3 I members of a ped i gree

with non-specific X-l inked mental retardation. The famììy was

counselled prior to the col'l ection, and individual members

gave informed consent to Dr G Turner (Randwick, N.s.w. ) for
both sampìe collection and for subsequent genetìc I ìnkage
anaìysìs. DNA 'nras extracted from perìpheraì lymphocytes usìng
the phenol/chloroform method (Maniatis et al. i9B2).

xt r h

Bl ood sanpl es were col I ected i nto an EDTA tube. t0 nl of
blood Has diluted with Js nl of cell lysis buffer (0.32
H sucrose/ 10 nl,l rri sHCt / s nl,l ilgct 2/ 1% Trí ton x - 100) ,

and left on ice for 30 minutes, spun at 2000G at 40c for
15 ni nutes, and the supernatant renoved to the s nl
nark; 20 nl of cel I Tysis buffer ryas added, ni xed, and

the sol utí on spun at 2000G for another ls ni nutes. Al t
the supernatant Has renoved; I nl of protei nase K buff er
( 10 nM Tri sHCI / 10 nil Nacr / i0 nt\ dí sodi um EDTA) h/as

added and the sol uti on vortexed gentl y; a further z. zs

nl of buffer, 0.5 nl of 10% 50.s, 0.2 nl of 1% proteinase

K ( Boehri nger Hannheí n) were added , and i ncubated
overni ght on a sI ow wheel at 3loc. Fi ve nl of phenol

( previ ousl y di st í t I ed, then saturated wi th I0 nl,,l

Tri sHCl ) h/as added, the tube was ni xed genil y f or ls
ni nutes, and spun at 2000G for l0 ni nutes; the top
aqueous phase was transferred to a l0 nl tube, 5 nl of
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phenol added, the tube ni xed for r0 ni nutes, and then
spun at 400G for 10 ni nutes. The top aqueous phase was

transferred to a fresh 10 nI tube; S nl of 24: j
chl oroforn: i soanyt at cohol was added and gentl y ni xed
bef ore the tube !.,as spun at 400G f or i0 ní nutes. Then

0.3 nl of 3 H NaAcetate (pH s.z) and cold ggz. ethanol to
10 nl were added, and ni xed gentl y unti t the DNA

precí pi tated. The DNA pel I et was washed wel I wi th col d

70% ethanol , desi ccated, and di ss ol ved i n 0. J ml of l0nl,l
TrisHCl/0.1 nll EDTA. GIoves were worn throughout the
extractí on; phenol and chl oroforn were handl ed i n a fune
hood.

62

DNA sampì es from 40 normal

col I aboratì ve basi s by the

Humain (CEPH)(Dausset et al .

fragile X pedìgrees

s.A.).
were provided by

pedigrees were provided on a

o

lse0). sampìes from 35

Mulìey (Adeìaide,

DNA

Dr J

CELL LINES

A panel of r4 cell lines and patìent DNA sampìes uuas

assembled for phys'icaì mapping studies of DNA probes at xqzl_
q28. The cel I I i nes were obtai ned from a varì ety of sources
on a col'ì aborative basis. The collaboration was in.itiated and

managed by the candidate. The cell lines are briefly



Ch. 2. Materi al & nethods. p

descri bed bel ow. The cel I type, c0ntri buti ng co-author, and

references for each cell ljne used in the physicaì mapping

studi es are summari zed i n Tabr e z-A. The cel I l.i nes rvere

maintained in the laboratory by T Hockìng and s Lane under

the supervjsion of DF calren (Adelaìde, s.A.), whiìe the
cand i date extracted the DNA from the cel I I i nes .

cY2 Thìs was a mouse-human hybrid cell line (caìlen
1986). The m0use background bras an lipRT- I jne (A9).

The onìy human chromosome content was a deri ved x

chromosome containing Xpter-XqZ6 tkaryotype
der(X)t(X;16) (q26iqz4)1.

cY3 Th'i s was a mouse-human hybrid cel I I ine, ârìd was

the recìprocal of c\z (caìlen l9g6). It contained a

deri ved human chromosome l6 and XqZ6-Xqter

Ikaryotype der( l6)t(X ; l6) (qZ 6;qZ4) ] .

cY34 This cell line was derived from a gìr'l with Hunter

syndrome [ìduronate sulfatase (IDS) defic'iency;
mucopolysaccharidosis III and a t(X;5)(q2g;q33)
reci procal transl ocati on (Mossman et al . l9g3;

Roberts et al . 1989) . The transl ocat'ion breakpoi nt
was at Xq28, ârìd the normal X chromosome had been

cons i stentìy i nacti vated. It was postul ated that
IDS was I ocated at the breakpoi nt on the X
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Cell lines used in this study.

Cell line Cell typea Source

DF Cailen, Adela'ide

DF Cal 'l en , Adeì a i de

DF Ca1 1 en, Adel aide
MC Hors-Cay'ìa, Paris
I Oberìe, Strasbourg
M Rocchi, Genoa

l'1 Rocchi, Genoa

N Thomas, Cardiff
JJ Hopwood, Adelaide
JJ Hopwood, Adelaide
CE Schwartz, S Carolina
l'l Schmidt, Melbourne

HH Ropers, Nijmegen

N.t.c.M.s.b

Reference

Cal I en 1986

Callen 1986, Suthers et al. 1989a

Suthers et al. 1989a

Suthers et al. 1989a

Suthers et al. 1990a

Rocchi et al . 1989, Suthers et al . 1990a

Rocchi et al. 1989, Suthers et al. 1990a

Suthers et al. 1990a

l,lilson et al. 1990

l.lilson et al. 1990

Ledbetter et al. 1990

Schmidt et al. 1990

Schonk et al. 1989, Oostra et al. 1990

Patterson et al. 1987

cY2

cY3

CY34

PeCH - N

11556

TC4.8

Y.162.Aza

APC-5

04-1

03-1

2384-A2

LCl2Kl5

908K1 Bl 7

G¡408l21

SCH/mouse

SCH/mouse

SCH/mouse

SCH/hamster

lymphobì asto'id (XY)

SCH/hamster

SCH/hamster

SCH/hamster

lymphocytes (XY)
'ìymphocytes 

(XY)

SCH/hamster

SCH,/mou s e

SCH/hamster

ìymphob'lastoid (XX)

a ScH ind'icates a somatic cell hybrid ljne; the background cell type is shown. The sex chromosome content of
lymphocytes or lymphoblastoid I ines is ind.icated.

b U.S. Natjonal Institute of General l4edical Sciences Human Genetic Mutant Cell Repository.
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translocated X chromosome (i.e.
i sol ated 'i n the A9 mouse cel I I i ne.

PeCH-N

11556

TC4.8

The cel I I i ne cY34A was a subcl one of cy34 that had

ari sen spontaneously and had been detected during
routine cytogenetic screening. It conta.i ned just a

fragment of the ori g i naì deri ved x chromosome

extending from XqZ4 to Xq2g.

This 
'nras 

a hamster-human hybrid cell line. The

human X chromosome content cons.i sted of the deri ved

x chromosome ('i .e. xpter- xqzl ) f rom a bal anced

t(X;21)(q27;qll) translocation (Couturier et al.
1e7e).

This was a ìymphoblastoid line from one of two

brothers with hemophiììa B (Factor 9 deficiency)
and mental retardati on. The boys had

cytogenetica'l ly visib'l e deletions extending from

xq26-2 to xqTt.z (Suthers et ar. r990a IAppendìx
Dl ) .

Perì phera'l ìymphocytes f rom a mal e express.i ng the
fragiìe site at xq27.3 were fused (Dav.idson &

Gerald 1976) with HpRT-/G6pD- hamster cells (yH.zl)
(Rosenstraus & chasin 1975). After selection for
HPRT in HAT medium, one clone (Hy.g4ptl) containing
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a human X chnomosome and no other human chromosomes

bras i sol ated. Hy. B4pl I was treated wi th FUdR and

caffeine to induce expression of the fragiìe site
(Abruzzo et al. r9g6) and breakage of the x

chromosome at that poì nt. cl ones reta i n i ng HpRT

were selected against wjth 6-thioguanine; survivìng
cl ones were sel ected for retenti on of G6pD by

treatment with diamide (D'urso et al. 19g3). Tc4.B

was a homogeneous cl one that reta i ned G6pD ( Rocch i

et al. 1989). Subsequent anaìys.i s (Chapter 4)

demonstrated that the breakpoì nt was not at the
f rag i I e x but had occurred more proxi ma'l ì y on the x

chromosome.

Y.l62.Aza Y.l62.Aza was derived from a somatic cell hybrid
I ine (y.l62.sEl14) which conta.i ned an intact I ate_

repìicating human X chromosome in a hamster

background. 0n cytogenet i c screen.i ng of
Y. 162. sEl14, a proporti on of cl ones were noted to
contai n an el ongated human x chromosome wi th an

additional earry-repl icating fragment attached at
xqter. A subcrone homogeneous for this
rearrangement (y.l62.Aza) was studied with in situ
hybridization of rabelled total human or total
hamster DNA. The earìy-repr.i cating fragment
attached to the human x chromosome was shown to be
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of hamster origì n, and no other human chromosomal

materi al was detected (Rocchì et al . l9g9) .

APC-5 A gi rl wi th mi I d mental retardat'i on and no ma jor
dysmorph i c features was found to have a bal anced

X;autosome translocation:
46,Xt (X;19) (p tt.Z;19q13.3 ) . Sk.in f i brobl asts were

fused (Davidson & Gerald r9z6) with an HpRT-

hamster cell l'ine (t,lg3h) and clones containing the
deri ved x chromosome were sel ected for HpRT i n HAT

medi um. The human chromosomal materi al .i n the cel I
I i ne was f ragmented and the cer I I i ne has been on'ly
partìal'ly characterised cytogeneticalìy (suthers et
al . 1990a IAppendix D] ). Subsequent anaìysì s

(chapter 4) demonstrated a breakpoìnt at xqzl which

þras presumabìy due to f ragmentat.ion i n the hybri d

cel I I i ne.

03-l and 04-l

Two boys wi th Hunter syndrome ( i duronat e-?-

sul f atase I IDS] def i c i ency; mucopoì ysacchari dos i s

type I I ) due to compl ete del et i ons of IDS have been

reported (t.li ì son et ar . r990 [Appendi x D] ) . The

boys, 03-l and 04-1, had extreme'ry severe features
of Hunter syndrome. They had presented by one year

of age wi th deve'l opmentaì del ay and by the second

year had devel oped hern i as, vertebral coì ì apse,
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enl arged I i ver and spr een, and deveì opmental

regression. Neither boy atta'i ned speech. They did
not have any congen'i tal mal f ormat.ions al though the
severi ty of thei r Hunter syndrome phenotype made i t
di ffi cul t to excl ude ei ther mi I d congeni tal faci al

dysmorphi sm or congenital mental retardation. DNA

was extracted from peri pheraì ì ymphocytes of these
boys. For the sake of brev.i ty i n the text, the
perì pheral ìymphocytes wi I I be 'i ncl uded .i n the term

"cell lines".

This was a hamster-human hybrìd cell l.ine. The

deleted X chromosome (i.e. Xpter-xqz7) from a broman

wi th a deì et'ion of her paternal X chromosome

Ikaryotype 46,X,deì(X)(qZt)] lvas jsolated jn an

HPRT- hamster cel I I i ne (Ledbetter et al . 1990).

The de'l eted x chromosome f rom a gi rì wi th an

interstitial deletion at XqZT Ikaryotype
46,X,de'l (X)(q27.tqTt.3)l (Schmidt et al . 1990) was

isolated in a mouse cell Iine.

Thi s hamster-human hybrid cel r I i ne contai ned a

singìe der(19;X) human chromosome. The X chromosome

fragment was reported to extend from xqz4 to qter
(Schonk et al. l9B9). subsequent anaìys'i s (chapter
4) indicated that it extended from XqZl.
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GM0812l Th i s was

deletion

chromosome

a ìymphoblastoid

extend'ing f rom

( Patterson et

I i ne from

Xq26 to
a woman with a

Xqter on one

al. 1987b).

For phys i ca1 mapp i ng of nebr probes wi th these cel I ì .ines , DNA

from normal human lymphocytes, mouse (A9) cel I s (caì ì en

1986), and hamster (RJK 88) cel I s (Fuscoe et al . t9g3) were

used as positive and negative controls.

cel I I ine DNA was extracted using the hìgh-saìt extract.ion
method (Mi ì ì er et al . 1988).

Hioh-saIt extracti on of cel I I i ne DNA . CeI I pel I et s were

frozen at -200C, thawed, wãshed twice ín cell lysis
buffer, and i ncubated i n buffer on i ce for 30 ni nutes;
the tube F/as then spun and the supernatant renoved.

Three nl of nucl ei I ysi s buf f er ( 10 nH Tri sHCl / 400 nl\

Nacl/ 2 nl'l EDTA.pHS) were added and the perret roosened;

0 .5 nl 10% srs and 0 .2 nl i% prote i nase K ( goehri nger

l,lannhei n) were added, the tube ni xed gentl y, and

incubated at 37oc overn'Ìght. 0ne nl of saturated Nacl

(61,1) was added and the tube shaken vi gorousl y f or Is
seco nds; the tube Has spun at j000G at 40C for Is
ni nutes, and the supernatant transferred to a s0 nl
tube. Two vol unes ( 10 nl ) of 100% ethanor at roon

tenperature were added, and gentl y ni xed unti t the DNA

preci pitated; the DNA h/as transferred to a i0 nl tube
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wi th 10 nl 70% ethanol at roon tenp; after gentl e ni xi ng

the tube was spun and the per t et recovered; the pet t et
Has desi ccated for 5 ni nutes and resusp ended i n z ml of
nucl ei I ysi s buffer at 40 C overni ght .

T he DNA pel I et h/as treated wi th RNase A ( Boehri nger

l4annhei n; 0. 15 ug/nl at 37oc f or 4 hours) and a f urther
Protei nase K digesúi on (0.02 ug/nr at 3loc overnight).
The DNA h/as preci pi tated by the addi tí on of i/3 the

vol une of saturated Nacl and l/5 the vol une of s0% pEG

6000, gêntly nixed, and allowed to stand at 40C

overni ght; the DNA pel I et Has recovered by spi nni ng at

1000G at 40c for 15 ni nutes, washed wi th z0% ethanol ,

desi ccated, and resu spended i n jTnr,r rri sHCt /InH EDTA.

DNA PROBES

A seri es of new DNA probes I ocal i zed to xq26->qter were

provided by Dr ì/J Hyìand (Adeìajde, s.A.). The isolatjon of
thjs series of 17 DNA probes (aì'l with the prefìx ,'vK") has

been descri bed (Hyl and et al . lg89) . In brì ef, a genomi c

ì ìbrary was prepared from the somatjc cell hybrìd cy3 which

contained xq26->qter as the onìy human X chromosome

component. The genomic ììbrary was packaged .i nto the Sall
site of the lambda vector EMBL3. clones contajnjng human DNA

were ident'i fjed by probìng the ìibrary with total human DNA;
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human-derived clones llere mapped to e'ither xqz6-qter or to
chromosome 16 (the other human chromosome i n cy3) by probì ng

a panel of somatic cell hybrìds. The jnsert size of the vK

clones ranged from 12.2 to 23.B kjrobases (kb). The locj
'i dentified by the VK probes are I jsted in Table Z-8.

70

Tabl e 2-C I i sts the probe name, I ocus, source,

for the other DNA probes used i n th j s project.
probes were obtaj ned by Dr JC Muì I ey (Adel aì de,

and reference

Most of these

s.A.).

SOUTHERN BLOTTING & RADIO-LABELLING

DNA sampl es were digested wj th one of a varì ety

restrictjon endonucleases (New Eng'ì and Bìoìabs). l0ug of
was d'igested under the condjtjons specjfjed by

manufacturer wi th a fourfol d excess of endonucl ease for
hoursl. The dìgestion was stopped by the addition of tDTA

a concentration of l0 mM.

of

DNA

the

16

to

DNA sampì es were el ectrophoresed al ong wì th standard DNA s.i ze

markers jn 0.8% agarose gel. The gel was then soaked in an

ethidium brom'ide sol ution (0.0025 mg/mì ), r jnsed jn water,
and photographed under uv I ight to document the positìons of

If the restri cti on endonucl ease buffer had a sar tconcentratìon in the range 50-I00 frM, spermidine rvas
added to a final concentra ion of 5 mM. If the buffersalt concentration was greater than 100 ffiM, spermjd'i ne
was added to a final concentration of t0 mM.

I



Tabl e 2-B

Loci detected by the VK series of probes

Probe name Locus

VK7

vK9

vK l0

VKI 1

VKI 4

vK16

VK17

VKIS

vKz I

vK23

vK2 4

vKz 5

vK29

VK34

VK3 7

vK4 r

uK47

DXS288

DXS289

DXS29O

DXS29I

DXS292

DXS293

DXS294

DXS295

DXS296

pxs297

DXS298

DXS299

DXS300

DX53OI

DXS3O2

DXS3 I O

DXS288



Table 2-C.
prãUe ñar., locus name, location, source, and reference for probes used in the study'

Probe Locu s Locat'i on Source Reference

RC8
p7 54
Ll .28
p58. 1

pDP34
Al3 - Rl
p43-I5
pX45d
pHPT30
524
cX38. t
pVIII
cX55. 7

4D-8
RN1
pc2S I 5
u6.2
1A1.1
pl 14. 12
pKSB

l4N 12
sil4-l

DXS9
DXS84
DXST
DXSl4
DXYSl
DXS87
DXS42
DXSIOO
HPRT
DXS5I
DXSl02
F9
DXSl05
DXS98
DXS369
IDS
DXS3O4
DX5374
F8C
G6PD

DXS33
DXS52

Xp22
Xp21.t-Xp2l.2
Xpl I .3
Xpll-cen
Xql3-Xq21.1
Xq?l-q24
Xq?4
Xq25
Xq26
Xq26. 2-q26.3
Xq26. 2-q27 .t
Xq26.3-q27 .l
Xq27.l-q27 .2
Xq27.2
Xq27.2-q27.3
Xq28
Xq28
Xq28
Xq28
Xq28
Xq28
Xq28

KE Dav'ies, 0xford
PL Pearson , Le'i den
PL Pearson, Leiden
L Kunkel, Boston
DC Page, Cambridge MA

ATCC

ATCC
BN Whjte, Kìngston
CT Caskey, Houston
*
*
G Brownlee, 0xford
l4H Hofker, Leìden
RL Nussbaum, Houston
BA Oostra, Rotterdam
PJ l^l'i'l son, Adel ai de
N Dahl , Uppsal a
KE Dav'ies, Oxford
*
*
*
JL Mandel, Strasbourg

Dav'ies et al . 1983
Hofker et al. 1985
Bakker et al. 1983
Kidd et al. 1989
Kidd et al. 1989
Kidd et a'ì . 1989
Kidd et al. 1989
Mul I i gan et al . 1985
K'idd et al . 1989
Kidd et al. 1989
K'idd et al . 1989
Kidd et al. 1989
Hofker et al. 1987
Boggs & Nussbaum, 1984
0ostra BA et al. 1990
l,l'il son PJ et al . 1990
Dahl et al. 1989
Patterson et al. 1989
K'idd et al . 1989
Kidd et al. 1989
Patterson et al. 1987a
Oberl e et al . 1985

The probes are I'isted ' n order down the X chromosome- (Keats et a-ì '
ì l- í..i"nt.á regardi ng the 19.'i 'indi cated (*) . _ Data regardì ng
'ì'iteratur. or ptÑided'by a collaborator. (ATCC = American Type Cu'l

1989; Mandel et al. I9B9). In chapter 4 data
these I ocì were e'ither derived from the

ture Collectìon).
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the size markers (0gden & Adams 1982). Ethjdjum bromide .i 

s

mutageni c and appropri ate precauti ons rvere taken. The DNA was

transferred from the gel to a nylon filter (Gene Screen plus,

Dupont) by Southern bl otti ng (Southern 1975) .

DNA probes were radio-labelled by random primer extens.i on

(Feinberg & vogeìstein 1983) or nick translocat'ion (Rigby et

al. lg77) to'i ncorporate 32p-dcrp (Amersham kits and 32p-dcrp

Fmct/mll). The vK probes contajned repeated DNA sequences.

To reduce the non-specifìc hybridization of these radio-
I abel I ed sequences, the vK probes were pre-reassocj ated wj th

an excess of unl abel I ed human pì acental DNA (seaì ey et al .

1985) after radi o-l abeì ì ì ng.

Pre- reassoci ati on of I abel I ed DNA probes. zs ng of human

pl acental DNA (si gna) was di ss ol ved i n z0 nl of I0 nM

TrisHCl/ 0.1 nll EDTA, stood in ice, and sonicated for 30

seconds. The resul ti ng DNA fragnents were approxínatel y

a ki I obase I ong. The DNA rr'as boi I ed gentl y f or is ni n.

i n a ni crowave oven, cool ed, and preci pi tated wi th

ethanol . The DNA ras resuspended ín j0 nl,r rrísHCr/ 0.1

nM EDTA at a concentratíon of Z0 ng/nl.

100 ng of radiolabelled probe was nade up to a vorune of

25 ul with 10 nl| TrisHCL/ 0.1 nl,l EDTA; S0 ul of the

sonicated DNA and 25 ul of Z0xSSC (3'il NaCl/ 0.45 M Na

ci trate) were added, ni xed, and the sol uti on boi t ed for
10 ni n. The so /utí on h/as chi I I ed on i ce f or 1 mi n,
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placed in a water bath at 6soc for I0 ninutes, and added

to warn hybridization sorution. The radiot abelled
ní xture was ni xed vi gorousl y, al I owed to de-gas, and

added to a bag contai ni ng the prehybridi zed nyl on

filter.

In some jnstances, unincorporated radjolabelled nucleotides
were removed from the DNA probe wi th Genecl ean (Bi o I0l Inc;
vogelstein & Gilìespie rgrg)2. All 3?-p radjat.ion work r,¿as

performed accord j ng to the approprì ate south Austral .i an code

of rad i at j on s afety.

Nyì on fi I ters were wetted wj th 5xssc and then prehybri dj zed

w'ith 5xssc/ 50% formamide/ t% sDs/ 7o% dextran/ 0.t ng/m1

sonicated denatured salmon sperm DNA (Sigma) at 4zoc for t

hour (protocol developed by Dr pv Neì son, Adel aide). The

rad'i o-l abel I ed probe was heat-denatured (or pre-reassoci ated)

and added directly to the prehybrjdizat'i on solution. The

nylon filters were hybridized at 4zoc overnight wjth gentìe

agìtation. They were then washed jn 2xssc/ o.s% sDs and then
'in 0. lxssc/ 0.1% sDS f or 30 mi nutes each at 650c. The washed

fi I ters were exposed to x-0mat fj r m (Kodak) (wi th an

i ntens ì fyi ng screen) at -loo c for I - r4 days. The nyl on

2-3 vol umes of saturated NaI was added to the DNAsolutjon. 5 ul of well-mjxed GlassMilk u,as added,mjxed, ând allowed to stand for-T-mìifües in which
t i me the DNA bound to the gì as s beads . The beadswere washed wel I wjth an excess of cold NaCl/ethanol/ v'later, and the DNA eluted w.i th l0 miul
Tri sHCl / 0. I mM tDTA at 650C.

2



Ch. 2 - l,lateri al & nethods. p

filters hrere then stripped of the rad'iolabeiled probe by

washing jn 0.4 M NaOH for 30 min at 4zoc, ârìd then in o.z M

' TrjsHC'l/ 0.1% SDS/ 0.1xSSC for 30 mjn at 4ZoC.

SUBCLONING OF VK PROBES

Pre-reassocì at'ion of the vK probes was ef f ecti ve i n reducì ng

the non-specific hybrjdjzation of repeated sequences when

probìng the somatjc cell hybrid ljnes. However it was less
ef f ectì ve when prob'i ng lymphocyte DNA, and rva.s not rel i abl e

when screeni ng many DNA sampì es for RFLps. Therefore, f€peat-
free fragments of the vK probes wh i ch detected I oc i cl ose to
FRAXA were subcl oned to al I ow rapid screen.i ng f or RFLps.

Fragments of the vK clones that contained unique DNA

sequences had been j dent j f i ed by Dr vJ Hyì and (Adel a.ide,

S.A.) . Repeat-free fragments of VK2l and VK23 þrere subcl oned

into the multiple c'l oning sites of the pìasmids pBR32g

(Soberon et al . 1980) or puclg (vjej ra & Messing l982). 0ne

probe remote from FRAXA, vK17, wâs subcloned .i nto puclg

(suthers et al . 1988c IAppend'ix D] ). vKl6 and vKlB brere

subcloned by J Nancarrow (Ade1 aìde, s.A.). To subclone a

speci fi c repeat-free fragment, the j ntact vK probe was

dìgested with the appropriate combjnat.ion of enzymes and all
the fragments were cl oned j nto a cut de-phosphoryl ated

pì asm'id. Mi ni -preparat'i ons of DNA rvere made f rom lz-24
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subclones. The subclone containing the -i nsert of the correct
size was ident'i fied by digesting the plasmid DNA with the
approprìate restriction endonuclease and determining the size
of the i nserts by gel el ectrophores i s. Al I recomb.i nant DNA

work was carri ed out i n accordance wi th the code of pract.ice
requ ì red by the Nat i onal Heal th and Med'i cal Research Counc.i I .

c A n VE 3 25 ug

of the pl asni d h/as di gested overni ght wi th a se I ected

resúriction endonucl ease (EcoRI, HindIII, or satl),
singly or in conbinatíon, using the specified buffer.
The reacti on ni xture ras then nade up to 50 nM Tri sHCt /
0.1 nl'l EDTA and incubated with s00 units (25 ut) of calf
alkalíne phosphatase (Boehringer llannhein) at 3zoc for I
hour. Proúei nase K h/as added to a concentratí on of 0.1

ng/nl, and the nixture incubated at 3zoc for t hour. The

DNA was extracted with phenot /chl orofornt prêci pi tated
wi th ethanol , and resu spended i n zs ul of l0 nll rri sHCl /
0.1 ml,l EDTA.

1 ug each of the prepared vector and the digesúed DNA

fragnents were heated sepa rater y at 6soc for l0 ni nutes,
and then nixed with I ígase buffer (IBI) in a total
volune of 200 ul . 1-z units of r4 /r'gase (IBI) were

added, and the ni xture i ncubated at 4oc overni ght . The
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I i gati on reactí on was

concentration of 25 nl'l .

5úrains of E. coli ( strai n Jl,l83 f or ptlC vectors; NEK f or
pBR vectors) were nade conpetent for transfornati on

usi ng the protocol of Hanahan ( igg3) . cet t s were grown

in liquid nedia to an optícal density (0DOSO) of 0.2.
The cel I s were chí I I ed on i ce for z0 ni nutes, pet t eted,
and washed in 0.1 l,l l4gS04, wâshed in 0.j l,l CaCl2,

suspended in 0.11,1 CaCl 2/ 202 gl ycerol ,

at -70oC.aliquots of 200 ul

Prior to transfornation, the cells were thawed on íce.
The DNA I i gati on ní xture ras warned at 6soc for J0

ni nutes , snap chi I I ed , and z0 ul ras added to the ce / I s.

After 30 ninutes on ice, the cells h/ere ,heat-shocked,

at 420c for 2 ninutes, chitted on ice, and then added to
1 nl of Luri a broth. The cel I s were i ncubated for 3

hours at 37oc, pêl t eted, and sneared onto an agar pl ate

containíng anpicillin (50 ug/nl). Aliquots of cells þtere

aiso transforned with the intact plasnid or with the

unl igated pl asnid preparatíon to act as positive and

negati ve control s respecti vel y for the transfornati on.

cel I col oni es contai ni ng puc vectors wi th i nserts were

selected on the basi s of anpicittin resi súance and blue

col or change i n the presence of x-gat (Jendrisak et al .

Ch. 2. l4ateri al & nethods. p. ls
stopped wi th EDTA at a

and stored i n



1987 ) added to the agar.

vectors wi th i nserts were

anpicillin resi stance and

sensitivíty.
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Cell colonies containíng pBR

seTected on the ôasi s of
tetracycl i ne ( l2. S ug/nt )
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Rapid snal / sca/e preparations of pl asnid DNA were

obtai ned usí ng the 'Gene cl ean' nethod (Bi o 101, I nc. ) .

A bacteri al col ony h/as sneared on to a quarter of a l0
cn agar/anpicillin plate, and incubated at 37oC

overnight. The cells were scraped off the agar and

washed in 10 nll rrisHCl/ 0.r nM EDTA. The pellet of
cells h/as incubated on ice in a níxture of g% sucrose,/

5% Triton x-100/ 50 ntt rrisHCI/ snþt EDTA and 0.s ng of
I ysozyne. The tube was then pl aced i n boi t i ng water for
2 minutes and spun at 10000G at 40c for is nínutes. The

supernatant Has renoved and the DNA extracted usi ng the

Gene Cl ean procedure.

IDENTI FICATION OF RFLPs

There are many restriction endonucleases that could be used

when searchi ng for an RFLp at a partj cul ar I ocus. some

endonucl eases have recogn ì t i on s j tes that are more prone to
poìymorph'i c variation than others (cooper & schm.idtke l9g4),
and 'it woul d be more ef f ì ci ent to i ni ti ate a search f or RFLps

wi th these enzymes . Theoret i cal model s f or pred j ct.i ng the
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rel ati ve ef f i c'ienci es of di f f erent enzymes f or detectì ng

RFLPs have been suggested (Bìshop et al. 1993; t.ljjsman 1984).

The predi cted orderi ng of restri cti on endonucl eases j n terms

of their relative efficiency'i s simjlar to that observed jn

practi ce (Devor 1988) .

The search f or an RFLP rvas 'i ni ti ated wi th the Lz enzymes most
'l ìkeìy to detect an RFLP i.e. TaqI, MspI, EcoRI, HindlII,
PvuII, BqlII, PstI, BamHI, Sau3A, SacI, HjncII, and RsaI. For

each enzyme, DNA sampì es from three normal women and three

fragile X carriers were pooìed in one ger track (12 x

chromosomes in all), and DNA from a normal male was pìaced .i 
n

an adjacent track. Any di fference i n the pattern of genomì c

DNA f ragments j n the poo'l ed versus the hemì zygous samp'l e

indicated a possible RFLP. As onìy two I anes rvere used for
each enzyme i t was possi bl e to screen for RFLps wi th lz
enzymes usi ng just two 12-l ane ge'l s. Thì s method has been

described (Rousseau et al. 1990). t.lith a total of l3 x

chromosomes being surveyed with each enzyme, there was an g5%

probabiìity of detecting a two-allele RFLp with a rare allele
frequency of 0.15 or greater (Aìdridge et al. I984).

The s i ze of genomi c DNA fragments detected by DNA probes hras

estimated with the program DNASIzE (l i sted in Appendix A).

This program estimated the size of an unknown DNA fragment by

comparing its posjt'i on jn an agarose gel with the positjons
of standard DNA si ze markers.

77



Ch. 2. Materi al & nethods. p. IB

LINKAGE ANALYSIS Impl ementat i on

The LINKAGE programs (version s) (Lathrop et al. 1994, 19g5;

Lathrop & Lal ouel 1988) were generousìy provi ded by Dr Jurg

0tt of columbia university. The programs are wrjtten jn

Turbo-Pascal versìon 5 (Borland International Inc.) and run

on an IBM-AT compatible personaì computer. The steps involved
in establishìng these programs are detailed below.

om e s

The computer was a NEC Powermate IV operati ng under MS-D0s.

The computer had 640K of core memory, a z0 Mb hard dìsc,
80287 numerical co-processor, âhd 5lzK of extended memory.

The operating system (D0s) l'imited the amount of memory that
could be used by the programs. Insuffìcjent memory

occasiona'l ìy caused a LINKAGE program to crash while runnìng

wjth the error message "Heap/stack overflow', or', Insuffjcjent
memory" (or simì'l ar). This prob'l em was overcome in 4 ways:

I . Unnecessary programs were removed from memory.

2. The number of pedigrees be'i ng stud'i ed was reduced

to a minimum, oF the I inkage study was broken into
parts ( LINKMAP resul ts from separate runs can be

combi ned subsequently; see Chapter I ) .

3. Al I real vari abl es were reduced from 'extended
precision' to 'double precision, or to ,sìngle
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preci s'i on' 'i n the StIITCHES. pAS f i I e; thi s reduced

the memory requ'i red to store real numbers but the

accuracy of the ana'lysìs t,Jas reduced.

5l2K of extended memory was i nstal I ed i n the

computer. The L INKAGE programs were then comp i I ed

to overì ay f i I es as detai I ed j n 0tt,s notes for
L INKAGE vers'ion 5.03. The overl ay f i I es were pl aced

on a RAM0ISC i n the extended memory as detai I ed .i 
n

the DOs manual . (It would be possìble to install
some enhanced memory with an EMS driver. This would

provide even more memory for the LINKAGE programs

but i s reported to be sl ow. )

Programs

The LINKAGE package cons'i sts of 9 programs f or anaìyzi ng

generaì pedigrees of arbitrary structure. There are also
mod'i fied fast versjons of these programs for anaìyzing the

CEPH pedigrees.

The programs f or use wi th genera'l ped i grees are:

1. PREPLINK. Thi s was used to create a datafi I e which

conta'i ned 'i nf ormati on about the I ocì bei ng studi ed.

2 PEDP0INT. This modif ied the l'i st of pedigree data

and genotypes in the infjle and wrote a nebr

pedfi I e. The program MAKEPED was suppl j ed and was
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meant to do the same task,

llaterí al &

but it was not

uNKN0t.lN took the datafi I e and pedfi ì e, checked for
data i nconsi stenci es, and i nferred unknown

genotypes.

L0Dsc0RE took the output of UNKN0t,lN and cal cul ated

two-poi nt I odscores between paì rs of I oci . L0Dsc0RE

bJas used to check the recomb'i nat'ion fractions
between al I pai rs of I oci before movi ng on to more

compì ex analyses.

LINKMAP took the output from uNKN0t.lN and estimated
the most ìikeìy position of an unknown locus on a

known genet'i c map. Thi s was the most appropri ate
program to use for I ocaì ì zì ng a di sease gene on the

human gene map.

I LINK took the output from uNKN0wN and cal cul ated

the I i kel 'i hood of a gi ven I ocus order. It was used

to determi ne the probabl e order and recombi nat i on

fract i ons for a number of un known I oc i .

MLINK was used to cal cul ate the I od score for a

g'iven recombination fractjon between two locj (e.g.
for preparì ng a L0D score tabl e) and for rj sk

ana'lysis.

LINKAGE C0NTR0L PR0cRAM (LCp) prov.ided an easy

envi ronment for usi ng programs 3-7 .

nethods. p

rel i abl e.

BO

3

4

5

6

7

I
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PR0GRAM ( LRP) took the rather
from the LINKAGE programs and

more comprehens i bl e form.

B1

9 LINKAGE REPORT

obscure output

summarized it in

when anaìyzi ng the cEpH pedigrees, the cEpH data base

programs effecti veìy did the work of pREpLINK and pEDp0INT.

unf ortunate'ly, the dataf j I e prepared by the cEpH data base

programs was not correct: it correct'ly specjfied that the

mutation rate in males was zero4, but djd not specify the

female mutation rate. This value (0.0) was added manuaìly to
I i ne 2 of the data fi I e. The programs cFAcr0R and c INFER

rep'l aced the program UNKN0t,lN for ctpH anaìyses. The programs

cL0DSc0RE, cMAP, âñd cILINK repì aced L0DSc0RE, LINKMAp, and

I LINK respecti veìy for cEpH analyses. The Lì nkage control
Program and Li nkage Report program control I ed al I the cEpH

anal ys'is programs.

Compilation

The LINKAGE programs were suppl'ied jn both compiled and non-

compiled versions. In vjew of the computer memory constraints
and the size of the anaìyses done during this project, it lvas

necessary to compi ì e the programs speci fj caì ly for each

anaìysi s. The compi I er used was Turbo-pascal versj on 5

(Borland Internationaì). This compiler was presented in two

formats. 0ne format provided a 'user-frjendìy, screen of

4 The CEPH
I i nkage
mutation

an aì ys ì s programs
relat'ionsh'ips of
'i n either sex.

are designed
co-domi nant

to ana'lyze
loci with

the
n0



Ch. 2. Materi al & nethods. p

menus and advice. The second format (Tpc: a command-line

compjler) was more cryptìc but used less memory. It was

possjble to compi'le ìarger programs wjth the command-lìne

comp'i ler than wjth the 'user-friendìy' compiler. All the

LINKAGE programs had to be compjled with the command-l ine

compiler

In compiling the LINKAGE programs for general pedìgrees, two

files needed to be modified, SWITcHES.pAS and LINKAcEc.pAS.

The various options ava'ilable in these two files are detailed
'i n 0tt's notes to Vers i on 5.03.

B2

St,liTCHtS. PAS was used

programs (5-7 above).

as f o'l I ows:

comp'i ì i ng

St.lITCHES. PAS

3 main LINKAGE

options were set

in the

theFor

($orFINt

($O¡FINE

($o-1

($H+¡

{$r-1

ì i nkmap)

doub'l e)

(Program name; ml j nk or 'l i nkmap or j I j nk)

{Precisìon; singìe, double, or extended}

{0verì ays; + or - )

(Use numeri c coprocessor; + or -)
{Emul ate coprocessor; + or -}

In Turbo Pasca'l , brackets ( ) are used to jndjcate either a

comment or a critical command for the compiler. ( DEFINE

) is a comment for the programmer,s benefit; i$O¡FINE

) is a compiler d'i rective. If the'$, t{as in the wrong

pìace the programs rvouldn't compiìe correctly. The program to
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be compiled had to be 'identif ied in the f irst I jne. If the
program was to be compiled to overlay fìles (ì.e. ($O+¡ ¡ the

overìay path in the corresponding program (e.g.LINKMAp.pAs)

had to be altered to read:

ovr i n i t ('E: \L INKMAp.0VR, ) ;

where E was the di sc name for the RAMDISC.

LINKAGEC. PAS was used to compì ì e uNKN0t.lN j n addÍ tj on to the

three mai n programs. It I'i sted the constants that woul d be

used by the programs. Ideal ìy the constants shoul d be set as

low as possible. Many of these constants are used to
determi ne the s'i ze of arrays used by the programs. I f a

constant was set too ì ow, the L INKAGE programs crashed wì th

the error message "Array subscrì pt out of range" (or

sim'i ìar). somet jmes it was poss'i ble to use the Turbo pascal

comp ì I er to determi ne wh i ch array constant was too smal I .

However it was difficult to track errors due to low values of
MAXNEED or MAXcENS0R. I f the constants were set too h i gh

there was insufficjent memory to compììe the program. (Turbo

Pascal I i mi ts the amount of memory avai I abl e to al I arrays j n

a program; this is a Turbo Pascal I imitation, not a DOs

problem, and cannot be resolved by adding more memory). In
practice, if us'i ng LINKMAP the analysis was I jmited to about

6 two-allele loci jn approxìmate'ly l0 fam.i lies.

B3

The f ol I owi ng val ues were j n.it i al I y

maxneed=2000 ; {MAX I MUM NUMBER

used for the constants:

OF RECOMBINATION



maXcensor=500;

maxl oop= i ;

scale=1.0;

scal emul t=2.0;

f i tmodel =FALSE;
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(MAXTMUM F0R CENS0RTNG ARRAY)

{MAXIMUM NUMBER 0F L00pS; must be >0}

{scALE FACT0R}

{scALE t,lETcHT F0R EACH L0CUS TNCLUDED}

{TRUE I F ESTIMATING PARAMETERS OTHER THAN

5.03

{STRtAM FILE 0UTPUT; essenti al for LCp &

; {GIVE LIKELIHOODS BY FAMILYi

{DESCRI PTION OF PATH THROUGH FAMI L I ES;

i nd j cated where the program bras j n the

anaìysì s, and showed j f the program was

stuck at some error. However, feedback

slowed the analysìs )
findlost=FALSE;

[.lhen comp'i ling the cEpH ana'lysÍs programs the files sWTHG.pas

and THGc.pas rep'l aced St.lITcHES and LINKAGEc respectìvely. The

s[.lTHG f i l e contai ned a spec'i a'l compi l er di rect.i ve that
indicated whether the ana'lysi s would deal with x-l inked or
autosomal data. The cEpH programs were much more effi c i ent i n

the use of memory, and could handle many more alleles and

I oci than the genera'l programs.

dostF€âlll=TRUE;

LRPi byfamiìy=TRUE

feedback=TRUE;

Coding data

0tt has outl'ined the coding convent.ions jn his versjon
documentat i on and i n the more extens i ve documentat i on

accompan'ied earl'ier vers jons of LINKAGE.

that
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There are a number of ways of defì ni ng I oci for LINKAGE

anaìysis. A co-dominant RFLp gives .information about a

person's genotype at a l ocus . There are two ways of defì n i ng

genotypes for LINKAGE anaìysis: either as a series of l,s and

0's (binary factor system) or as allele numbers. Either
system may be used but jt was essential that the same system

be used for the RFLp 'i n the infile and the datafile. The

bi nary factor system rvas used for codj ng RFLps i n both the
CEPH and fragi'l e X pedìgrees.

There are f our ways of def i ni ng a d.i sease I ocus. If a

genotype can be confì dentì y i nferred from the phenotype ( i . e.

no mutat i on, rìo homozygous affected peopì e, and penetrance of
I .0) then the di sease I ocus coul d be coded as a genotype

usìng binary factors or allele numbers. However, in the
fragile x syndrome it js usua'l ly not possjble to be certain
about a person's genotype i f they are phenotyp i caì ì y normal .

It is possible to code a disease locus as a phenotype and let
the LINKAGE programs i nfer the probabl e geno type/ s and

incorporate that ìn the ana'lys'i s. phenotypes can be coded as

affection status or as a quantitative trait. codjng the
fragììe x as affection status was the appropriate method as

i t was poss i bl e to make al I owance for the penetrance of the
condition. It is also possible to specìfy different
penetrance val ues for dj fferent groups of peop'l e (descri bed

as djfferent ljab'i ìity classes). This .i s important jn risk
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syndrome ( see beì ow)

of'FRAXA.

& nethods. p

but was not

B6

anaìyses jn the fragiìe X

utilized in mappìng studies

Usino LINKMAP an CMA P

Th i s was the most appropri ate program to use when mappi ng a

new I ocus on a known genetì c map. The background map had to
be rel iable and to have been generated using different data5.
Publ i shed maps and the output from the Lì nkage Report program

gìve the distance between loci 'i n cM (centìmorgans). However

the ì i nkage programs do al I the cal cul ati ons w.ith
recomb'i nati on fractì ons, and the Li nkage control program

requests the recombinat'ion fractions between loci. As

mentioned in chapter l, there are a number of mappìng

f unct'ions that describe the rel ationsh.i p between genetìc
distance and recombination fract.ions, and they are not
ìnterchangeable. The various funct.ions make different
assumptions about interference and inconsistent use wouid
gi ve wrong resul ts (Keats et al . l9g9) . LINKMAp made no

al I owance for i nterference, and Hal dane, s mapp i ng funct j on

(whi ch al so makes no al I owance for i nterference) was the most

appropri ate funct i on to use. The program il0RGAN was wri tten

5 Th. precision of a localization determined by LINKMApis ,to a 'l.arge extent governed by the accuraðy of the
9l.tgro.und_ genetic .map (Suthers & t.ljlson iögol. Ifthere is I ittle .ind_epend'ent evidence to suppori thebackground map, the locarization determ.ined uy'LINKMAp
may be far less precise than it appears. If there isnot a reliable background genetic map available, it
woul d be more appropri ate to use thä program I L INK
wh i ch makes no assumpt'ions about the 'poil ti ons ofnearby loci.



fo r convert j ng recomb i nat i on

using the mapping funct.ions

A).
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to genetic distances

and Kosambi (Appendix

ch. 2.

fractions
of Haldane

B7

The output from LINKMAp consists of a series of paìred data-
poi nts (genetì c I ocati on and I ocati on score) that must be

pìotted for interpretation. A simple pìottìng program, pL0T

(Appendi x A) , was wri tten to pì ot these poi nts on the
computer screen, thus speeding evaluation of the resu'l ts.

Usinq ILINK and CILINK

ILINK and cILINK calculated the I ikel.i hood of a given order
of loci and the best estimates of the recombìnation
fractions. The likeljhood was expressed either as a

transformed Iikelihood
(-2ìnilikelihoodl) or as 0tt,s Generalized L0D score. The

di fference i n the I i kel i hood of two genetì c scenari os (e.g.
di fferent orders of I oci ) was lo raj sed to the power of the
d i fference i n the General i zed LOD score val ues . It was

usuaììy not possible to give a p-value for the djfference in
I ikel ìhoods. However, if the two scenarios be-ing compared had
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the same order of Ioci and one scenario could be'nested,6 in
the other, then the d i fference i n the two transformed
likelihood values [-2ln(likeljhood)] could be treated as a x2

value. The degrees of freedom is the djfference ìn the number

of parameters al I owed to vary i n the two model s (Mendenhal I

et al. 1986, p. 431). A fjxed modet (e.g. all recombinatjon
fractions specified) has no varyìng parameters. An example of
thjs is given in Chapter l.

The Li nkage Report Program i nterpreted the output of ILINK or

cILINK, ind'icated jf the analysis h,as val jd, ârìd calcul ated

the relative likelihoods of different locus orders. If the

anaìysis was not val id, L'i nkage Report program d jd not

indicate why, nor how the probìem might be rect.i fied. The

file FINAL.out listed the 'exit condition, for each run of
the program:

The crypti c Íxessage 'spec if i ed tol erance on nornat i zed

gradi ent net' neant that the i teratí ve process at the

heart of the progran was conpl eted succes sful t y.

That is, i n conparí ng two nodel s the nodel s nusthave the sa/ne order of I ocí and one nodel nustcontain all the variable and fixed paraneúers (í.e.
reconbí nati on f racti ons , ndl e: fenai e reconbi nàti onrati o .etc. ) of the other. For exanpl e, i f a
reconbí natí on fracti on i s estinated i n' one nodeland fi xed i n the other, the fi xed paraneter i sconsidered as 'nested, within th'e estinated
p-aran.eter as the estinated value could equal thefixed value. Hence, the difference- in tik'elihoodsof the two nodel s nay be gi ven a p-val ue. However,if the reconbi nati on fracti on i s fi xed at differenLvalues in both nodels, the two paraneúers are notnested, and the two nodels can only be conpared ínterns of relatíve likelihtods.

BB
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The nessage 'llaxinun poss i bl e accttracy reached'

i ndí cated that the preci sí on of the real nunbers was not

sufficient to allow a conclusion to be drawn. If the

prograns were re-conpiled with increased precision of
real nunbers las detai I ed above) , a repeat anal ysi s Has

often successfu 7 .

Eefore running ILINK or cILINK, it Has necessary to

specify initial values of the reconbination fractions.
If the i nití al val ues were too renoved fron the true
val ues, an accunul ati on of roundi ng error prevented

accurate estinati on of the reconbi nati on fracti ons. The

progran woul d hal t at that poi nt, and 7 i st the current
estinaúes of the recombination f ractions and the,ressage

'Accunul ati on of roundi ng error prevents further
progress' . If the progran tyas rerun usi ng those

estr'øates of the reconbination fractions as ínitial
val ues, the anal ysi s could be conpt eted succe ssful I y.

ILINK and cILINK djd not support the inclusjon of
'i nterf erence i n the ana'lys i s i f there were more than three

loci. Every multipoìnt anaìysis performed during thìs project
involved data at four or more locj, and interference was not

considered.
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Normal (CEPH) Ped i grees

In addit'ion to providing DNA sampres from 4o three-generatìon
pedigrees, cEPH provided a database of genotypes at over go0

loci and associated software (Dausset et al . 1990). The

computer programs prov'ided by cEpH h,ere wr.i tten in the
ìanguage tC', and did not require modjfication.

In the course of thj s project, the fami I i es were genotyped at
three add'i t jonal poìymorphìc ìoci, DXSz96 (vK2t), DXSz97

(vK23), and IDs (pczsl5) . The genotyp'i ng of the cEpH

pedi grees was performed by HM Kozman and J Mccure under the

candidate's direction. As the database d.id not contain a

compl ete I i stì ng of genotypes at other I oci near FRAXA,

further cEPH genotypes at fi ve I oc i near FRAXA were obta i ned

from Dr I 0berle (Strasbourg).

Two programs were written to mjnimize data entry errors and

to aid ana'lysi s of thi s data (Appendix A) . The program

TEI'IPLATE prov'ided standard ì j st.i ngs of pedigree numbers,

individual identification numbers, and DNA sample numbers for
use when making Southern bìots of cEpH ped.igree DNA. Th.i s

order tvas stored in the computer so that new genotypes could

be entered into the database in the same order jn which they

were read from the autorad j ograph .



Ch. 2. l,lateri al & nethods. p

Some of the poì ymorph i c I oci i n the cEpH database coul d be

defi ned by a number of RFLps i . e. one DNA probe woul d detect
different RFLPs in genomic DNA sampìes digested w.ith
different restrict'ion endonucleases. In genetic terms, these
RFLPs are at the same location, and linkage anaìysis of these
loci would be simpl ifìed if all the RFLp data at a locus
could be condensed or merged to a singìe pair of alleles for
each indjvidual. cEpH provjded a program HApL0 that was

designed to perform th'i s condens'i ng operation. However, this
program was found to be unrel i abl e. Fi ve of the n i ne

po'lymorphic locj mapped'i n the cEpH pedigrees (chapter s) had

more than one RFLP. The RFLP data at these loci vras condensed

by hand prior to the analys-i s.

The cEPH software al so i ncl uded a program for drawi ng s i mpì e

three-generation pedigrees with specjfl'ed genotypes listed
under each Í ndi vi dual . The phase of the al I el es was not
i ndj cated, ând i t was dj ffj cul t to check the data and

identify recombination events by hand. The program xpHAsE was

written to perform two functions. It checked the data to
ensure that there were no j ncons'i stent genotypes. The program

then examj ned the paternaì and maternal grandfather, s

genotypes and i nferred the phase of x-l i nked I oci throughout
the pedìgree. These phase-known data could then be printed
using the cEPH pedigree-plotting program, and recombinat.ion

events could be readily identjfied (Appendix B).
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LINKAGE ANALYSIS Fragile X pedigrees

The 35 f ragì ì e x ped'igrees had been genotyped by Dr J Muì ì ey

at the po'lymorphìc loc'i F9, DXSl05, DXS9B, and DXs5z. These

ped ì grees were genotyped at three add'it i onal pol ymorph ì c

loci, DXS296 (VK21), DXS297 (VK23), and IDS (pc2Sl5), by the

candi date. As af f ected 'i ndi v'idual s w'ith no af f ected rel at'i ves

could represent new mutations (sherman et al. lggB),
pedìgrees wjth a singie affected indjvjdual were excl uded

f rom the an a'lys i s .

To m'i nim'i ze errors during data entry and manipulatìon, all
genotypes were entered i nto a computeri zed database. Fragì ì e

X pedìgrees were pìotted w'ith genotypes l'i sted below each

jndividual by combining this database wjth a general purpose

pedigree p'l otting program, TEXTpED (provided by Dr M

Badz'ioch, Houston) (Appendix C).

The genotypes at DXs296 and nearby I ocj i n a furthe r 7l
fragììe X pedigrees were obtajned on a collaborative basjs

f rom other centers . The col I aborat'ion was i n.i t ì ated and

arranged by the candjdate. The basis on whjch the pedìgrees

were sel ected i s presented i n Chapter 6. The col I aborators

and the number of ped'igrees provjded by each group are listed
in Appendix C.
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In sett'i ng parameters such as FRAXA al I el e f requency and

mutat i on rate, the data of Sherman et al . ( I gg5, I 9gg) were

chosen. The allele frequency þras 0.0006, and the mutation
rate $ras 0.00024 in males and 0.00049 ìn femaìes. wjth regard

to penetrance f i gures , two strateg'i es have been used . The

fjrst strategy bJas to use a single penetrance figure for each

sex wh i ch j gnores maternal i ntel I ectual status. As detaj I ed

i n chapter l, the penetrance f ì gures f or mental retardat.ion
are 0.79 in males and 0.32 in females in this situation
(sherman et al. 1985). However carriers may express the

fragììe x wjthout being mental'ly retarded. More carrjers
woul d be j denti fi ed i f the penetrance fì gures were based on

the presence of mental retardat j on or f ragi I e x express.i on.

If the maternal jntellectual status js ignored, these
penetrance val ues are 0.79 j n mal es and 0.56 i n femal es

(Muiìey & Sutherland 1987).

The second approach has been to specify different penetrance

fìgures according to the mother's'intellectual status (Mulìey

& sutherland 1987). The critical difference jn these two

approaches is that the second approach specjfies a penetrance

of 1.0 for the sons of mentaì ìy retarded femal es. In I i nkage

studies involving many fragi'l e x pedigrees from varìous

sources there 'is a danger of incorrectìy specifying a carrjer
as retarded. If thi s happens, the penetrance among her sons

will be incorrectìy high and the recombjnatjon fraction wìll
be over-estimated (c'l erget-Darpoux et al . 1996) . For th j s
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reason the intellectua'l status of the mother was ignored when

specìfying the penetrance parameters. If pedigree data
indicated that an apparentiy normar individual of either sex

v'ras an obì igate carrier, that .ind jvidual was coded as

affected for the lìnkage anaìysìs.

It was not possjble to anaryze all the fragiìe X pedigrees
simultaneousìy with the program LINKMAp. As ment.ioned above,

LINKMAP was effect'i vely I imited to analyzing 6 loci (i.e.
FRAXA and 5 RFLPs) in 5-t0 pedìgrees. To cjrcumvent thjs
I imitation, each famiìy was analyzed separateìy with LINKMAp

us j ng the same background genetj c map. (The deveì opment of
the genetic map i s presented in chapter 5). The most ì i kely
position of FRAXA on the genetìc map was noted for each

famiìy. The individual sets of multipo.i nt L0D scores were

summed at the corresponding points on the genetic map to
provide an overal I set of mul tì poì nt L0D scores for the
locatjon of FRAXA. Thjs manìpulat.i on of data was managed by a

series of small programs (written by the candidate) which
extracted, tabuì ated, and summed the rel evant f.i gures.

The advantage of thi s approach was that the contri bution of
each fam'i ly to the location of FRAXA could be examjned, and

atypica'l results be checked. It was also possjble to extend

the anaìys'i s to six RFLps. Two polymorphic ìoci, DXS369 and

DXS297, were'located at the same position on the genetic map

(chapter 5). None of the fragììe famil jes used ìn this

94



Ch. 2. 14aterial & nethods. p

mul ti poì nt I i nkage study of FRAXA I ocati on had been genotyped

for RFLPS at both of these I oci . in those fami I i es

informative for the polymorph'i sm at one locus, the other
locus was excluded from the analysis. No.information was lost
by thjs manoeuvre. 0n the contrary, the jnclusjon of another

locus in the ana'lysis increased the informatjon avajlable for
the multipoint anaìysis (Lathrop et al. l9B5). There were l0l
f am'i I ies that were informative at one or more of these six
polymorphic loci, and vlere included in the anaìysis.

HOI'IOGENEITY TESTS

Homogene'i ty of two-poi nt recomb j nat j on f ract j ons .i n both the

cEPH and frag'i le x pedigrees was assessed usjng the H0M0G

package of programs (0tt 1985) . 0ne of the programs j n th j s

package, MTEST, is an implementation of Morton's homogeneity

test (chapter I ) (Morton 1956) . The rati onal e of Morton, s test
i s as fol I ows.

A linkage study is usually perforned under the

assunpti on of I i nkage honogene.íty, i. e. the

reconbi nati on fracti on i n al I the fani / i es bei ng studi ed

is the sa,,re. The likelihood (expressed as toglO) of
there bei ng one reconbi nati on f racti on i n aI r the

f ani 7 ies i s si npl y the peak L|D score i n the poor ed

data. However, i n any I i nkage study the peak LoD score

wi I I occur at a different reconbi nati on fracti on i n each
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fani I y studí ed. Thi s refl ecús the different pedi gree

structures, nunbers of i nf ornative i ndiv.Ìdual s i n each

fanily, and the stochastic nature of reconbínatíon. The

I i kel i hood of each f ani I y haví ng f ts own uní que

reconbi nati on fracti on i s equal to the sun of the peak

LjD scores in each fanily. If there is linkage
honogenei ty i n the sanpl e of fani I i es bei ng studi ed, the

two likelihoods will not be significantty d'ifferent. If
the difference in the two líkelíhoods is transforned to

be -21 n(l i kel i hood difference) , the transforned val ue

nay be treated as a x2 val ue and i ts si gnifí cance

deterníned. The nunber of degrees of freedom i s one /ess

than the nunber of fani I ies.

Morton's úest i s very conservati ve óecause snal I

faniTies add little to the total liketihood values but

do increase the degrees of freedon. In practice, it nay

be diffí cul t to assi gn rel i abl e si gnifi cance val ues to
the difference i n the I i kel i hoods (0tt j9BS, p.jI3;
Ri sch 1988) . The test i s nore val uabl e when conpari ng

groups of fani lies that can be divided príor to the

I i nkage anal ysi s (Chapter 1) . Thi s consti tutes the 'pre-
divided sanple'test of honogeneity. The two riketihoods
are cal cul ated between the groups ra ther than between

the fani / i es, and the degrees of freedon of the

transforned I i kel i hood difference i s one ress than the

nunber of groups.
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MTEST was used to determ'i ne whether there was a s j gn i f j cant
d'i fference'i n the recomb'ination fractions between two locj in
the cEPH pedigrees versus the fragile X pedìgrees (chapter

7).

when testing for heterogeneity of two-point recombination
fract'i ons in the frag'i ìe X ped'igrees, ìmplementat.i ons of
0tt's A-test (0tt 1985) were used. The choi ce of program was

determi ned by the hypothes j s be j ng tested. Ott has

distributed a variety of H0M0G programs, each of whjch

evaluates a different alternative hypothesis e.g. .i s the

recombinatjon fraction 'i n males different to that jn females;

do some f am'i'l 'ies demonstrate I ì nkage and others not; can the

famil ies be djvided into four groups on the basis of the

recombi nati on fracti ons. To avoi d mul ti pl e comparì sons, the

choice of al ternative hypothesi s must be made prior to the

anaìysis. As Brown et al. (1987) had suggested that fragìle x

famil jes could be dìv'ided jnto two groups on the basis of the

F9: FRAXA recombi natj on fracti on, the program H0M0G z was used.

The H0M0G2 program uses maximum ljkel'i hood estimation to
eval uate three hypotheses. The nul I hypothesi s (Ho) i s that
the two loci bejng exam'i ned are unlinked jn all the families
(0=0.50). The next hypothesjs (Hl) js that the two rocj are

linked at the same recombination fraction ìn all the fam'i lies
(e <0.50). The f jnal hypothesis (Hz) is that the famil'ies
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I i nked at di fferent
9B

The transformed val ues of the three I j kel i hoods ( -

2ìn(l'i kelihood)) may be compared using the x2 distribution
w'i th one (Ht vs Ho) or two (Hz vs. Ht) degrees of freedom.

under these cond'itions, the tests are generaì'ly conservative.

The programs H0M0G2 and H0M0G3 were used to perform

mul ti poi nt tests of I i nkage homogeneì ty. In the mul ti poi nt
'l inkage ana'lys'i s of fragi'l e x families (chapter 6), the

I j kel i hood (expressed as a muì ti poj nt L0D score) of FRAXA

bejng located at specific poìnts along a predef.ined genetìc

map had been cal cul ated f or each f amì'ly us i ng the program

LINKMAP. The background genetic map used for thjs ana'lysìs

had been determjned independentìy jn the cEpH families
(chapter 5), and cons'i sted of the I oci DXS9B, DXS369, vK23B,

vK21, IDS, and DXs304. For homogenei ty testì ng, mul tì poì nt

L0D scores were cal cul ated at l0 I ocati ons i n the i nterval
vK23B:vK21 and at 5 locations in each of the other intervals.

In analyzing these data with a muìtipojnt ì inkage homogeneity

test, the null hypothesis (Ho) was that FRAXA was not located

on the geneti c map; H1 was that there þras a sj ngì e I ocati on

for FRAXA on the map; H2 was that the fami I i es coul d be

divided into two or three groups (depending on the program
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used) with different FRAXA locations. t.lhen performjng a

mul tì poì nt test of 'l 'i nkage homogenei ty, the d j f f erences .i 
n

the likelihoods do not have a defined distribution (cìayton
et al. 1988; J. Ott, personaì communication), and

sìgnificance values cannot be assigned to differences in the
I i kel i hoods of the three hypotheses.

ESTII'IATION OF CONFIDENCE INTERVALS IN LINKI'IAP ANALYSES

The program LINKMAP usuaì ly generates a compì ex I i kel.i hood

function for gene location, and th'i s functjon may have two or

more maxima. As detailed'in chapter l, there js no standard

statistical technique for determ'i n'ing a confidence interval
for gene location 'in such a situatjon (Lathrop et aì.19g4).
The "one-L0D-unit-down" method is often app'l ied .i n multipoint
ì inkage ana'lysis but the sign jf icance level of such a

conf j dence j nterval 'i s uncl ear ( Keats et al . l9g9 ) .

computer-jntensjve resampì ing (or 'bootstrap, ) techniques are

becomìng wìdeìy used in situatìons where complex problems

elude formal ana'lyticaì solution (Efron & Tibsh jrani l9g6).
t,l j I son and La scal a ( lg89) have used the resamp'l i ng

methodo'l ogy for determi n i ng conf i dence j nterval s for the

recombi nat'i on fracti ons between a di sease ì ocus and marker

loci, and for determìning the evidence for locus order for
data from a set of nucl ear fami I i es.
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The appì ication of the resampì ìng method for determin.ing an

approximate confidence interval for dìsease gene'l ocation on

a known genet i c map i s descri bed bel ow. Th j s method was

deve'l oped in assocìation with Dr sR l,lilson (A.N.u.,
canberra), and has been published (suthers & tJjIson 1990

IAppendjx D]).

Let D represent the unknown true positìon of the djsease

locus (with respect to an a priori determined origin). 0ne

type of resampi i ng procedure for constructì ng a confj dence

region for D js as follows. From the observed data we have an

estimate of D, å*. The essence of the resampì i ng approach i s

to take a random resampl e from our origi nal data and to
repeat the estimat'ion procedure with this resampìe to obtain
ât*. Thi s resampì i ng procedure j s repeated B times to gì ve

âr*,år*,...,âr*. The sìmplest method of determinìng a

confi dence i nterval j s the 'percentj l e method, ( Efron &

Tibsh'i rani 1986;Hinkley 1988; Dicjccio & Romano lgBB). The

percenti I e method i nterval j s just the j nterval between the

correspond j ng percent j I es of the resamp'l ed d j str j buti on of
d̂*. If B = 49, the approxjmate gB% confidence interval for
gene locatjon is the range of the values. If B = 1000, the

95% confidence interval is the range of 9s% of the locations
centered at the medi an.

There are a number of uJays

performed (l^li I son & La Scal a

j n wh i ch the resampl i ng can be

1989) . The resampl i ng method was
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appl ied in two s'i tuat jons wh.ich each requ jred d jfferent
resampì ì ng strategì es. The mental retardat.ion gene MRXI tvas

mapped to Xpl I (chapter 3) . Here the mul ti poì nt I .i nkage data

was derived from a single pedìgree, and novel resampì ing
strategies had to be empìoyed. In chapter 6, a collaborative
multipoint ljnkage study of FRAXA js described. Th.i s study

inc'l uded data from l0l famiì ies, and a simpler resampì ing

strategy was used.

Resampl inq Strategy in a sjnqle pedjgree

The major difficulty in applying this method to the

multipoint I inkage analysis of a s'i ngle pedigree was to
choose an appropri ate random resampl ì ng protocol . Al though

each meiosìs jn the pedìgree is an independent event, the

information that can be obta'i ned from each me.iosis is
dependent another comp'l ex f actors ( such as ped i gree

structure) that enabl e, sây, phase to be i nferred. An

essent j al poi nt to keep i n mi nd i s that the resampì .i ng

simulatjon should, jmpììcìtìy or expìicìtìy, Sjmulate each

component of vari abi I ì ty. Two di fferent resampl i ng protocol s

were used to determi ne whether the concl us i ons concern i ng the

disease gene locat'ion were robust to the exact form of
resampì ì ng chosen.

The fjrst protocol (Protocol I) was based on a sjmulatjon
method described by Lathrop et al . (1987). For this protocol
the pedigree structure and genotypes for generatìons I and II
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in each resample were the same as in the orìgina'l data. If an

individual in generation II had chirdren then the original
si bshi p i n generati on I I I was randomly resampì ed to create a

sìbsh'i p of the same size for generation III of the resample.

similarly resampìed sibships vrere added to generatjon IV of
the resampl e. In thi s hray each resamp'l e had the same ped.igree

structure as the origìnal data set, and the genotypes within
each sibship jn generations III and IV were randomìy

sel ected.

The second resamplìng protocoì (protocol II) was prompted by

the El ston - Stewart al gori thm ( El ston & stewart I 97 I ) and

expl oi ted the condj ti onal structure of the I i kel i hood

formulation. Each ìndjvidual jn the ped.igree was regarded as

be i ng a branch end and these branch ends were taken to be

'i ndependent for the resampì'i ng. If an jndividual was chosen
jn the resamp'l e hjs parents, grandparents etc. up the tree
were i ncl uded. If two or more i ndi vi dual s had a common

ancestor then the branches were merged. The resampì i ng

stopped once the number of peopìe in the resamp'l e (ìncluding
parents, grandparents etc.) total'l ed 3l (the pedigree s.ize).
us j ng th i s protocol the ped i gree s'i ze was f j xed but the
pedigree structure varied with each resamp'l .i ng.

l.li th both protocol s femal es of unknown carri er status were

i ncl uded and the carri er status of a woman was determj ned by

whether or not she had any affected sons or grandsons jn that
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resampl e. Therefore each resampl e vari ed i n the number of
affected mal es, normal mal es, obì igate carrj er femal es and

femal es of un known carri er status .

The number of resamples taken, B, depends on the form of
^D-d*, arìd wi I I often be at I east lo0 (Hì nkl ey lggg). For the

study descri bed j n chapter 3, l9 resampl es were taken under

each protocoì and then a f urther 30 resamp'les $rere taken. The

quaììtative conclusions rvere not changed by the increase jn
the number of resamp'l es. In vi ew of the considerabl e

comput i ng ì nvol ved there seemed to be no advantage to further
i ncreas i ng the number of resampì es. The resampì i ng of th i s

pedigree was performed by Dr t.ljlson.

The extent of the confidence interval determined w'i th this
approach i s cri ti cal ly dependent on the background geneti c

map used for the LINKMAP analyses. Al though the background

genetic map is regarded as fixed, jn fact there is usuaìly a

degree of uncerta'i nty about the precjse location of the

vari ous po'ints al ong the map. The i mportance of havi ng an

accurate background genetjc map for estjmating a confjdence
j ntervaì f or gene I ocation i s d'i scussed f urther by Suthers

and t^lilson (1988; IAppendix D]).

Resampì inq Strategy wjth data from many ped.igrees

The rationaìe in resamp'l ìng with data from many pedigrees js

to randomìy resampìe the pedigrees rather than the indivjdual
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meioses. In the study reported in chapter 6, l0l fragììe x

famil ies were included in the LINKMAp ana.ìysis. An

approximate 95% confidence interval for FRAXA location was

determi ned as fol I ows.

Mul t'i po'i nt L0D scores were cal cul ated at speci f i c poi nts
al ong the genet i c map f or each of the 101 ped ì grees .i n the
analysi s. These sets of L0D scores t,Jere randomly resampì ed

(wi th rep'l acement) l0l times. The resampì ed LOD scores
correspond i ng to each poi nt on the genetì c map y'lere summed.

The peak mult'ipoint L0D score ind jcated the most I ikely
I ocation of FRAXA i n that resampì e. As thi s strategy djd not
involve repeated I ìnkage anaìyses it was very rapid, and this
resampììng process bras repeated l0o0 times. The range of gs%

of the resampl ed FRAXA I ocations (centered at the medi an

location) indicated the approximate g5% confidence .i nterval
for FRAXA I ocat i on .

The program B00Tl'lAp was wri tten by the cand i date to perf orm

the repeated resampl i ng and summati on of the mul ti poi nt L0D

scores. This program is listed in Appendix A aìong with an

exampìe of the program output.
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Chapter 3

THE LOCUS FOR A NON-SPECIFIC FOR}I OF

x-LINKED 1{ENTAL RETARDATI0N (ilRXl)

Is L0CATED AT Xpl l.
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s ul'll'IARY

'Linkage anaìysis of the locus causing a non-specific form of
x-linked mental retardation (l'lRxl) was performed in a ìarge
pedigree. The affected males had moderate mental retardation;
in all other clinical respects and cytogenetically they were

normal . L'i nkage anal ys'i s was perf ormed wi th a number of
markers on the x chromosome. No recombi nants were observed
between t'lRXl and the 'l ocus DXSI4 (p5g.l) located at xpll-cen;
the peak L0D score was 2. 90. cl ose I i nkage between l'lRX l and

loci which fìank the fragite x ìocus, FRAXA, was excluded.

The cortbi nati on of mul ti poi nt I i nkage anaì ys i s and a novel
resampling strategy indicated that the approximate 9g%

confidence interval for I'lRxl ìocation was 0 to 9 centil,lorgan
distal to Dxsl4. ltlultipoint risk anaìyses based on this
confidence interval for I'lRxl ìocat.ion had a dramat.ic impact
on the geneti c advi ce avai I abl e to consul tands i n thi s

fami ly.

Thus a locus responsible for non-spec.i fic x-linked mental

retardation has been localized to the proximal portion of xp.
This location is genetically distant from FRAXA and jndicates
that I'lRXl i s not at I el i c to FRAXA.
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I NTRODUCT I ON

' x-l i nked mental retardati on i s common, occurri ng j n

approximateìy one in 600 male births (Sutherland & Hecht
1985, p.111). Most affected men do not have any recognised
dj sorder of metabol i sm, chromosome abnormaì i ty, or syndromal

anomal'i es- It has been indirect'ly est'imated that there are l
to 19 x-l'inked loci causing non-specif ic X-l inked mental
retardation (Morton et al . l917; Herbst & M.i ller l9g0). The

fragile x syndrome accounts for at least one quarter of these
cases. The frag'i ìe X locus (FRAXA) is located at xqzl .3. The

location of other loci causing non-specific x-l inked mental

retardatjon is not known. The high mutatjon rate ìn the
fragile x syndrome and the varÍable cytogenetìc expressjon of
the fragile X raise the possibiì ity that loci causing non-

speci fi c x-l i nked mentaì retardati on wi thout the fragì ì e x

coul d be al I el i c to FRAXA.

The position of a locus causing a non-specìfic,
cytogenet'ical ly normal form of X-l jnked mental retardat jon .in

a 'l arge pedigree r.las determ'i ned by ì inkage ana'lysis wjth
po'lymorphic I oc'i on the X chromosome. Th j s mental retardation
I ocus has been gi ven the symboì t'lRXl (Mandeì et al . lggg) .

The 98% confjdence interval for gene location was estimated
by using a resampì ing strategy. 0n the basis of th.i s

localjzation, gênetjc rjsk estjmates could be calculated for
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women 'i n the f ami ìy.
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M ETHOD S

'The famììy was identif ied and examined by Dr G Turner
(Randwick, N.s.l,l.), and has been described (Turner et al.
1971, fami'ly 4). The pedigree 'i s shown -i n Fig. 3-r, and

i ncl udes ch i I dren born s i nce that report. Mal es wi th
non-specific X-l inked mental retardation occurred in each of
the three survì vi ng generati ons. The affected men al I had

moderate mental retardation. They dìd not have minor
anoma'l i es, lvere of normal height, and had a normal head

ci rcumference. They did not have abnormal neuroì ogì ca1 sìgns,
sei zures requi ri ng medi cati on, or mal formati ons. The

karyotypes of the men II-4 and III-5 were normal with no

expression of the fragile X in low-folate media.

The obl i gate carri er women were

hand i capped. Forma'l psychometr j c

They had no mj nor anomal i es.

not overtìy

testì ng vras

'i ntel I ectuaì'l y

not performed.

DNA was anal yzed from 3 I members of the ped i gree, i ncl ud i ng

eight affected men (F'ig. 3-r). It was not possibre to obtain
bl ood for DNA anarys i s from a further three affected boys
(III-7' Iv-14 and Iv-16). Blood was collected from four
normal men and six obìigate carrier women. Blood was also
col I ected f rom the l3 women of unknown carr.ier status.



Figure 3-1.

Pedìgree of the famiìy studied.
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The posìt'i ons of the loci used in this 'l inkage study are

summarized in F'igure 3-2. Details of the poìymorph.i sms at
these loci have been compiled by Kidd et al . (19g9) and are
presented i n Tabl e 2-c. DNA methods and the ì i nkage anaìys.i s

programs used are descri bed i n Chapter z. The penetrance of
the mutant MRXI allele was taken to be 1.0, the mutation rate
bei ng zero, and the MRXI al I el e f requency be'i ng 0.0001.

For mul ti poì nt I i nkage ana'lysì s the program LINKMAp was used.

The MRXl I ocus was I ocal'i zed j n rel ati on to the three I oci ,

DXsT (probe 11.28), DXsl4 (p58.t), and DXysl (pDp3a). The

order of these loci and the recombination fractions between

them t,lere deri ved from the summary map of the x chromosome

presented at the Tenth International tlorkshop on Human Gene

Mapping using Rao's mappìng function (Tabìe 24 jn Keats et
al . 1989) . The recombi nati on fracti ons were 0. l6 (DXSZ-DXSl4)

and 0.14 (DXs14-DXYSt). LINKMAp limited the calculation of
location scores to d'i screte poìnts along the genetjc map

defined by these three loci. (The location score is twjce the

natural ì ogari thm of the odds for that I ocatj on of MRXI on

the genetì c map versus no ì ì nkage. ) The poi nts at whi ch

location scores were initia'lly caìculated are indicated in
Figure 3-3.

The approximate 98% confidence intervaj for MRXI locatjon was

estimated usi ng the resampl i ng method for a sì ngì e pedigree
(chapter 2) . sel ected resampì es brere re-anaìyzed j n greater



Fi gure 3-2.

The approximate posìt'ions

study are jndicated on the

of po'lymorphì c I oci used in thi s

X chromosome.

DNA Markers

DXS9

DXS84

DXST

DXS14

DXYS 1

F9

DXSs2

X-CHROMOSOME



detai'l

around

usr ng a

points of

Ch. 3. t4RXI is
fjner grid of location
i nterest.

located at Xp11. p. jjl
score calculations

femal es of

the program

Two-poìnt and muìtipoint risk estimates for
unknown carri er status were cal cul ated usi ng

MLINK (Version 4.6) (Lathrop et al. lgBS).
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RESULTS

Linkaoe analvsis

The results of two-poìnt I inkage ana'lysìs are summarized .i 
n

Tabl e 3 -4. No recombi nants were observed between MRXI and the
locus DXSl4 wh'i ch is located at xpll-centromere. Definite
recombi nati on was observed between MRXI and the adjacent I oci
DXST and DXYSl . MRXt was not r i nked to two I oci whì ch fl ank

FRAXA' F9 and DXS5z. The 'individual genotypes at DXSI4 and

the flanking loci DXSZ and DXySI are l.i sted in Table 3-8.

0n the basis of two-point I inkage analysis, the reg.ionaì
localizat'ion of MRXI was Xpll.3-xq2l.l. The approximate go%

confi dence i nterval for the recombi nati on fracti on between

MRXI and DXSI4 was 0-0.20 (Conneaì'ly et al . 1985) .

The result of multipoint I inkage anaìys.i s of MRXI in relat.ion
to DXS7, DXS14, and DXYSI is shown 'i n Fig. 3-3. The peak

ìocation score was 18.25 at -5 centiMorgan (cM) relative to
DXS14. The discontinuities of the likelihood function at DXSZ

and DXYsI indicated that MRXI was not located at those loci.

e

Applying the "one-L0D-unit-down" method

1985; Keats et al . 1989) the confidence

location was -11 to +5cM from DXSl4, i

(Connealìy et al .

i nterval for MRXI

e. the confidence



Tabl e 3 -4.
L0D scores from two-point ì inkage analys.i s of t'lRXI and polymorphic ìoci.

Recombi natj on fractj ons (O)

l'lRXI vs. 0.001 0.01 0.05 0.10 0.20 0.30 0.40 ^L0Dmax e

-2.99 -1.03 _0.30
-1.66 0.18 0.76

-t.24 0.70 1.82 2.06

0 .23
0.99
I .89

0.35
0.99
2 .07

0.35
0.79
1.38

0.25
0.41
0.68

0.30
0.19
0.t2

DXSl4

Note

2.89 2.85 2.67 2.43 1.93 1.37 0.74 2.90 0.00

-tL.27 -6.30 -2.93 -1.61 _0.48 _0.03 0.10
-8.50 _4.59 _2.94 _1.45 _0.69 _0.25
-9.53 -6.20 _4.58 _2.42 _t.20 _0.46

0.10
0.00
0.00

0.40
0.50
0.50

i ncl ude thea

e

Two -
norm I?iilI, JJ 

nIifl-"f '(';Jì'fo tt rl[î.t%d]'..','ddiq,_?:t
recomb j n at j on fract j on at L0Dmax .



Table 3-8.

Genotypes at DXST
for 31 members of

, DXSI4 (p
i gree anal

DXST

and DXYSI (pDp3a)

DXYSl

(11.28)
the ped

58. 1) ,
yzed.

Individual Statusa DXS I4

At/ A2
A2

A1/A2
A2

A1/A2
A2/ A2

A2

R

R

c
M

c
U

c
c
M

II -2
II-4
II-5
II-6
II -7
II-8
II-9

N

c
U

N

MR

U

c

III-I
TIT -2

III-I3
III-I4
III-15
III-I6
III-I7

At/ A2
AI

Ar/A2
A2

At/A2
A1/A2

A1

Ar/A2
A1

Ar/ A2
Ar/ A2
At/A2
Ar/A2

AI

AI
A1/A2
Ar/A2
A2
A2

Ar/A2

III-3
III-4
III-5
III-6

III-2I
III-18
III-I9

MR

U

U

MR

MR

N

MR

A2
A2/ A2

A1
A2

Ar/A2
A2
A2

A2
Ar/A2
A2
A2

Ar/A2
AI

RM

U

U

U

N

U

U

U

U

U

A2
A1/A1
A1/A2

AI
AI

At/A2
A1/A2

AI
A2
A2
AI
A1
A2
A2

Ar/A2
A2
A2
A1
A2

Ar/A1
AI

Ar/A2
Ar/A2

A1
A1

AI

A2
A2/ A2

A2
A?
A1

A2
A2

IV-I
IV-4
IV-5
IV-6
ru -7
IV-8
IV-9
IV-IO
IV-15
IV-I8

AI
AI
AI
AI
A2
AI
A1

A1/A2
Ar/A2
Ar/A2

A2
A2
A2
A2

A2
AI
AI

Not e

a N

MR

c
U

normal man
man wi th moderate mental retardat i on
obl i gate carri er hroman
uJoman of unknown carri er status



Figure 3-3.

The multipoint I jkel jhood functÍon for the locatjon of MRXI

on the background genet'ic map. The arrows jndicate the

poìnts on the map at which location scores were jnjtiaììy
cal cul ated f or each resampì e. The symbo'l s wi th'in the f ì gure

show the range of resampì ed MRXI I ocati ons under Protocol I

(ci rcì es) and Protocol I I (squares) .

15

H10
o
I
aJ',

E
ZJI
F

uo
o
-t

40 -20 0 20

GENETIC DISTANCE (cM)
40

U)xo

+

S
(/)
)<

oo
lltt

õ
xo

i



ch. 3

i nto the

MRXl is located at Xpll
i nterval s DXSZ-DXSl4

p. 113

andi nterval extended

DXSI4-DXYS1.

0n resampì i ng wi th both protocol I and protocol I I and

perf ormi ng mul tì poi nt ì ì nkage anaìyses .it was i ni ti al ìy f ound

that the peak location score occurred at DXSZ in some of the
resamp'l es, suggesti ng that MRXI coul d be I ocated at that
poìnt. 0n'ly two individuals in the pedigree (III-4 and

III-21) had recombination between MRXI and DXS7. Inclusion of
either indivjdual at least once jn each resampìe ensured that
the discont'i nuìty observed at DXST in the orìginaì data was

observed 'in each resampìe. This ,non-conservative, approach

to resampl'ing is d'i scussed by t.ljlson and La scala (19g9; and

the references thereì n ) .

For the 49 resampìes under protocol I, 46 had maxima at 0cM

rel ati ve to DXS14. The three resampl es wi th max.ima a$ray f rom

DXSl4 I ocated MRXI at - 1.6, -3.3 and -5. tcM from DXSl4. The

range of peak locatjon scores was ll.zs-27.46. For protocol
I I, 41 of the 49 resampl es I ocated MRXI at 0cM rel ati ve to
DXSl4. The remainìng I resamp'l es located MRXI at -l.6cM (5

resampìes), -3.3cM (l resample), -6.9cM (l resample), and

-8.7cM (1 resamp'l e) from DXsl4. The range of peak location
scores f or 47 of the resamp'l es was I I . gl - 24.09; the
remaining two location scores brere 6.93 and s.l7 (both
resamp'l es pl aced MRXI at 0cM) . The resamp'l es under both
protocols wh'ich p'l aced MRXI at DXSI4 brere examined in deta jl.
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In no resampì e was MRXI pl aced ì n the i nterval DXsl4-DXysl.
The resamples that placed MRXI away from DXSI4 were not

' re-exami ned i n detai I .

Under Protocol I the approximate 98% confìdence interval for
MRXI location was 0 to -5cM from DXS14 i.e. extending
di staì ìy from DXsl4 towards DXSZ. under protocol I I the
approximate 98% confidence interval was 0 to -9cM from DXSl4.

Risk es 'imation

There were l3 women i n thi s ped'igree who were of unknown

carrier status (Tab1e 3-c). 0n the bas.i s of pedigree data
al one the carri er ri sks for these women ranged between o.17
and 0.50. The risk intervals estìmated with pedigree

i nformati on and DXSI4 genotypes were cal cul ated for fi ve

vaì ues of the recombi natì on fracti on i n the range 0.0-0.20
(the approximate go% confidence interval for the
recombi nati on fracti on between DXsl4 and MRXt ) . Two-poi nt
rÍsk anaìysis modified the carrier risk significanily for tl
of the women but the risk intervals were wide for a number of
them. The two women whose carrier rjsks were not modifjed by

two-point rjsk anaìyses (II-6 and IV-15) had mothers who were

uninformative for DXSl4.

For mul ti po'i nt ri sk analyses, the carri er ri sk i nterval s þJere

cal cuì ated for fi ve MRXI I ocati ons $,i thi n the resampì ed

approxjmate 98% confidence jntervaj for gene locat.ion. As the



Table 3-C.

carrier risks for women of unknown carrier status.

Individual Pedìgree
al onea

II-6 0.33 0.35-0.44 0.01-0.14

III-6
iII-15
III-3

III-I6

0.33
0.50
0.50
0.50

0.50
0.50
0.50
0.t7
0.25
0.25
0.50
0.25

<0.
<0.
<0.
0.0

0.00-0.11
0.00 -0.20
0.00-0.20
0.00-0.20

.80-1.00

.80-1.00

.00-0.20

Two-point
rjsk ana'lysjsb

1'1ultipoint
ri sk ana'lysjsc

0.05-0.13

<0.01
<0.01
<0.01
<0.01

0.92- 1.00
0.92- I .00
0.00-0.08
<0.01
<0.01
<0.01
0.35-0.38
<0.01

]'lul ti ooi nt
risk änaìysisd

0t
0l
0l
0-0 32

IV-
IV-
IV-
IV-
IV-
IV-
IV-15
IV-I8

a

b

.00

.00

.00

.50

0
0
0
0
0
0
0
0

4
5

6
8
9
l0

-0.06
-0.10
-0.10

0.85-1.00
0.85-1.00
0.00-0.15
<0.01
<0.01
<0.01
0.33-0.39
0.00-0.10.00-0.04

c

d

Rj sks estjmated usj ng pedigr
Risk intervals estimãted ulifraction in the range 0.00 -
Ri sk i nterval s est i mated us iat 5 points withjn the res
location;

ee data alone;
ng DXS-L4. genotypes for 5 val ues of the recombi nat i on0.20;
ng 9X17, DSXl4:, gnd DS] 9!notypes with MRXI locatedampled approximate gut" coñri¿ei¡äe interviT-for ùnii

Risk jntervals estimated usjng DXS7,at 5 points with.in the "one-tOO-unlú
, anq. DXYSI genotypes wj th MRXI I ocated
confi dence i nterval .



confidence

Protocol I

anaìysis.
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'i nterval was wi der wi th protocol I I than wi th

, the wider confidence interval was used for risk

The carri er ri sk i nterval s for al I the women were narrowed.
For eight of the women the carrier rjsk t,ras less than 0.01.
Although the mother of II-6 was uninformative for DXSl4, she

was informative for DXSZ and DXysl and multìpoint risk
anaìysìs reduced the carrier risk significantìy for II_6.
Despite the mother of IV-15 being un.i nformative for both

DXsl4 and DXYSI, the carrier risk for IV-15 was reduced with
the carri er ri sk i nterval bei ng narrow. The mother of the
sisters IV-4, IV-5 and IV-6 bras un.i nformative for DXST and

DXYSI. Despite thjs, the approximate confidence jnterval for
MRXI location indicated much narrolver risk interval s for the
sjsters than had been estjmated on the bas.i s of two-point
1 ì n kage ana'l ys'i s .

Risk intervals were arso calculated us.i ng the

"one-L0D-unit-down" confidence i nterval for MRXI l ocati on.

The "one-L0D-un'it-down" confidence interval extended over two

i nterval s, DXST-DXSl4 and DXSl4-DXYSl. None of the tvomen were

recombinants in the jnterval DXST-DXSl4. Two women, III-16
and IV- l8' were recombi nants i n the i nterval DXSI4-DXysl . As

expected, the use of the "one-L0D-unit-down', confidence
'i nterval for mult'ipoìnt risk anaìysis significantìy widened

the ri sk i nterval s for these two women.



DISCUSSION

MRXI I ocati on

The locus causjng the non-specific form

retardation in thjs famiìy was located at
evidence of I inkage to F9 or DXS52 which

MRXI is not allelic to FRAXA.

Ch. 3. flRXi is located at XpI1. p. Ij6

of X- I'i nked mental

XpIl. There was no

fl ank FRAXA. Thus,

This $ras the f irst clear evidence that non-specl'f ic x-l inked
mentaì retardat'i on i s geneti cal ìy heterogenous (suthers et
al. 1988a [Appendìx D]). choo et al. (1984) had earlier
described two fam'i I ies with non-spec.i f ic x-l inked mental

retardat i on and normal karyotypes where the d i sease I oc i tvere

not I i nked to F9. But i n vi ew of the proposed ì i nkage

heterogene i ty between FRAXA and F9 ( Brown et al . I 9g5, I 9g6,

1987b, 1988), the I ack of I i nkage between these I oci and F9

djd not exclude the possibility that the locj r^,ere allel.ic to
F RAXA .

The genetic heterogeneity of non-specj fic x-l inked mental

retardat i on has now been confi rmed by others. The I oci
causìng non-specifìc X-l inked mental retardat'ion ìn two other
famjl jes have been mapped to xp22.z-p22.3 and xql2-q13, with
suggestive evidence of a third locus at xpzl.2 (the peak L0D

score was 1.59) (Arve.il er et al . lgBgb) .
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Confidence interval for MRXI location
The small number of me'ioses in this pedigree pìaces a I imit
on the precision with which MRXI. can be local ized. It .i s not
poss'i ble to pool data from a number of families as there is
now cl ear evidence that non-speci f i c x-l .inked mental

retardation is geneticaì ìy heterogeneous. The precision of
the local ization v,as greater with mu'l tipoint I inkage anaìysis
than with two-poìnt I inkage analysis, but there was no method

for estimating a confidence interval of known sign.ificance
for gene location.

A resampl i ng or "bootstrap" method was used for estimati ng an

approximate confidence interval for gene location on a known

genetic map using genotype data from a single pedìgree. In
using this resampìing method to determine the approximate 9g%

confidence interval for MRXI location, MRXI was consistentìy
I ocated i n the i nterval DXST-DXSl4. In contrast the

"one-L0D-unit-down" method suggested that the confidence
interval was -77 to +5cM relative to DXsl4 i.e. extendìng
over the i nterval s DXST-DXSl4 and DXSI4-DXySl .

For a given background genetic map the resampìed estimate of
an approx'imate confidence jnterval for gene locat.ion appeared

robust i.e. the same estimate was obtained usjng different
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resampì 'i ng protocol s. However, two cauti ons shoul d be notedl .

Fì rst, the resampì i ng protocol must be adapted for each

s i tuati on beì ng anaìyzed. Moreover, the appropri ate number of
resamp'l es (B) must be determined for each situation. In
ana'lyzing this pedìgree the results were not quaì itatìvely
al tered by ì ncreas i ng the number of resampl es from l9 to 49

(chapter 2). Th js contrasts w'ith the situation examjned by

wj I son and La scal a ( 1989) where there was a change i n the
bounds of the confi dence i nterval as the number of resampì es

i ncreased from I 9 to 49 .

Secondly, sophist'icated data anaìysis cannot repìace
appropri ate data col I ect i on . Genotyp i c data from other
affected mal es i n the ped ì gree or for other markers i n the
ì nterval DXST-DXS14 woul d al ter the confi dence i nterval for
MRXI ìocation. The highly poìymorphic ìocus DXS255 (Kidd et
al. 1989) l'ies in the interval DXST-DXsl4 (Keats et al . 1989)

but unfortunateìy the pedigree was unìnformative for this
marker.

Risk estimates

The abiì ity to define an approximate confidence jnterval for
gene location has imp'l ications for genetic counsel'l ing. In
the case of a common genetic disorder, the confidence

A third caution is that changes in the backgroundgenetic map may radicaììy alter the sjze of theestimated confidence ir terval. This issue isdiscussed by Suthers & Wjlson (1990; IAppendix D]).-

1
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i nterval 'i s usuaì ly narrow, ârìd r j sk est.imates based on a

s'ingle d'i sease gene locatjon provide sufficient information
for consul tands. However, many rare condi tì ons have been

mapped jn onìy a few pedigrees. In this situatjon the

confidence interval for gene locatjon witl usualìy be w.ide,

and the ri sk est'imates provided to consuì tands must ref I ect
the uncertaìnty of the gene locatjon (Lange l9g6). It .i s now

possible to define the uncertainty of multipoint rjsk
est'imates by using the resampling method to estimate a

confidence interval for gene location.

For each consul tand the est i mate of carr.ier ri s k i s a

likelihood function whjch varjes with gene location. Thjs

function need not be monotonic, as Krawczak (lggi)
demonstrated for two-poi nt data. He showed that i t j s not

sufficient to calculate two-point risk estjmates for just the

two conf idence l'imits for the recombination fraction since
there may be intermediary higher or lower rjsk estimates. In

the case of mul ti poi nt ri sk analysi s, the approximate

confidence interval for gene location jndicates the range of
gene I ocat j on val ues for wh i ch ri s ks shoul d be determi ned .

The combination of multìpoint rjsk anaìysis and an

approprìate confidence jnterval for gene location can change

sìgnifjcantìy the estimated risk intervals provided to a

consultand. Incorporating interference in multipo.i nt risk
anaìys'i s may narrou, the rjsk interval even further by
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reducing the possibi'l ity of double recombinat.ion. In the
ped i gree described, none of the women of unknown carr.i er
status were definite recombinants between the polymorphìc
locj whjch flanked MRXI, and the incìusion of interference
would have had l'ittle ef fect on the width of the carrier ri sk

i nterval s.

Concl us'i on

The arbitrary structure of human pedigrees and the complexity
of multipoint I ìnkage ana'lysis usual ìy make it ìmpossible to
provide numerjcal estimates of the reì iabi'l ity of the results
obtained. The resamp'l ing method is a powerfuì non-anaìytical
approach to estimati ng the rel'i abi I i ty of ì i nkage resul ts,
and can be appìied in the study of very rare genetic
condi ti ons where there i s a I imi ted amount of data. The

appìication of this method to a linkage study of a sing'l e

pedigree has shown that non-speci fic x-l ìnked mental

retardation is geneticaì'ly heterogeneous, and has had
jmmediate cl inical benefit in counseì1 ing women in the
famiìy.
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Chapter 4.

PHYSICAL ]'IAPPING OF NEl{ DNA PROBES

NEAR THE FRAGILE X (FRAXA)

I{ITH A PANEL OF CELL LINES.
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S U14MA RY

Physi cal nappi ng of DNA probes near FRAXA p. t2Z

A pane'l of 14 somatic cell hybrid lines, lymphoblastoid cell
I i nes, and peri pheral I ymphocytes wi th x chromosome

transl ocat'ion or del eti on breakpoi nts near FRAXA i s
described. The locations of the breakpoints were defined w.ith

14 establ i shed probes I ocated between DXSl00 and DXssz.

seven of the cel I I j nes had breakpoi nts between the I oc.i

DXs369 and DXs304 whi ch fl ank FRAxA at a di stances of 3-5

centimorgans. The gene responsi bl e for Hunter syndrome ( IDs

defi ci ency) was I ocated at the breakpoi nt of one of these

cel I 'l i nes, thus I ocal i zi ng IDS to the same i ntervaì as

FRAXA.

The panel of cel I I i nes was used to I ocal i ze lg new DNA

probes in this reg'ion. Eight of the probes, vKl6, vKlg, vKzl,
VK23, UK24, VK37, UK4l, and pc2SlS (an IDS cDNA probe),

detected I oci near FRAXA and i t was poss i bl e to order both

the x chromosome breakpoi nts and the probes i n rel ati on to
FRAXA. The order of probes and loci near FRAXA is:
c e n - DXS36 9, UK24-VK47 - VK 23 -UKl 6, FRAXA- VK2 I - VKl 8- I DS - VK37 -

DXS304-qter.
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I NTRODUCT I ON

The locus responsible for the frag'i le X syndrome (FRAXA) j s

located at or very near the characteristic fragile site at

xq27.3. The development of a prec'i se genetic map in this
reg ì on of the x chromosome has been hampered by a I ack of
c'l oseìy I inked polymorphic ìoci. unt'i I recentìy the closest
poìymorph'i c I oc j to FRAXA, DXSt05 (cX55.7) , DXSgB (40-8) , and

DXs52 (stl4-l), I ay more than l0 cent'iMorgans (cM) f rom FRAXA

(Mandeì et al. 1989).

In 1989 two poìymorphi c I oci wi thj n 5 cM of FRAXA were

reported, DXS369 (RN1), and DXS304 (u6.2) (Hupkes et al. 1989;

v'i ncent et al . 1989) . The establ j shed order of probes and

genes near FRAXA was:

cen - F9-DXsl05-DXs98-DXs369- FRAXA-DXS304-DXS52 -qter
(Mandeì et al. 1989). A key factor jn the localizatjon of
DXS369 and DXS304 was the mappìng of each locus using somatic

cel I hybri ds before the search for restri ct j on fragment
'l ength pol ymorph i sms ( RFLPs ) was undertaken . A panel of cel I

I i nes wi th wel I -defj ned X chromosome breakpoì nts near FRAXA

would allow for the rapid identjficatjon of more probes close

to FRAXA and the further deve'l opment of preci se geneti c and

phys ì cal maps around FRAXA.

In th'i s chapter a

I ymphobl asto i d cel I

somatic cell hybrid ìines,
peri pheraì lymphocytes that

pane'l

ì'i nes,

of

and
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conta'i n human X chromosomes wi th del eti on or transl ocati on

breakpoints near FRAXA is presented. This panel of cell lines
was used to phys i caì ìy I ocal i ze a seri es of nerv DNA probes

near FRAXA. Mappi ng of these probes i n rel atj on to FRAXA by

ín si úu hybridization defined the locations of the x

chromosome breakpoi nts and the other probes rel ati ve to
FRAXA. Eight of the new probes and the breakpoints.i n seven

of the cell lines were located close to FRAXA in the interval
DXs369-0XS304. The gene responsi bl e for Hunter syndrome
(iduronate sulfatase IIDS] deficiency; mucopolysaccharidosis
type II) was mapped to immed'i ately d'i stal to FRAXA.
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I'I ETHODS

The cell type, cytogenet.ic

references for each cel I I i ne

(Chapter 2).

Physi cal nappi ng of DNA probes near FRAXA p. j2S

description,

are summari zed

source,

i n Tabl e

and

2-A

The ìoci used to map the breakpoints jn the cell lines are

I isted in Table 4-4. The positions of these loc.i on the x

chromosome, the corespond i ng DNA probes, source, and

references are summarj zed i n Tabl e Z-C ( Chapter 2) .

The jsolation of the series of tl new DNA probes

the prefix "VK") has been described (Hyland et

Chapter 2) . The I ocus names for these probes are

Tabl e 2-8 (Chapter Z) .

(aìì with

al. 1989;

I'i sted i n

The probe pc2sl5 was a 1.5 kb IDS cDNA cl one recently
jsolated by PJ t.ljlson (Adeìaìde, s.A.). An oligonucleotjde
had been synthes i zed on the bas i s of the pept i de sequence of
the NHz-terminal of purified iduronate sulfatase enzyme. Thjs

oligonucleot'ide probe was used to jsolate a genomic DNA

fragment contai n i ng the 5'-end of the IDS gene. The genomi c

fragment was used to j sol ate a seri es of overl appì ng cDNA

cl ones from a human endothel i al cDNA I ì brary. pc2s1 5 rvas a

cDNA clone which contajned over go% of the coding sequence of
IDs (t,liìson et â1., submitted). The studies of DNA from boys

wjth Hunter syndrome usjng pczsl5 were performed by pJ l.l.i lson



Note to Table 4-A:

DNA probes were used to determine whether the correspond'ing loci were present (+) or absent

(-) in the spec'ified cell lines. Thjs composite Table lists results usìng both the

established probes and the new probes. The established probes (and correspond'ing loc'i) and

cloned genes are listed jn order down the X chromosome. The VK probes, pc2S15, and CDR-9 are

listed'in the order defined by the locations of adjacent breakpoìnts on the X chromosome.

Th'is table includes both data publjshed on jndiv'idual cell lines (references in Table 2-A)

and previously unpub'lished data. The cell line uBlTu refers to cell line 908KlBl7. The

breakpo'int in CY34 is located at IDS (shown as +/-).
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ch. 4. Physi cal nappí ng of DNA probes near FRAXA p. 126

0r PV Nelson (Adelaide, s.A.). Studìes of cell line DNA using
pc2sl5 and of DNA from boys with Hunter syndrome using other
probes were performed by the candidate.

The DNA methods are descri bed j n chapter z. For i n sí tu
hybri d i zat i on stud'ies ( perf ormed by E Baker and H Eyre,
Adelaide s.A.), 3H-labelled probes brere hybridized (sìmmers

et al. 1988) to prephotographed metaphase chromosomes at
concentrations of 0.01-0. I ug/nl for 19-zl days. probes

contai ni ng repeated sequences were pre-reassoci ated wì th
unlabelled total human DNA (Seaìey et al. l9g5). sjlver
graì ns that appeared to touch the x chromosome hrere scored.
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RESULTS

Physi cal nappí ng of DNA probes near FRAXA p. JZI

Local zation of t- he Hunter s yndrome oen e. IDS

cel I I i ne cY34 was deri ved from a g ì rl wi th Hunter syndrome

and a t(x;5) reciprocal translocat'ion (chapter z), and jt had

been postulated that IDS was rocated at the breakpo.int on the
x chromosome. DNA probes that detect the establ .i shed I oc i

I'i sted i n Tabl e 4-A urere used to probe DNA f rom cy34. The

presence or absence of the respecti ve I oc.i are l.i sted i n the
table. cY34 reta'i ned loci proximaì to (and including) DXs369,

and had'lost loci d'istal to DXS369, ind.icating that IDs was

'i n the same i nterval as FRAXA.

when pc2sl5 was used to probe DNA f rom cy34 .i t hybridized to
onìy four of the eìght fragments seen j n DNA from normal

controls (Fig. 4-1). This demonstrated that the translocatjon
d'id d'i srupt IDs. In situ hybridizat.i on of pc2sl5 to the
chromosomes of a normal femal e confi rmed the I ocal i zati on to
Xq28 and establ i shed that there brere no sequences homol ogous

to pc2Sl 5 el sewhere i n the genome ( Fi g . 4-2) .

l,lhen pc2S15 was hybridized to chromosomes expressing the
fragììe x, 79 graìns could be scored relat.i ve to the fragìle
sjte. 45 grains lay between the frag.i ìe site and the
telomere,2l grains lay withjn a sjmjlar djstance proxìmaì to
the fragile site, ôrìd l3 grains 'l ay centra'l ly over the
fragì ì e si te. The di fference between the number of proximal





Fi gure a-2þ) .
In situ hybrj,dizatjon of pc2sl5 to normal chromosomes.pc2Sl5 was rH-labelled ànd- hyÞr.idized to metaphasechromosomes from a normal femäle. The silver grains
wh i ch appeared to touch a chromosome were scored. I 50grains were scored fr.om 30 metaphases. pc2S15 detectedsequences at djstal Iq.on_ly;.sequences homologous topc2s I 5 were not detected el iewherd on the X chromosomeor on the autosomes . There was no s i gn i fì canthybridization to the y chromosomes of two mal-es (daianot shown).
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Fi gure 4-2(b) .
An additìonal 40
chromosome band i ng
scored and i nd i cated

.lneta_phases wjth high resolutjon
(600- 1000 bands per metaphase) *.räthat IDS 'i s located at X'qlg.'
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ch. 4 - physi car mappí ng of DNA probes near FRAXA p. i2B
versus distal grains was sìgnjficant (X2l= g.73; p<0.005).
Thi s i ndi cated that IDS and the cy34 breakpoi nt were di star

' to FRAXA.

The genomi c cl one whi ch contai ned onìy the 5, -end of IDs
detected a 1.3 kb fragment 'i n normal female DNA but did not
detect any fragments i n cy34 (data not shown) , i ndi cati ng

that IDS was orientated with the 5,-end on the teromeric side
of the CY34 breakpo ì nt .

The pc2s15 probe was used to anaìyze genomic DNA from 23

unrel ated Bri t i sh and Austral i an mal es who had compl ete
absence of IDS actìvity on enzymatic assay (Hopwood r9g9).
seven ind'i viduaìs had structurar arterations of IDS; two (03_
I and 04- I ) had del eti ons of the enti re pc2sl5 codì ng regi on

while five had various partia'r deretions or re-arrangements
( t.lì I son et al . l99o IAppend.ix D] ) . The I oc i DXS304 and DXs369

were not del eted 'in any of these pati ents (data for 03_ I and
04-l are listed in Table 4-A).

1

DNA of the other cer r r i nes was probed to determi ne whether
the established roci risted in Tabie 4-A were present. The
probes used for each cel I I i ne were sel ected to del i neate the
breakpoi nts on the X chromosome. The presence or absence of
the respective loci in each samp'l e are listed in Table 4_A.
Two of the cell ìines, 11556, and LcrzKl5, had interstitial
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deletions;
Physi cal nappi ng of DNA probes near FRAXA p. jZg

the suffìx 'p, or ,d ' wi I I be used to .i ndi cate the
in these ceìl lines.prox'imaì or d.i stal breakpoints

Five cel I ì ines, pecH-N, LL556d, Apc-s, cy34, ând LclzKl5d,
had breakpoints between the roci which fr ank FRAXA, DXS369

and DX5304. In addjtion, 03-1 and 04-1 had jnterstitial
deletions in the same intervaì. using the establ ished probes
'it was not possibre to determine the order of the breakpoìnts
e i ther i n rel at i on to each other or to FRAXA. Three cer r

I ines had breakpoints between DXSgg and DXS369, proxima-l to
F RAXA .

There were no inconsistencies in these data to suggest
comp'lex rearrangements in the cell I ines in the region xq26_
28. The human chromosomal component of the cell line Apc_5 is
known to be fragmented (chapter z) but the data in Table 4_A

do not 'indi cate an i ntersti ti al del eti on or rearrangement at
xq26-28. Assumi ng that compl ex rearrangements þJere not
present, the I ocati ons of transl ocati on breakpo'i nts and the
I ocati ons and extent of i ntersti ti ar der eti ons i n the cer l
lines are summarjzed in Figure 4_3.

Maoo I nq nebJ DNA orob es usino the cel I line n anel
Seventeen vK probes were mapped us i ng the paneì of cel I I i nes
(Fig. 4-4). The presence or absence of the respective loci in
each cell line is listed in Table 4-A and summarized in Fig.
4-3.



Fi gure 4-3.
The I ocat'ions of cel I I iprobes, cl oned genes, andcell line tranilocation
i nd i cated to the I eft of'l i ne the arrow i nd i cates
ì i es the X chromosome
line. In the case ofdeletions the proxjmal
are shown. The establ i sh
shown to the right of the
chromosome. The 'r ocations of the vK probes, pczsr5
f la) r âhd cDR-e are shown oñ -the rã;--.iönt. TheI ocat i ons of at ì the probei and the cel I I i nebreakpoi nts i n rel ati on to chromosome bandi ng i sapploximate.. The t..ry_rl. x is represented as a hatched¡egion at ,djs.tal xqzl; the locatjons of the Apc-5 andq4-1p_ breakpojnts and of the probe-vKl6 relatjve to thefragiìe X are unknown.
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F'i gure 4-4.
Phys'i caì mappìng of VK clones using vari ous cell I ines.
Each VK probe was rad'i ol abel'l ed, pre-reassoci ated, and
hybridjzed to HjndlII-digested DNA extracted from cell
I i nes. Exampì es of the autoradi ographs obta'i ned duri ng
these experi ments are presented. Two exposures were
obtai ned of each autorad'i ograph. Di screte bands were
usually evident in the lanes contaìn'ing total human DNA
w'i thin l-2 days; by the time discrete bands were evident

(a) VK9 hybrj dj zed to DNA from a normal mal e and from
vari ous cel I I i nes. VK9 hybri d j zed to DNA from PeCH-A,
908K1817, LCl2Kl5, 11556 (obscured in this exposure),
and TC4.8. (PeCH-A was the recìprocal transloact'i on
product of PeCH-N, and contained Xq27-qter. PeCH-A was
used infrequent'ly, ând the results are not included ìn
Table 4-A). VK9 did not hybridize to DNA from cell l'i nes
2384 or Y162.Aza. These results indicated that VK9
detected a locus djstal to the Yl62.Aza breakpoìnt.

8kb > laD

j n the I anes contaì n i ng DNA from somati c cel I hybri ds
(3-10 dayq), I ane background due to repeated sequences
had obliterated the s'ignaf in the Ianes of total human
DNA.
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Figure 4-4(b)
VK16 hybridized to DNA from a
I i nes CY3 and CY34; VK16 dj d
cel I ì i nes CY2 and PeCH-N.
detected a I ocus between the
I i nes PeCH-N and CY34.
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not hybri d i ze to DNA
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Fi gure a-a(c).
yK18 hybrj d i zed to DNA from normal femal es and
I ines CY3 and Cy34; VKlS did not hybridiz. tocell lines CYZ and peCH-N. This indicateddetected a I ocus between the breakpoi nts i n
ì i nes PeCH-N and Cy34.

from cel I
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that VK18
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F'i gure 4-4(d).
VK23 hybrj dj zed to DNA from a
I j nes CY3 and Cy34; VK23 d i dcell ìines CyZ and peCH-N.
detected a I ocus between the
I i nes PeCH-N and Cy34.

normal mal e and from
not hybridize to DNA
This 'indicated that
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Six of the vK probes !vere located close to FRAXA between the
I oci DXS369 and DXS304. 0ne probe was I ocated i n the same

intervaì as DXS369. Eight probes brere located proxìmaì to
DXS369, one was i n the same i nterval as DXS304 and DXs374,
and one mapped di stal to DXS374.

The vK probes indicated the order of some of the breakpoìnts
that could not be resolved using the established probes. The
results with VK probes that detected loci close to FRAXA were
of particular interest. The probes vKr6 (DXs293), vKlB
(pxs295) , UKzr (pxs296) , UK23 (pxs297), VK37 (DXS302), and
vK47 (DXs30B) were I ocated between DXS369 and DXS304 and

resolved the locations of the breakpoints in that interval.
The order of breakpo i nts between DXS369 and DXS304 down the
chromosome was LL55 6d/pecH-N/A pc-s/04- I p/03-tp/cy34/03 _ 1d,04_
1d/Lcl2Kl5d. The probe vKt4 (DXSzgz) lay between DXs98 and
DXS369 and separated the Tc4. g breakpo i nt from the 90gKl g t 7
and 2384-AZ breakpoints.

The cY34 breakpo'int had been p'l aced distal to FRAXA by in
sítu hybridization studies of pc2Sl5 (deta.i led above). The

I ocati ons of vKzl and vK23 i n rel ati on to FRAXA vrere
determined in the same manner. A 1.3 kb Hr'ndIII-Sar I fragment
of vK2l (vKztA) which contained few repeated sequences was

hybridized to metaphase chromosomes express.ing the f ragì ì e x.
0f the 139 s i I ver graì ns that touched the X chromosome and
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could be

distal and

grains lay

site, and

chromosome

the number

(x216.45;

. Physi cal nappi ng of DNA probes near FRAXA p. r3 I
scored rel ati ve to the fragi ì e x, 7o grai ns were

lay between the fragiìe site and the teromere, 43

within a similar distance proximal to the fragile
26 graì ns were I ocated centraì.ly over the

gap at the fragiie site. The difference between

of proximaì versus distal graìns was sìgnificant
p<0.02). This indicated that vK2l hras distar to
that the 03-lp breakpo'int was arso distar to

13.56;

Th i s i n

LL556d

A 2.6 kb EcoRI-PstI fragment of vK23 (vKz3Br) containing few
repeated sequences !'ras i sol ated. vKz3Bl was al so hybri d i zed

to chromosomes expressìng the fragi'l e x. 0f the 42 s.i rver
grains that could be scored relative to the fragi'l e s.ite, g

grains lay between the fragile site and the te'l omere, 3l
grains lay within a simirar distance proximaì to the frag.ile
site, and 3 grains were rocated centraì ìy over the chromosome

gap at the fragi ì e si te. The di fference i n the number of
proxìma'l versus distal grains þJas signif.icant (x2l=
p<0.0005) indicating that vKz3 $ras proxima'l to FRAXA.

turn indicated that vK47 and the pecH-N and

brea kpo i nt s þrere prox i maì to LRAXA.

The I ocati on of the probe vKt r (DXS291) .i n rer ati on to the
breakpoint in cel I r ine GM0gl2l uras determined by in situ
hybridization. There bras no significant difference in the
number of grai ns on the normal versus del eted x chromosomes
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(normal/deleted chromosomes=24/23 gra.i ns; xzr o.oz,
indicating that vKll rvas proximaì to the breakpoint.

p. 132

p>0.10)

The cel I I i ne cy34A bras a subcì one of cy34 that contai ned

iust a fragment of the originaì derived X chromosome

extending from xq24 to Xq28 (chapter z). The probes vK29
(DXs300), vK34 (DXS301), and vK4l (DXS3l0) detected an

interstitial delet'ion in cy34A. These probes detected the
corresponding loci 'i n cell I ine cy34 (Tabìe 4_A) but did not
detect the loci in cy34A (data not shown). 0n the basis of
resul ts from other cel I I i nes the three probes coul d be

I ocal i zed to Xq26 . Th i s i nd ì cated that cy34A had an

i nterst i t'i al del et i on at xq26. Two other probes i n th i s

region, vKl0 (DXs290) and vKlT (DXsz94), detected loci in
both cY34 (Tab'l e 4-A) and cy34A (data not shown) .

The gene probe for a cerebel I ar-degenerati on-rel ated protei n,
cDR-9, has been locar'ized to the interval between the GM0gt2r

and 2384-Az breakpoints (Hirst et ar. 1990). cDR-9 detected
sequences in the cell line Lc1zKl5 (Tabìe 4_A) thus
localizing cDR proxìmaì to the LCl2Kl5p breakpoint in the
same i nterval as the I ocus DXSl05.

Two of the vK probes detected conserved sequences i n human,

m0use' and hamster DNA. vK2l detected a singìe conserved
fragment in HindIII-digested DNA of the mouse (1.9 kb) and

hamster (l.B kb)(data not shown). vK25 also detected a sing.l e



ch. 4 - Physi cal nappí ng of DNA probes near FRAXA p. 133

easiìyfragment i n

distinguished
mouse and hamster DNA that tJas

from the human fragments.
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DISCUSSION

Physi cal nappí ng of DNA probes near FRAXA p. 134

Somatic cell hybrìds containing human x chromosomes w.ith
transl ocati on or der eti on breakpoì nts have been used to
physìcaììy map DNA probes in various regions of the ìong arm

of the human X chromosome (t,li eacker et al . l9g4; 0berl e et
al . 1986; Hofker et al . l9g7; Cremers et al . lggg) . Few cel I
I i nes have been descri bed wi th breakpoi nts cl ose enough to
FRAXA to be usefu'ì in rocal izing new probes near this locus.
In this chapter a number of cell I ines are presented which
have preci sely defi ned breakpoi nts cl ose to FRAXA, and a

series of DNA probes are mapped close to FRAXA (Fig.4-3).

The availability of these cell lines makes it feasible to
rapìdìy localize clones from a DNA'l ibrary and to ìdentify
those clones derived from regions physical ìy close to FRAXA.

A total of 13 breakpoi nts i n I0 cel r r i nes are nobr defì ned

between DXSl05 and DXS304. Seven of these cel ì I i nes had

breakpoi nts between DXS369 and DXS304. The cel I I i ne wi th the
closest breakpoint known to be proxima'l to FRAXA was pecH-N;

the cl osest breakpoi nt known to be dì stal to FRAXA was 03_lp.
The APc-5 and 04-rp breakpoints r{ere within the intervar
defined by the pecH-N and 03-lp breakpoints, but the
I ocati ons of the Apc-5 and 04- lp breakpoi nts i n rel ati on to
FRAXA are unknown.
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Two intervals between DXS369 and DXS304 conta.i ned more than
one probe, DXS369 w'ith uK24 (DXS298), ôhd vK21 with vK18.
Probes that detect RFLps can be ordered by genetic ìinkage
studìes, but if the probes are very close together it becomes

increasingly unì ikeìy that recombinat'ion between the locj
wi I I be observed. It bras poss i bl e to order the probes near
FRAXA by puì sed fi el d gel el ectrophoresi s. uKzr, vKIg, IDS,

and DXs304 have been I i nked together on a ì arge scal e

restriction map w'ith vKlg placed distal to vKzl (Hyìand et
âl . , manuscri pt submi tted) . si nce DX5304 I i es 3 cM di stal to
FRAXA (Mandel et al . r9g9) thi s map encompasses fi ve probes
(inc'l uding vK37) and f ive breakpo'ints in a region immedìately
distal to FRAXA.

It may be possible to generate a similar map of the regìon
proximaì to FRAXA. DXS369 I ies 5 cM proximal to FRAXA (0ostra
et al. 1990) and the region between DXS369 and vKzl nov/

encompasses five probes (and possibly a sixth, vKz4), four
breakpo i nts, and FRAXA. The deveì opment of the ì arge scal e

restriction map around FRAXA would be further enhanced by the
use of probes from'linking or jumping libraries that had been

localized wjth the celì panel.

The order of probes and genes near FRAXA i s now cen -

DX S3 6 9 , UK24 - VK4 7 - V K 23 -U K ] 6, FRAXA- VK2I - VK18 - I DS - VK3 7 -DXS3O4 -

qter.

and

The fact that these new VK

FRAXA wi thout

probes coul d be I ocaj i zed

genetìc ì'i nkage studjesordered near
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demonstrates the value of this panel of cell lines in further
investigation of FRAXA. If RFLps are detected by the vK

probes they wi I I be val uabl e i n deveì opi ng the fi ne scal e

genetic I ìnkage map around FRAXA. A poìymorphìsm detected by

vKl6 woul d be parti cur arìy useful i n both analyzi ng the
unusual segregation of the fragiìe X mutation (sherman et al.
1985) and in providing genetic advice in affected pedìgrees.

t h m

Linkage studies had suggested that the Hunter syndrome gene,

IDs' !vas located at xqz6-qzg (Roberts et al. l9g9). However,
the L0D scores were rerative'l y low, and the position of IDS
'i n relation to the poìymorphìc loci at xqzT was not known. 0n

the basis of the physicaì mappìng presented.i n this chapter,
IDS i s I ocated between vK2r and DXS304. The order of I oci .i 

s

cen-FRAXA-vK2t-IDs-DXs304-qter (Fig. 4-3), and DXS304 is 3 cM

di stal to FRAXA (vì ncent et al . l9g9b) . Therefore, vKzl and

DXS304 fl ank IDS at di stances of I ess than 3 cM.

The boys 03 - I and 04- I had extremeìy severe features of
Hunter syndrome (l,lì ì son et al . 1990 [Appendix D] ; chapter z) .

The boy 04-1 had a deletion that incìuded IDS, vKrg, and

vKzl¡ âhd extended towards FRAXA (Tabìe 4-A). uKzl detects
conserved sequences in human, mouse, and hamster DNA. The

conservation of x chromosome coding sequences (0hno 1969)
suggests that vKzl coul d detect an x- I i nked gene or
pseudogene. It is conceivable that the deletion in 04_l
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encompassed genes other than IDs. The boy 04-l d.id not have
any congenital malformations, âlthough the severity of h.is

Hunter syndrome phenotype made jt difficult to exclude either
mild congenital facial dysmorphism or congenitar mentar
retardation- It will be ìmportant to carefulìy correrate the
extent of ìarge deletions around IDs wjth the patients,
phenotypes to define any contiguous gene syndromes (schm.ickel

r e86) .

The generaì availabiìity of lymphoblastoid or f.ibroblast
I i nes from such pati ents wour d be a var uabr e resource for
mapping other new probes near IDS and FRAXA. At present there
i s no evidence to suggest that FRAXA i s i tsel f a del eti on

(Sutherl and et al . l9B5; Lai rd et al . 19g7) and DNA from
patients with Hunter syndrome is currentìy the best potential
source of interstitial deletions near FRAXA.

Conclusion

The utìì'ity of these celLr ines is not limited to studies of
the fragi ì e x syndrome. An i ncreasi ng number of di sorders are
being ìocalized to xqz6-zB (Mandeì et al. l9g9). The rapid
mappi ng of DNA probes wi th i n a smal I regi on of the human

genome with a panel of cell l.i nes opens up the possib.i .l ity of
isolatìng yeast artificial chromosomes (yACs) that overìap in
the reg i on, deveì op i ng a I arge scal e restri ct i on flâp,
'local izing conserved sequences or cDNA probes, and ultimateìy
isolatjng the gene of interest.
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Chapter 5

LINKAGE ANALYSIS OF NEI{ RFLPs AT XqZt-Q2B

FAI'IILIES.IN NORl|'IAL
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SUM]'IARY

'The order of ìoci near FRAXA has been defined on the basis of
physical mapping studies to be cen-DXS369,vKz4-vK4l_uKz3_

VKl6,FRAXA-VK2t-VKl8-IDS-VK37-DXS3O4_qter. Restrictjon
fragment length polymorphisms (RFLPs) have been identified at
DXS369 and DXs304. These two I oci I .ie w.ithi n 5 cr,r of FRAXA.

The probe vK2l detected TaqI , r'rsLI , ârìd Bcr I RFLps at DXS296

with heterozygote frequencies of 0.23, 0.3r, and 0.3I
respectively. The probe vK23 detected HindIII and xmnl RFLps

at Dxs297 wi th heterozygote frequenci es of 0.34 and 0.49
respectiveìy. The IDs cDNA probe, pc2sl5, detected stul and

Taq I RFLPs at IDs wi th heterozygote frequenci es of o. so and

0.08 respecti vely. vKl6 and vKlg di d not detect RFLps i n

genomi c DNA di gested wi th over zs di fferent restrì cti on

endonucl eases.

l'fultipoint t inkage analysìs of these polymorphic ìoci in
normal pedi grees i ndi cated that the I ocus order was F9_

(DXS105,DXS98)-(DXS369,UK23)-(VK2l,IDS)-DXS304_DXS52. 
The

recombi nati on f racti ons between ad jacent 'l oci were F9_ (. osg) _

pxs105- (.03e) -pxse8- (. I 23) -pXs36e- (.oo) -vK 2s_ (. os7) _vKz1_

(.00) - rps- (.0t2) -pxs304- (.120) _pxs52.
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I NTRODUCT I ON

Linkage analysïs of new RFLps at Xq2I. p. j40

The seminal paper by Botstein et ar. (r9g0) indicated the
potver of I ìnkage anaìysis to local ize disease genes and
poìymorphi c I oci on the human gene map. Thi s approach has

been very successfuì, as indicated by the increas.ing volume
of ì'i nkage data presented at the Internati onal Human Gene

Mappi ng workshops (Human Gene Mappi ng r0, lggg) . However thj s

success has not been uni form throughout the human genome.

The deveì opment of a preci se geneti c map around FRAXA has
been stri k'i ngìy s'row due to the r ack of cì ose'ry r i nked
poìymorphic loci. A panel of cell I ines w.ith precìseìy
delineated x chromosome breakpoints $ras used to physicaììy
map a seri es of probes i n reì at i on to DXs36g, DXS304, and

FRAXA (chapter 4) . The order of probes and I oci near FRAXA

was:

c e n - DXS369, vK24 - VK4 7 - VK23 - VKl6, FRAXA- VKz l - VKI B - IDS - VK3 Z -

DXS304-qter.

Restri ctì on fragment I ength poìymorphi sms (RFLps) have been

identified at DXS369 and DXS304 (0ostra et al. 1990; Dahl et
al. 1989a). Lìnkage studies in fragiìe x pedigrees ind.icated
that these loci lay within 5 centimorgans (cM) of FRAXA

(0ostra et al. 1990; Vjncent et al. t9g9b), but a combined
ììnkage ana'lysis of both these loci has not been presented.
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RFLPs at other ìoci near FRAXA are presented in this chapter.
The probes vKZl, vK23, and pc2sr5 (IDS) detected RFLps with a

variety of restriction endonucreases. A mu'r tipoint rinkage
ana'lys i s of both the establ i shed RFLps and these nerir
polymorphisms in a se.ies of normal cEpH pedigrees is
presented.
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ITIATERIAL and itETH0DS

analysís of new RFLps at Xq2l. p. j42

The DNA methods,

identifying RFLPs

method of subc'l on i ng, and approach to
are described jn Chapter Z.

E'ight DNA probes were used to search f or RFLps near FRAXA:

vKzlA was a 1.3 kb Hr'ndIII-salI fragment of singìe-copy
DNA from the vK2l. It was subcloned ìnto the HindIII_
SalI sites of pBR328. vK2tB was a 2.2 kb HindIII
fragment of sì ngl e-copy DNA from vK2l. vKzlc was a 2.5
kb HindIII fragment of singìe-copy DNA from '/K2l. vK2tD

was a 3.2 kb HindIII fragment of sìngìe-copy DNA from
vK2l. vK21B, vK2lc, and vK2lD were each subcloned into
the HindIII site of pUCI8.

UK23B was a 4.4

subcloned in pUCl9.

kb EcoRI fragment of VK23 that was

VK16B3 was a

VKl6 that
(Ade'l aìde, S

9 kb HindIII
subcl oned

0

was

sing'l e-copy DNA fragment of

ì n pSP64 by J Nancarrow

A.)

vKl8A was a t.z kb Sal I-HindIII singìe-copy DNA fragment
of vK18 that rvas subcl oned i n pBR32g by J Nancarrow.

pc2Sl5 was a 1.5 kb IDS cDNA cl one (Chapter 4) .
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The candidate performed RFLP searches wjth the VKZI
subclones, vKz3B, and pc2SI5 using r o-rz restriction
endonucleases. Dr s. yu (Adeìaide, s.A.) searched for RFLps

using the vK2l subclones and a further eight restr.iction
endonucl eases; she documented the Bcr I RFLp detected by

vKz lA. Dr Jc Mul ì ey searched f or RFLps us.ing vKz3B and a

further three restrjctjon endonucleasesi he documented the
Xmn I RFLP detected by vK23B. J Nancarrow performed the RFLp

searches us i ng the probes VKl6B3 and VKlgA.

More than one RFLp was detected by the vK2l subcìones, vKz3B,
and pc2Sl5. The 'l inkage disequiì ìbrium constants between the
RFLPs at a locus were estimated in the manner described by
Thompson et al. (l9gg). The best estimate (D*) of the ìinkage
d'i sequilibrium constant, D, is given by D*=h-pq where å is
the f requency of the hap'lotype wi th both rare a1ì eì es, and p

and q are the rare al I el e f requenc'ies. If the two RFLps are
in ìinkage equiìibrium, D equaìs zero. The foì'l owing
procedure may be used to determ.i ne whether D* i s

significantìy different from zero. The standardized varue
(Ds) of D* is given by DS=D*(N0.5)/(p(t-p)q(I-q))0.s where N

i s the number of hapì otypes exami ned. The square
distributed as a x2 dist'i bution with one degree of

Forty normal

Poì ymorph i sme

genotyped for

ped i grees from the Centre

Humain (CEPH)(Daussett et al.
the RFLPs l'i sted in Table 5-A.

of Ds is

freedom.

d'Etude du

1990) were

Most of the



Tabl e 5-A
Restriction fragment length polymorphisms used in the .linkage 

study.a
Locus probe Enzyme Al I e.les PICb Location Reference
F9 pVIII TaqI I.B,S/1.3,Skb0.33 XqZ6.3-q27 .I
DXS105 cX55. 7

s5E

DXS98 4D-8

pxs369 RNI

3.2/4.s kb
16110 kb

25/7 .8 kb 0.30

0.ll
0.48

Xq27.1-q27.2

K'idd et al . t9B5

Ki'dd et al . l9B5

Kidd et al. 1985

0ostra et al. 1990
Oberle et al. 1990

thÍ s chapter

thi s chapter

thi s chapter

Dahl et al. 1989a

Rousseau et al. 1990

K'idd et al . 1989

th'is is the

VK23B

VK2 IA
VKzIC

pc2S I 5

u6.2

u6.2-20E

sil4- I

1.2s/t.t kb
4.s/4.3 kb

t0.s/s.e
12.7 /9 .e

.3 kb

.2 kb

.8 kb

Xq27.2

Xq27 .2-q27.3

Xq27

Xq27.3-q28

Xq28

Xq28

TaqI
U¡.pi

l',lspI

Xmn I
TaqI

TaqI
Us.qI

Stu I

0.48
0.24

0.23
0.31

0. 36
0 .36
0"49

HindIII t0.S/9.5 kb 0.34

kb
kb

17.8/15,2.8 kb 0.50

IÀqI
MspI
Ban I

7.0/3
4.s/2
e.6/s

DXS52

Note

IEgI many 0.80 Xq28

for X-l i nked I oci
the I ocus.

a Other RFLPs have been documented at many of the r oc.i . The cEpHpedigrees were not. 
-typed for the xmnl nrlp ãetãcted by vK23B at DXS297or for the Taol RFlp-detected by pþsts at Iói.-vevv 

vJ vr\LJu GL 

-Po'lymorphì sm i nformat.ion content;
frequency of femal es heterozygous at

b
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genotype data at F9, DXSl05, DXs9B, DXS369, DXS304, and DXs52

were provided by Dr I 0berìe, (Strasbourg). Linkage studies
uti I i zì ng some of these data have been publ i shed previ ous-ly
(0berìe et a"l . l9B6b, tggl; Arveiler et al . l9gga). Genotype
data determi ned wi th the 'vK' probes or pc2sl5 ,uere obtai ned

by the candidate or by HM Kozman and J Mccure under hi s

direction.

Lìnkage analyses þrere performed using the LINKAGE programs
modified for use with the cEpH three-generation pedigrees
(Chapter 2). The A-test (0tt 1985; pp. 105_109; Chapter 2) (as
ì mpl emented i n the computer program H0M0Gz ) was used to test
f or homogeneì ty i n the two-poì nt recombi nati on f ract.ions
between F9- IDS and IDS-DXS5Z.
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RESULTS

Detection of RFLps

The four vK2r subclones were used to probe paneis of genomìc
DNA digested w'ith the followìng restriction endonucleases:
BanI, BclI, BglI, BqlII, BstNI, BstXI, EcoRI, EcoRV, HinclI,
HindIII, MspI, pstI, pvuII, RsaI, SacI, TaqI, XbaI, and XmnI.

vK2lA detected two - ar r er e RFLps at DXS296 i n genom.ic DNA

digested w'i th TaqI (aìleles Al,A2)(Fig. 5-l) or BclI (alìeìes
cl,cz)(Yu et ar. r990 [Appendix D]). The heterozygote
frequencies for the two RFLps t,rere 0.23.

VK2IC detected a two-al I el e RFLp

digested with Hspl (aììeìes
heterozygote frequency was 0.3 I .

at DXS296 i n

81,82)(Fig.

genomì c

5-l).
DNA

The

The three RFLPs detected by the vK21 subcrones were.in strong
lìnkage djsequììibrium. Among 45 X chromosomes from zl
unrelated individuars, the hapìotypes were either ArBrcr or
A2B2c2. The standardi zed ì i nkage di sequi r i bri um constants
were as follows: DtAB=5.36 (Xrr=rg.7; p<0.001); DrAC =6.11
(X2l=45.0; p<0.001); and DtBC=5.36 (Xrr=r8.7; p<0.001).

The probes vKzlB and vKzlD did not detect an RFLp.



Fì gure 5- 1.
Mendel jan inheritance ._f_. !he_JaqI RFLp (Ar,A2) detected
Þv vK2lA-and thg {+ql llLp (sr;Ez) det.it..i ¡í vKzlc atDXsz9.6. For each RFLp the two'aríeres ..À-iñäicated onthe left of thg f.igure. The sizes of tñe pãiv*orphìcfragments are indicated to the right. ñ.ii¡,är probedetected constant bands. Among I l 1 i chromoio..s fromunrelated cEPH males and femalõs the Al allele frequencywas 0.87; -among 116 X chromosomes from un".lated'cEpÉl
mal es and femal es the Bl al I el e frequency was 0. gl .
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vK23B detected two-al I el e RFLps at DXs297 .i n genomì c DNA

digested with HindIII (aì'l eìes Al,A2) or xmnl (aììeìes Bt,Bz)
'(Fjg- 5-2). The heterozygote frequencies for the two RFLps

vlere 0.34 and 0.49 respectiveìy. The two RFLps were in
'l i nkage di sequi ì i bri um. Among r9 DNA sampì es f rom unrel ated
caucas i an mal es the hapl otype frequenc i es were Al Bl (o .42) ,

AlB2 (0.21), AzBt (0.37), and AzBz (0.0). The standardized
ìinkage disequiìibrìum constant (Ds) uras -2.01 (xzr=4.04;
p<0.05). vK23B did not detect RFLps .i n genomic DNA dìgested
wi th any of the foì r owi ng enzymes: AvaI, AvaI I, BamHI, Bcr I,
8glII, EcoRI, HincII, MsgI, pstI, pvuII, Sau3A, StuI, and

TaqI.

vKl683 did not detect an RFLp at DXS293 in genomìc DNA

digested with the foìrowing enzymes: AruI, AvaI, AvaII,
BamHI, BanI, Bcl I, Bgl I, Bqì I I, BstNI, BstXI, DdeI, DraI,
EcoRI, EcoRV, HaeIII, HincrI, H'i ndIII, HinfI, MboII, MsLI ,

Nsil, PstI, PvuII, RsaI, SacI, Sau3A, StuI, TaqI , XbaI, and

Xmn I.

vKl8A dì d not detect an RFLp at DXsz95 i n genomi c DNA

digested with the followìng enzymes: AvaI, AvaII, gamHI,

BanI, BanII, BclI, BqlI, BglII, BstNI, BstXI, DraI, Eco0r09,
EcoRI, EcoRV, HaeIII, HincII, HindIII, HinfI, MboII, pstI,
PvuII, RsaI, SacI, StuI, TaqI, XbaI, and XmnI.



Fi gure 5-2 (a).
Mendel i an ì nheri tance of the Hi nd I I I RFLp detected byvK23B at DXszgi. Th'i s i s a cornposi te f igu." -rà¿. 

f romtwo autoradiographs. DNA size m'arkers inã.i cate the DNAf! ugment s i zes i n the two parental l anes on ir,. l eft oft!. fì gure; the two al I er es are i nd i cated j n the I anesof the offsp.rjng_by arrohrs to the right of the riguie.
Itg p.o.ìymo-rphjq-flugments brere 10.5 r¡ (At aileìei and9.5 kb (A2 al'l eì e) ì ong. A f a'i nt constant 6.'7 kbfragryent was al so detectéd. Some I ane background wasnoted when using vK23B, but this did not oÉscure thepoìymorph'i c bands. Among l t7 x chromosomes f romunrel ated cEPH mal es and femal es the Al al I el e frequencywas 0.78.
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The probe pc2sr5 detected two-arreie RFLps at IDS .in 

DNA

dìgested wr'th StuI (alìe'l es Al,A2) or TaqI (alìe'les Bl ,Bz)
(Fig. 5-3). The heterozygote frequencies for the two RFLps

urere 0.50 and 0.08 respectively. There was no evidence that
the two RFLPs were in rinkage disequììibrium. Among zl x

chromosomes from unrel ated cEpH mal es and femal es the
hapì otype frequenci es were AlBl (0.60) , AlB2 (0.04) , A2Bl
(0.36) ' and AzBz (0.0). The standardized ì ìnkage
d'i sequiìibrium constant (Ds) was -0.959 (X2t=O.gZ; p>0.1).
RFLPs were not detected w j th the f o'l 'l owi ng enzymes : gamH I ,

BclI, BqlII, EcoRI, HincII, HindIII, MsoI, pstI, pvuII, and

Sau3A.

L'i nkaqe Analysis

The cEPH ped i grees were genotyped f or RFLps I .i sted i n Tabl e

5-4. tlhere the cEPH pedigrees were genotyped for more than
one RFLP at a ì ocus, the genotypes h,ere reduced to a s j ngì e

pai r of al I el es by hand (chapter z) . The data h,ere then
checked with program xpHASE (chapter 2; Appendix A) and by

hand. No doubl e recombi nants i n the i nterval F9-DXS5z rvere

observed. Al I these genotype data have been commun.i cated to
the CEPH database and wi ì I be i ncl uded i n the CEpH consorti um

ì inkage map of the x chromosome. The pedigrees and the
genotypes are listed jn Appendjx B.

Two-poìnt

paì r-w j se

L0D scores

combi nati ons

and recombi nati on fract i ons for al I

of loci are summarized in Table 5-8.



Figure 5-3 (a).
Mendel'i an 'inheritance of the StuI RFLp detected bypc2Sl5 at roå. This is a composjte fìgure made from twóautoradiographs. The DNA s'ize markeri.indicate the DNA
f ragment s i zes 'in the two parental I anes on it " I ef t oft!. fì gure; the two al I el es are i nd i cated j n the I anesof the of f sp.rj ng- by arrobrs to the ri ght of the ri guie.
]!. poìvmorqr'iç fragments u,ere rr.a ki, (Al ailele)i an¿15.0 and 2,8 kb. (42 a'l ì el e) ì ong. constànt f ragmeñts ofthe followìng sizes were a'rso ¿ltected: 2.6, í.2, 3.4,3.6, and 4.7 kb. Among 104 X chromosomes from unrel ateó
cEPH mal es and femal es the Al al I el e frequency was 0.55.
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Figure 5-3 (b).
Mendel i an 'i nheri tance of the TaoI RFLp detected bypc2sl5 at IDS. DNA size markers ãre indicated on thäleft of the figure; the alleles are ind'i cated on therjgh!. The. poìymorphic fragments tlere 5.1 kb (Bl
al I el.e) qn_d_ 3. e kb (82 al ì eì é) I ong. constant f ragmentsof the foìlowing sizes were also-detected: 1.1,- 1.3,
| .7 , 2 .0, 2 .8, and 3 .3 kb. The poì ymorph i c bands were
much fai nter than the constant bands. Amon g Zl X
chromosomes from unrel ated CEPH mal es and femal ei the B1
al I el e f requency v,,as 0.96.
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Note to Table 5-B

Two-point LOD scores were calculated for each pair of loci. The fìgures

above the diagonal are the best estimate of the recombination fraction

(upper figure) and the peak LOD score ('lower figure). The figures below the

d.iagonal are the standard error of the recombination fraction (upper figure)

and the number of pedìgrees informat'ive for each pa'ir of loci (lower

figure). The standard error of the recombjnat'ion fract'ion is the square root

of the variance estimated by the LINKAGE programs. (NC not calculated).



Table 5-B

summary of two-point 'linkage anaìysìs in the cEpH pedigrees.

F9 DXS105 DXS98 pXS369 VK23 VKzl IDS

.078
6.38

DXS304 DXS52

F9 .043
14.34

.22r
2.54

.zsl
I .36

.190
1.28

.193
4.88

.241
2.62

.327
I .46

DXS105 .026
9

DXS98 .044
6

DXS369 .060
6

vK23 .089
3

vK2t .087
4

DXS304 .062
7

DXS52

NC

3

044
9

.094
2

.078
3

.050
8

.048
l3

NC

I

.072
2

.103
2

.054
6

.049
4

076
6

.142
2.28

6

NC

8

NC

4

. 051
9

.209
4 .77

.077
6.85

0
15.95

.062
12.74

.r24
10.83

0
6.62

. 170
6.79

.179
I .38

. 170
5. 50

.?79
3. 55

0
2 .71

.072
2.65

.152
1.19

.125
4. 59

.069
s.27

.237
I .81

0
4.52

.054
15.19

063
.08

.049
10

.049
l0

.028
10

. 155
1.19

.042
s.t2

.t75
2.36

.ls4
5.06

.014
18. 20

.136
13.93

.017
9

.127
11 .25

.032
T7

.036
T2

NC

2

.045
5

.105
2

.04s
5

.043
3

074
5

0
7 53

IDS

. 031
8

.056
T2

.036
ll
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The peak L0D scores for the recombination fractions between

loci that r{ere adjacent on the bas.i s of physicaì mapping

ranged from 1.19 (vKz3-vK2t ) to tB.z0 ( IDs-DXS304) . No

recombi nants were observed between DXSl05-DXs9g, DXSgB-

DXS369, DXS369-VK23, and VK2t - IDS.

For mult'i point I inkage anaìysìs, the order of loci determined

by physì cal mappì ng (chapter 4) was assumed, and the rel ati ve

I i kel i hood of adjacent pai rs bei ng i nverted was cal cul ated
(Fìg. 5-4). In generaì it was not possible to order adjacent
pai rs of I oci where there was no recombi nati on on two-poi nt
I ì nkage anaìysi s. The one exception was DXSgg-DXS369 where

DXS98 was pl aced proxi maì to DXS369. Al though no

recombi nat i on was observed between these two ì oc ì , DXS369

demonstrated much cl oser ì ì nkage to di stal markers than did
DXS98 (Tabìe 5-B). The odds jn favor of pìacing DXS304 distal
to IDS were onìy 22:1. There was only one recombination event

between I DS and DXS304, and th i s was .i n a ped.igree

uni nformati ve both for VKZI and at DXS5Z.

The order of loci suggested by this ana'lysìs was F9-

(DXS105,DXs98)-(DXS369,vK23)-(vK2l,IDS)-DXs3o4-DXS52. As an

aid for ordering other loc'i in this regìon, indjviduals who

l'rere recombi nant between I oci i n the i nterval DXS369-DXS304

are I'i sted i n Tabl e 5-c. Assumi ng that DXsgg uras d j stal to
DXSl05 (Keats et al . 1989; chapter 4) the recombj nati on



Fi gure 5-4.
Multìpoint linkage anaìysìs of nine locj atThe probes wh i ch detect RFLps at the I oci
I i sted at the bottom of the fi gure.

Xq27-q28.
shown are
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Table 5-C

0ffspring in the

recombi nati on between

ped i grees

the i nterval

wi th phase-known

DXS369-DXS304.

CEPH

I oci i n

Cl osest i nformati ve

loci
Pedi gree number ( i ndi vi dual )

DXS296 : I DS

: DXS304

I DS : DXS304

none

132e2 (8); 1362 (11).

i416 (8); 1421 (rz).
884 (14).

1344

1408

none

none

none

1416 (6).

(5, l1)4.
(7).

Not e

a phase i nf erred.
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fractions between adjacent loc'i were derived by multipo.i nt
ì ì nkage anal ys i s and are shown i n Fi g. 5-4.

Homogene j tv test j nq

The A-test was used to determi ne whether the paj r-wj se L0D

scores for the recombi nati on fracti ons between F9- IDS and

IDS-DXS52 were heterogeneous. The I ocus IDS was chosen

because more cEPH pedigrees were i nf ormat'i ve at th j s I ocus

than at other nearby I oci . For F9- IDS there were l0
jnformative pedigrees with 45 phase-known and zl phase-

unknown meioses. There !,Jas insuf f icient evidence to indicate
'l 'i nkage heterogeneity (X2Z=0.078; p>0.2). For IDS-DXS5Z there
were 17 informat'i ve pedìgrees wjth Bz phase-known and 39

phase-unknown meioses. Again there lvas insufficient evidence

to indicate ì inkage heterogeneìty (XZZ=2.g40; p>0.1).
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DISCUSSION

Linkage analysi s of new RFLps at Xq27. p. lS0

Ljnkage analysjs of RFLPs at Xq27-q28

RFLPs at three loci near FRAXA are descrjbed in thjs chapter.
These RFLPs wi I I be of great val ue i n geneti c counsel j ng of
families with the fragile x syndrome or Hunter syndrome (IDS

deficiency). The RFLPs detected by the vK2l subclones at
DXS296 are i n I ì nkage di sequì ì i bri um, as are the RFLps

detected by vK23B at DXS29z. Although there yras no evjdence

of ì ì nkage dj sequi I ì bri um between the RFLps at IDS, the power

of this assessment to exclude 'l inkage disequiì ibrjum was low

(Thompson et al. 1988).

The RFLPs def i ned by vKz3 and vKzl f I ank FRAXA, ârìd are

closer to FRAXA than DXS369 or DXs304 (Fig. 5-4; chapter 4).
A 'l inkage analysìs of the RFLps detected by these probes jn

frag'i ìe X families 'i s presented in the next chapter.

[,.lith regard to 'l inkage studies of Hunter syndrome, RFLps have

nolv been defined at the gene itself and at the flanking ìoci,
DXS296 (vK2t) and DXS304. The genetic djstances between IDS

and these I oci are smal I (Figure 5-4) and have narrobr

confi dence i nterval s. A proportj on of affected mal es have

deletions at IDS which are detected by pc2Sl5 (Wilson et al.
1990 [Appendix D]), and the identjficatjon of carriers wjthjn
a f ami'ly may be rel at'ively simpì e. In f ami I i es w j th an

establ jshed mutation where a deletion js not evìdent, it .i 
s



now

RFLPs
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possible to provìde carrìer risk estjmates utìl izing
at IDS and at the closely I inked flanking loci.

The l'i nkage relationships of nine loci at xqzl-qzg were also

defined 'i n this study. The order of loci determjned by

ìinkage anaìys'i s was consistent with that determined by

physìcal mapping stud'ies (chapter 4). The physicar mappìng

studj es had been based on the assumpti on that the cel I I j nes

used did not have compìex rearrangements at xq27-qzg. The

observations that cY34A had an interstit'i al deletion at xq26

and that the human chromosomal content of Apc-5 was

fragmented (chapter 4) suggests that such rearrangements

coul d occur. Therefore i t i s reassuri ng that the resul ts of
this ì inkage study rvere compat'i ble w'ith the order based on

physical mapp'ing stud'ies.

However the I jmjtations of ì ìnkage anaìysis for ordering loci
were evident. Despìte genotyping 40 three-generation
pedigrees at ni ne I oci there rvere three pai rs of I oci that
could not be ordered on the basis of ì ìnkage ana'lysis,

DXSl05-DXS98, DXs369-vK23, ârìd vKzl-IDs. There are three

reasons for this. First, the RFLPs tested at DXSgB and DXS297

(vK23) were informative in only a few pedigrees. Second,

recomb jnation between x-l'i nked loci occurs in on'ly one

parent, thus reduci ng the i nformati on that can be deri ved

from a study of x-l j nked rather than autosomal I ocj . Thi rd,
as more loci are ìdentified jn a regìon it becomes
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increasingly less ìike'ly that recomb'inat'ion will be observed

between an adjacent pair of loci. The order of loc.i shown in
'Fig. 5-4 is based on both phys'ical mappìng studjes (chapter
4) and the ì inkage ana'lys'i s presented in th.i s chapter. There

i s some i ndependent evi dence to support th i s order. col I ated
ì inkage data has pìaced DXS98 djstal to DXSl05 (Keats et al.
1989) ' and IDS has been pl aced di star to vK2l i n puì sed fi el d

gel electrophoresis stud'i es (Hyìand et â1., manuscript
submìtted). The location of DXS297 distal to vK23 (chapter 4)

h as not been 'i ndependent'ly conf i rmed.

!J'i th the devel opment of a 'l arge scal e restrì cti on map of the
regìon close to FRAXA (Hyìand et ô1., manuscrìpt submjtted)
it 'i s possible to correlate physìcaì and genet.ic distances.
IDS and DXS304 are wi thi n 900 kb of each other, and the

recombination fraction between them t,,,as 0.012. vK2l I ies
approxi mately 800 kb proximaì to IDS (yu s. , personaì

commun i cat i on ) and no recombi nants were observed between

these I oci . These figures are cons j stent wj th the genome

average of I cM per 1000 kb of DNA. There is no evjdence of a

recombinat'i on 'hot-spot' at djstal XqZll.

I Xq27 has been
recombination
Thi s proposaì
7.

proposed as
i n normal

'i s analysed

gion of preferential
fragile X famjlies.
discussed jn Chapter

are
and
and
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L j nkaqe homogene'ity j n CEPH oedi grees

These I i nkage studi es u,ere performed under the assumpti on

' that there uras no heterogeneity in the I inkage relationships
of co-dominant loci. This assumption need not be true. Some

evidence has been presented that there j s 'l i nkage

heterogeneity between F9 and DXSs2 'in fragi'l e x pedigrees

(Brown et al . 1985, 1986, 1987b, lgBB; Ri sch lgBB). Brown et
al. (1987b) al so reported definjte evidence of ì ìnkage

heterogeneìty between F9 and FRAXA, but thjs has been

d i sputed (cl ayton et aì . lgBB) . There .i s no ev j dence of
'l inkage heterogeneity between FRAXA and DXS52 jn fragile x

pedigrees (Brown et al. l9B7b; Risch lgBB). Linkage

heterogenei ty coul d refl ect a sampì ì ng fl uctuati on, or be

specjfic for the fragiìe X mutation, or also be a feature of
normal ped'igrees. If linkage heterogeneity .i s a feature of
normal pedigrees, it may be necessary to utjl ize more than 40

cEPH pedì grees to deveì op a representatj ve I i nkage map of the

human genome.

It is impossible to test for l'i nkage heterogene.ity in the

interval F9-FRAXA in normal pedigrees. IDS was chosen as an

appropri ate I ocus for th j s test for two reasons . Fi rst, a

ì arge number of the cEPH pedi grees were .i nf ormati ve at IDS.

second, IDS must be close to FRAXA; IDS I ies between FRAXA

and DXS304 (chapter 4) wh'ich are separated by a genetic
di stance of approximately 3 cM (vi ncent et al . l9g9b) . No
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ev'idence of ì inkage heterogene'i ty was found between

and IDS-DXS52 i n th'i s study of normal pedigrees.

p. 154

F9- IDS

It is d'i fficult to estjmate the pourer of thjs study to
excl ude I i nkage heterogenei ty. In the study of Brown et al .

(1987b) 24% of fragìle x ped'igrees showed no recombination
between F9-FRAXA whi I e the remai nder demonstrated a

recombi nati on fracti on of 0.37. 0tt ( l9g6) and Ri sch ( lggB)
have tabul ated the power of heterogenei ty tests for a varì ety
of al ternati ve hypotheses, but they do not cons.ider the
combinat'ion of values noted by Brown et al . (l9g7b). cavalli-
Sforza and Kì ng ( l9B6) suggested that 24 phase- known

pedigrees each with four children were sufficient to detect
ìinkage heterogeneity at odds of l0:l when zo% of the
pedigrees were tightly I ìnked and the remajnder were

unl i nked. In thi s study the pedigrees al I had more than four
chiìdren, thus increasing the power of the study (0tt, l9g5;
p. 54). 0n the other hand, under the alternatjve hypothesis
that 80% of the pedigrees were 'l oosely linked rather than
unl i nked, the power of the heterogenei ty test woul d be

reduced ( Rì sch I 9BB) .

Conclusion

The development of this genetic map at xq2l-q2g will be

cruci al for the preci se I ocal i zati on of di sease I oci such as

FRAXA in this region of the x chromosome. such a map also may

be the basis for estimat'ing approximate confidence jntervals
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for gene location, âhd for provid'ing rel iable carrier
estimates to consultands as discussed in chapter 3.
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Chapter 6.

GENETIC I,IAPPING OF NEt{ RFLPS

IN FRAGI LE X FAI|II LI ES

DEFINES A STRATEGY FOR DNA STUDIES

IN THE FRAGILE X SYNDROME.
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S UMMA RY

The unusual geneti cs and cytogeneti cs of the f rag'i l e x

syndrome make genetic counse'l 'l Íng difficult. DNA studies have

been of I i m'ited val ue 'in geneti c counsel ì 'i ng because the

nearest polymorph'ic DNA loci had recombination fractions of
12% or more with FRAXA.

Five polymorphic loci have recently been described in th.i s

region of the X chromosome, DXS369, UKZ3, VKzl, IDS, and

Dxs304. The positions of these loc'i in relat'i on to FRAXA were

defi ned i n a col ì aborati ve ì i nkage study of tlz affected
famil ies. 0n mult'ipoint I inkage anaìysis the f jve loci had

recombination fractions of 4% or less with FRAXA. The closest
I ocus, VKzl was 2.2 c[,] di stal to FRAXA.

The poìymorph'i sms at these loci can be detected in DNA

digested with a l'imited number of restriction endonucleases.

A strategy for DNA stud i es whi ch i s based on three

restri cti on endonucì eases and fi ve probes wi ì I detect one or

more of these polymorph'i sms in g4% of women. Th'i s strategy
greatl y i ncreases the uti I i ty of DNA studi es i n provi di ng

genetic advice to families with the fragi'l e x syndrome.
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I NTRODUCT I ON

Línkage súudies in fragile X fanilies. p.jSg

0nce a child has been diagnosed as having the fragììe x

syndrome, other members of the fami ìy frequentìy seek genetic

counseìì'i ng, either to determine thejr risk of being a

carrjer or to request prenatal diagnos'i s (Turner et al.
1986) . The unusual pattern of i nheri tance of the syndrome and

the I ack of an unequj vocal marker for those carryi ng the

mutation have made it d'i ffjcult to provìde reliable rjsk
estimates.

It js possible to determine an individual ,s risk of being a

carrier by observing the inheritance of DNA polymorphìsms

I ocated near FRAXA (sutherl and & Mu'l ì ey 1990) . In general ,

the value of a DNA polymorphism for provìding genetjc

counsel i ng i n a di sorder j s determj ned by two factors
(Guse'ì 'l a 1986). The first 'i s the genet'i c distance between the

polymorphi sm and the di sease gene.

The polymorphìc loci generaily used in studjes of fragile x

f am'i I i es have been F9, DXSl05, DXS9B, and DXs52 (sutherl and &

Mul'l ey 1990) . tach of these I oci has a recomb j nati on f ract'ion

of more than 0. l2 wi th FRAXA (Mande'l et al . t9B9) .

consequentìy, identification of a fragììe x carrjer on the

bas'is of the inheritance of one of these poìymorphìsms would

be incorrect in over 12% of cases.
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In vjew of the large recombinat'ion fractjons between the

nearest poìymorphìc I ocì and FRAXA, an estimate of carrjer
ri sk was i deaì ìy based on the i nheri tance of any two

poìymorphisms which flank FRAXA. In thjs sjtuat'ion the rjsk
of incorrectìy identifyìng a carrjer may be as low the

product of the two recomb'i nation fractions ( j.e. 0.014).
However, the advantage of us'i ng f I anki ng poìymorphi sms i s

lost if recombination has occurred in the interval between

the two poìymorphìc locì, making it ìmpossible to determine

which of the two po'lymorphìsms was inherited wjth FRAXA. The

probabi I i ty that such a recombj nati on wi I I occur between two

loci ìs approxìmately equal to the sum of the recombjnat'ion

fractions ('i .e. at least 0.24).

The second cons jderat jon i n choosì ng a DNA poìymorphi sm 'i s

whether the po'lymorphi sm i s i nf ormati ve 'i n the f ami ly bei ng

investìgated. The ideal po'ìymorphic locus for investigating
famjljes wjth the fragiìe X syndrome would be very close to
FRAXA and have a high probabil jty of being 'i nformative jn the

women of the fami'ly. In practice it is usuaì'ly necessary to
exami ne the fami ìy at a number of polymorphì c 1 oci , and to
seek some compromi se between testi ng highly po'lymorphi c I oc'i

f ar f rom FRAXA and test'i ng cl oser but rel atì veìy

uninformat'ive loci. Strategies for DNA stud jes 'i n fragiìe x

f ami I i es have been proposed (Hei'l i g et al . 1988; Sutherl and &

Muì'l ey 1990) which ind'icate the order in which the
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poì ymorph j sms shoul d be eval uated to prov'ide the most

efficient dìagnost'ic servjce for the genetic counselor.

Two poìymorphi c 1 oci , DXS369 (0ostra et al . 1990) , and DXS304

(vi ncent et al . 1989b), have been reported to have

recombinat'i on fractions of less than 0.05 with FRAXA. A

combined ììnkage study of these two loc'i 'i n fragile x

fami I i es has not been reported.

A further three poìymorphìc I oci, DXszg6 (probes vKzlA and

vK2lc), DXS297 (vK23B), and IDs (pc2Sl5), have been local ized

to this region on the basjs of physica'l mapp'i ng (chapter 4)

and geneti c mappi ng i n normal pedìgrees (chapter 5) . The

order of locj is cen-DXS369_-vK23-FRAXA-uKzl-IDs-DXS304-qter.

A pi I ot I j nkage study of the I ocat'ion of vKzl i n seven

f ragile x fam'i I jes (suthers et al. r9B9a IAppendix D]) had

suggested that vK2l was the closest probe to FRAXA. The vKzl

subcl ones were dì stri buted to dì agnost'ic I aboratori es around

the worl d, and a col I aborati ve study of the ì i nkage

rel ationships of these probes and FRAXA was jn'it jated.

In a muìt'i po'i nt 'l inkage study of rlz fragiìe x famiììes, the

f ive I oci al I had recomb'i nati on f racti ons of 0.04 or I ess

with FRAXA. The closest probe bras vK2r whjch had a

recombination fraction of 0.02 with FRAXA. 0ver gg% of women

were heterozygous at one or more of these loci. 0n the basis
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of these resuì ts, an effi cj ent strategy for DNA studi es

families with the fragiìe X syndrome .i s presented.

161
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I'I ETHODS

Selection of pediqrees

The collaborat'ion was initjated and managed by the cand.idate.

Data from a total of I53 fami I i es were obtai ned from l3
centers around the worl d. As affected i ndi vi dual s wi th no

affected relatives could represent new mutatjons (Sherman et
al. 1988b), famil jes were included jn the anaìysis onìy jf at

I east one f ami'ly member was mentaì ly retarded and expressed

the f rag'i I e x, and provided at I east one f urther f amì ly
member expressed the frag'i 'l e x. Expression of the fragììe x

was assessed by culturjng perìpheral lymphocytes under

specjfic cond'it'ions (sutherland l99o). Expressjon of the

fragi'l e x in l% or more of rymphocytes uras regarded as

posìt'i ve.

Among the famj I j es contri buted from overseas j aboratorì es,

there þJas a generaì sel ecti on bi as i n favor of fami I j es

havi ng women heterozygous at I oc'i near FRAXA. There was al so

a specifjc bias in favor of fam'i l'ies wjth women heterozygous

at DXS296 (vKzl). Detail s regard'i ng the pedigrees are l.i sted

in Appendix C.

Linkaqe analysis

Varjous DNA probes blere used to identify restrictjon fragment

ì ength poìymorph'i sms (RFLPs) at n jne I oc j near FRAXA. The

approximate posìtions of the loci on the x chromosome are
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Al I the genotype and pedi gree data were checked by hand.

Pedigrees havjng a sìngle affected .i ndividual or with
apparent non-Mendel i an i nheritance of a polymorphì sm rvere

excl uded. A total of 1368 indivjdual s from ll2 pedigrees were

included in the anaiysis. The ped'igree and genotype data are

ljsted in Appendix c. The number of familjes .i nformative at

each locus is shown in Table 6-8.

Deta'i I s of the LINKAGE programs and the cho.ice of parameters

for the analysis are gìven jn chapter z. The program LINKMAp

was used for the multipoìnt I jnkage anaìysìs, and FRAXA was

I ocal j zed i n rel ati on to the geneti c map defi ned j n normal

pedigrees (chapter 5) . As detai I ed i n chapter z, the

background genetic map consjsted of the positìons of DXS9g,

DXS369, vK23, vK2l, IDS, and DXS304. Genotype data at one or
more of these I oci were avai I abl e from l0l of the fragi ì e x

ped i grees .

An approximate 95% confjdence interval for FRAXA location was

determined using the protocol outlined in chapter z and the
program B00TMAP IAppend ì x A] .



Figure 6-1.
The order of poì ymorph i c I oc i down the X chromosome i sindicated. uK23 detects the locus DXSZ97, âhd vK21detects 0rs29-q. The dark band on the ideogram
corresponds to the band at xqzl noted after G-banding ofthe chromosome. The pos i ti ons of the r oci and of -the
fragììe site in relation to the chromosome bands are
approx'imate.
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Table 6-A
Restriction fragment length polymorphisns used in the linkage study.

Locus Probe Enzynrea Heterozygos'it/ Location Reference

F9

DXSt05c

pVIII

cX55.7

IêqI 0.38

TaqI
HindlII
EcoRI
StuI
Pst I

UspI
Xrnn I
EsUI
Xrnn I

HindIII 0
XnmI 0

Xq26.3-q27.1

Xq27.l-q?7.2

Kidd et al. 1989

Kidd et al. l9B9

DXS98c

DXS369c

DXS297c

DXS296c

IDS

DX$04c

55E

4D-8

4D8-B
4D-8IV

RNl

VK23B

VK21A

VKzlC

pc2Sl5

0
0
0
0

0
0

0.11
0.48
0.40
0.41
0.48

.30

.08

.15

.08

.48

.24

.34

.49

.23

.23

.31

0.36
0.49

Xq27.? Kidd et al. 1989

Schnur et al. 1989

DXS52 St14-1

StuI
TaqI

Taq
Bcl

Taq
Bcl
Usp

Xmr

Iaq
Xq27.2-q27.3 Oostra et

Oberle et

Xq27 Chapter 5

Xq27.3-q28 Chapter 5

Chapter 5

I
I

0
0

I
I

al. 1990
al. 1990

0
0
0

0
0

I
I
I

2
2-

U6

U6
many

20E BanI

Xq28

Xq28

Xq28

50
08

80
32

Dahl et al. 1989a
Rousseau et al. 1990

Kidd et al. 1989

Note

a restrictjon endonuclease used to digest DM samples from famiìy members.

b frequency of women heterozygous at the locus.

c the RFLPs at this locus are'in linkage disequiììbrìum, i.e. women who are not

informative for one RFLP have a reduced probabilìty of being infonnatjve for

other RFLPs at the locus.
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RESULTS

Two-poi nt I i nkage anal vsi s

The resul ts of two-poi nt I i nkage analysi s of FRAXA and each

of the njne po'lymorphìc loci are summarized jn Table 6-8.
Recombi nati on was observed between FRAXA and each of the

loc'i . The pedigrees demonstrating recombination are
'identjfied in Appendix C.

The probe closest to FRAXA was vK2l whjch had a peak L0D

score of 33.45 at a recombi nati on fracti on of 0.015. Thi s

anaìysì s i ncorporated the data from the pi ì ot study of seven

famil ies (Suthers et al . 1989a IAppendix D]). Recomb.i nation
between VK2l and FRAXA was documented in three affected males

from three di fferent fami I i es. The adjacent j ocus IDS

(pc2s15) had a recombination fractjon of 0.099 with FRAXA.

The other I ocus di stal to FRAXA, DXS304, had a recombi nati on

fraction of 0.031.

The proximaì loci DXS369 and VK23 had recombination fractjons
wi th FRAXA of 0.066 and 0.042 respectì ve'ly.

Multiooint li kaqe analvsis

Mul ti poì nt L0D scores were cal cul ated f or vari ous pos'itì ons

of FRAXA al ong the genetì c map ( Fi g. 6-?) . The peak

mul ti poi nt L0D score was 48.49. The correspond.i ng I ocat.ion of
FRAXA was 2.2 cM proximal to VK2l.



Table 6-8

Sumary of tno-point linkaç analysis of the Fragile X locus, FRAXA, and nearby'loci.

Recrxnbi nati on fracti ons

0.00 0.01 0.05 0.10 o.2o 0.30 0.40 L0Qna,r R. F. a c. I . b nc

FRÆG vs.

F9

DXS105

DXS98

DXS369

tK23

tK2l

IDS

DXS304

DXS52

-26.29

-19.68

3.65

5.04

3. 13

30. 75

0.34

7 .57

-2r.42

-8.85

-s. 1t

5.88

11.31

4.t7

33.36

2.69

9.30

2.31

t.02

2. s5

6.69

14.50

4.46

32 .05

4.01

9.56

16.84

4.88

4.88

6.47

t4.24

4.23

28.58

4. 18

8.74

21.07

6.49

5. ll

5. l0

n.06

3.28

20.29

3.50

6.27

19.43

5. 18

3.38

3.25

6.74

I .99

11.56

2.32

3 .49

12.98

2.66

r.22

I .36

2.56

0.68

4.08

1.02

I .09

s.43

6.49

5.40

6.70

t4.62

4.46

33.45

4.19

9.67

21.45

.190

.t52

.058

.066

.042

.015

.089

.031

.126

44

37

25

45

nd

67

l6d

27

89

(.t2-.28)

( .08- .24)

(.01-. ts)

(.04-.12)

( .00s- . 18)

( .005- .04)

(.02-.23)

( .00s- . t0)

( .0e- . l7)

llote a recombination fraction corresponding to the maximum LOD score.b approx'imate 9Ø" confidence interval-for the recombination frãctjon (Conneaìly et al.c number of famiìies po'lynnrph.ic at the locus.d this locus was analysed in the Adela'ide families on'ly.

ress).



Fi gure 6-2.
Multìpo'i nt LOD scores for the location of FRAXA arepìotted agaìnst genetic locatjon along the x chEmosome.
Il,g ori.gin of the map was arbitrariìy pìaced at vK2l
(DXs296) . Di stances al ong the map were deri ved from
recomb'i nation fractjons (chapter 5) using Haldane,sformula. oxs-9-9. ]uy 20.2 cM proxìmaì to uKzl, oxs¡og and
VK23 .(DXS297) lay 6.1 cM proximal to VK2l, IDS waspìaced co'i ncident with VKz1, ârìd DXS304 ìay t.Z cMdistaì to vK21. Multipoìnt L0D scores ror rRAxA locatjon
urere calculated at 20 points in the interval between
vK23 and vK21; cal cul ati ons were performed at 5 poi nts
i n each of the other j nterval s. The peak of the
mult'i poìnt L0D score curve (heavy line) ocðurred z.z cMproximal to vK2l, 'indi cati ng that thi s was the most
ì i keìy I ocati on of FRAXA.

A cumulative histogram of the d'i stribution of FRAXA
I ocat'ions obta'i ned f rom 1000 resampì i ngs i s shown as a
f i ne I i ne. The med'i an I ocati on was 2.2 cM proximaì to
vK21. 95% of the locations (centered at the median) were
0 .7 to 3 .7 cM prox i maì to VK2l .
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I n us j ng the program B00TMAp to determj ne an approxi mate

' confi dence i nterval for FRAXA I ocat i on , the sets of
mul tì poì nt L0D scores were resampì ed i n two r,rays. The f i rst
approach was conservative, ôñd the l0l sets of L0D scores
were randomly resampl ed (wi th repì acement) . The di stri butj on

of the resampìed locat'ions of FRAXA under this conservative
resampìing scheme is shown in Fig. 6-2. The approxjmate gs%

confi dence i nterval for FRAXA I ocat i on was o .7 to 3 .7 cM

prox'imaì to VK21 .

The second approach was non-conservative, ârìd was similar to
that used i n chapter 3. The resampì i ng was random wj th the
excepti on that each resampì e had to .i ncl ude data f rom at
I east one fami 1y havi ng recombi nati on between FRAXA and each

of the locj on the background map. under this condition, the
approximate 95% confidence interval for FRAXA location was

1.3 to 3.7 cM proximaì to VK2l

The'one-L0D-unit-down,

I 989 ) for FRAXA I ocat j on

i nterval (Keats

3 .7 cM proxì ma'l

confidence

bras 1.0 to
et al.

to VK21.
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RAXA.

Thi s col I aborati ve ì'inkage study documented the geneti c

locations of njne poìymorphic loci in relat.i on to FRAXA. The

rel atively ì arge recombination fractjons noted between FRAXA

and F9, DXSl05, and DXS52 (Table 6-B) are simiìar to
pubì ì shed val ues (Keats et al . l9g9) . The recombi natj on

fraction of 0.058 between FRAXA and DXSgg is s.imilar to the

val ue 'i ni ti al ly reported (Brown et al . l9g7a), but subsequent

pooìed studies have'indicated that the recombination fractìon
i s more 'l i kely to be 0. l5 (Mande'l et al . l9g9) . The ì arger
value is also more consistent wjth the relative posìtions of
poiymorphic loci in normal pedìgrees (Chapter 5).

Two-point I inkage analysis of FRAXA with DXs369, vK23, vKzl,
IDS, and DXS304 indicated that the best estimates of the

recombination fractions were aìl less than lo%. The

recombi nati on fracti ons between FRAXA and DXS369 and DXS304

!.rere consistent with pubì ìshed values (0ostra et al . 1990;

Vi ncent et al . 1989b) .

The recomb'i nati on f racti on between FRAXA and IDS was

estimated to be 0.089. This value seems .i nconsistent with
other data. Physi caì mappi ng studj es have j ndi cated that IDS

ì ies between vK2l and DXs304 (chapter 4). However, these two

I oci had recombi nati on fracti ons wi th FRAXA of only 0.015 and
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0.031 respectìveìy (Table 6-B). This apparent discrepancy is
probabìy not of bioìogicaì significance, but simpìy reflects
a sampl ì ng fl uctuati on. IDS was studj ed i n a smal I number of
f ami I i es and the conf idence 'i nterval f or the recombi nati on

fract'ion was wide. Estimates of the recombination fractions
between DXS98, DXS369, VK23, vK2l, IDs, and DXs304 determined

by multipoint linkage anaìysis do not differ in normal versus

fragììe X famil ies (chapter 7). In normal famjl ies there was

no recombi nat'ion between IDS and vKzl (chapter 5) , and the

true recombi nati on fracti on between FRAXA and IDS j s I ì kely
to be less than 8.9%.

Multiooin t Iinkaqe analvsis of FRAXA

Mul ti poì nt I i nkage ana'lysi s i s stati sti cal'ly more ef f .ic.ient

than two-point I inkage analyses, and provides a more accurate

and precì se geneti c map ( Lathrop et aì . l9g5) . Estimates of
the recombi nati on f ract'ions between the vari ous I oc.i and

FRAXA were derived from Fig.6-B and are summarized jn Table

6-c. Multipoint I jnkage anaìysis ind'icated that DXs369, vK23,

vK21, IDS, and DXS304 al I had recombi nati on fracti ons of 0.04

or less wìth FRAXA.

The approximate 95% confidence interval for FRAXA locat.ion
was very narrow, ârìd reflected the number of famj'l .ies

included jn the ana'lysis. In applying this method to'l inkage

data from a singìe pedigree (chapter 3), jt was necessary to
use a non-conservati ve resampl i ng strategy to obtai n
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appropriate estimates of gene location. The resampì.ing

process was al so tedì ous, and j t was necessary to perform
' repeated LINKMAP analyses. These constrai nts did not appìy

when est i mat i ng a confi dence i nterval for FRAXA I ocat j on wi th
ì ìnkage data from many pedìgrees. The difference in
confidence 'i ntervals derived by conservative versus non-

conservative approaches was m'i n'imaì, and the resampì ing was

performed 1000 t'imes in a matter of mjnutes.

Definìng a recombination fractìon of o.oz between a locus and

FRAXA could onìy be achieved with a col I aborative study.
Idea'lìy a recombination fractìon of this magnitude could be

documented by anaìyz'ing the DNA of approxjmateìy 50 offspr.ing
i n fragi I e X pedigrees. However, the presence of unaffected
carriers for the fragi'le X syndrome and the irreguìar size
and structure of human fami I i es markedìy reduces the amount

of i nf ormati on that can be obtai ned f rom 'l i nkage stud.i es (0tt
1985, p.54, p.132). There has onry been one other muìtipojnt
ì i nkage study of the f rag'i'le x syndrome of thi s magni tude.
Brown et ai . ( l9B8) descri bed a I i nkage study of l4l
f am'i I ies. The closest po'lymorphic roci that were local ized in
that study were F9 and DXS52, each of wh.ich have

recombination fractions of over O.lZ with FRAXA.

Strat c¡v for DNA studies in f raqile X fa i I i es.

The definition of

fract i ons of 0.04

fi ve polymorphi c I ocj wi th recombi nati on

or I es s wj th FRAXA represents a maj or
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advance in the development of the genetìc map in thjs reg.ion
of the x chromosome. These poì ymorph i sms have i mmed i ate

' appl i cati on i n geneti c counseì I'ing. An estimate of geneti c

risk based on the inheritance of any one of these polymorphic
loci would be correct in at least 96% of cases. The inclusion
of other pedigree or cytogenetic data .i n the anaìys.i s may

reduce the risk even further (Mul'l ey et al . IggZi Sutherland
& Muììey 1990).

Less than 50% of women are heterozygous at each of the fi ve

poìymorphic loci close to FRAXA (Table 6-A), and at first
gì ance these RFLps m'ight appear to be of ì i til e added val ue

i n studi es of fragi ì e X fami I i es. Ho'vever, two factors argue
against such a pessimìstic conclusion. First, all fjve locj
are close to FRAXA, and an accurate estìmate of carrier risk
can be made on the basis of the .inheritance of just one

polymorphism. The probab'i ì ìty that a woman would be

heterozygous for at least one of the loci is high. Second, a

number of the RFLps can be detected us.ing the same

restri ct i on endonucl ease to d i gest the DNA of fami I y members .

The nylon membrane to which the digested DNA is transferred
can be re-probed for a number of di fferent RFLps, and i t i s

possi bl e to rapìd'ly screen the RFLps that are cl ose to FRAXA.

An effi ci ent strategy for DNA stud i es i n fami I i es wi th the
fragiìe x syndrome is presented in Table 6-c. step I involves
dì gesti ng the DNA samp'l es of f ami ly members wi th three



Table 6-C.

Strategy for DNA studies of fragile X famiìies

STEP 1

Digest DNA with probe DNA with

a VK2lA
pc2S1 5
VK23B

u6.2
RNI

u6.2-2
vKztc
pc2Sl 5
RNl
VKz3B

(pxs2e6) 0(Ips) 0
(pxs2e7) 0

Recombi nati on
fraction with

FRAXA

.02 distal b

.02 distal

.04 proximaì

0.03 distal
0 . 04 proxì ma'l

I
I

IÀq
Stu
xmI

Taq
xmtr

Ban I
MspI
TagI
IEsI

I
I
I

STEP 2 (if necessary)

reprobe
reprobe

STEP 3 (if necessary)

reprobe
reprobe

HindIII

0E (pxs304)
( pxs2e6 

)
( rps)
( pxs36s 

)
( pxs2e7)

a
( pxs304 

)
( pxs36e)

0.03
0.02
0.02
0.04
0.04

d i stal
di stal
d i stal
proxi ma'l
proxì maì

Notes

a the enzyme/probe combjnations of
IaoI/U6.2 could be replaced

MspI/U6.2.

di stal/proximal indìcates the

rel at'i ve to FRAXA.

position of the locus

wi th

TaqI/VK2tA

Msp I/VK2 I C

and

and

b
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different restriction endonucìease, and using the probes

vK21A, pc2s15 ( IDS), âñd vKz3B. The probabi ì ì ty of a woman

'being informative for one or more of these RFLps.i s go%. In
the event that a woman i s not i nf ormat.i ve at these 'l oc i , the
dìgested DNA samp'l es may be reprobed to identify
polymorphi sms at DXs369 and DXS304 (Ste p z). polymorphi sms

would be detected in a further l4% of women. using just three
enzymes and f ive probes, g4% of r.romen would be heterozygous
for at least one of these poìymorphisms. The probabiì ity that
a woman would be heterozygous at loci which flank FRAXA is
68%. Step 3 rai ses the proporti on of women who woul d be

heterozygous at one or more loc'i to more than gg%.

In presenting this d'i agnostic strategy, two cautions should
be noted. Fi rst, careful cytogeneti c exami nati on remai ns

crucial to avoid inaccurate diagnosis. A common fragile s.i te
has been documented in normal men and women immedi ately
proxi maì to the f rag'i I e x ( Ledbetter & Ledbetter l9g8;
sutherland & Baker 1990). If the two fragi'le sites are not
djstinguished, an indjviduaì may be incorrectìy classified as

havi ng the fragì ì e X syndrome or bei ng a carri er, and

subsequent genetìc risk estjmates based on DNA studies could
be incorrect. second, the fragiìe X syndrome js a complex
genetic disorder. In all but the s'implest of counseìling
situatìons, it is advisable to use appropriate computer
programs (such as LINKAGE ILathrop et al . l9g5] ) to j ntegrate
the pedigree, cytogenetic, ârìd DNA poìymorphism data to
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provide accurate genetic risk estjmates (Muììey et al. lggz).
In v'iew of the narrow confidence ìnterval for FRAXA location,
it is sufficient to carculate risk estimates for a sjngìe
location of FRAXA, Fâther than at a range of FRAXA posìtions.
This is in contrast to the situation d.i scussed in chapter 3.

Conclusion

The physicaì and genetic djstances in thjs region of the
genome were correl ated i n normal fami I i es i n Chapter 5, and

$Jere consistent with the genome average of I cM per 1000 kb

of DNA. If thi s rel ationship between phys.icaì and genetic
distances is maintained near FRAXA, FRAXA .i s approximate'ly
two thousand kb proximaì to vKzl. The successful cloning of
the gene responsible for cystic fibrosis (Rommens et al.
1989) has demonstrated that it i s feasi bl e to cover a

distance such as this, ôrìd so to jsol ate the fragiìe x

mutation itself.
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Chapter 7.

LINKAGE HOI'IOGENEITY NEAR FRAXA

I N NORI'IAL AND FRAG I LE X FAI,I I L I ES .
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S UMI'IARY

unt'i ì recently, few po'lymorphic loci had been genetically
mapped cl ose to FRAXA. Thi s has been attri buted to
preferential recombination at xqzl, possibly in association
wi th the f ragi I e x mutati on. The f requency of recomb.inat.ion

around FRAXA has also been reported to vary among fragile x

fami I i es. These observati ons suggested that the geneti c map

at xq27 was different in normal versus frag'i le x populat.ions,

and that the genetic map also varied within the fragile x

population. Such variability would compticate the calculation
of carri er ri sk estimates on the basi s of DNA studi es .i 

n

fragiìe X families.

Five polymorphic loci have now been mapped to within 4

centimorgan of FRAXA - DXs369, vK23, vK21, IDs, and DXs3o4.

The frequency of recombination at xqzr was evaluated us.ing

data at these I oci and at more di stant I oci f rom ll2 f am'i I ì es

wi th the f ragi ì e x syndrome. Two-poi nt and mul ti poi nt 'l .inkage

anaì yses f ai I ed to detect any di f f erence i n the recombi nat'ion

fractions in fragile x versus normal families. Two-point and

multipoint tests of linkage homogeneity failed to detect any

evidence of linkage heterogeneity in the frag'i ìe x famjl'ies.
Theref ore, geneti c maps deri ved f rom ì arge samp'l es of normal

families or fragile x families are equally valid as the basis

f or esti mati ng geneti c ri sks i n a parti cuì ar f ami'ly.
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I NTRODUCT I ON

The f ragi'l e X syndrome i s characteri sed by unusual cl j ni cal

and cytogenetic features. The clinjcal and cytogenetìc
penetrance of the mutant I ocu s, FRAXA, j s i ncompì ete j n both

mal es and f emal es, arìd vari es accordi ng to the sex and

i ntel I ectual status of the carri er parent (Sherman et al .

1985). FRAXA is located at - or very close to - the fragììe x

at xq27.3 (sutherland & Hecht 1985). This regìon of the x

chromosome has been the f ocus of numerous geneti c ì .inkage

studies in both normal and fragiìe X famì1ies, and jt has

been suggested that the frequency of recombjnatjon .in thjs
region may also be unusual.

The proposals regarding frequency of recombinatjon at xqzT

may be summari zed as f oì'l ows. Fi rst, xq27 i s a regí on of
preferential reconbinatíon in nornal and fragíle x fanilies
(Hartl ey et al . l9B4; szabo et al . 1984; Dav'i es et al . l985;
0berl e et al . 1985, 1987) . A 300 ki r obase (kb) regì on of
preferential recombìnat'ion has been documented at Xq26

(Nguyen et al . 1989), but there i s no evidence of j ncreased

recombination at distal xq27 (chapter 5) or at Xq2g jn normal

famil ies (Feìì et al. 1990). A two-po'i nt I inkage study of F9

(at xq26) and DXS52 (at xq28) in normar and fragile x

fami ì i es fai I ed to detect a di fference i n the recombi nati on

f ract j on (0ber'l e et al . l9B6b) . The recombi nat.i on f ract j on
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compari son has
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two loci 'i s approximateìy 0.3, and this
not been repeated using locì at XqZ7.

The second proposal j s that the frequency of reconbi nati on at

xq27 varies between fragile x fani lies. In a ser-ies of
papers, Brown et al. (1985, 1986, 1987b, l988) documented

I ìnkage heterogeneìty jn the two-poìnt recomb'inatjon fractjon
between F9 and FRAXA. However, a mul tì poj nt anaìysi s faj I ed

to corroborate this f indìng (c'l ayton et al . lggg). This

anaìysi s has not been repeated wi th poìymorph.i c I oc j cl oser

to FRAXA than F9.

A number of po'lymorphic joci have been localised at xqzT-qzg

by physìcaì mapping (chapter 4) and by 'r inkage stud.i es in
normal famil jes (chapter 5). The genet'ic map at xqz6-qzg jn

normal families is cen-F9-(6.2)-DXSt05-(4.1)-DXS9B-(14.1)-
pxs36e - ( 0. 0 ) - vK23 - ( 6. I ) - VKzl - (0.0) - rps- (t.2) -pxs304- ( 13.7) -

DXS52-qter (distances in centimorgan usjng Haldane,s mapping

function). FRAXA j ies 2.2 centimorgan (cM) proximaì to vK2l

(Chapter 6).

The collaborative study reported in chapter 6 provided a rare

opportuni ty to exami ne both the frequency of recombj nati on

and ìinkage heterogeneity at xqzT in a ìarge number of
fragiìe X fam'i I jes.
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and

The

The ped i gree and genotype data presented i n chapter 6

detailed in Appendix c were used for this ana'lysis.
detai I s of homogenei ty testi ng are presented i n chapter z
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R ESU LTS

' Freouen cy of recombi na tion in normal fraqile X f milies.s

Two-po'i nt I j nkage analyses were perf ormed us.i ng the program

ILINK. The peak LOD scores and best estjmates of the

recombjnation fractions for all pairs of loc.i in the rtz
fragiìe x families are summarjzed in Table l-A. For

compari son, the resul ts of two-poì nt I i nkage analyses of the

same I oci j n the 40 cEPH fami I j es (chapter 5) are al so

presented. There were 16 pai rs of I ocj where the estimated

recombination fractions in the two popul at.i ons differed by

0.05 or more. However, the peak L0D scores !úere generaì'ly I ow

(<3.00) in one or both of the popu] ations, and little
sign'i ficance could be attached to the differences jn

recomb i n at i on fract i ons .

One pair of loci, F9:DXS105, had a major difference in
recombì nati on f racti ons i n the two popul at.ions, and the peak

L0D scores j n the two popul ati ons þrere both above 10.0. The

program MTEST was used to determi ne whether thj s dj fference
jn recombinatjon fraction r,ras sìgn'i ficant; the two

recomb'i nat'i on fractjons þrere not signjficantìy djfferent
(X21= 2.g}i p=0.08) .

DXS369, vK23, vK2l , IDs, and DXS304 were documented to I j e

wi thi n 4 cM of FRAXA i n chapter 6. Forty n'i ne of the f ragi ì e
x f amil ies were jnformative at two or more of the polymorph.ic



Table 7-A

Sumary of brc-point lit*aç anal¡sis of læi atXq?Tnæ in fragile X and (Ð{ fanilies.

F9 DXS105 DXSS D)6369 UKn
--J--------

F9 .104 .041 .2I M)
.043 .078 .221 .257

DXS105 .2n
.170

DXS98

FRAXA UK2I IIE D)6304 D)652

.190
N)

.152
to

.058
M)

.066
N)

.w2
N)

.3æ

.190
.2æ
.193

.099

.24t
.333
.327

DXS369

5.01
6.38

1.36

6.49
1ü

3.56
6.62

2.03
6.79

1.34
1.38

5.40
I'D

.350

.142

.123

.t52

.62

.063

.033

.155

.015
¡{)

.tn

.M

.62

.125

.000

.054

.066

.077

.æ9
N)

.000

.000

.306

.170

.274

.069

.093

.62

.000

.u2

.031
lü

.019

.000

.000

.014

.278

.279

.l94

.237

.lB4

.t24

.500

.175

.t26
],D

.æ2

.154

.076

. t36

. 16l

.127

10.63
14.34

1

2

.155

.t79

.æ0

.072

M)
.000

090
m

1ù

045
m

n
77

10

95

11.85 0.E2
7.53 18.æ

4
l5

4533
N)

4.19
It

9.67
l{)

.76

.19

.18

.85

0.00
2.%

54

08

90
l9

3.91
72.74

2

2

ß
54

N)\rfr23

FRAXA

vlel

DXS304

D)(s52

3.38
2.65

6.70
¡D

52

14.62
¡o

7.æ
10.83

4.ß
to

5
I

3
6

0.60
5.t2

4

IDS

.26

.28

.86

.88

86
62

62
ß

6l
19

52

59

32
27

4.Q
l.8l

2

I

2

4

0
5

0.
2.

l.
4.

0.
5.

I

0
I

I
4

0

59
8
65
77

45
50

3.16
3.55

9
6

0
5

2

2

I
2t.45 ?3.1t 7.79 5.10
Ð 5.06 13.93 11.25

lffie: lhe figures above the diagonal are the best estjnates of the reccrbination
fract'ions betu€en the specified loci. Tl're figur"es belov the di4onal are the peak
L0 scores. In each case, tle upper figure is tj¡e result oñ analysis in'tlre
ffgile X fa¡nilìes, and the lcr¡pr figure-is frun anaìysis of the Cfpl-l families.(lÐ rn data)
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loci. The recombination fractions between these f.i ve loci
þrere estimated simultaneously 'in the f ragiìe f amil ies using
the program ILINK. The recombination fractjons were as

follows: DXS369- ( 0.000 ) - vK23 - ( 0.06e ) - vK2t - (0.000) _ rps _

(0.018) -DXS304. The recombi nati on fracti ons between these

loci had been estjmated in the cEpH families (chapter 5), and

w e r e p x s 3 6 9 - ( 0 . 0 0 0 ) - v K 2 3 - ( 0 . 0 s 7 ) - v K 2 I - ( 0 . 0 0 o ) - r D s - ( 0 . 0 I 2 ) _

DXS304. In the fragiìe x famiìies, the djfference jn the

transf ormed I i kel i hoods (-2ì n (l j kel'i hood) ) of these two sets

of recombinatjon fractions was not sign'i ficant (x24=0.35;

p>0.5).

T actc 
^ f I ink¡no hnm opnoif v in +h frrnilo Y f¡ milipc

Tests of homogenei ty were not perf ormed f or al I two-po.i nt

anaìyses in the fragiìe x familjes. These tests have l.imited
power (0tt 1986; R'i sch 1988) , and there i s I i til e poì nt .in

perf orm'i ng the test w'i th I i mi ted data. I'loreover, perf orm.i ng

mul ti pl e comparj sons woul d have reduced the power of the

tests even further. Four loci were informative in more than

40 of the fragiìe x famil ies, F9, DXs369, vK2t and DXs52.

Two-poi nt homogeneì ty tests were performed for the

recombination fractions between each of these loc.i and FRAXA.

The data for each test were two-point L0D scores at l0 values

of e between 0.00 and 0.4s. As the DXS296: FRAXA LOD score

curve had a sharp peak at ä=o.ols (Tab'l e 6-B), L0D scores at

9=0.01, 0.02, 0.03, and 0.04 were al so j ncl uded.
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The resul ts of the homogenei ty tests are summari zed i n Tabl e

7 -8. For each of the four ì oci , the recombi nati on fracti on

between the locus and FRAXA was significantìy less than 0.50,
i.e. Hg was reiected jn favor of H1. However, for none of the
loci was there evidence of ì inkage heterogeneity, .i .e. there
lvas insufficient evidence to reject H1 in favor of H2. In
Tabl e 7 -B the estimates of â between each I ocus and FRAXA

under the hypothesis of ìinkage homogeneity (Hl) are sìightly
different from those l'i sted in Tabre 7-A. The reason for this
is that the data entry for the H0M0G programs consists of L0D

scores at spec i fi ed recombi nat i on fract j ons ( cal cul ated wj th
the program MLINK). The estimate of ô determjned by H0M0G2 js

I i mi ted to one of the speci fi ed g val ues. 0n the other hand,

the values in Table 7-A were determined iterativeìy using the
program ILINK, ârìd there i s no restrictjon on the estimated
value of ô.

Multipoint homogeneìty testing of FRAXA location was

performed wi th mul ti poi nt L0D scores from 101 of the fragi I e
X families. Each of these families was informative at one or
more of the loci DXS98, DXS369, VK23, uKzl, IDS and DXS304.

under the hypothesis of a single location for FRAXA (Hl), the
most ì i ke'ly I ocation of FRAXA was z.z cM proxima'l to vKzl.
The odds 'in favor of H1 vs. Hg were 1048: l. under the
hypothesis (Hz) of two locations for FRAXA, FRAXA was located
at DXS98 'i n 15% of the families and 1.6 cM proxìma'l to vK2l
j n the rema j nder. The odds 'i n f avor of H2 vs. H1 were 2:1.
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Note to Tabl e

The best esti mates of A and of the proportj on of the

f ami ì i es i n each group were obta'i ned under each

hypothes i s, and are I i sted 'i n the Tabl e. The

significance of differences in the likel ihood of the

different hypotheses are indicated to the right of the

Tabl e.



Table 7-B

Fhngæity tcsts of brc-po'int reca¡üinatim fractim in the fragìle X fanilies.

F9:FRÆß (44 fami'lies) ln(relative
I ilel ihood)

0.00

14.f)6

l-þ: loci unlinlced in all fanjlies

Hl: loci linked at H.20 in alì families
À

lr=*-n 
(p<o.cru

Þr".16 (po.a)

)

0{.0 in
0{.20 in

jþ loci linked at
at

5% of faniìies,
95% of fanilies.

ú jn 3Sl of familìes,
l0 in 65/" of families.

15.04

0.00

33.39

33.77

0.m

76.89

77.ú

0.00

48.83

49.96

76 (p>0.3)

(X0.0001)

(p0.1)

D6369:FM)fi (45 famìlìes)

l-þ: loci umlinked in all famjlìes
Þ1d6.8 (p<0.0001)

Hl, loci I jnked at 0{.05 in all fanilies

¡þ loci linked at
at

e4
lâ=0

VlQl:FM)(A (67 families)

: loci urlinked in all families

ìoci linked at H.tZ in all fanilies

tÞ
'loci linked at

at

r-b

H1

0l jn 487, of faniìies,
t2 in 5U" of fanilies.

|r=rr.e 
(p<o.oool)

Þ,p.rr(p>0.4)
e{.
e4.

DXSSZ:FR[[[ (89 famiìies)

: ìoci unlint<ed 'in all families
A

loci linked at e{.15 in all families

r-b

H1

þ: loci linked at p=O.OU inW"of famiìies,- at M.n in W" of families.



The odds ìn

rather than
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favor of there beì ng three I ocati ons for FRAXA

one were al so 2:1 .
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DISCUSSION

The fragiìe x syndrome 'i s the onìy clinical disorder known to
associated with expression of a fragììe site (sutherland &

Hecht 1985) . It i s al so unì que i n bei ng the onìy x-l i nked

di sorder wi th i ncompì ete penetrance i n mal es. It was

therefore intriguing when ì inkage anaìys-is suggested that the
ì ì nkage rel ati onshì ps around FRAXA were unusual .

m l
Investigat'i on of the ìinkage rerationships around FRAXA is
dependent on the avaì I abi'l i ty of DNA probes whi ch detect
poìymorphisms jn the region. clusters of poìymorphic loc.i
were jdentified at Xq26 and xq2g (szabo et al. l9g4; 0berle
et al. 1985, 1987), but until recentìy there have been few

loci mapped close to FRAXA by ììnkage ana'lysìs. This lack of
poìymorphic 'loci has been attributed to either a high
f requency of recombi nat'ion i n the reg ì on of FRAXA, or to a

selection bias in isolating probes from xqzl (0berìe et al.
1987). The region around FRAXA could contain repeated
sequences, and hence be under-represented when screenj ng for
unì que DNA probes f rom genomi c I .i brari es (Hyl and et al .

lsse).

A reg'ion of preferential recombjnation has been identified
'immediate'ly proximal to F9 at xqz6 (Nguyen et al. l989). A

second regìon of preferentjal recombjnatìon was descrjbed at
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xq28 (Bel I et al . 1989) , but thj s has nour been attri buted to
possible genotyping errors (Feiì et aì. 1990). In normal

'famìlies, a correlation of the frequency of recombination
with physicaì distances immediateìy djstal to FRAXA (chapter
5) did not detect a region of preferential recombination. In

comparing normal and fragile X fam.i lies, 0berìe et al.
( 1986b) found no di fference i n the frequency of recombj natj on

between F9 and DXS52. Th i s study was I j mj ted to a total of
I es s than 30 fami I i es and i nvol ved I oc i that are far from

F RAXA .

A compari son of two-poi nt and mul tì poi nt I ì nkage

rel ati onshi ps of I oci cl ose to FRAXA i n 40 normal fami I i es

and over 40 fragiìe x familjes (Table 7-A) failed to detect
any di fference i n the recombi nati on fracti ons i n normal

versus fragiìe x families. Thus there is litile evidence the
support the contention that Xq27 is a region of preferential
recombination in either normal families or in fragi'l e x

fami I i es.

Linkaoe heterooenei tv in fraoile X f amilies
The second proposaì cons i dered i n th i s study was whether the

frequency of recombi nati on around FRAXA vari es among fragi ì e

x families. The first study of the recomb'i nation fraction
between FRAXA and F9 estimated the recombination fract.ion to
be zero (camerino et al. r983), but later jnvestigatìons

indicated that the recombjnat'ion fraction rvas much higher



Ch . Z . Li nkage honogenei ty near FRAXA. p. jg3
(choo et al. l9B4; t/arren et al . l9g5). Subsequentìy it was

suggested that the frequency of recombination in this
''i ntervaì may vary among fragile x families (Brown et al.

1985, 1986, 7981b, l988; 0berre et al. 19g6b). In an anaìysis
of 106 famiìies, zo% had no recombination between F9 and

FRAXA' while the remainder had a recombination fraction of
0.35 (Brown et al . lggg). There was no evidence of .l inkage
heterogeneity between FRAXA and the distal locus DXs52. All
of these studi es were r imi ted to analyzi ng I oci that have

recombination fractions of more than o.lz with FRAXA.

In the present study, tests of two-po.i nt I i nkage homogenei ty
between FRAXA and F9 or DXS52 faì I ed to document ì ì nkage

heterogeneity (Tabìe z-B). Tests of two-point linkage
homogeneity using the closeìy 'l inked loci Dxs369 and vK2l
al so f ai I ed to document heterogenei ty .i n the f ragi ì e x

fami I i es.

In the absence of a clear clinjcal or cytogenetic distinctjon
among fragiìe x fam'iìies, there is no a priori reason why

there should be just two groups of frag.i ìe x famiries rather
than many groups. In any ì i nkage study, the peak L0D score
wiìl occur at a d'i fferent recombination fraction ìn each

fam'i ìy studied. Th'is reflects the different pedigree
structures, numbers of i nformati ve women i n each famì ly, and

the stochasti c nature of recombi nati on. However, i n a

multipoìnt test of linkage homogeneìty based on six loci



cl ose to FRAXA and

be j ng two or three

'onìy 2:1,
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101 f am'i ì i es, the odds i n f avor of there
I ocati ons for FRAXA rather than one lvere

The only other multipoint test of ì inkage homogeneity in the
fragiìe x syndrome also failed to detect heterogeneity.
cl ayton et al . ( lggg) took essenti al ìy the same data set as

Brown et al. (r9g7b), and performed a murtipoint test of
homogeneity similar to that described for the present study.
The odds i n f avor of there bei ng two r oc.i f or FRAXA were onìy
2:1. In discussing the init.i al confl icting reports of the
F9:FRAXA recombinat'ion fraction, the authors considered the
possibil ity that there 'i s a famil iaì predisposìtion to
recombination at xq27. Such a predisposition need not be

specific to the fragiìe x syndrome, but may be a feature of
the normal popu'l ati on. However, two-poì nt tests of ì i nkage
homogene'ity in the cEpH families found no evidence of
heterogeneity at XqZT (Chapter 5).

It is not clear why the conc'rusion of this study differs from
those of other investigators. In assembl ing these data for
analysis, there was a selective bias in favor of famil ies
i nformat i ve at I oci cl ose to FRAXA. There bras no bi as i n

terms of the cl inical or cytogenetic characteristics of
affected mal es. There are three possi bl e expl anati ons for the
d i screpancy. The fi rst i s that these resul ts represent some

statistical fluctuation. The second possibir ity is that this
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study I acked suf f ic j ent por,rer to detect I i nkage

heterogeneity, ôhd is discussed below. The third possjbil jty
ìs that the Admixture test may not a'lways be conservative,
and that some i nstances of supposed ì i nkage heterogene.i ty are
jncorrect. The possibiìity of obtaining a non-conservat.ive

resul t wi th the Admi xture test j s presented for compl eteness,

but th js seems an un'l ikeìy expìanation for the I inkage

heterogeneity reported by the investigators who used the

Admixture test (Brown et al. lgB7b, 19gg).

The povrer of a two-poi nt homogenei ty test vari es accordi ng to
the hypothesi s be'ing tested. Tabl es have been publ .i shed

giving the power of various tests for djfferent hypotheses

(caval I i -Sforza & Ki ng 1986; 0tt r9B6; Ri sch 1988) , but the

specific hypothesis proposed by Brown (l9gg) is not l.i sted.
Moreover, the distribution of I jkel ihood ratios in mult-ipoint
tests of ì i nkage homogenei ty 'i s not known, âñd the po$rer of
this anaìysìs cannot be estjmated. 0n the other hand, thjs
anaìysi s þras based on a I arge number of f ami I .i es. Two-poi nt

ì i nkage heterogene'ity between Fg and FRAXA has been

documented in as few as sjx large famjlies (0berle et al.
1986), and the study of Brown et al. (1987b) included just 32

families.

Homogene i ty tests are

However, there is one

non-conservative. This

conservati ve (Ri sch 1988).

where the analysis may be

probì em of test des i gn but

general ìy

situation
is not a
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reflects the nature of the data entry, âhd has not been

descri bed el sewhere. The data requi red by al I the H0M0G

programs are L0D scores at spec i fi ed val ues of 0 for each

famiìy in the anaìysìs. The best estimate of e tôl determined

by H0M0G i s I j mi ted to one of the speci fj ed 0 val ues. Th i s

may djffer from the estimate of â determined iteratively
using ILINK where there 'i s no restriction on the possible

^Avalue of 0. If the two estimates of o differ and if the L0D

curve has a sharp peak, the peak L0D score at ô estimated by

H0M0G may be I ower than the peak L0D score esti mated by

ILINK. The peak L0D score estjmated by H0M0G .i s transformed

to be the I ikel ihood of hypothesjs H1. If H0M0c

underestimates the peak L0D score, the I i kel j hood of H1 w.i I I

al so be underestimated. The I i kel i hood of H2 wj I I not be

significantly underestimated as the L0D score curve for
indiv'idual famil ies is usualìy not sharp, ând an incorrect
estimate of â for a singìe famiìy is not reflected in a major

error j n the peak L0D score.

The net effect of this is that the calculated difference in

the ì'i kelihoods of H1 and H2 may be incorrect'ly ìarge, and H1

may be incorrectly rejected in favor of H2. As an exampìe, a

two-poi nt test of I ì nkage homogenei ty between FRAXA and vK2l

rejected H1 in favor of H2 (X2Z=5.9; p=0.03) if L0D scores

were entered for just 10 values of e at intervals of 0.05. If
L0D scores at val ues of g cl ose to 0. ol5 were al so .i ncl uded,

there was jnsufficient evidence to reject H1 jn favor of H2

186
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(Table 7-B). This type of error can be avoided by including
LOD scores at the recombination fraction estimated

iterativeiy by ILINK, and by check'i ng that the ljkelihood of
H1 corresponds to the peak L0D score.

It j s unl i kely that the I i nkage heterogenei ty reported
between F9 and FRAXA by Brown et al. jn l9g7(b) was due to a

non-conservative result of the Admixture test: the value of ò

est'imated under H1 by the H0M0G program was the same as that
determi ned by two-poi nt I i nkage anaìys i s (å=o .zl) , and the

LOD score curve was not

was 7.62). The estimate

pl y curved ( the peak L0D score

under Hl was not presented i n

the paper by Brown et al . (1988), and no concl usion can be

drawn regarding a possible non-conservative result. The

Admixture test uras used by Brown et ar. in lgg5, but

significant heterogeneity h,as not detected with this test.
However, heterogeneity h,as detected using Morton,s test ìn a

subset of I arge fami I j esl .

Concìusion

For those involved in genetìc counsel'l ing of famjlies with
the fragi ì e x syndrome, the generar appl i cabi I i ty of the

genetic map at xq27 is of paramount ìmportance. It is
essenti al that an accurate geneti c map be used when

The non-conservati ve effect of i nsuffi ci ent data
f or the Admi xture test al so app'l ì es to Morton, s
homogeneity test. However, the.effect .i s masked
because of the conservati ve nature of the test (as
detaj I ed i n Chapter 2) .

shar

of e

1
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cal cuì ati ng mul ti poi nt ri sk estmates (Suthers & l,l j I son 19g0

[Appendix D]). The conclus'ions of this analysis are

'encouragjng. There is no evidence that the genetic map at
xq27 is different in fragiìe x families versus the norma'l

population, nor is there evidence of ì inkage heterogeneity
among fragiìe x famil ies. Therefore, gênetic distances that
have been estjmated in either normal fam.ilies or fragi'l e x

fami I i es can be i ncorporated i nto geneti c ri sk analyses wj th
confidence.
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Chapter 8

CONCLUS I ON.
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t^lhen Lehrke presented h'i s hypotheses regardi ng x-l i nked

mental retardatj on ( Lehrke lglza) , he i ndi cated the
bjological and cl inical signifìcance of this fjeld of study.
In the area of human bjology, he postulated that there are a

number of genes on the x chromosome that are pri marì'ly
j nvol ved i n brai n functi on, âhd that al I el i c varj ati on of
these genes coul d account for a s j gn i fj cant component of the
genetic bas'is of inte'lligence.

The I ocal i zati on of MRXI to a regì on far removed from FRAXA

(chapter 3) indicates that non-specific x-l inked mental

retardati on i s genetì cai ly heterogeneous. Thi s supports
Lerhke's proposaì,'but the s'ignificance of these locj cannot

be readiìy tested until the genes are cloned. 0nce a gene is
cl oned i t woul d be possi bl e to di rectìy assess the impact of
allelic variation at the locus, and to begin evaluating the

ceì I bi ol ogy of the gene product.

In view of the genetic heterogene'i ty of non-specif ic X-l.i nked

mental retardation, the fragi'l e X mutation, FRAXA, is the

onìy feasi bl e target for a research program di rected at
cìoning such a gene. The panel of ce'l I l.ines described in
chapter 4 and the preci se I ocal i zat'i on of probes near FRAXA

has aì ready enabl ed I arge scar e restri ctj on maps to be

generated near FRAXA (Hyl and et al . submi tted) . In

collaboration with Dr D Schless'i nger (st. Louis, usA), it has

been possible to ìsolate yeast artjficial chromosomes (yACS)
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with the probes vKl6, vKlB, vK2l, and vKz3 (t cremer, M

Prjtchard, S Yu; Adelaìde, s.A.). It may be possible to span

FRAXA with a series of overìappìng yAcs. The yACS and the vK

probes are al so the basi s of 'l i nki ng and jumpì ng I i brar j es

bei ng devel oped around FRAXA (M prj tchard) . As the I arge

scal e map i s devel oped across FRAXA, conserved sequences can

be iso'l ated and examined in normal and fragile x famjlies.

Lerhke al so emphas'ized the cl inical signi f icance of the x-
I i nked brai n-speci fì c genes. Mutati ons at these genes are

common, and - j n the absence of an unequ j vocal d.i agnost i c

marker - it can be difficuìt to offer genetic adv.ice to
consul tands i n the fami I i es. The mappi ng of genes respons i bl e

for non-specific x-l inked mentaì retardatjon syndromes js of
I i ttl e benefi t to consul tands unl ess the i nformati on can be

used j n genet'ic ri sk esti mati on. The resampl i ng procedure

presented i n chapters 2 and 3 provides a method of obtai nì ng

rel iable genetic risk estimates from very I imited data, and

wjll have appìication in the counseì'l ing of other rare
syndromes.

The probes \/K2l, vK23, and pc2Sl5 (chapter 5) are al ready jn

use in prov jding genetic risk adv'ice to frag.i ìe x fam.i I jes.
These probes are the closest probes to FRAXA and identify
po'lymorphisms jn over B0% of women (chapter 6). The vK probes

may also ident'i fy highly poiymorphic loci of the type

described by Litt and Luty (r989) and by t^teber and May (1989)
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(RI Richards, Adelaide, s.A.). This will increase the
proport i on of t{omen heterozygous for ì oc i very cl ose to
FRAXA, and render other probes i n the area redundant. t.li th
the combination of highly informative loci close to FRAXA and

a reliabìe genetic map at xqzT (chapter l), it will be

possibìe to provide prompt and specific genetic advice to
even more men and women from fragìle X families.
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