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$EVWUDFW

Fragile X syndrome, the most common inherited form of mental retardation syndrome, is caused by
an expansion of the CGG trinucleotide repeat in the 5’ UTR of the )05� gene, with concurrent
hypermethylation of the region, which represses )05�� expression. The syndrome is associated
with the folate-sensitive chromosomal fragile site at Xq27.3 (FRAXA), where the gene responsible
for the syndrome was first localized by linkage analysis using RFLP markers.  In this study the
linkage relationships of the RFLP markers at Xq27-28 and the characteristics of the CGG repeat
expansion were investigated in northern Finnish fragile X families and molecular diagnostic
methods were applied in order to improve diagnosis of the syndrome. Furthermore, the origin of
fragile X mutations in the northern part of Finland was studied by haplotype analysis.

Linkage studies were performed  in  34 northern Finnish fragile X families/pedigrees using a
total of 15 RFLPs (defining 11 loci). A refined genetic map around  FRAXA including five  RFLP
markers having recombination fractions of 0.04 or less with FRAXA was obtained in an
international study of 112 affected families, containing linkage data on twelve northern Finnish
families. Linkage analysis significantly improved carrier detection in fragile X families  compared
with previous cytogenetic methods used in diagnosis. The most efficient RFLP-based protocol for
carrier detection was proposed, which is based on use of the most adjacent markers and a minimum
number of restriction enzymes.

CGG repeat expansion of the )05��gene was investigated in original families collected for
linkage studies and additional new ones. Large CGG repeat expansions (∆>500 bp) with
concomitant methylation of the adjacent CpG island, i.e. full mutations, were found to be
associated with mental retardation completely in males, but only 50% of the females having  a full
mutation were mentally impaired. Premutations (∆<700 bp) were found in healthy carriers. There
was a size range of ∆ = 500 to 700 bp, where the expansions could be either abnormally methylated
or non-methylated, and it appeared that methylation is more important in determining the
phenotype than the exact size of an expansion. Instability of the enlarged CGG repeats was
detected, leading preferentially to size increases  in successive generations. The instability of
premutations was found to be stronger and the size increases larger in maternal than in paternal
transmissions, and transition to a  full mutation occurred only in female transmissions. In addition,
the size of a maternal premutation was shown to have an important influence on the risk of its
transition to a full mutation when transmitted. The critical premutation size leading invariably to
full mutation in the offspring was found to be between ∆ = 175 to 200 bp. In one of the studied
families a rare contraction of a paternal premutation  to a normal CGG repeat number in one of the
daughters and further in her son  was detected. Direct mutation analysis including measurement of
the CGG repeat size and hypermethylation allowed unambiguous diagnosis of carriers and affected
individuals in most cases.

Haplotype analysis using two tightly linked microsatellite markers flanking the CGG repeat
mutation was performed in 60 unrelated northern and eastern Finnish fragile X families. A
significant difference was found in allelic and haplotypic distributions between  normal X and
fragile X chromosomes. A single haplotype, which was present only in 8% of the normal X
chromosomes, accounted for 80% of the fragile X chromosomes. This enrichment  of one  fra(X)
mutation in the Finnish population suggests founder effect.

.H\ZRUGV� linkage analysis, CGG repeat expansion, direct mutation analysis, founder
effect
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$5 androgen receptor gene
$7; ataxin gene
bp base pair
CACNA1A alpha-1A calcium channel subunit
cM centiMorgan
CVS chorion villus sample/sampling
DM myotonic dystrophy
'03. myotonic dystophy phosphorylase kinase gene
DNA deoxyribonucleic acid
DRPLA dentatorubral-pallidoluysian atrophy
dTTP deoxythymidinetriphosphate
FEN1 flap endonuclease
)05� fragile X mental retardation 1 -gene
)05� fragile X mental retardation 2 -gene
FMRP protein product of )05�
FRAXA folate-sensitive fragile site at Xq27.3
FRAXE       folate-sensitive fragile site at Xq28
FRAXF folate-sensitive fragile site at Xq28
FRA11B folate-sensitive fragile site at 11q23.3
FRA16A folate-sensitive fragile site at 16p13.1
FRDA Friedreich’s ataxia
HD Huntington’s disease
IQ intelligence quotient
,7�� important transcript 15/Huntington’s disease gene
kb kilobase
kDa kilodalton
KH domain pre-mRNA-binding K protein homology domain
lod logarithm of odds
mRNA messenger ribonucleic acid
MRX non-specific X-linked mental retardation
NES nuclear export signal
NLS nuclear localization signal
OPMD oculopharyngeal muscular dystrophy



p short arm of a chromosome
3$%3� poly(A) binding protein 2 gene
PCR polymerase chain reaction
RNA ribonucleic acid
RNP ribonucleoprotein
RT-PCR reverse transcriptase-PCR
q long arm of a chromosome
RFLP restriction fragment length polymorphism
RGG-box RNA-binding domain with arginine-arginine-glysine repeats
SBMA spinal and bulbar muscular atrophy
SCA spinocerebellar ataxia
SNP single nucleotide polymorphism
STR short tandem repeat
VNTR variable number of tandem repeats
XLMR X-linked mental retardation
UTR untranslated region
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Fragile X syndrome is  considered to be the most frequent inherited form of mental
retardation and it is ranked as the second commonest specific cause of mental retardation
after Down’s syndrome.   Its clinical features consists of variable but usually moderate to
severe  mental retardation, and a characteristic facial appearance with a long narrow face
and prominent ears in hemizygous males. Additionally, testicular enlargement in
postpubertal males and  joint hyperextensibility are common findings.  The clinical
features in heterozygous females tend to be less severe or are not seen at all. (Opitz &
Sutherland 1984, Hagerman HW� DO. 1992)  The  inheritance pattern of the syndrome is
complex and unique for an X-linked disease (Sherman HW�DO. 1984, 1985). The syndrome
is associated with expression of the chromosomal folate-sensitive fragile site at Xq27.3
(FRAXA). The name of the syndrome is derived from this association, which was first
described by Lubs in 1969, but firmly established in the late 1970's by Sutherland (1977).

Fragile X syndrome belongs to the continuously growing group of inherited diseases
in which expansion of an unstable trinucleotide repeat is the causative mutation. In fragile
X syndrome, expansion of the CGG trinucleotide repeat in the  5' untranslated region of
the fragile X mental retardation 1 gene ()05�)  is involved (Kremer HW�DO. 1991, Oberlé
HW�DO. 1991a, Verkerk HW�DO. 1991). CGG repeat expansions in the first exon of the  )05�
gene are classified as premutations or full mutations on the basis of their CGG copy
number (Fu HW�DO. 1991, Rousseau HW�DO. 1991a, Yu HW�DO. 1992). Massive expansion of a
CGG repeat sequence with associated hypermethylation of the adjacent CpG island and
the repeat itself  inactivates the )05��gene (Pieretti�HW�DO. 1991) and is  responsible for
the vast majority of fragile X cases. The cytogenetic abnormality also results from
enlargement of the CGG repeat (Sutherland HW�DO. 1998).     

The diagnosis of fragile X syndrome relied for a long time on clinical investigations
and cytogenetic analysis of the FRAXA site, which was not accurate in any aspect,
including detecting carriers.  During the late 1980s  genetic linkage studies employing
polymorphic DNA markers adjacent to the FRAXA locus at Xq27.3 made it possible to
follow the segregation of the still unknown fragile X mutation through families with
affected members. This approach greatly improved carrier diagnosis (Heilig HW�DO. 1988,
Sutherland & Mulley 1990).   Finally, in 1991 the finding of a CGG trinucleotide repeat
expansion mutation in the )05�� gene enabled  direct DNA analysis to diagnose the
syndrome in affected individuals, in prenatal samples and to detect both female and male
carriers (Fu HW�DO. 1991, Rousseau HW�DO. 1991a, Yu et al. 1992) .  Direct DNA testing of
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the CGG repeat  is  currently the method of choice when diagnosing the syndrome,
keeping in mind those few cases found with another than expansion mutation in the )05�
gene. FMR1 protein assay is presently a diagnostic alternative but restricted  to detect
accurately only affected males.

In this study the size variation and instability of the CGG trinucleotide repeat
expansions and their diagnostic importance  were investigated in northern Finnish fragile
X families. The diagnostics of fragile X syndrome  was developed by applying molecular
genetic methods;  linkage analysis first and direct mutation analysis later. In addition, the
origin of fragile X mutations in Finland was investigated by means of haplotype analysis
and the genetic epidemiology of the syndrome in the northern Finnish population was
examined.
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A male over-representation of about 25-30% among the population of the mentally
retarded  has been long known and it has been documented in several studies of mental
retardation (Lehrke 1974, Turner & Turner 1974, Herbst & Miller 1980). It is  believed
that mutations of genes on the X chromosome contribute significantly to this gender
inequality (Opitz 1986). Although a reliable estimate of the number of genes on the X
chromosome accounting for mental retardation is not known, there are 178 separate X-
linked disorders identified, which include  mental retardation as at least part of the
phenotype (Lubs HW� DO. 1999).  It appears that most of the mutations causing X-linked
mental retardation (XLMR)  are recessive, leading to an affected status and hence excess
of mental retardation in hemizygous males, while females are protected by their normal X
chromosome, although sometimes they show milder heterozygote manifestations as a
result of  random X inactivation.  X-linked mental retardation is commonly classified to
specific syndromes with mental retardation as one feature of the phenotype  and to non-
specific forms (MRX), where the only phenotypic feature is mental retardation (Opitz &
Sutherland 1984).

Fragile X syndrome is a distinct entity among X-linked mental retardation conditions,
estimated to account for the majority of the male predominance detected (Opitz &
Sutherland 1984, Neri HW�DO. 1992). Based on surveys of mentally retarded populations, it
probably accounts for 4-8% of males with IQ less than 70 (Blomquist HW�DO��1983, Bundey
HW� DO��1985, Kähkönen HW� DO. 1987).   One of the first  families with X-linked mental
retardation described by Martin & Bell (1943) actually later appeared to have the fragile
X syndrome. A cytogenetic marker, the fragile X chromosome [fra(X) chromosome],
found in affected individuals, was first described by Lubs (1969) in a family with mental
retardation, but not until the late 1970's was association of the fragile site at Xq27.3 and
mental retardation confirmed in several families studied by Sutherland (1977). He also
greatly developed the cytogenetic methods for detection of the fra(X) chromosome
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(Sutherland 1979). The name of the syndrome is derived from the characteristic
chromosomal folate-sensitive fragile site at Xq27.3 (FRAXA), which is observed
cytogenetically as a non-staining constriction or a gap near the distal end of the long arm
of the X chromosome (Figure 1).

Currently the fragile X syndrome is considered as the most frequent inherited form of
mental retardation found in all ethnic groups and populations studied. The prevalence of
the syndrome based on cytogenetic diagnosis of the FRAXA was originally estimated to
be 1/1200-1/2600 in males and 1/1600-1/2400 in females (Gustavson et al. 1986, Turner
et al. 1986, Webb et al. 1986, Kähkönen et al. 1987). Molecular diagnosis has decreased
these figures, and the prevalence in males (with a full mutation associated with fragile X
phenotype)  is now estimated to be 1/4000-1/6000 (Murray et al. 1996, Turner et al. 1996,
de Vries et al. 1997, Crawford et al. 1999). The prevalence of females with a full
mutation is suggested to be the same but the prevalence of  symptomatic females is
approximately  half of that (Turner et al. 1996).

Fig. 1. Partial metaphase spread of G-band –stained chromosomes from a male
expressing the fragile site Xq27.3, (arrow) near the distal end of chromosome X long
arm.
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Clinically, patients with fragile X syndrome show high variability case to case. The major
clinical manifestation in adult males is  moderate to severe mental retardation, with an IQ
in the range of 40-70, but mild to profound retardation has also been described (Simola
1984, Sutherland & Hecht 1985, Fish HW�DO. 1991).   The phenotype also includes several
dysmorphic features: a long and  narrow face, large ears, prominence of the jaw and
forehead and testicular enlargement (macro-orchidism). In addition, connective tissue
abnormalities (e.g.  joint hypermobility) often contribute to the fragile X phenotype.
Abnormalities in the EEG are common in fragile X patients although epileptic seizures
are more rare. (Opitz & Sutherland 1984, Simola 1984, Fryns 1988) The phenotypic
features  in females generally tend to be less severe and mental impairment is usually
milder than in males (Fryns  1988, Hagerman HW� DO. 1992). There is also evidence that
otherwise asymptomatic females carrying a fragile X premutation are at increased risk of
premature ovarian failure (POF) before the age of 40, whereas, strikingly, this
phenomenon is not recorded in full mutation carriers of same age group (Murray HW�DO.
1998,  Macpherson HW�DO� 1999).

Behavioural abnormalities are frequently observed in fragile X males and occasionally
in females.  These include autistic-like behaviour such as hand-flapping and -biting,
rocking,  poor eye contact and repetitive speech patterns, perseveration and echolalia
(Fryns 1988, Reiss & Freund 1992).  In childhood and before puberty, hyperactivity,
attention deficiency and learning disabilities are  common, especially in fragile X boys,
and  a delay in learning language is often the first sign which prompts suspicion of the
syndrome (Fryns HW�DO. 1984, Sudhalter HW�DO. 1991). However, also disturbed growth (an
overgrowth) and delayed motor development is often recorded in the early years of fragile
X boys (Fryns 1988).

The clinical presentation of fragile X syndrome is variable; not all the physical or
behavioural symptoms are shown by every patient and the somatic signs of fragile X
phenotype are mostly apparent after puberty. Additionally, some patients exhibit other
less common and atypical phenotypic profiles  resembling  Prader-Willi (de Vries &
Niermeijer 1994) and Sotos (Beemer HW�DO. 1986) syndrome. The fragile X syndrome is
therefore very difficult to diagnose, especially prior to puberty, on a clinical basis alone.
Detailed checklists based on the measurement of physical and behavioural features have
been presented (Butler HW�DO. 1991, Hagerman HW�DO� 1991, Arvio HW�DO. 1997) in order to
help for screening purposes, but in diagnosis these have not gained wide use, mainly as a
result of  their limited sensitivity.

�������,QKHULWDQFH

Although the fragile X syndrome is inherited as an X-chromosomal trait, it cannot be
explained purely by the respective recessive or dominant Mendelian patterns. In recessive
X-chromosomal diseases heterozygous carrier females rarely are affected, although some
can show mild  carrier manifestations as a result of a skewed X-inactivation process.
Furthermore, penetrance should be complete  in hemizygous males, who have only one X
chromosome. In fragile X syndrome, however, a significant proportion, about one-third,
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of carrier females has been shown to be affected (Turner HW�DO. 1980). Additionally, the
existence of normal carrier males is well documented (Howard-Peebles & Friedman
1985). Segregation analyses  in a total of 206 fragile X families carried out by Sherman HW
DO. (1984, 1985) indicated a 20% deficit in affected males which was best explained by
reduced penetrance of the mutation to 80% in males. These non-penetrant carrier males,
also termed transmitting males, were shown to pass the fragile X mutation to all of their
daughters, who were, however, never found to be affected. Penetrance of the mental
impairment in females was found to be reduced in a study by Sherman HW�DO. (1984) with
an overall penetrance of  35%.  Thus, the best fitting mode of inheritance was suggested
to be an X-linked dominant with reduced or incomplete penetrance. However, the risk of
mental impairment  was found, by Sherman HW� DO. (1984, 1985), to depend on one’s
position within the pedigree and on the phenotype of the carrier mother as follows: 1)
obligate carrier daughters of  transmitting males have no risk of mental impairment, i.e.
penetrance of 0%. 2) Siblings of transmitting males have relatively low risks of 9%  and
5%, corresponding to penetrance 18% and 10% in males and females, respectively. 3)
Sons and daughters of mentally normal carrier females are at risks of  38% and 16%,
corresponding to penetrances of 72% and 32%. 4) Finally  offspring of mentally impaired
carrier females have 50% (sons) and 28% (daughters) risks of  being mentally
hadicapped, figures which correspond to penetrances of 100%  and 56%, respectively.
These figures make even the X-chromosomal dominant mode uniquely complicated.

Several mutational mechanisms have been suggested to explain the observed unusual
inheritance and expression of the gene responsible for the fragile X syndrome. According
to the premutation theory proposed by Pembrey HW�DO. (1985), a harmless premutation, i.e.
a sub-microscopic chromosome rearrangement at a FRAXA locus predisposes an
individual to definitive mutation when it is inherited by a female. The
inactivation/imprinting theory presented by Laird HW� DO. (1987, 1990) suggested that a
local failure to reactivate the maternal inactive fra(X) chromosome prior to oogenesis
would lead to an imprinted highly methylated fragile X site (Xq27.3) and transcriptional
inactivation of the gene(s) at FRAXA.  However, the peculiar and unique inheritance
pattern, with the risk of mental impairment increasing upon transmission to subsequent
generations, referred to as the Sherman paradox or anticipation, did not become
understandable until the molecular basis of  the mutation causing fragile X syndrome was
elucidated.

�����0XWDWLRQV�FDXVLQJ�IUDJLOH�;�V\QGURPH

In 1991 the cloning efforts of several independent research groups produced a
breakthrough almost simultaneously, finding the new molecular mechanism that causes
fragile X syndrome. The mutation responsible for the disorder was found to be an
unstable expansion of the CGG trinucleotide repeat in the 5´ untranslated region at a gene
termed fragile X mental retardation 1 ()05�) located at Xq27.3, coincident with the
cytogenetic folate-sensitive fragile site (FRAXA) (Kremer HW� DO. 1991, Oberlé HW� DO.
1991a, Verkerk HW�DO. 1991, Yu HW�DO. 1991).

In fragile X syndrome a massive enlargement of the CGG repeat sequence with
associated hypermethylation of  the adjacent CpG island and the repeat itself  represses
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transcription of the� )05� gene, resulting  in absence of the FMR1 protein (FMRP),
which leads to the fragile X phenotype (Pieretti HW�DO. 1991, Sutcliffe HW�DO� 1992, Devys�HW
DO. 1993).  The normal function of FMRP and the mechanism by which its absence results
in mental retardation and associated phenotype are still unknown.  The trinucleotide
repeat expansion is��the main mutational change responsible for the vast majority (>95%)
of  fragile X cases (Sherman 1995). A minority of cases are due to deletions or point
mutation(s) impairing )05� expression or FMRP function.

�������&**�WULQXFOHRWLGH�UHSHDW�H[SDQVLRQ

���������'LIIHUHQW�SKDVHV�RI�PXWDWLRQ

The mutation target sequence, the CGG trinucleotide repeat, resembles other  tandemly
repeated sequences also referred  to as microsatellite markers, which are a common
source of DNA polymorphism in the eukaryotic genome  (Weber & May 1989). The
number of CGG repeats varies from 6 to 50, with the most common allele being 29/30
repeats, and it is highly polymorphic in the normal population. In the normal size range
the CGG trinucleotide repeat alleles behave like other microsatellite markers, and they are
stable upon  transmission. (Fu HW�DO. 1991, Snow HW�DO. 1993)  Sequence analysis of the
CGG repeat has revealed that most normal alleles are interrupted with  regularly spaced
AGG trinucleotides, commonly  located  between blocks of  nine or ten CGG repeats.
These interrupting AGG triplets are thought to stabilize the sequence. (Eichler HW�DO. 1994,
Hirst HW�DO. 1994, Kunst HW�DO. 1994).

In fragile X families the CGG repeat number exceeds the normal range in healthy
carriers and affected individuals. According to the size and  methylation status of the
expansion, fragile X mutations have been classified into premutations with small
expansions of 50-230 copies of the CGG repeat and full mutations ranging in size from
about 200 repeats up to thousands, with concomitant hypermethylation of the nearby CpG
island and the expanded CGG repeat itself.  Full mutations are detected in  individuals
affected by the fragile X syndrome and also in a proportion of unaffected carrier females,
whereas premutations do not have an effect on phenotype (Fu HW�DO. 1991, Rousseau HW�DO.
1991a, 1994a, Yu HW� DO. 1992).  A third type of mutation is termed mosaic, and the
individuals harboring this mutation, in addition to a typical full mutation, have an
unmethylated premutation in a variable proportion of their cells. Another type of mosaic
mutation pattern  is an expansion of  more than 200 repeats which is  only partially
methylated (methylation mosaic). These individuals are mosaic only as regards the
presence of abnormal methylation, whereas the size of their mutation is in the full
mutation range. (Rousseau HW�DO. 1991a, Nolin HW�DO. 1994) There is no clear evidence that
either mosaic cases differ clinically from carriers of full mutations, although less severe
phenotypes have been reported in a few cases (McConkie-Rosell HW�DO. 1993, Hagerman HW
DO. 1994, de Vries HW�DO. 1996a, Wang HW�DO. 1996).
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���������+\SHUPHWK\ODWLRQ�DQG�LQDFWLYDWLRQ�RI�WKH�)05��JHQH

In addition to the trinucleotide repeat expansion, abnormal methylation of the adjacent
upstream 5’ CpG island is another feature  of the fragile X  mutation detected in affected
individuals (Bell HW�DO. 1991, Heitz HW�DO. 1991, Oberlé HW�DO. 1991a). Further studies have
indicated that the methylation of CpG dinucleotides also extends to the CGG repeat itself
and even to its 3' side. This methylation pattern of  the )05� gene is similar in the DNA
of affected males and in the DNA derived from a normal inactive X chromosome in
females  (Hansen HW�DO. 1992,  Hornstra�HW�DO. 1993). It is well known that  CpG islands
are  associated with the 5' regulatory region, i.e. the promoters of constitutively expressed
genes and they are usually unmethylated in mammalian DNA. On the other hand,
hypermethylation of CpG islands is commonly found in the 5' region of genes on the
inactive X chromosome in female somatic cells, and  is associated with transcriptional
repression leading to dosage compensation of  X-linked genes (Bird 1992, Migeon 1994).
It has been shown that methylation of the CGG repeat and surrounding region correlates
with  transcriptional silencing of the )05� gene and expression of the fragile X
phenotype, and consistently several investigators have demonstrated that there are no
FMR1 transcripts or protein detectable in most affected males having methylated full
mutations (Pieretti HW� DO. 1991, Sutcliffe HW� DO. 1992, Devys HW� DO. 1993, Verheij HW� DO.
1993). However, males with a mosaic mutation pattern, i.e. partially unmethylated CGG
expansions, have been reported to show variable amounts of )05� expression. It has
been  assumed that if )05� is expressed in appropriate tissues, e.g. in the brain, in
sufficient levels, the produced protein would probably lead to a less severe phenotype.
This could explain the existence of  slightly affected mosaic males occasionally reported
(MacConkie-Rosell HW�DO��1993, Hagerman HW�DO� 1994, de Vries HW�DO. 1996a, Wang HW�DO.
1996, Wöhrle HW�DO� 1998)

A considerable proportion of females carrying a full mutation with abnormal
methylation do not show the fragile X phenotype and are mentally normal. Non-random X
inactivation patterns are suggested, at least partly, to explain this (Oberlé HW� DO� 1991a,
Rousseau HW� DO�� 1991a). However, it has been shown that the methylation pattern
variation, i.e. the proportion of active mutant X chromosomes versus inactive ones
identified in peripheral lymphocytes, is not a reliable predictor of intellectual function in
full mutation females (Rousseau� HW� DO. 1991b, Taylor HW� DO. 1994). On the other hand,
Reiss HW� DO. (1995)  found some correlation of activation status of the )05�� gene
analyzed in lymphocytes and intellectual function in girls with a full mutation. The
methylation pattern is likely to be variable between different tissues, and it is probably the
proportion of cells in important regions of the brain with the active fragile X chromosome
which is responsible for variable penetrance in full mutation females.

���������*HUPOLQH�DQG�VRPDWLF�LQVWDELOLW\�RI�WKH�&**�UHSHDW
             
In contrast to the normal )05� gene, premutations are unstable. Their instability is seen
in virtually every transmission when passing to the offspring, size increases being much
more common than occasional contractions of the repeat.  One important factor that
influences the rate and size of an expansion is the gender of the parent transmitting the
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unstable CGG repeat. A premutation has been documented to expand to a full mutation in
offspring with concomitant abnormal methylation only when it is transmitted by a female
(Rousseau HW�DO. 1991a, Yu HW�DO. 1992, Snow�HW�DO. 1993). The size of the CGG repeat
expansion is another factor having a significant effect on instability; the larger the
premutation, the more unstable it is upon transmission. Moreover, the risk of transition of
a premutation to a full mutation, and consequently the risk of having an affected child has
been shown to depend strongly on the  size of the maternal premutation (Fu HW�DO. 1991,
Heitz HW�DO. 1992).

Premutation males, in contrast to females, have never been reported to have daughters
with a full mutation (Rousseau 1991a, Yu� HW� DO. 1992) and only  daughters having a
premutation have been observed in the offspring of those rare full mutation males who
have reproduced (Willems HW�DO. 1992, Hori HW�DO. 1993). Consistently, it has been shown
that full mutation males have only premutations in their sperm (Reyniers HW� DO. 1993).
However, as reported by Malter HW� DO. (1997), full mutation male fetuses of various
developmental stages were found to have only full mutation pro-spermatogonia at 13
weeks of gestation, but both full mutation and premutation pro-spermatogonia were
detectable at 17 weeks. Taken together, these results suggest regression of a full mutation
to a premutation in a limited number of cell lineages and selection against the full
mutation sperm. Furthermore, the  investigation by Malter�HW�DO. (1997) of full mutation
female fetuses at 16  and 17 weeks of gestation did not reveal the presence of premutation
alleles in the ovaries, suggesting that corresponding selection did not occur. These data
suggest that the lack of expansion to the full mutation in male transmissions is due to
selection against full mutation gametes in males, while the lack of selection in females
allows both premutations and full mutations to be transmitted to the offspring (Malter HW
DO� 1997,  Ashley-Koch HW�DO. 1998).

Full mutations of the )05��gene are also unstable upon transmission. They usually
show further increases in size, reductions of size occurring more rarely  (Rousseau HW�DO.
1991a, Yu HW� DO. 1992, Loesch� HW� DO. 1997). In addition to meiotic instability, full
mutations show great somatic instability, so that the CGG repeat lengths vary within and
between tissues of an individual. This means that individuals with a full mutation are
somatic mosaics as regards repeat size. The size of  full mutations can vary greatly in
different members of the same sibship, but familial clustering of similar full mutation
lengths has also been reported (Rousseau HW�DO. 1991a, Nolin HW�DO. 1996).

There is no exact definition for the length at which the CGG repeat becomes unstable,
because of the considerable overlap between repeat lengths at the high-end range found in
the general population and the small premutation alleles detected in fragile X families (Fu
HW�DO. 1991, Macpherson HW�DO. 1992b, Snow HW�DO. 1993, Reiss HW�DO. 1994).  The critical
region of overlap between normal and premutation alleles appears to be approximately 50
repeats, but in the range of 34-59 repeats, termed the "grey zone", both stable and
unstable inheritance of alleles have been reported (Eichler�HW�DO� 1994, Snow�HW�DO. 1994,
Nolin HW� DO� 1996). The unstable alleles in the "grey zone" may represent alleles
predisposed to further expansion and/or premutations which have yet to progress to the
full mutation.

Further analyses of the structure of the )05� trinucleotide repeat region have shown
that although the total repeat length is important, it is not the sole factor accounting for
instability of the )05��gene. Sequencing of normal and premutation alleles has revealed
that the number and position of AGG interruptions within the CGG repeat sequence may
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significantly influence the stability of the repeat, and in particular, the length of an
uninterrupted CGG repeat sequence appears to be an important determinant of instability.
Most normal alleles contain one or more regularly spaced AGG units and the
uninterrupted CGG tracts do not exceed 30 repeats. In contrast, premutation alleles
typically have  none  or  at most one interspersing AGG triplet and  a CGG copy number
exceeding 30 repeats at the 3’ end of the repeat array. There also the highest variability of
pure CGG repeat lengths has been shown to take place. The AGG interspersions appear to
confer stability and their absence gives rise to longer perfect CGG arrays with increased
instability and predisposition to expansion. (Hirst� HW� DO. 1994, Kunst & Warren 1994,
Snow HW�DO. 1994, Eichler HW�DO. 1994, Kunst HW�DO. 1997) Nolin HW�DO. (1996) have further
suggested that in addition to the repeat length and the AGG content,  an as yet
unidentified familial factor might influence the stability of CGG repeats. Their analysis of
”grey zone” alleles indicated that the presence of  long uninterrupted CGG tracts  is not
universally associated with allele instability, and the loss of AGGs does not always
explain the variation in stability between alleles of the same repeat number.

The  CGG repeat alleles that expand to pre- and full mutations have been shown to be
in linkage disequilibrium with microsatellite  (Richards HW�DO. 1992, Oudet HW�DO. 1993b,
Chiurazzi HW�DO. 1996)   and single nucleotide  polymorphisms (SNPs) (Kunst & Warren
1994, Gunter HW�DO. 1998)   within the )05��gene or close to its 5’ end. One of these
SNPs,  ATL1, has been shown to discriminate CGG alleles with single microsatellite
haplotypes but different predisposition to expansion, and additionally, the two alleles of
ATL1 reveal significant linkage disequilibrium between unstable chromosomes and the
position of the first AGG interruption (Gunter HW� DO. 1998). These findings imply that
there might be several either protective or predisposing FLV-acting factors that influence
the instability of the CGG repeat, and are yet to be discovered.

����������3UREDEOH�PXWDWLRQDO�PHFKDQLVPV�RI��&**�UHSHDW�H[SDQVLRQ

A significant linkage disequilibrium between fragile X syndrome and certain
microsatellite haplotypes suggests an ancient origin of fragile X mutations or predisposing
genetic events  and their very rare occurrence (Richards HW�DO. 1992, Oudet HW�DO. 1993b,
Chiurazzi HW�DO. 1996).  A multi-step mutation process has been proposed  to account for
the evolution of the fragile X mutation. According to the multi-step mutation models
(Morton & Macpherson 1992, Kolehmainen 1994, Morris HW�DO. 1995,  Ashley & Sherman
1995) the initial mutational event is suggested to be the  change  of a normal CGG repeat
allele (N) to  a predisposed allele (S) having the potential to convert to an unstable
premutation (Z) which then further expands to a full mutation (L).  The  S-alleles may be
relatively stable over numerous generations, thus allowing specific predisposed
haplotypes of  closely linked polymorphisms to be enriched into population. This would
explain the linkage disequilibrium detected in fragile X syndrome.  In contrast, the Z-
alleles progress to large expansions associated with disease expression rapidly, in a few
generations.

Based on studies of haplotype associations,  CGG repeat length and structure with
respect to interrupting AGG units,  at least two different mutational pathways have been
suggested (Macpherson�HW�DO. 1994, Snow HW�DO. 1994, Chiurazzi HW�DO. 1996, Eichler HW�DO.
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1996). Loss of an AGG interruption probably by deletion or transversion to CGG has
been proposed to be the initial mutation in a few fragile X founder chromosomes.   This
mechanism leads to longer uninterrupted CGG tracts  with increments of  typically about
10 CGGs at a time.   This would lead to a relatively rapid appearance of instability.
Eichler HW� DO. (1996) have shown that this mechanism has probably operated in two
specific haplotypes linked to FMR1 CGG alleles. These haplotypes were absent in the
largest normal CGG alleles, which suggests that these predisposed chromosomes progress
relatively rapidly through the instability lengths and expand to the disease state without
the  accumulation of the large  intermediate alleles. Another mutational pathway has been
suggested to begin with replication slippage leading to small increments of one or two
repeat units. By this mechanism the uninterrupted CGG tract distal to the most 3’ AGG
interruption is assumed to  increase gradually and relatively slowly before reaching the
instability threshold (Macpherson HW� DO. 1994, Eichler HW� DO� 1996). Supporting this,
enrichment of a singular fragile X -associated haplotype in a pool of high-end normal
alleles has been observed in several studies (Richards HW� DO. 1992, Oudet� HW� DO. 1993b,
Buyle HW�DO. 1993, Hirst HW�DO. 1994, Snow HW�DO. 1994). Eichler HW�DO. (1996) have shown
that the CGG repeat array of this haplotype in high-end normal alleles is  interrupted by
two AGGs, which probably explains their slow evolution. However, the frequently
observed absence of one or both AGG interruptions in premutation alleles with this same
haplotype (Eichler HW�DO. 1996) indicates that the loss of AGGs also finally occurs  in this
mutational pathway.

Although loss of  AGGs and/or  polymerase slippage during  replication of the CGG
repeat appear to be the initial mutational events leading to instability of FMR1 alleles, the
massive expansions of the  CGG repeat occurring during the transition from a premutation
to a  full mutation are likely to be caused by a different mechanism. It has been  proposed
that such rapid and large expansion may take place when two single strand breaks occur
within the repeat during replication. If the repeat is long enough this is likely when
replication of the lagging strand proceeds via the Okazaki fragments, which are typically
100-200 nucleotides long in eukaryotes. This corresponds well with the smallest
premutation size, i.e. 50 CGG repeats (150 nucleotides).  The newly synthesized DNA
strand, i.e. the Okazaki fragment containing the repeat, is then not anchored on either side
by any unique sequence and is therefore free to slip and slide during replication, allowing
additional trinucleotide repeat copies to be introduced. Repair of such a product will
result in a much larger copy number than was present in the original sequence. (Eichler HW
DO. 1994, Kunst & Warren 1994, Richards & Sutherland 1994) Additionally, while sliding
during polymerization a single stranded flap is formed at the 5’ end of the  Okazaki
fragment which is likely to form  secondary structures, e.g. hairpin or more complex
structures (Fry & Loeb 1994, Gacy HW�DO. 1995). These have been proposed to inhibit the
specific flap endonuclease (FEN1), which normally metabolizes the displaced ends of the
Okazaki fragments to allow ligation to the next fragment, and this may further increase
the instability of the repeat (Gordenin HW�DO. 1997,  Sutherland HW�DO. 1998).

It is currently thought  that the CGG repeat expansion to full mutation size occurs in
DNA synthesis preceding the meiosis.  (Malter HW�DO. 1997,  Moutou HW�DO. 1997, Ashley-
Koch HW�DO. 1998). This contrasts with the previously suggested  postzygotic expansion
models, according to which full expansion takes place early in embryogenesis and not in
the male and probably also not in the female germline  (Reyniers HW�DO. 1993, Wöhrle HW
DO. 1993). However, the finding by Malter HW�DO. (1997) of full expansion in primordial



22

germ cells in both female and male fetuses with a full mutation argues against the
hypothesis that the germline is protected from full expansion. Expansion may occur in the
maternal germline, or if postzygotic, it may arise very early before separation of the
germline in the embryo. In the testes of an older male fetus, Malter HW�DO. (1997) found
both full mutation and premutation alleles suggesting that  contractions of the repeat
length also occur in the fetal male germline. Probably as a result of FMRP expression, the
primordial germ cells with a premutation have a selective advantage leading to their
predominance later in mature testis.  This would explain the previous finding of only
premutation sperm in full mutation males (Reyniers HW� DO. 1993) and  the full mutation
transitions occurring only in maternal transmissions (Rousseau HW� DO. 1991a, Yu HW� DO.
1992).

Very little is known about the methylation status of )05� during the expansion
process.  The  full expansions detected in the fetal germline by Malter HW�DO� (1997)   were
shown to be unmethylated. Taken together, this and the observations that extra-embryonic
(chorion villus) tissue of full mutation fetuses is commonly hypomethylated (Sutherland
HW�DO. 1991, Oostra HW�DO. 1993, Yamauchi HW�DO. 1993, Castellvì-Bel HW�DO. 1996), it seems
likely that full  expansion of the CGG repeat occurs before abnormal methylation of the
region. It is further suggested that the somatic instability of the CGG repeat is present
only in that time period of embryonic development when the mutation is unmethylated,
and once the expanded repeat is methylated further somatic instability will be rare
(Wöhrle� HW�DO. 1996, Sutherland & Richards 1999). This is supported by the finding of
identical mutation patterns in different somatic tissues of full mutation fetuses and the
clonal stability of methylated expansions detected in fibroblast cultures (Wöhrle� HW� DO.
1993).

�������2WKHU�PXWDWLRQV�LQ�WKH�)05��JHQH

Although the CGG repeat expansion associated with hypermethylation of the region  is
responsible for the loss of activity of )05� in almost all fragile X cases, other alterations
in the )05� gene can also result in the fragile X syndrome. These exceptional cases
include intragenic point mutations (De Boulle HW� DO. 1993, Lugenbeel HW� DO. 1995) and
deletions, either large ones removing the entire )05� gene and also flanking sequences
(Gedeon HW�DO. 1992, Tarleton HW�DO. 1993, Quan HW�DO. 1995b, Wolf HW�DO. 1997) or smaller
deletions removing the proximal part of the )05� gene from the 5' upstream region  to
exon 1-11 (Wöhrle HW�DO. 1992, Gu HW�DO. 1994, Meijer HW�DO. 1994, Trottier HW�DO. 1994,
Hirst HW� DO. 1995, Prior HW� DO. 1995, Gronskov HW� DO. 1997, Hammond HW� DO. 1997). In
addition, several authors have described fragile X patients that are mosaic for both a CGG
repeat expansion of full mutation size and a deletion within the�)05� gene (Quan HW�DO.
1995a, De Graaf HW�DO. 1995, 1996, Mannermaa HW�DO. 1996,  Milà HW�DO. 1996, Schmucker
HW�DO. 1996). Most of these alterations have been characterized and shown to be GH�QRYR
mutations but familial inheritance has also been detected.

Most deletion cases described have a clinical phenotype characteristic of fragile X
syndrome. However, the patients reported by Quan HW�DO. (1995b) and Wolf HW�DO. (1997)
were found to have some atypical features in addition to typical fragile X characteristics.
The deletions in these patients were the two largest so far detected, 9 Mb and 12 Mb,
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respectively, removing the whole FMR1 gene and additional material surrounding it. This
led the authors to suggest that the patients’ more severe clinical presentation could be the
result of the deletion of additional genes that are able to modify the fragile X syndrome
phenotype. Studies of )05� expression in deletion patients at the mRNA (Hirst HW� DO.
1995) and protein level (Gu HW� DO. 1994) have indicated that the promoter and the
regulatory elements 5' to the CGG repeat are essential for )05��expression, which is
blocked when these regions are removed by the deletion. Consistently,  loss of )05�
expression was  detected  in the 1.6 kb-microdeletion characterized by Meijers HW� DO.
(1994), comprising the promoter region of the gene, but leaving the first transcription
initiation codon (ATG) in exon 1 untouched. On the other hand, de Graaff HW�DO. (1996)
have described a mosaic male having an expanded full mutation and a deletion with a 5'
breakpoint within the CGG repeat and encompassing 30 bp 3' to the repeat, thus not
involving the  transcription initiation codon ATG. This deletion did not impair
transcription and translation of  the )05�� and the protein product (FMRP) was detected
in  a proportion of the patient's lymphocytes (28%), which was apparently insufficient to
prevent the clinical phenotype. The deletion breakpoints reported  are highly variable,
although the mosaic deletion cases of de Graaff HW� DO. (1995) and Quan HW� DO. (1995a)
provide some evidence for the presence of a hot spot region for 5' deletion breakpoints
located approximately 70 kb proximal to the CGG repeat.

    The point mutation characterized by De Boulle�HW�DO. (1993) was shown to lead to a
particularly severe fragile X syndrome phenotype, in spite of  normal  FMR1 mRNA
levels detected. The mutation was found to be a single basepair change, a T to A
transversion. This substitution changes an Ile codon 304  to an Asn codon (Ile304Asn).
Although the mutant protein differs by only one amino acid, location of this substitution
in one of the KH domains appears to impair radically the normal function of FMRP. This
was experimentally demonstrated by Siomi HW� DO. (1994), who showed LQ� YLWUR that the
Ile304Asn mutation affects the RNA-binding properties of  FMRP,  resulting in its
reduced capacity to bind RNA.  Two other  intragenic mutations reported by Lugenbeel HW
DO. (1995) are a deletion of one basepair in exon 5  resulting in a frameshift and predicting
a premature translational termination of the protein product, and a two-basepair change in
the splice acceptor site of exon 2 resulting in two transcripts of reduced size detected by
RT-PCR. No FMRP was detected by Western blot in either patient, and they both show
the typical clinical phenotype of fragile X syndrome.

There has been speculation about whether the abnormalities of the chromatin structure
induced by the CGG repeat expansion or  hypermethylation  of the Xq27.3 region could
spread to other genes adjacent to )05�� with consequent loss of expression and
contribution to the fragile X phenotype (Meijer HW�DO. 1994). This, however, appears to be
unlikely in the light of data obtained from cases of  deletions and intragenic loss of
function mutations, which demonstrate the primary role of the )05� gene in fragile X
syndrome.
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�����7ULQXFOHRWLGH�UHSHDW�H[SDQVLRQV�LQ�RWKHU�KXPDQ�JHQHWLF�GLVHDVHV

Since finding the expansion mutation of )05� an increasing number of genes,
responsible  for specific human genetic diseases, have been identified  in which a
normally polymorphic trinucleotide repeat sequence undergoes a mutational change
involving expansion of the repeat length followed by its further instability and tendency to
increase when passing to each subsequent generation (for a review see Ashley & Warren
1995). Because of the property of an initial change in the DNA sequence to enhance
further changes in itself, triplet expansion mutations are also called  dynamic mutations
(Sutherland & Richards 1995). This term contrasts with ”conventional” or static
mutations (e.g. deletions, insertions, point mutations) in which the product of a mutation
is not likely to undergo any further changes than the initial DNA disruption.

The triplet expansion mutations characterized to date can be placed within two groups
based on the repeat involved: either the CGG repeat, also designated CCG (the 5’
sequence on the other strand) or the CAG repeat, equivalent to CTG, respectively.  The
CGG/CCG repeat loci involve non-coding triplets and when expanded, are associated
with chromosomal fragile sites. These CGG repeats are found, in addition to fragile X
syndrome,  in another familial mental retardation syndrome at the chromosomal fragile
site, FRAXE (Knight HW�DO. 1993). Additionally, CGG repeats have been detected in at
least three other folate-sensitive fragile site loci: FRA11B,  suggested to predispose
individuals to deletions in Jacobsen’s syndrome, a chromosomal deletion syndrome
involving dysmorphic features and mental retardation (Jones HW� DO. 1995), and FRAXF
(Hirst HW�DO. 1993a) and FRA16A (Nancarrow HW�DO. 1995), which are not associated with
any noticeable phenotype according to present knowledge. CAG/CTG repeats are usually
coding and when expanded, are associated with neurodegenerative diseases. Expansion
mutation of the CAG repeat in this group of disorders has so far been found in spinal and
bulbar muscular atrophy (SBMA or Kennedy’s disease) (La Spada HW� DO. 1991),
spinocerebellar ataxias of different types (SCA1,-2,-3 and SCA6,-7) (Orr HW� DO. 1993,
Kawaguchi HW�DO. 1994, Imbert HW�DO. 1996, David HW�DO. 1997,  Zhuchenko HW�DO. 1997),
Huntington’s disease (HD) (Huntington’s Disease Collaborative Research Group 1993)
and dentatorubral-pallidoluysian atrophy (DRPLA) (Koide HW�DO. 1994). The exceptions in
this group are myotonic dystrophy (DM) with  expansion of the CTG repeat that is
situated in the 3’ untranslated region of the '03.�gene (Fu HW�DO. 1992, Mahadevan HW�DO.
1992) and the most recently found new type of spinocerebellar ataxia (SCA8) with a
similarly located untranslated CTG repeat expansion (Koob HW� DO. 1999). In addition,
belonging to neither of the  above groups are the non-coding, intronic GAA/TTC repeat
expansion detected in the gene of Friedreich’s ataxia (FRDA)  (Campuzano HW�DO. 1996)
and the coding GCG/CGC repeat expansion of 3$%3� gene causing oculopharyngeal
muscular dystrophy (OPMD) (Brais HW� DO. 1998), also both being  neurodegenerative
diseases.

The massive expansions can occur  in the CTG repeat associated with myotonic
dystrophy, the CGG repeat of  FRAXE similar to that in FRAXA and the GAA repeat of
Friedreich’s ataxia,  from normal lengths varying from 5 to 50  repeats up to thousands
when fully expanded.  Expansions of the coding CAG repeats undergo only two- to three-
fold increases over a normal length of about 20 repeats (Table1).  However, in the former
group small expansions (also called premutations) occur, which lead to a less severe
phenotype and/or later onset in DM and FRDA (Hunter�HW�DO. 1992, Harley HW�DO. 1993,
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Monros HW�DO. 1997) and absence of phenotypic effects  in FRAXE (Knight HW�DO. 1993) as
in  fragile X syndrome (Rousseau HW�DO. 1994a).

A common feature of repeat expansion mutations is their instability upon
transmission, which preferentially leads towards an increase of the repeat copy number.
This process explains the phenomenon of anticipation, i.e. earlier age at onset or
increased severity of the disease in present generations compared with previous ones,
commonly observed in  trinucleotide repeat disorders. Additionally, parent-of-origin
effects probably due to genetic imprinting are commonly  seen in transmission of triplet
expansions. In myotonic dystrophy the severe congenital form of the disease with the
largest number of repeats only occurs when the mutation is received from the mother. In
FRAXE mental retardation similarly as in fragile X syndrome only maternal transmission
can lead to the fully expanded repeat with phenotypic effects.  In contrast, in most CAG
repeat loci  a clear paternal bias as regards larger expansions and juvenile onset of the
disease has been shown. (for a review see Ashley & Warren 1995)

Abnormal methylation of the CpG dinucleotides is detected in CGG repeats when the
repeat length exceeds a threshold value of about 200 repeats. This hypermethylation has
been shown to repress gene expression in the fragile X syndrome and in FRAXE mental
retardation (Pieretti HW�DO. 1991, Cecz HW�DO. 1996). Thus the consequence of  expansion is
loss of gene function in these disorders. In contrast, the influence of  CAG expansions has
been shown to be the formation of a polyglutamine (or a polyalanine in the case of CGC
expansion of OPMD) tract in the produced protein, which is thought to lead to a  gain of
function, to  altered function or to an excessive accumulation of the gene product. (Ashley
& Warren 1995, Brais et al. 1998) The  expansion mutations of DM and FRDA have been
shown to cause deficiency of the protein product,  myotonin protein kinase and frataxin,
respectively. In these two disorders abnormal processing of the mRNA, in addition to an
influence of the expanded repeat sequence leading to altered expression of the
neighbouring genes, is suggested to be involved  (Krahe�HW�DO. 1995, Bidichandani HW�DO�
1998, Timchenko  1999).
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2.4. Structure and function of the  FMR1 gene
and its protein product

The fine structure and organization of the FMR1 gene has been characterized and is
presented schematically in Figure 2. The  FMR1 gene consists of 17 exons encompassing
38 kb of the Xq27.3-region. The mutation target sequence, the CGG trinucleotide repeat,
is in the untranslated 5´ region of  the first exon, and hypermethylation of the CpG island
in this promoter region located 250 bp upstream of  the CGG repeat represses FMR1
transcription (Eichler et al. 1993, Hwu et al. 1993).

Fig. 2. Schematic presentation of the structure of the FMR1 gene, containing a total
of 17 exons (filled grey boxes). Methylation of the CpG island in the promoter region
(black ellipse) represses transcription if a fully expanded CGG repeat is present.
Translation starts downstream (start codon AUG) of the CGG trinucleotide repeat
(unfilled region in exon 1). Alternative splicing of the FMR1 gene is shown with lines
above the exons as described by Verkerk et al. (1993) and Sittler et al. (1996).  A
normal FMR1 allele with 28 CGG repeats and two interrupting AGGs is illustrated
below (an open circle denoting CGG and a filled circle denoting AGG).

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

CpG island

AUG

(CGG)10AGG(CGG)9AGG(CGG)9

5’ 3’
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Northern blot and LQ�VLWX studies of human FMR1 mRNA and corresponding murine
homologue, fmr1 transcripts have demonstrated that they are widely expressed during
embryogenesis and in various tissues of adults,  both related (brain, testis, probably
ovary) and unrelated (e.g. lung, kidney, oesophageal epithelium, thymus, eye, spleen)  to
the fragile X phenotype. A major transcript of 4.8 kb and additional shorter ones are
found in most tissues studied, with the highest levels detected in the brain and testis.
(Hinds HW�DO� 1993, Khandijan HW�DO. 1995)  The most widespread and universal expression
of )05� has been detected during early stages of development, suggesting an important
functional role in embryonic development. More tissue-specific expression is seen in later
developmental phases and in adulthood.  The most abundant expression has been reported
to be neuronal in mouse and human fetal brain, the highests levels detected being in the
neurons of cerebellum, the granular layer of the hippocampus and cerebral cortex, and in
the nucleus basalis magnocellularis. (Abitbol �HW�DO. 1993, Hanzlik HW�DO. 1993, Hinds HW
DO. 1993, Hergersberg HW�DO. 1995). These regions  are important to limbic circuitry in the
brain, where pathways  involved in  cognition, memory and behavior are located.

Sequencing of the intron-exon boundaries of the )05� gene has revealed complex
alternative splicing of the produced mRNAs, suggesting several protein isoforms with
various cellular functions (Verkerk HW�DO. 1993). Alternative splicing of  FMR1 transcripts
could generate up to 20 potential  protein isoforms with molecular weights of 47-80 kDa.
By Western blotting presence of several FMRP isoforms, mostly ranging from 67 to 80
kDa have been detected in various human and mouse tissues (Khandijan HW� DO. 1995,
Verheij HW�DO� 1995, Sittler�HW�DO. 1996).  Alternative splicing has been shown to occur in
the 3’ half of the FMR1 transcript, affecting the presence of exons 12 and 14 and the
choice of acceptor sites in exons 15 and 17, which result in an altered reading frame and
generate truncated FMRP isoforms with novel carboxy termini (Sittler HW�DO. 1996). No
marked differencies have been observed concerning the expression of the different
isoforms in distinct tissues. However, certain FMRP isoforms might exhibit distinct
cellular or subcellular localizations probably reflecting specialized functions.

Immunocytochemical studies have revealed that FMRP is predominantly localized in
the cytoplasm in a variety of cell types, but nuclear localization has also been observed
(Devys HW� DO. 1993, Verheij HW� DO. 1993, Feng HW� DO. 1997). It has been experimentally
demonstrated that exon 14 determines the cytoplasmic localization of FMRP, and the
absence of exon 14 leads to an isoform with nuclear localization (Sittler HW� DO. 1996).
Furthermore, experiments by  Eberhart HW� DO. (1996) demonstrated that the initial 17
amino acids encoded by exon 14 are critical for the cytoplasmic localization of FMRP,
and the authors suggest that this region contains a specific nuclear export signal (NES).
On the other hand, the amino terminal domain of the protein  has been shown to contain a
functional nuclear localization signal (NLS) (Eberhart HW�DO. 1996). FMRP also contains
two KH-domains coded by an exon 8 and exons 9-10 and an RGG box coded by exons
15-16 (Sittler HW� DO�� 1996), which are sequence motifs  typical of many RNA-binding
proteins (Burd & Dreyfuss 1994). It has been confirmed that FMRP selectively binds to
RNA, and in addition to binding to its own message, interaction with approximately 4%
of human fetal brain mRNAs has been detected (Ashley�HW�DO. 1993, Siomi�HW�DO. 1993).
Furthermore, the majority of cellular FMRP has been shown to be associated with
ribosomes, preferentially  with actively translating polyribosomes (polysomes), and this
binding is RNA-dependent (Eberhart HW�DO. 1996, Khandijan HW�DO. 1996, Tamanini�HW�DO.
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1996). Willemsen HW� DO. (1996a) have demonstrated the presence of FMRP in the
nucleolus, the part of the nucleus where the ribosomal subunits are formed. This suggests
that FMRP is either involved in the transport of mRNAs to the cytoplasm or is transported
together with the ribosomal subunits (Eberhart HW� DO. 1996, Willemsen HW� DO. 1996a).
Based on the properties of FMRP and experimental information, Eberhadt HW�DO. (1996)
have presented  a hypothesis according to which FMRP enters the nucleus and forms a
ribonucleoprotein (RNP) complex which interacts with specific RNA transcripts, and then
mediates the export of the particle to the cytoplasm where it associates with translating
ribosomes. Thus, FMRP appears to be involved in RNA metabolism and the clinical
fragile X syndrome may result from altered or impaired translation of certain secondary
RNA transcripts.

The mechanisms that cause the symptoms observed in fragile X syndrome patients are
unknown. An animal model for the disease has been generated, in order to study the
pathological and physiological processes involved. In this knock-out mouse the wild-type
murine fmr1 gene has been replaced by a mutant non-functional gene (The Dutch-Belgian
Fragile X Consortium 1994). It has been shown that the knock-out mice do have some
features corresponding to those in humans affected with fragile X syndrome, e.g.
increased testicular size, hyperactivity and impaired learning ability at novel spatial
situations (Oostra & Hoogeveen 1997).
      

������/DERUDWRU\�GLDJQRVWLFV�RI�IUDJLOH�;�V\QGURPH

Laboratory diagnosis of fragile X syndrome became possible when the chromosomal
fragile X site at Xq27.3 was found to be linked to the disease phenotype. Cytogenetic
methods for detecting this folate-sensitive fragile site, FRAXA, were developed during
the early 1980’s (reviewed by Sutherland 1983). Great progress in molecular techniques at
the same time enabled investigation of variation in human populations at the DNA level,
and the use of   DNA polymorphisms as genetic markers in tracing inherited diseases
became possible (Botstein HW�DO. 1980). Linkage analysis using DNA markers adjacent to
the FRAXA-locus was applied to fragile X syndrome diagnosis in the latter half of the
1980’s. This indirect mutation analysis, based on genetic linkage, brought significant
improvement, particularly to carrier detection in fragile X families (Heilig HW� DO� 1988,
Sutherland & Mulley 1990). In 1991 the discovery of the gene defect, CGG trinucleotide
repeat expansion and its abnormal methylation, made direct molecular diagnosis of fragile
X syndrome possible, and at present  diagnosis can be established unambiguously in most
cases (Oostra HW�DO. 1993, Rousseau 1994a). In addition to direct mutation analysis, it is
now also possible to demonstrate the expression of )05� at the protein level by using
monoclonal antibodies directed against FMRP (Willemsen�HW�DO. 1995).
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The fragile site at Xq27.3 (FRAXA) is one of the rare folate-sensitive fragile  sites found
in human chromosomes (Sutherland 1977, 1979). FRAXA can be induced in metaphase
spreads of peripheral lymphocytes by using specific culture media deficient in folic acid
and thymidine or with an excess of thymidine, leading to an imbalance of folate and
deoxypyrimidine pools, which are precursors of DNA synthesis in cells (Sutherland &
Baker 1986). Additionally, inhibitors (e.g. methotrexate and 5-fluorodeoxyuridine)  of the
thymidylate synthetase enzyme, which is involved in synthesis of dTTP in cells, have
been found to be effective inducers of FRAXA (Glover 1981, Mattei HW� DO. 1981,
Tommerup HW�DO. 1981). In spite of improvements in cytogenetic methods,  expression of
FRAXA is never detected in all studied cells of the patients,  the expression varying from
as low as 2% up to 60% of the mitoses examined. The frequency of fra(X)-positive cells
appears to be characteristic of an individual, and in heterozygous females markedly lower
than in affected males (Sutherland 1983). For diagnostic purposes the minimum
frequency recommended to be diagnostic in fragile X expression has  been 4% (Jacky HW
DO. 1991), but even lower cut-off points have been commonly used in diagnostic
laboratories.

Cytogenetic diagnosis appeared to be reliable only in affected individuals.  Practically
all affected males and the great majority of affected females (approximately > 90%)  were
found to express FRAXA. The limitations of the cytogenetic test were evident in
detecting clinically normal carriers. Only about 50% of phenotypically normal carrier
females could be found by cytogenetic analysis (Tommerup 1988b). Based on present
knowledge this group includes mostly full mutation carriers but also a few with
premutation. In addition, all  transmitting males who have a premutation remained
undetected. (Rousseau HW� DO. 1994a)  The frequency of FRAXA expression in prenatal
samples, cultured amniotic fluid cells or cultured chorionic trophoblasts, could be
relatively low and cytogenetic analysis of large amounts of cells was often required.
Improved techniques for fragile X induction in prenatal samples were developed (von
Koskull HW� DO. 1985, Tommerup 1988a, Jenkins� HW� DO. 1991) in order to achieve more
accurate prenatal diagnosis, but  false negative and also false positive results were not
totally eliminated (Shapiro HW� DO. 1988, Jenkins HW� DO. 1991, von Koskull HW� DO. 1992,
1994). Furthermore, the  two other folate-sensitive fragile sites at Xq27-28,  FRAXE
(Sutherland & Baker 1992) and FRAXF (Hirst HW� DO. 1993a),  are  cytogenetically
indistinguishable from FRAXA, and have given false positive diagnosis of fragile X
syndrome in some families (Knight HW� DO. 1994, Parrish HW� DO. 1994, Biancalana� HW� DO.
1996).

�������/LQNDJH�DQDO\VLV�DQG�LWV�XVH�LQ�GLDJQRVLV�RI�IUDJLOH�;�V\QGURPH

The basis of the linkage approach is the knowledge that loci which are physically adjacent
to each other in the same chromosome are likely to be inherited together, because the
closer the loci are, the more rarely they are separated by genetic recombination. Linkage
analysis is used for localizing genes to specific chromosomal regions. Consequently,
inheritance of the disease gene with an unknown genetic defect can be followed in
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pedigrees by established genetic linkage to known markers. The linkage is estimated by
the lod score method. It gives the statistical likelihood that two loci are linked at a certain
distance with recombination fraction (Θ) compared to the likelihood that they are
inherited independently, when recombination is observed in 50% of the meioses,
corresponding to Θ = 0.5. The ratio of these likelihoods indicates the odds for or against
linkage and is presented as a lod score estimate (logarithm of odds).  A lod score
exceeding 3 indicates significant linkage meaning that the probability that two loci are
inherited together by chance is less than 1 to 1000. A lod  score of -2 or less is considered
to rule out linkage. Genetic distance between loci is measured in centiMorgans (cM) and
1 cM corresponds approximately to 1% recombination frequency (Θ = 0.01) between two
loci.  (Terwilliger & Ott 1994)

The likelihood calculations in linkage analysis are most commonly perfomed  with
computer programs belonging to the LINKAGE package, including several programs
constructed specifically for different analysis methods (Lathrop HW� DO. 1984, Lathrop &
Lalouel 1988). For example, with the MLINK program, linkage between two loci can be
estimated using two-point analysis. In addition, for risk calculation of disease gene
carriership in a family, appropriate options in MLINK can be used. The most probable
order and distances of the marker loci in a linkage group can be obtained with the ILINK
program and the position of  a disease gene relative to other nearby markers of known
order can be assigned by multipoint analysis found in the LINKMAP program.

Linkage analysis requires investigation of  clinically well characterized families
including both affected and unaffected members. Inheritance of a disease allele in a
family can be followed by segregation analysis of the marker alleles, which means that the
parents must be heterozygous in order to be informative in linkage analysis.  This
informativeness of  DNA markers is essential for linkage analysis and sometimes
screening of numerous markers is needed to obtain this. Furthermore, it is important to
study markers flanking the disease gene on both sides in order to recognize possible
recombinations which alter the linkage of a disease allele to a particular marker allele.
Once the first polymorphic DNA markers at Xq27-28, in the vicinity of the FRAXA-
locus, were isolated and linkage between the markers and the disease was demonstrated,
detection of phenotypically normal carriers became possible in fragile X families
(Camerino 1983, Oberlé HW� DO. 1986). However, cytogenetic examination of individuals
suspected of having the fragile X syndrome was still required to establish the diagnosis in
families. The first RFLP markers used were relatively distant from the FRAXA locus,
having a recombination fraction of more than 0.12 with FRAXA (Mulley HW� DO. 1987,
Oberlé HW�DO. 1987, Brown HW�DO. 1988, Heilig HW�DO. 1988). A thorough search for more
closely located markers produced new  RFLPs, and finally markers with recombination
fractions of less than 0.05 were available for diagnostic use (Dahl HW�DO. 1989, Oostra HW
DO. 1990, Rousseau HW� DO. 1991c). Commonly used RFLP markers and their location
respective to the FRAXA locus are presented in Figure 3.

At the time that linkage analysis was used in the diagnosis of fragile X syndrome,
polymorphic markers were RFLPs. Their informativeness is limited due to their two-
allelic nature, and laborious Southern blotting and DNA hybridization methods are
needed to detect the size variation of different alleles created by specific restriction
enzymes  (Southern 1975, Botstein HW� DO�� 1980). At present the most commonly used
markers for linkage studies are  microsatellite or short tandem repeat (STR)
polymorphisms, which are di-, tri- or tetranucleotide repeats found randomly spread in
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human genome (Weber & May 1989). As a result of their high informativeness based on
the large number of alleles, and easy and fast detection by polymerase chain reaction
(PCR) methods, STRs are more powerful in linkage analysis than traditional RFLP
markers. The discovery of STRs occurred almost simultaneously with the finding of CGG
repeat mutation of the FMR1 gene making direct mutation analysis possible, and thus
there are only a few reports of their diagnostic use in fragile X families (Richards et al.
1991).

Fig. 3. Order of polymorphic markers (RFLPs) around the FRAXA locus. The
positions of the loci   in relation to X chromosome bands and the genetic distances in
centiMorgans (cM) are approximate.
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Since the identification of a fragile X mutation several methods have been developed for
detection of the expanded CGG repeat and abnormal methylation of the )05��gene, both
of which are diagnostically important factors. These protocols utilize either Southern
blotting or PCR methodology (reviewed by Warren & Nelson 1994). Southern blot
protocols most commonly involve the use of (FRRI and a methylation-sensitive restriction
enzyme ((DJI or %VVHII) for digestion of genomic DNA (Fu HW�DO. 1991, Rousseau HW�DO.
1992, Oostra HW�DO. 1993). Cleavage by (FRRI results in a 5.2-kb fragment containing the
promoter region with a CpG island and the first exon of FMR-1 including a CGG repeat.
A methylation-sensitive enzyme then cleaves this fragment to smaller ones if the CpG
island is not methylated, resulting in a 2.8-kb fragment containing the CGG repeat. Both
these fragments are present in normal females because their inactivated X chromosome is
methylated and thus resistant to this cleavage. Premutation alleles can be seen in Southern
blots as an increase in the size of the 2.8-kb band and full mutations display a large and
diffuse band, generally not cleaved with a methylation sensitive restriction enzyme and
thus seen as  larger than the 5.2 kb-band. In males with a pre- or full mutation, a band of
normal size is missing and replaced with an expanded one. Females with either
premutation or full mutation alleles also have bands of normal size, derived from the
normal X chromosome in both the active and inactive states. Banding patterns of the
different fragile X mutations are  shown in a Southern blot in Figure 4.

Southern blot method allows estimation of the approximate size of the expansion and
the results are generally reported as the size difference (∆), in basepairs, between the
enlarged and the normal fragment size. A variety of diagnostic probes are now available
for Southern blot analyses and various restriction enzymes can be used for diagnosis
(Kremer�HW�DO. 1991, Nakahori HW�DO� 1991, Rousseau HW�DO. 1991a, Verkerk HW�DO. 1991,
Willems HW�DO� 1992). For instance, 3VWI or %FOI  liberate smaller fragments (about 1.0 kb)
including the CGG repeat, thus improving the detection of small premutation alleles. This
may, however, lead to non-detection of very heterogeneous full mutations, which spread
into a large area, and also losing information on the methylation status of the mutation
(Rousseau HW�DO. 1992). Thus, depending on the diagnostic information desired, specific
combinations of restriction enzymes and  particular probes should be applied. For
example, information about methylation can be particularly important in evaluation of
mutations at the boundary of the premutation and full mutation size ranges, around 230
repeats (∆∼600 bp). Such alleles may occasionally be not methylated, which is more
consistent with the presence of a premutation rather than a full mutation.
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Fig. 4. A family with fragile X mutation segregating in three generations. Normal
fragment sizes are 2.8 kb from an active and 5.2 kb from an inactive X chromosome
(subjects 2 and 6). Premutations are seen as an increase in the 2.8-kb band in males
(subject 3) and increases in both 2.8-kb and 5.2-kb bands in females (subjects 1, 5
and 7). Methylated full mutations are seen as an increase in the 5.2-kb band
(subjects 4, 8, 9 and 10). Females, in addition to enlarged fragments, have normal
signals from another X chromosome. DNA samples were digested withEcoRI+EagI
and probed with StB12.3.

Polymerase chain reaction amplification of the CGG repeat associated with theFMR1
gene has appeared to be technically difficult as a result of the high cytosine-guanine
content of the region and the large size of the DNA molecule (Burke 1996), particularly
concerning full mutations. However, methods have been developed that allow an accurate
determination of the CGG repeat number of normal and premutation alleles (Fuet al.
1991, Chonget al. 1994, Wanget al. 1995). Some applications allow amplification of full
mutations as well, but their exact size determination is generally not possible and these
methods involve transferring the material onto a membrane and hybridizing it with a
specific probe as in Southern blot analysis (Ersteret al. 1992, Pergolizziet al. 1992,
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Brown HW�DO. 1993). Analysis by PCR is useful for defining the precise repeat lengths of
very small premutations or alleles in the ”grey zone”. However, because there is no clear
cut-off point between stability and instability of  ”grey zone” alleles and neither is
assessment of the AGG interruptions unequivocal in predicting their instability, further
examination of family members is usually recommended (Oostra HW�DO. 1993, Nolin HW�DO.
1996).

��������$QWLERG\�WHVW�IRU�)05��SURWHLQ��)053

The most recent approach in the detection of fragile X syndrome has been the
development of a diagnostic test involving the use of monoclonal antibodies against the
protein product of the )05� gene, FMRP. This diagnostic method detects presence or
absence of FMRP in lymphocytes and can be performed on blood smears, thus needing
only a drop of blood (Willemsen HW�DO. 1995). Cells of fragile X males with a methylated
full mutation produce no FMRP, while in individuals with normal )05�� as well as in
premutation carriers FMRP can be detected in the cytoplasm of lymphocytes after
immuno-incubation using an indirect alkaline phosphatase technique, in which a three-
step immunolabelling procedure is followed by substrate incubation, resulting in a red
reaction product (Willemsen HW� DO. 1997b). Willemsen HW� DO. (1997b) have reported
frequent FMRP expression in some lymphocytes from affected males, probably reflecting
the presence of premutation in these positively labelled cells. However, the proportion of
cells showing FMRP production allows a distinction between males with the fragile X
syndrome (< 30% staining cells) and normal subjects (> 40% staining cells). In females
with a full mutation, FMRP is still produced by the normal X chromosome.  As a result of
random X-inactivation, this results in a variable percentage of positively staining cells (up
to 80%), which overlaps the normal range and therefore makes the test unreliable for
detection of full mutation in females (Willemsen HW�DO. 1997b). In addition, the antibody
test is unable to differentiate between normal and premutation alleles. Thus, at present its
reliable use is limited to population screening or to diagnosis of affected males.
Willemsen HW� DO. (1996b, 1997a) have reported the results of preliminary trials and
successful use of the antibody test in prenatal diagnosis of fragile X syndrome, both in
tissue sections of chorion villi and in uncultured amniotic fluid cells.

The rare alterations other than CGG repeat expansion within the )05� gene, leading
to the fragile X phenotype may cause diagnostic problems. These patients do not express
the cytogenetic fragile site, FRAXA, a conventional mutation analysis using Southern
blotting can detect only deletions of large size and routine PCR analysis of the CGG
repeat region in exon 1 fails to show abnormalities in other parts of the gene. In the
majority of  reported cases FMRP has been shown to be missing. However, if the
mutation allows dysfunctional FMRP to be expressed, as in the case reported by De
Boulle HW�DO. (1993), the antibody test will show normal staining. Hence strong clinical
suspicion of fragile X syndrome without CGG repeat expansion, and with FMRP
detected, may require sequence analysis of the entire )05� gene to reveal an unusual
abnormality.
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Fragile X syndrome has been detected in all populations and ethnic groups studied. Based
on cytogenetic surveys of defined populations of individuals with mental impairment, the
prevalence of the syndrome has been estimated to be between 1/1200-1/2600 in males and
1/1600-1/4200 in females (Gustavson HW�DO� 1986, Turner�HW�DO. 1986, Webb HW�DO. 1986,
Kähkönen HW�DO. 1987). The high prevalence of the syndrome was previously thought to be
caused by a high mutation rate. Indeed, the mutation frequency of 2.4 x 10-4 - 7.2 x 10-4

(per male gamete per generation) predicted from early segregation studies (Sherman HW�DO�
1984, 1985) was one of the highest  for a human disease involving a single locus. Recent
molecular studies have resulted in a decrease in the prevalence estimate to 1/4000-1/6000
(Murray HW� DO. 1996, Turner HW� DO. 1996, Morton HW� DO. 1997, de Vries HW� DO. 1997,
Crawford� HW� DO. 1999), which is the prevalence of full mutation in males. It can be
predicted to be the same in females, because the full mutation only occurs in the offspring
of females, and the reproduction of males with the full� mutation is extremely rare.
However, the prevalence of mental retardation in females is approximately half of that
figure. Fragile X premutations are assumed to be more frequent, and estimates of the
frequency of premutation alleles vary considerably, from as high as 1/150 to 1/1500 (Fu
HW�DO� 1991, Reiss HW�DO. 1994, Snow HW�DO. 1993, Spence HW�DO. 1996). These estimates are
based on relatively small sample sizes, and the various definitions of the premutation size
in different studies makes them difficult to compare. Rousseau HW�DO. (1995) have reported
the largest population survey to date, based on examination of 10 624 unselected women
from a Quebec (French Canadian) population. They found the prevalence of premutation
carrier females to be 1/259, or a frequency of a premutation allele (>54 repeats) of 1 in
about 500 X chromosomes in that population.

So far no new mutations, i.e. a single-step transition from a normal allele to a
premutation or to a full mutation, have been identified by molecular analysis of the�)05�
gene in families identified through an affected individual (Rousseau HW�DO. 1991a, Yu HW�DO.
1992, Smits HW�DO. 1993, Snow HW�DO. 1993). This finding, together with observed linkage
disequilibrium between the fragile X mutations and adjacent polymorphic microsatellite
markers (Richards HW�DO. 1992, Buyle HW�DO. 1993, Hirst HW�DO. 1993b, Oudet HW�DO. 1993b),
suggests that a limited number of initial founder mutations account for the majority of
current fragile X cases.  This is explained by the multi-step mutation mechanism, which
involves an initial mutational event changing a stable FMR1 allele to an unstable followed
by a slow  multi-step increasing process from a small premutation to a full mutation
(Morton & Macpherson 1992, Kolehmainen 1994, Morris HW�DO� 1995). The mutation rate
for the initial change of a normal to an unstable FMR1 allele is estimated to be relatively
high, 2.5 x 10-4  to 4 x 10-4 per gamete per generation, based on the mutation models of
Morton & Macpherson (1992)  and Kolehmainen (1994), respectively. The multi-step
models suggest that new mutations constantly occur but are rarely observed because they
are not associated with an abnormal phenotype.  The mutation mechanism allows the
premutations to be carried silently through several generations in pedigrees, generating a
large pool of premutations in the population, before undergoing a transition to the
hyperexpanded state. Thus, silent premutations may have a long evolutionary history.
(Chakravarti 1992)

The founder effect observed in some populations implies that the prevalence of
premutations and consequently the incidence of the syndrome may vary from one
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population to another (Oudet HW�DO. 1993a, Rousseau HW�DO. 1995). This has been shown in
one ethnic group, Tunisian Jews in Israel, by Falik-Zaccai HW� DO. (1997). The authors
found that 26% of  apparently unrelated fragile X pedigrees were of Tunisian Jewish
descent, while this ethnic group represents only 2-3% of the general Israeli population.
Their further studies on the CGG allele structure indicated an unusually high incidence of
FMR1 alleles without AGG interruptions and pure�CGG repeats beyond the instability
threshold (>35 repeats) among the normal Tunisian Jewish population. In addition, these
large uninterrupted CGG alleles are present in a single haplotype, which also accounts for
all studied Tunisian Jewish fragile X chromosomes. Thus, the authors suggest that the
high prevalence of the disease among Tunisian Jews is due to a founder effect of the rare
predisposing haplotype in this ethnic group.
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���3XUSRVHV�RI�WKH�SUHVHQW�VWXG\

At the time of starting this work the gene causing fragile X syndrome was mapped by
linked RFLP markers to the chromosomal region at Xq27.3 where the cytogenetic
expression of the fragile site (FRAXA) was detected in affected individuals. The
molecular defect in DNA was characterized in 1991 by several groups simultaneously,
who identified an expansion of an   unstable CGG trinucleotide repeat to be the causative
mutation. This was promptly followed by cloning and sequencing of the�)05� gene.

The specific aims of this study were:

1. to investigate the linkage relationships and define the localization of the RFLP markers
at Xq27-28 in order to find the polymorphic markers most closely linked to the FRAXA-
locus,

2. to improve carrier detection in fragile X families by using the RFLP markers and
linkage analysis and to develop the most efficient RFLP-based protocol for clinical
diagnostic purposes,

3. to investigate the characteristics of the CGG trinucleotide repeat mutation in Finnish
fragile X families; its size variation and hypermethylation associated with inactivation of
the�)05� gene, its instability during inheritance through female and male carriers and the
diagnostic significance of these features,

4. to investigate the origin of fragile X mutations and the genetic epidemiology of the
syndrome in a northern Finnish population.
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����0DWHULDOV�DQG�PHWKRGV

�����6XEMHFWV

�������)UDJLOH�;�IDPLOLHV��,�9�

The fragile X families in  this study came from a geographically large but sparsely
populated  area of North Finland including the provinces of Oulu, Lapland and the
Central Ostrobothnia belonging to the province of Western Finland, with about 730 000
inhabitants. Patients and their families were investigated in the Department of Clinical
Genetics and its laboratory in Oulu University Hospital. The clinical features of the
patients were assessed during their visits and, in addition, information of the mental status
of the patients was available in the hospital records and in the records of the special care
for mentally retarded. Additional psychometric studies were not carried out. Genetic
counselling and the possibility to investigate the carriership of fragile X syndrome was
offered to family members. The family studies also included genealogical investigations
using church records, in order to find common ancestors of the probands.

The family material available for linkage studies consisted of 34 Finnish fragile X
families/pedigrees. The smallest ones were two-generation families with at least one
affected and one healthy child. Most of the families were, however, much larger,
consisting of several generations and combining several at first sight unrelated sibships
together. This information was obtained from the local parishes back till early 19th
century and from the Oulu District Archives for the preceding centuries. The diagnoses of
affected individuals were established by chromosome analysis. Blood samples were
obtained from 65 affected males and 15 affected females, 83 obligate female carriers, 91
females at risk of carriership, and 105 other family members having the potential to give
information in linkage studies, a total of 359 individuals. Twelve of the families were
included in the international collaboration, comprising a total of 112 families, collected
from 13 centres around the world by Dr. G. Suthers, in order to locate new DNA markers
at Xq27 around the FRAXA locus.

 All original Finnish families and additional new ones were investigated by direct
mutation analysis when it became available in 1992. The total number of nuclear families
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was then 134, and based on genealogical studies they belong to 27 different pedigrees
originating from North Finland. Altogether, 465 individuals from these families, including
unrelated spouses, were examined for the presence of the fragile X expansion mutation.

For analysis of RS46 (DXS548) and FRAXAC2 microsatellite haplotypes, DNA
samples from individuals with fragile X mutation were collected from families in North
Finland and in addition from families in the eastern part of Finland (region of University
Hospital of Kuopio). A total of 60 independent fra(X) chromosomes with no known direct
common inheritance was obtained for haplotype analysis.  

�������&RQWURO�SRSXODWLRQ��,,��,9�

For estimation of the allele frequencies and informativeness (heterozygosity) of the RFLP
markers used in linkage studies, DNA samples from unrelated, northern Finnish
individuals were investigated. This control population consisted mainly of hospital
employees. Also included were the results from unrelated spouses in fragile X families.
The number of X chromosomes used for calculation of the allele frequencies  of different
RFLPs varied between 34 and 109.  A total of 50 unrelated control individuals (38
females and 12 males) were used when assessing the normal variation of the CGG repeat
size by Southern blotting. For haplotype analysis DNA samples from 74 females and 88
males in the general population of northern and eastern Finland were examined. These
and an additional 47 normal X chromosomes of fra(X) carrier females yielded a total of
283 normal X chromosomes, of which 135 phase-known, regarding RS46 (DXS548) and
FRAXAC2  (47 normal X chromosomes of carrier mothers and 88 of control males),
could be used for haplotype analysis.

�����&\WRJHQHWLF�PHWKRGV��,��,,�

Cytogenetic examination of FRAXA was performed as a normal laboratory routine among
fragile X families before 1992. Expression of the fragile site at Xq27.3 (FRAXA) was
assessed in chromosomes obtained from pheripheral lymphocytes or prenatally from
amniocytes or chorionic villi under specific culture conditions. Induction of fra(X)
expression was carried out by using culture medium TC 199 (Gibco) and/or by adding
dUTP (deoxyuridinetriphosphate) in lymphocyte cultures. In prenatal samples FrdU (5-
fluoro-2’-deoxyuridine) was used for fra(X) induction. For the detection of fragile X the
chromosome preparations were screened by ordinary Giemsa staining and the presence of
fragile X chromosomes was confirmed by G-banding. The number of mitoses analyzed
varied usually from 60 to 100 in lymphocytes. However, if  fragile X was found at least in
four mitoses analysis of smaller number of cells was considered adequate. In prenatal
samples examination of 150 to over 300 mitosis was carried out in order to ensure the
detection of  low fragile X expression.  Expression of the fragile site in 2% or more of the
analysed mitoses was regarded as positive.
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Genomic DNA was isolated from venous blood lymphocytes by a conventional
phenol/chloroform extraction method (Sambrook HW� DO. 1989). In some instances,
established fibroblast or lymphoblastoid cell lines, and in cases of prenatal diagnosis,
cultured amniocytes or chorion villus biopsy samples served as starting material.

�����5)/3�DQDO\VHV��,�,,�

A total of 15 RFLPs from the X chromosome at region q26.3-q28, corresponding to 11
loci, were used in linkage analysis (Table 2). Each probe detects a two-allele
polymorphism, with the exception of probe St14.1, which defines a multiallelic
hypervariable system (VNTR) at the locus DXS52. The probes were kindly provided by
numerous researchers worldwide.

7DEOH����5)/3V�XVHG�LQ�OLQNDJH�DQDO\VLV��7KH�FKURPRVRPDO�ORFDWLRQV�RI�WKH�PDUNHUV�DUH
DV�LQ�+*0����DQG�+*0��
_______________________________________________________________________
Marker Probe/Enzyme          Locus                   Reference
_______________________________________________________________________

F9 F9P1/7DTI          Xq26.3-q27.1             Camerino HW�DO. 1983
DXS105 55.7/7DTI          Xq27.1-q27.2             Hofker�HW�DO. 1987

55.E/%FOI                   Arveiler HW�DO. 1988
DXS98 4D-8/0VSI          Xq27.2                   Boggs & Nussbaum 1984
DXS369 RN1-A/;PQI          Xq27.2-q27.               Oostra HW�DO� 1990

            /7DTI                   Oberlé HW�DO. 1991b
DXS297 VK23B/;PQI          Xq27.3                   Suthers HW�DO. 1990
DXS477 2.34/7DTI          Xq27.3                   Rousseau HW�DO. 1991c
DXS465 Do33/%JOI          Xq27.3                   Rousseau HW�DO. 1991c
DXS296 VK21A/7DTI          Xq27.3-q28                Suthers HW�DO. 1989

VK21C/0VSI                   Suthers HW�DO. 1989
DXS304 U6.2/7DTI          Xq28                   Dahl HW�DO. 1989

U6.2-20E/%VW(II                   Rousseau HW�DO. 1990
DXS52 St14.1/7DTI          Xq28                   Oberlé HW�DO. 1986
F8C p114.12/%FOI          Xq28                   Gitschier HW�DO. 1985
_______________________________________________________________________

For RFLP analysis, 10 µg of DNA was digested with appropriate restriction
endonucleases (Boehringer Mannheim; New England Biolabs). The samples were
subjected to electrophoresis on 0.8-1.0% agarose gels at 40 V to resolve the restriction
fragments, and then transferred onto nitrocellulose (Schleicher & Schüell) or nylon
(Magnagraph, MSI; Hybond-N, Amersham) membranes by Southern blotting (Southern
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1975). The probes were labelled with α-32P-dCTP by nick-translation or random priming
(Nick-translation or Random Primed DNA labeling Kit, Boehringer Mannheim) and
hybridized to membrane-bound DNA fragments overnight at 42 ºC in a hybridization
mixture containing 50% formamide. After post-hybridization washes with 1 x SSC, 0.1%
SDS at room temperature and 0.1 x SSC, 0.1% SDS at 55-65 ºC the membranes were
subjected to autoradiography for 1-7 days.

�����'LUHFW�PXWDWLRQ�DQDO\VHV��,,,�9�

�������6RXWKHUQ�EORWWLQJ��,,,�9�

Direct mutation analysis was primarily carried out by using Southern blotting with probes
StB12.3 and StB12.3xx detecting the CGG trinucleotide repeat region in the FMR-1 gene.
The probes were kindly provided by Dr. J.-L. Mandel. For hybridization with StB12.3, 5-
10 µg of DNA was subjected to double digestion with the restriction enzymes (FRRI and
methylation-sensitive (DJI, which allows detection of a size increase in the CGG repeat
as well as an abnormal methylation pattern in the adjacent CpG island. For more accurate
detection and sizing of the CGG repeat in the premutation size range, the samples were
digested with %FOI followed by hybridization with StB12.3xx.

The mutation sizes  were scored as ∆ -values, which denote a difference between
enlarged mutated and normal-sized fragments (= the CGG repeat allele having 29/30
repeats)  in basepairs (bp), measured from the autoradiographs. The mutations were
classified as premutations and full mutations according to their size and methylation
pattern.

������� 3&5�DPSOLILFDWLRQ��9�

For exact determination of CGG copy number in the exceptional family with a decrease in
the paternal premutation to normal size range, polymerase chain reaction PCR
amplification of the CGG repeat was performed using the flanking oligonucleotide
primers c and f  described by Fu HW�DO. (1991). The reaction was carried out in a volume of
10 µl containing 100 ng of genomic DNA, 12 pmol of each primers, 10% DMSO, 1 U
Dynazyme DNA polymerase (Finnzymes), 1 µl of standard 10 x reaction buffer supplied
with the polymerase (Finnzymes), dNTP-mix (at a final concentration of 200 µM dATP,
dTTP and dCTP, 50 µM dGTP and 150 µM 7-deaza-dGTP) and 4 µCi α-32P-dCTP.
After denaturation at 95 °C for 10 min, the amplification procedure was as follows: initial
7 cycles of denaturing at 95 °C for 1 min 30 s, annealing at 65 °C for 1 min and extension
at 72 °C for 2 min, followed by 7 cycles with annealing at 63 °C and 25 cycles with
annealing at 60 °C, with a final extension of  7 min at 72 °C. Aliquots of 3 µl mixed with
formamide loading buffer (95% formamide, 20 mM EDTA, 0.05% bromophenol blue,
0.05% xylene cyanol) were subjected to electrophoresis on 6% denaturing polyacrylamide
gel at 80 W for 3 h, after which the gel was subjected to autoradiography for 3-24 h. The
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CGG repeat numbers were estimated by comparison with an M13 sequencing ladder. We
found that premutations having ∆ > 200-250 bp did not amplify accurately in these
conditions.

�������'LUHFW�3&5�VHTXHQFLQJ��9�

To investigate the structure of the contracted CGG repeat allele, direct sequencing was
performed. Templates for sequencing were generated by PCR using the flanking primers
723 and 721 (Hirst HW� DO. 1994), native 3IX DNA polymerase (Stratagene) and the
following PCR procedure: initial denaturation at 98 °C for 5 min, and 30 cycles with
denaturation at 98 °C for 30 s followed by annealing and extension at 70 °C for 5 min.
Each 25 µl reaction contained 200 ng genomic DNA, 1.25 pmol of each primer, 5%
DMSO, 1 U native 3IX�polymerase (Stratagene), 2.5 µl of 10 x reaction buffer supplied
with the 3IX�polymerase and 200 µM of each nucleotide (dATP, dTTP, dCTP and dGTP).
Amplification products were then resolved on 2% LMP agarose gels. Gel-purified
(Qiaquick-kit, Qiagen) PCR products were sequenced directly using an exonuclease-
deficient (Exo-) 3IX Cyclist sequencing kit (Stratagene) with modifications described by
Hirst et al. (1994). First, the appropriate sequencing primer 170 (forward direction) or
172 (reverse direction) was labelled at the 5’ end using γ-32P-ATP, and the reaction
mixture was supplemented with dATP to give a final concentration of 5 µM. Secondly,
the reactions were supplemented with dGTP (primer 170, sequencing a G-rich strand) or
dCTP (primer 172, sequencing a C-rich strand) to final concentrations of  7.5 µM, which
allowed sequencing reactions to progress through the C/G-rich template without
exhaustion of the dNTP/ddNTP pool. Sequencing reactions containing approximately 50
ng of template DNA and 1 pmol of primer were denatured at 98 °C for 5 min and cycled
through 30 elongation/termination steps of 98 °C, 15 s, and  70 °C, 1 min. After
denaturing at 95 °C in a formamide loading buffer, the reactions were run on 5%
polyacrylamide sequencing gels and subjected to autoradiography.

�����+DSORW\SH�DQDO\VLV��,9�

Microsatellite markers RS46 (DXS548) (Verkerk HW�DO. 1991) and FRAXAC2 (Richards
HW� DO. 1991) flanking the CGG repeat mutation were used in haplotype analysis. PCR
amplification was carried out non-radioactively in a reaction volume of 50 µl containing
100-500 ng template DNA, 12-20 pmol of each of two primers, 8% DMSO, 1 U
Dynazyme DNA polymerase (Finnzymes), 5 µl of standard 10 x reaction buffer
(Finnzymes) and the four dNTPs at a final concentration of 200 µM each. After the
denaturation step at 94 °C for 5 min, the amplification profile for RS46 consisted of an
initial 12 cycles during which the annealing temperature decreased from 67 °C to 61 °C
(94 °C, 1 min; 67-61 °C, 1 min 30 s; 72 °C, 1 min 30 s), followed by 18 cycles with
annealing at 55 °C and final extension at 72 °C for 8 min. For FRAXAC2 the
amplification procedure was 7 cycles at 94 °C for 1 min and at 72 °C for 2 min, followed
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by 23 cycles at 94 °C for 1 min, at 55 °C for 1 min and at 72 °C for 1 min 30 s, with final
extension at 72 °C for 8 min.

Aliquots of 3 µl of the PCR product mixed with 1.5 µl of loading buffer (containing
65% glycerol) were subjected to electrophoresis on 10% non-denaturing polyacrylamide
gel containing 5% (RS46) or 1.7% (FRAXAC2) glycerol for 17-20 h at 190-250 V, after
which the allelic fragments were visualized by using a silver staining protocol (Silver
Stain Kit, Bio-Rad). Allele sizes were estimated by comparing them with reference  of
known alleles in each gel.

�����&RPSXWHU�DQG�VWDWLVWLFDO�DQDO\VHV

Linkage analysis was performed using the LINKAGE (version 5.03) package of computer
programs (Lathrop HW� DO. 1984, 1985). For all calculations the following genetic
parameters related to FRAXA were assumed: mutant allele frequency of 6/10000
individuals (0.0006) in the general population, mutation rate of 0.00024 per gamete per
generation in males and 0.00048 respectively in females, and dominant inheritance with
reduced penetrance of either mental retardation and/or fragile site expression of 0.8 for
males and  0.55 for females (Sherman HW�DO. 1985, 1988). The MLINK program was used
for calculating pair-wise lod scores for recombination fractions between FRAXA and
each of the polymorphic marker loci. Multipoint linkage analysis was carried out with the
LINKMAP program to determine the location of FRAXA in relation to a known, fixed
genetic map of the marker loci.

The risk of carriership based on pedigree information only, was calculated by hand
using the Bayesian method (Emery 1976), assuming that two-thirds of the females having
inherited the maternal fra(X) mutation are phenotypically normal (Sherman HW�DO. 1985).
When combining the pedigree and RFLP data, carriership risk estimation was carried out
by using the risk-calculation option of the MLINK program. The order and genetic
distances between FRAXA and adjacent marker loci were taken to be as previously
reported (Mandel HW�DO. 1989, Rousseau HW�DO. 1991c, Suthers�HW�DO. 1991).

��Differences in allelic and haplotypic distributions between fragile X and normal X
chromosomes were analyzed by using chi square -test.
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�����/LQNDJH�VWXGLHV�RI�5)/3�PDUNHUV�DW�;T������DQG�WKHLU�XVH�LQ
GLDJQRVLV�RI�IUDJLOH�;�V\QGURPH��,��,,�

�������,QIRUPDWLYHQHVV�DQG�OLQNDJH�UHODWLRQVKLSV�RI�5)/3�PDUNHUV�XVHG

In order to assess the diagnostic value of the markers used in linkage analysis of fragile X
families, allele frequencies and degree of heterozygosity were assessed in the northern
Finnish control population. The allele frequencies and expected heterozygosities based on
those frequencies  did not differ markedly from the values reported by others (HGM10,
HGM11), except for markers VK21A/VK21C (DXS296) and U6.2 (DXS304) with higher
than expected heterozygosity in our population than reported elsewhere (Suthers HW� DO.
1989, Dahl HW� DO. 1989). All, except for the multiallelic (VNTR) marker DXS52, with
expected heterozygosity of  70%, were two-allelic RFLPs heterozygosity of which cannot
exceed 50%. The most informative two- allelic marker loci had  heterozygosities close to
50% (DXS369, DXS297, DXS304 and F8C), the most uninformative ones were DXS105
and DXS477, with heterozygosities of 19% and 14%, respectively.

Two-point linkage analysis of  FRAXA and each  polymorphic locus was carried out
separately in 34 fragile X families from northern Finland and in larger international
material of 112 affected families, including 12 of our families. The closest  proximal
markers were DXS369, with recombination fractions of 0.09 (northern Finnish families)
and 0.066 (international family material) and DXS297 with a recombination fraction of
0.04 (both family sets). The closest distal markers DXS304 and DXS296 had
recombination fractions with FRAXA of 0.03 and 0.02-0.015, respectively.
Recombination was observed between FRAXA and each of the marker loci, except
DXS477 and DXS465, which were investigated in a small subset of six informative
northern Finnish families.

In multipoint linkage analysis of the international family material the genetic location
of FRAXA was determined in relation to a known genetic map of five polymorphic loci
DXS369, DXS297, DXS296, IDS and DXS304. The analysis placed FRAXA in the
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interval between DXS297 and DXS296, 2.2 cM proximal to DXS296. Furthermore, the
recombination fractions between each of these marker loci and FRAXA obtained in
multipoint analysis were 0.04 or less.

5.1.2. Use of linked markers in carrier detection and
in prenatal diagnosis

The 34 fragile X families included 91 phenotypically normal, cytogenetically not tested or
fra(X)-negative females at risk of carrying the fra(X) mutation. The majority (n=52) of
these females had carrier risks between 40-50% on the basis of pedigree information and
the others had carrier risks varying from 7% to 35%. Linkage analysis using flanking
RFLP markers near FRAXA allowed more reliable carrier risks to be assigned to these
females. Carriership could almost be excluded (risk < 1.0%) or established (risk > 99.0%)
in 53 and 18 cases (=78%), respectively. In addition, 9 females had a relatively low risk
estimate (< 7.5%) and in 5 cases RFLP results supported carrier status strongly (risk >
90.0%). The information from flanking markers could be used in carrier evaluation in
95% (87/91) of the cases, but in six of these carriership could not be reliably ascertained
as a result of recombination between the flanking markers (Figure 5).

Fig. 5. Distribution of 91 females according to their risk of being a carrier of fragile
X mutation. Risks on the basis of pedigree information (black bars). Risks after
combining the pedigree and RFLP data (hatched bars).

The diagnostic efficiency of the RFLP panel was evaluated in 140 females from the
fragile X families, of whom 91 were high risk carriers and the rest were either obligate
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carriers  or had no risk to be carrier at all.  Ninety percent of the females were
heterozygous as regards at least one of the closest markers (DXS369, DXS297, DXS296,
DXS304) and in 50%  flanking heterozygosity was observed. When adding the two
markers DXS477 and DXS465 to the panel, the flanking heterozygosity increased to
60%, and use of the more distant markers (F9, DXS105, DXS98, DXS52, F8C) raised the
flanking heterozygosity to 96%. Based on this information the strategy that involves the
most closely mapped markers and minimum number of different restriction enzyme
digestions of DNA samples was adopted for diagnosis.

    Linked RFLP markers were used in combination with cytogenetic FRAXA
examination in four prenatal cases in high risk families. In two of these cases the fra(X)-
mutation was excluded in male fetuses with risk estimates of 0.05% and 0.4%,
respectively.  Two further cases, a male and a female fetus had high risks of having the
mutation, 99.6% and 93%, respectively, on the basis of information from linked markers.
In all these pregnancies the risk figures were concordant with the  absence or presence of
fragile X chromosome as observed in prenatal cytogenetic analysis. All the pregnancies
were continued but postnatal cytogenetic confirmation of fragile X could be carried out
only in two cases. The high risk male infant had a fra(X) expression in 8/60 of his
lymphocytes and no fra(X) chromosome was found in the 15 mitoses analyzed in
lymphocytes of the male infant with a risk of 0.4% (unpublished results).

�����&KDUDFWHULVWLFV�RI�WKH�&**�WULQXFOHRWLGH�UHSHDW�H[SDQVLRQ�LQ
QRUWKHUQ�)LQQLVK�IDPLOLHV��,,,��9�

�������6L]H�YDULDWLRQ�RI�WKH�&**�WULQXFOHRWLGH�UHSHDW

Remarkable length variation of the CGG repeat was observed in control samples tested.
The difference between the smallest and largest CGG alleles in the control population was
130 bp  in Southern blots, with the most common allele detected as a 1.12-kb fragment.
Assuming this fragment to have 29-30 CGG repeats which was later confirmed by PCR
(unpublished result), the range of CGG alleles detected in the control population was
approximately 12-55 repeats. The number of CGG repeats of control samples was not
systematically determined by PCR.  The smallest premutations found were ∆ = 90-100 bp
(59-62 CGG repeats) and these sizes are close to those of the high end of normal alleles,
∆ = 80 bp (55 repeats) detected in the control samples and therefore difficult to separate
at the resolution of Southern blot analysis.

In our fragile X families the premutation sizes varied in the ∆ -range of  90 to 700 bp
(n=142) and the full mutation sizes between ∆ -values of 500 and 4500 bp (n=124). Thus,
an overlap of 200 bp, was detected. In this transition area of ∆ = 500-700 bp the  mutation
could either be non-methylated or methylated and regarded as a premutation or a full
mutation, respectively. However, methylation of the mutated CGG repeat region and
adjacent CpG-island, denoting inactivation of the� )05�� gene, was usually associated
with an expansion of ∆ = 500 bp or more.   A mosaic mutation pattern, i.e. the appearance



48

of  a  methylated  full mutation  fragment along with a  smaller or  similar  sized   non-
methylated fragment, was detected in 11% of full mutation carriers, and it was twice as
frequent in males (15%) than in females (7%).

�������$VVRFLDWLRQ�RI�WKH�PXWDWLRQ�SDWWHUQ�ZLWK��IUD�;��SKHQRW\SH

In our material, the fra(X) phenotype, including both mental retardation and cytogenetic
expression of fragile X (FRAXA), was detected in almost all males with a methylated full
mutation or a mosaic mutation pattern. There was only one mentally retarded boy with a
methylated full mutation of about ∆ = 800 bp, who did not express FRAXA
cytogenetically, of the the total of 71 males investigated.  In females this association
between fra(X) phenotype and full mutation pattern was not so evident. Of the females
with a methylated full mutation, 32/64 (=50%) were classified on the basis of clinical
observations as being mentally impaired and 48 of the 54 cytogenetically examined
females (=89%) were found to express FRAXA cytogenetically. One of the five females
with a mosaic mutation pattern, was classified as mentally impaired and three of them
were cytogenetically FRAXA-positive.

The fra(X) phenotype was not detected in premutation carriers, neither in 24 males
nor in 118 females found in our fragile X families and those studied cytogenetically were
FRAXA-negative. One boy with a relatively large non-methylated expansion (∆=500-600
bp) was classified as mentally retarded but he did not show any other dysmorphic features
suggestive of the fragile X syndrome being also cytogenetically FRAXA-negative, and his
mental impairment may thus be due to some other reason.

�������,QVWDELOLW\�RI�WKH�H[SDQGHG�&**�UHSHDW��XSRQ�WUDQVPLVVLRQ

The influence of the sex and the parental mutation type on the transmission of the
expanded CGG repeat could be evaluated in 198 meioses. In the 52 paternal
transmissions, no progression of premutation to  full mutation was observed. When
following the 122 maternal transmissions of the premutation, both premutations (n=30)
and full mutations, including mosaics (n=92), were detected among the offspring, whereas
in the 24 maternal transmissions of the full mutation, only full mutation offspring,
including two mosaic cases, was observed.

Comparison of premutation size in parent and in his or her offspring revealed that the
size increases were markedly larger in maternal transmissions than in paternal ones.  In
male transmissions (n=23), the premutation size remained the same or increased only
slightly in the majority of cases, an increase never exceeded 100 bp, and the premutation
even decreased in one father-to-daughter transmission. On the contrary, in female
transmissions (n=30), premutations increased in size frequently, usually by 50 to 100 bp
with a range extending up to 425 bp.

Based on meioses evaluated in 66 families, a size effect of the maternal premutation
on mutation type in the offspring was evident: when the premutation size exceeded a ∆ -
value of 175 bp only full mutations were observed in the offspring. After correction of
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ascertainment bias, about 35% of the children had a full mutation at a maternal
premutation size range of ∆ = 100-125 bp and ∆ = 125-150 bp, whereas 83% had a full
mutation at a maternal size range of ∆ = 150-175 bp. These findings show that the size of
the maternal premutation greatly influences to the risk of having affected children.

In contrast to expansions of the CGG repeat, contractions occur much more rarely. In
our collection of fragile X families, we detected size reduction of the CGG repeat which
remainend in the mutation range, in four cases. These were a paternal premutation (∆=150
bp) that decreased when transmitted to the daughter (∆=125 bp), a maternal premutation
(∆=400 bp), and two cases of maternal full mutations where the offspring had a mosaic
pattern of a methylated full mutation and an unmethylated premutation smaller than the
maternal one. In addition, an exceptional decrease of a paternal premutation of about ∆ =
300 bp back to the normal size range, an allele of 34 CGG repeats, in one of the daughters
and further in her son was detected in one family. Non-paternity in this case was excluded
by reference to several informative autosomal DNA markers, with a probability of 0.9998
in support of paternity. Furthermore, no somatic mosaicism for either a normal allele in
the father or premutation allele in the daughter was detected when analyzing DNA from
cultured skin fibroblasts. PCR analysis of the CGG repeat revealed that the size of the
contracted allele was 34 repeats in both the daughter and in her son. In order to
investigate the structure of the contracted allele, sequence analysis was carried out. The
sequence data showed that the contracted allele is a continuous CGG array with no
interrupting AGG triplets, which are commonly assumed to have a stabilizing influence.
These results suggests an intergenerational decrease in the CGG repeat from premutation
size to the normal size range. Furthermore, in spite of no interspersed AGG units found,
stable transmission of the contracted allele in the offspring was detected.

�����'LDJQRVLV�RI�IUDJLOH�;�V\QGURPH�E\�GLUHFW�PXWDWLRQ�DQDO\VLV��,,,�

All individuals with previous cytogenetic fragile X diagnosis were found to have the
typical expansion mutation. Carrier diagnosis of a premutation or a full mutation was
verified in all those females having a risk of ≥ 90% and excluded in those with a risk of
7.5% or less obtained by linkage studies. Carrier status could also be resolved in those six
cases with recombination between flanking RFLP markers: five of them were shown to
have a normal CGG repeat number and one had a premutation. Thus, from 1992 all new
index cases and carrier studies were performed in our laboratory by direct mutation
analysis.

Prenatal diagnosis during the years 1992-1997 was performed in 35 pregnancies of
carrier females using Southern blot analysis of  the expansion. In 25 of these cases linked
microsatellite (DXS548 and FRAXAC2) or RFLP (DXS369, DXS297, DXS296 and
DXS52)  markers were used as an indirect secondary method to confirm the inheritance of
the normal X or the fragile X chromosome. The weeks of gestation at chorion villus
sampling varied from 10 to 14, although the majority of samples (n=20) were obtained
after the 12th week, as recommended (Oostra HW�DO. 1993). In 15 cases the fetus was found
to have a normal DNA pattern. In the other 20 cases expanded full mutation-sized CGG
repeats  were  detected  in  chorion  villus  DNA.  In  about  half  of  the  cases (n=11) the
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expansion was only partially or not at all methylated, and no clear effect of  later
gestational weeks on methylation was found (unpublished results).       ���

�����/LQNDJH�GLVHTXLOLEULXP�RI�IUDJLOH�;�V\QGURPH�LQ
�1RUWKHUQ�)LQODQG��,9�

For haplotype analyses performed with two tightly linked microsatellite markers, RS46
(DXS548) and FRAXAC2, flanking the CGG repeat mutation, 60 independent fra(X)
chromosomes from northern and eastern Finnish families with no known direct common
inheritance were typed. A significant difference in allelic and haplotypic distributions
between the normal X and fragile X chromosomes was found. The most common RS46-
FRAXAC2 haplotype on the normal X chromosomes, viz. 194-153 (46%) was found only
once (1.5%) on the fra(X) chromosomes. Clear evidence of a founder effect was detected;
a single  haplotype (196-153) was associated with 80% of the fra(X) chromosomes but
was present only on  8% of the normal X chromosomes. In addition to this major
haplotype, four minor haplotypes were found on the fra(X) chromosomes. One of these
was the haplotype common on the normal X chromosomes, 194-153. Frequencies of the
three other  fra(X)-associated haplotypes, 196-147, 204-153 and 204-155 were 10%,
1.5% and 7% respectively, not deviating significantly from those found in the control
population. The geographical distribution of the different fra(X)-associated haplotypes is
presented in Figure 6.
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Fig. 6. The geographical distribution of fra(X)- associated RRS46-FRAXAC2
haplotypes according to the birthplaces of the oldest known carriers. The symbols
for each haplotype are indicated on the left.
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���'LVFXVVLRQ

In this work a large amount of  northern Finnish fragile X family material has been
collected and investigated over several years.  One of the main purposes was to develop
and improve  the diagnosis of the syndrome, which relied on clinical investigations and
cytogenetic analysis of the fragile X site and was not sufficient or accurate enough for
carrier detection. Initially, molecular diagnosis involved indirect DNA methods, meaning
genotyping of linked DNA markers near the FRAXA locus in order to follow the
inheritance of fragile X through a family. These linkage studies were of great diagnostic
importance, allowing much improved  carrier detection compared with cytogenetic
methods.

The method of choice for the molecular diagnosis of FRAXA is now direct
measurement of the CGG repeat expansion and its abnormal methylation, which is the
mutation of the )05� gene responsible for the majority of fra(X) cases. Because of its
certainty, direct mutation analysis has replaced cytogenetic detection of the fragile X
chromosome, a method with a high misdiagnosis rate, and diagnosis based on linkage,
that gives a probabilistic result rather than an absolute one.   Reinvestigation of our
families has given unambiguous diagnosis in all cases, with further improved carrier
detection. Furthermore, studies of transmission of the unstable CGG repeat sequence in
fragile X families have clarified the peculiar inheritance of the mutation and led to
understanding of several previously unknown features of the syndrome.

�����/LQNDJH�VWXGLHV�DQG�FDUULHU�GHWHFWLRQ��,��,,�

The first RFLP markers reported from Xq27-28 surrounding the fragile X site Xq27.3
(F9, DXS105, DXS98, DXS52) appeared not to be very tightly linked, having
recombination fractions of 0.12 or more with FRAXA (Oberlé HW�DO. 1987, Mulley HW�DO.
1987, Brown HW�DO. 1988, Heilig HW�DO. 1988). Using these markers, investigation of our
fragile X families proved to be, however, useful with improved carrier detection as
compared to previous cytogenetic methods.  Due to the frequent recombination between
flanking markers, in addition to their limited informativeness, linkage analysis was not
efficient in all fragile X families studied. Also, significant lod scores for linkage were not
reached in our family material with the markers F9, DXS105 and DXS98 (unpublished
information).
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The new RFLP markers (DXS369, DXS297, DXS477, DXS465, DXS296, IDS,
DXS304) used for diagnosis were mapped closer to FRAXA (Dahl HW�DO. 1989, Suthers HW
DO. 1989, Oostra� HW� DO. 1990, Rousseau HW� DO. 1991c, Suthers HW� DO. 1991).  All these
markers were shown to have recombination fractions of 0.09 or less with FRAXA in two-
point linkage analysis performed separately in our 34 fragile X families and in a large
international study of 112 affected families including 12 of ours (IDS was studied only in
16 Australian families, and DXS477 and DSX465 only in a small number of northern
Finnish families). Two-point recombination fractions in both family sets were similar, and
although higher lod scores  were obtained in the analysis of the international material, the
Finnish family material alone was large enough to demonstrate linkage, with lod scores
over three. Multipoint linkage analysis was performed in the international family material,
which was one of the largest sample sizes used in multipoint linkage studies of fragile X
syndrome. Multipoint linkage analysis is statistically more efficient than two-point
analysis and provides a more accurate and precise genetic map (Lathrop HW�DO� 1985). In
multipoint linkage analysis five loci (DXS369, DXS297, DXS296, IDS, DXS304) all had
recombination fractions of 0.04 or less with FRAXA, which was located between
DXS297 and DXS296. This represented a major advance in the development of the
genetic map near FRAXA.

It is well known that the allele frequencies of RFLP markers and their heterozygosity
may vary in different populations. Different distribution of several marker alleles and
many disease genes has been demonstrated in Finland as compared with other Caucasian
populations (Nevanlinna 1972, Norio 1981, Sistonen HW� DO� 1983), which has been
explained, at least partly, by genetic drift, genetic isolation and founder effect.  With two
exceptions, this was not true for the RFLPs used in our study; similar heterozygote
frequencies were found in our control population as in other Caucasian populations
(HGM10, HGM11, see also references in Table 2). Allele frequencies of two markers,
VK21A/VK21C (DXS296) and U6.2 (DXS304) differed from reported values with
higher heterozygote frequencies found in our population than in others (Dahl HW�DO� 1989,
Suthers HW� DO. 1989). The ideal polymorphic locus for linkage analysis is located very
close to the mutation in question and has a high probability of being informative in a
family. The use of  RFLP and VNTR markers in linkage analysis was very laborious and
time-consuming and, in practice, it was usually necessary to use a number of polymorphic
loci and to seek some compromise between testing highly polymorphic but distant loci
and closer but relatively uninformative loci. Highly polymorphic microsatellite markers
found virtually close to any disease gene have made linkage analysis much more useful
and easier to carry out at present.

When evaluating the diagnostic efficiency of the whole RFLP panel used in our fragile
X families, we found that 90% of the females were heterozygous for at least one of the
closest markers (DXS369, DXS297, DXS296, DXS304) but only in 50% was the
important flanking heterozygosity achieved. Taking into account the two markers
DXS477 and DXS465, flanking heterozygosity increased to 60%, and finally adding the
more distant markers (F9, DXS105, DXS98, DXS52, F8C) flanking heterozygosity could
be elevated to 96%. Based on these figures a strategy that involved the most closely
mapping markers combined with a use of minimum number of different restriction
enzymes was adopted for carrier diagnosis in fragile X families. This meant in the first
phase the use of only two restriction enzymes, 7DTI and ;PQI, and four probes detecting
the proximal markers DXS369 and DXS297 and the distal markers DXS296 and



54

DXS304. If informativeness was not achieved with this protocol one more enzyme, %JO I,
and probes detecting markers DXS477 and DXS465 were added to the analysis in the
second phase, and finally other markers were analyzed in an order that depended on the
proximal or distal informativeness needed. The efficiency obtained by this strategy was
better than that of reported previously (Heilig HW�DO. 1988, Sutherland & Mulley 1990) and
comparable to that of a strategy presented by Carpenter HW� DO. (1992), using slightly
different enzyme/probe combinations.

Linkage analyses carried out in our fragile X families improved markedly carrier
diagnosis. Our family material included 91 females of inconclusive carriership status; the
individual carrier risks were estimated to be between 7-50% based on pedigree
information. Linkage studies divided these females clearly into two groups: those with a
very high and those with a very low carrier risk. In 78% of the females carriership could
almost be excluded (risk < 1.0%) or established (risk > 99.0%), and 15% of the females
could be given a relatively low carrier risk estimate (< 7.5%) or a risk estimate supporting
carrier status strongly (> 90.0%). The accuracy of the risk estimates depended mainly on
the informative markers used and on the amount of family members available. In addition
to the limited informativeness of the markers, recombination between flanking markers
prevented sometimes reliable carrier evaluation. This was the case in six females (7%) in
our families.

Although linkage analysis proved to be a powerful method in carrier detection, its use
in prenatal diagnosis of fragile X syndrome was hampered by problems.  In prenatal cases
classification of a fetus as a carrier by using closely linked markers did not give any
information about the phenotype. This made linkage analysis uncertain and only a
secondary method for prenatal diagnosis. Cytogenetic detection of FRAXA in prenatal
samples (amniocytes, chorion villus) was often tedious, with a large number of analyzed
metaphases needed, and sometimes uncertain as well. However, the finding of a  fragile X
chromosome in a reasonable proportion of studied cells was a good indicator in the
prediction of mental impairment, which also depended on the fetal sex and the clinical
status of the mother (Sherman HW�DO. 1984). In our four prenatal cases, linkage analysis
was  used to support the cytogenetic analysis of FRAXA and to confirm inheritance of the
fragile X or the normal X chromosome.

�����'LUHFW�DQDO\VLV�RI�WKH�IUDJLOH�;�PXWDWLRQ��,,,�9�

�������&KDUDFWHULVWLFV�RI�WKH�&**�WULQXFOHRWLGH�UHSHDW

Considerable length variation of the CGG repeat, 130 bp separating the smallest and the
largest alleles, was detected in our control population, reflecting the polymorphic nature
of the region. Converted into CGG repeat numbers (see Results) this means variation in
the range of about 12-55 repeats with the most common allele detected corresponding to
29-30 repeats.  These results are consistent with the variation observed by others,
although the smallest allele  reported, 6 repeats, is missing in our material  (Fu HW� DO.
1991, Brown HW�DO. 1993, Snow�HW�DO. 1993). Whilst the distributions of  FMR1 allele copy
number in normal X chromosomes has been shown to be very similar for most human
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ethnic groups studied (Fu HW� DO. 1991, Kunst HW� DO. 1996),  Japanese and Chinese
populations are exceptions. A bimodal distribution with the most frequent allele length of
29-30 repeats and another but lower peak of around 20 repeats exists in most Caucasian
populations. In contrast, in Japanese and Chinese populations the most common allele
length is 28 repeats and a minor peak in allele distibution is found at 35 repeats (Arinami
HW�DO� 1993, Zhong�HW�DO� 1994). In the normal size range, stable inheritance of the CGG
repeat has been documented, but when the premutation size (> 50-60 repeats) is reached,
significant instability accompanies its transmission (Fu HW� DO. 1991, Snow HW� DO. 1993,
Eichler HW�DO. 1994, Reiss HW�DO. 1994).

The unstable nature of the expanded CGG repeat is evident at both the mitotic and
meiotic level.  Mitotic instability was seen as somatic heterogeneity of full mutations, i.e.
smeared or multiple banding patterns in Southern blots detected in practically all affected
individuals, reflecting highly variable CGG expansions in different cells. A mosaic
mutation pattern, i.e. coexistence of a methylated full mutation with a non-methylated,
premutation or full mutation-sized fragment, also demonstrates the mitotic instability of
the CGG repeat commonly observed. In our material the mosaic mutation pattern was
detected in 11% of full mutation carriers, being twice as frequent in males (15%) as in
females (7%), which is consistent with results of the multicenter study by Rousseau HW�DO.
(1994a). In some studies even higher proportions of mosaic mutation in males (20-40%)
have been reported (Nolin HW�DO. 1994).

Meiotic instability of the CGG repeat was seen as preferential size increases, but size
can also decrease during transmission. Several factors are known to influence the
instability, an important one being the sex of a carrier parent. In our material, as also
documented by others (Rousseau HW� DO. 1991a, Yu HW� DO. 1992, Snow HW� DO. 1993), a
premutation has never been shown to expand to a full mutation when paternally
transmitted, but in maternal transmissions both premutations and full mutations are
detected among the offspring. In addition, the maternal full mutations remained as full
mutations, usually further expanding when inherited by the offspring. We also found that
the size increases of the premutations were markedly smaller, or their size remained
unchanged more often in male transmissions than in female transmissions. This may
partly explain the silent passage of the premutation through several generations in some
fra(X) pedigrees with transmitting males.

The parental premutation size is another important factor influencing the  magnitude
of the expansion. In females, the risk of expansion to full mutation in the next generation
increases with increasing maternal premutation size, which was shown in our families as
well as in several other studies (Fu HW�DO. 1991, Heitz HW�DO. 1992, Yu HW�DO. 1992, Snow HW
DO. 1993, Nolin HW�DO. 1996, Sherman HW�DO. 1996). The critical maternal premutation size
that invariably leads to a full mutation was determined to lie between ∆ = 175-200 bp in
our study, which corresponds to 88-97 CGG repeats. This estimate is in good agreement
with the value of ≥ 90 CGGs for the critical repeat size reported by others (Fu HW�DO. 1991,
Snow HW�DO. 1993, Nolin HW�DO� 1996, Sherman HW�DO. 1996). Even in the smallest maternal
premutation range detected by ourselves, ∆ = 100-125 bp, corresponding to 63-72 CGG
repeats, about 35% of the children that inherited the expanded CGG repeat showed a full
mutation. The smallest maternal premutation size that has been reported to expand to the
full mutation has been 59 repeats, documented in two different families by Nolin HW�DO.
(1996).
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The previously noted over-representation of individuals expressing the fra(X)
phenotype in present generations compared with ancestral ones can be explained at least
partly by the tendency of the unstable CGG repeat to increase when transmitted.
Furthermore, the effect of maternal premutation size on the risk of transition to a full
mutation explains the previously detected clustering of the fra(X) phenotype. This
increase in penetrance of the mutation when inherited is referred to as the Sherman
paradox (Sherman HW� DO. 1984, 1985) and is equivalent to anticipation, a phenomenon
seen as an increase in severity and/or earlier age-at-onset of several other genetic
disorders, such as myotonic dystrophy (Hunter HW� DO. 1992, Brunner HW� DO. 1993) and
Huntington’s disease (Duyao HW� DO. 1993) brougth about by at similar molecular
mechanism as in fragile X syndrome.

Although there is a trend toward a gradual increase in CGG repeat length during
transmission, contractions take place occasionally, with size reduction of the CGG repeat
remaining usually in the premutation range. Particularly in male transmissions of large
premutations, contractions have been shown to occur with increased frequency (Nolin HW
DO� 1996, Ashley-Koch HW� DO� 1998). On the other hand, reductions of a CGG repeat
resulting in an allele of normal size are very rare (Zhong HW�DO� 1993, van den Ouweland HW
DO. 1994, Vits HW�DO. 1994, Brown HW�DO. 1996,  Losekoot HW�DO. 1997). All these cases have
occurred in maternal transmissions, and in the contractions presented by van den
Ouweland HW� DO. (1994) and Losekoot� HW� DO. (1997) either a gene conversion event or
double recombination was considered as the plausible explanation.  In one of our fra(X)
families a contraction to the normal repeat size was detected when a large paternal
premutation, ∆ = 300 bp, (about 130 repeats) was decreased to an allele of 34 CGG
repeats inherited by his daughter and further to the son of this daughter. This suggests
either intergenerational reduction of a CGG repeat or paternal germ-line mosaicism,
which cannot be excluded as an alternative explanation for the reverse mutation detected.

The exact molecular basis of the instability and the mechanisms causing expansion of
the CGG repeat are still largely undefined (Ashley-Koch HW�DO� 1998, Gunter HW�DO. 1998,
Sutherland�HW�DO��1998) .  It is known that susceptibility to instability is related to the AGG
interruption pattern within the CGG repeat sequence. Several investigators have shown
that normal FMR1 alleles usually contain one to three AGG units situated generally at
regular intervals between approximately every 9 or 10  CGG repeats. In contrast, most
premutation alleles have either no AGG or only a single AGG interruption at the 5’ end of
the repeat. It appears that these AGG interruptions play an important role in maintaining
stability of the repeat and that loss of one or more AGGs  gives rise to alleles with longer
uninterrupted CGG tracts at the 3’ end of the repeat, with increased instability and
predisposition to expansion ( Eichler HW�DO. 1994, Snow HW�DO. 1994, Zhong HW�DO. 1995).
In the family with contraction of the paternal CGG repeat to normal size in his daughter,
we found no AGG interruptions in the normal-sized allele of 34 repeats, i.e. a structure
typical of premutation or predisposed alleles. Although this 34-repeat allele was shown to
be inherited unchanged once, it cannot be predicted whether its stability will be preserved
in future generations.
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�������'LUHFW�PXWDWLRQ�DQDO\VLV�LQ�GLDJQRVLV�DQG�FDUULHU�GHWHFWLRQ��,,,�

At present, diagnosis of patients with fragile X syndrome and carriers of the gene defect
relies on detection of the expanded CGG repeat and abnormal methylation of  the )05�
gene, for which several methods have been developed. These methods involve either
Southern blotting or the PCR technique, both of which have specific advantages and
disadvantages. PCR methods are more accurate, especially, if exact CGG repeat numbers
of the normal or small premutation size range are to be determined. On the other hand,
information about the methylation status of the )05��gene region can be obtained by
Southern blot methods by using specific methylation-sensitive restriction enzymes.
Detection of full mutations is also more accurate by Southern blot anlysis, because greatly
expanded CGG sequences are very difficult to amplify properly by PCR.

We investigated our family material by using the Southern blot technique with two
different enzyme-probe combinations. To obtain accurate information on the  size of
premutations the %FOI/StB12.3xx combination  proved to be useful. Full mutations, on the
other hand, were more easily detected by using the (FRRI-(DJI/StB12.3 combination
which also reveals abnormal methylation of the mutated sequence.  Premutations found in
our fragile X families varied in size from ∆ = 90 to 700 bp (60-260 repeats) and they were
not associated with the fra(X) phenotype. Full mutations varied in a ∆ -range of 500-4500
bp (>200 repeats) with concomitant methylation of the adjacent CpG -island. Methylation
was usually associated with expansions over 500 bp, but in a ∆ -range of 500-700 bp the
mutations could be either methylated or non-methylated. Such variability has also been
reported by others (Rousseau�HW�DO. 1991a, Oostra HW�DO. 1993) and it is demonstrated that
it is the methylation of an adjacent CpG island and the CGG repeat itself and not the exact
size of an expansion that inactivates the�)05� gene (Pieretti HW�DO. 1991, Sutcliffe HW�DO.
1992). 

Affected males and females were characterized by methylated full mutations, but 50%
of the females having the full mutation were mentally normal on the basis of clinical
observation.  This result is consistent with those of several other reports (Rousseau HW�DO.
1994a, Macpherson HW�DO. 1992a), but also higher proportions, 60-80% of females being
affected among full mutation carriers, have been reported (Snow HW�DO� 1993, von Koskull
HW�DO. 1994, de Vries HW�DO. 1996b, Sutherland & Mulley 1996). Incomplete penetrance and
variable expression in heterozygous females is thought to be due to X inactivation
occurring non-randomly in the cells of critical tissues requiring )05� expression (Oberlé
HW� DO. 1991a, Rousseau HW� DO. 1991b, Yu HW� DO. 1992). In males with a full mutation,
absence of FMR1 protein is generally observed, and the clinical symptoms, including
mental retardation,  have been shown to result from silencing of )05� transcription in
the presence of methylation (Pieretti�HW�DO. 1991, Sutcliffe HW�DO. 1992). In mosaic males,
reduced and variable quantities of FMR1 protein are usually detected in different tissues,
which reflects the presence of premutation and functional )05� in some cells. Although
the majority of males with a mosaic mutation pattern have been reported to be affected
(Rousseau HW�DO. 1991a, Rousseau et al. 1994a, de Vries HW�DO. 1993, Nolin HW�DO� 1994),
which was also true in our material, isolated cases of almost symptomless mosaic males
have been reported (Rousseau HW� DO. 1994b, Smeets� HW� DO. 1995, de Vries HW� DO. 1996a,
Wang HW�DO. 1996). Thus, it can be suggested that either the level of FMRP must reach a
certain threshold to allow normal development, or that a lack of FMRP or the translation
efficiency of different isoforms in appropriate tissues accounts for the fra(X) phenotype.
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On the basis of accumulated experience, fragile X syndrome can be diagnosed reliably
by measurement of CGG repeat copy number and hypermethylation of the  region by
using Southern blot analysis. Almost all index cases will show the presence of  a typical
full mutation. The only exceptions are the very rare isolated cases without expression of
cytogenetic fragile site at Xq27.3 (FRAXA) reported to have another type of mutation,
viz. deletion (reviewed by Hammond HW� DO� 1997) or point mutation (De Boulle� HW� DO.
1993, Lugenbeel HW�DO� 1995) in the )05� gene. In all our families a typical expansion
mutation of the )05� was found, as expected, because FRAXA had been cytogenetically
demonstrated in the probands. Application of the antibody test, which is based on the
detection of FMRP in the cells (Willemsen HW�DO. 1995), will help in diagnosing those rare
cases having mutation other than expansion of the CGG repeat. Moreover, the rapid
antibody test  simplifies the diagnosis of affected males, which makes it useful in large
screening surveys of mentally retarded males.   It is, however, inefficient for the detection
of females who have the full mutation and does not detect premutations at all, and thus
cannot replace the DNA tests.

Southern blot analysis is accurate enough for routine carrier detection as well. In our
material carrier diagnosis (premutation or full mutation) was verified in all those females
having a carrier risk of ≥ 90% and excluded (normal CGG repeat number) in those with a
risk of 7.5% or less obtained by linkage analysis. In addition, carriership among the  six
cases with uncertain results due to recombination between flanking markers, could finally
be solved by direct analysis of their CGG repeat number. At the resolution of Southern
blot analysis, there was a minimal difference between the smallest premutation alleles, ∆
= 90 bp (59 repeats) and the largest alleles found in the control population, ∆ = 80 bp (55
repeats). Although it would be beneficial to ascertain the exact CGG repeat numbers by
PCR amplification in such cases, it is well documented that there is an overlap of the
smallest premutation alleles and the high end alleles in normal population, the so called
”grey zone” of  CGG alleles of about 40-60 repeats. In this size range both stable and
unstable inheritance of alleles has been shown to occur (Snow�HW�DO. 1993, Eichler�HW�DO.
1994, Nolin�HW�DO. 1996). Investigation of the structure of a CGG allele, i.e. the presence
or the absence of interspersed AGG triplets, may provide some information about its
stability. In particular, finding one or more AGG units with an uninterrupted CGG copy
number not exceeding 30 suggests stability. On the other hand, an allele lacking AGGs
and having more than 30 CGGs is not inevitably unstable. Thus, until more is known
about the factors influencing the stability of  CGG repeats of intermediate size,
determining or excluding the stability of an allele falling in the ”grey zone” will require
investigation of its transmission in a family.

Prenatal testing of fragile X syndrome is carried out commonly by Southern blot
analysis of DNA obtained from a chorion villus sample (CVS). The methylation status is
usually not completely established in chorion villi and can be different from that in fetal
tissues. Reflecting this, large expansions in CVSs are frequently reported to show only
partial or no methylation at all (Sutherland HW�DO. 1991, Yamauchi HW�DO. 1993, Castellví-
Bel HW� DO. 1995). This was also observed in our prenatal cases with expansions of full
mutation size, of which only nine (9/20) showed complete methylation in the CVS.
Consequently, diagnosis based on length of the expansion alone is usually carried out in
prenatal cases. Differentiation of premutations from full mutations is complicated if the
CGG repeat size found in a CVS falls in the overlapping region of 200-260 repeats
(∆=500-700 bp) and no methylation is detected. In these cases assessment of methylation
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later in gestation, using DNA from amniocytes or fetal blood is recommended to establish
the diagnosis (Oostra HW� DO. 1993, von Koskull HW� DO. 1994, Warren & Nelson 1994,
Sutherland & Mulley 1996).  The finding of a full mutation in a male fetus indicates a
100% risk of mental retardation. On the other hand, when a female fetus carries a full
mutation, mental impairment cannot be predicted accurately, since on the basis of
empirical data, mental impairment will affect approximately half of the females with a full
mutation. The phenotypic outcome of mosaic male fetuses with a mixture of full and
premutations cannot be reliably predicted from CVSs either. Most cases are expected to
be at least mildly affected as a result of reduced�)05� expression but detailed data on
critical tissues will be not available. Furthermore, when a premutation is detected in a
CVS, especially in a male fetus, additional analysis of amniocytes or fetal blood is
recommended to exclude the possibility of mosaicism, because the full mutation may be
present in the fetus, while the CVS tissue could contain primarily premutation
chromosomes (Oostra�HW�DO. 1993, Halley HW�DO� 1994, Maddalena HW�DO. 1994).

With improved diagnostic techniques, systematic genetic screening for fragile X
mutation has been considered by several research groups (Turner HW�DO. 1992, Bonthron &
Strain 1993, Bundey & Norman 1993, Howard-Peebles HW�DO� 1993, Palomaki & Haddow
1993, Ryynänen HW�DO��1998, de Vries HW�DO� 1998). Screening for the fragile X syndrome
can be carried out by studying mentally impaired children and adults. To screen for
carriers, it is common to investigate female and male relatives of patients. However,
because of the dynamics of the )05�� gene mutation, there will be carriers in the
population without mental retardation or fragile X syndrome detected in close relatives.
To find these carriers another alternative is population screening, which can be restricted
to females, because carrier males have no risk of transmitting full mutations to their
daughters. Population screening of carriers should be considered with special caution.
Firstly, the methods used must recognize both pre- and full mutations. Secondly, the risk
of being a carrier and of having an affected child would have to be reliably determined for
small premutation-size alleles. Finally, support and genetic counselling resources would
have to be available. Preliminary projects, which have been carried out in screening
pregnant females for fra(X) mutations (Spence� HW�DO. 1996, Ryynänen HW�DO� 1998) have
not gained unequivocal acceptance. A more recommendable time for testing could be at a
young adult age in order to identify and inform female carriers of the pre- and full
mutation prior to parenthood. Genetic screening programmes are currently under debate,
e.g. for reasons of individuals’ privacy and the lack of treatment options.

�����3RSXODWLRQ�JHQHWLFV�RI�WKH�IUDJLOH�;�V\QGURPH�LQ
1RUWKHUQ�)LQODQG��,9�

In our systematic search since the early 1980’s until 1997 for fragile X syndrome in the
population of mentally retarded individuals and their families in North Finland, including
the provinces of Oulu, Lapland and the northernmost  part of the province of Western
Finland (Central Ostrobothnia), with about 730 000 inhabitants,  we found a  total of 152
affected males and 51 affected females at the Department of Clinical Genetics in Oulu
University Hospital.  During this time the cytogenetic diagnostic approach has changed
first to linkage analysis in familial cases, and then to direct mutation analysis
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demonstrating the enlarged CGG repeat with methylation of the )05� gene in affected
individuals. The prevalence of fragile X syndrome in northern Finland derived from these
figures is 1/2500 in males and 1/7000 in females (unpublished results). The value 1/2500
in males is higher than the recent prevalence estimates of 1/4000 (Australia), 1/5000
(Britain) and 1/6000 (Netherlands) of full mutation in males reported by Turner HW� DO.
(1996), Murray HW�DO. (1996), and de Vries HW�DO� (1997), respectively.

Despite the previous assumption of a high mutation rate explaining the high
prevalence of the syndrome (Sherman HW�DO. 1985), no new mutations have been identified
by molecular analysis of the )05� gene in families with an affected proband (Rousseau
HW�DO� 1991a, Yu HW�DO. 1992, Smits�HW�DO. 1993, Snow HW�DO. 1993). No new mutations from
a CGG repeat of normal size to a premutation or a full mutation have been detected in our
families either. In contrast, linkage disequilibrium of the specific microsatellite
haplotypes linked to the fragile X locus has been detected in several populations, mainly
of European descent (Richards HW�DO. 1992, Hirst HW�DO. 1993b, Buyle HW�DO. 1993, Oudet HW
DO. 1993b, Chiurazzi HW�DO� 1996 ) or of Asiatic origin (Richards HW�DO. 1994). A common
finding in these studies has been that although fragile (X) patients can display several
haplotypes, partly differing from population to population, just a few of these account for
almost 70-80% of the total, with a distribution significantly different from that of the
controls. Even pronounced linkage disequilibrium with a single dominant haplotype
detected in about 65% of patients has been reported among Swedes (Malmgren HW� DO�
1994) and among French-Canadians in Quebec (Rousseau HW� DO� 1995), and complete
association of a single rare haplotype with all disease cases in a Tunisian Jewish
population, an ethnic group in Israel, has been documented (Falik-Zaccai HW� DO� 1997).
Taken together, this information suggests that a limited number of ancestral founder
mutations account for the majority of fra(X) cases currently detected in various countries.

When investigating the association between DXS548-FRAXAC2 haplotypes and
fragile X mutation in northern and eastern Finland we observed a linkage disequilibrium
which is one of the strongest reported. Our findings indicate a strong founder effect for
fragile X syndrome in Finland; a single haplotype, 196-153, accounts for 80% of Finnish
fra(X) chromosomes being present on only 8% of normal chromosomes. In addition to
this major haplotype, four minor haplotypes were found on fra(X) chromosomes. Almost
identical results were obtained by Oudet HW�DO. (1993b) in an independent survey of 26
fra(X) families, half of which originated from the southern part of Finland and the other
half from the same region as our families. These findings suggest enrichment of one major
fra(X) mutation in the Finnish population. This is typical of many disorders belonging to
the so-called Finnish disease heritage, in which a single mutation and/or a major
haplotype linked to the mutation is found in the majority of patients (Norio 1981, de la
Chapelle 1993). The explanation for this is found in the population history and regional
population structure of Finland, with small numbers of initial settlers and isolation of
subpopulations, favouring founder effects. The predominant concentration of the major
Finnish fra(X) haplotype, 196-153, in the relatively sparsely populated eastern and
northern parts of the country, suggests regional gene enrichment, which is also a common
feature of the Finnish disease heritage (Norio 1981). Furthermore, the distribution of the
major fra(X) haplotype mainly in the regions of late settlement favours the hypothesis that
the mutation, or a predisposition to it, may have originated among the later settlers from
the region of South Savo, from where, according to current knowledge, the most intensive
colonization of the vast areas of the east and north began in the 16th century (Vahtola
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1992). The relative paucity of fra(X) syndrome cases in the densely populated southern
part of Finland (Oudet HW�DO. 1993b) further supports this hypothesis.

  The second and third most common fra(X) haplotypes, 196-147 and 204-155, with
mainly eastern distribution, may represent independent mutational events, although
ancient recombinations or  mutations of the microsatellites caused by the slippage
mechanism (Levinson & Gutman 1987) cannot be excluded as a possible explanation. On
the other hand, the rare haplotypes 194-153 and 204-153, both found only once on fra(X)
chromosomes, might well be derived from the major haplotype by recombination between
DXS548 and the fra(X) mutation. Indeed, a recent recombination between DXS548 and
the fra(X) mutation, located 150 kb apart, was detected in one family where the major
fra(X) haplotype was found in all but one affected male. In addition to this family, we
found two families where another haplotype was segregating in one affected male, while
the others had the major fra(X) haplotype. Explanation for these exceptional haplotypes
may be recombination, a slippage mutation or alternatively a different origin of the
mutation, especially in one family where the relationship between the individual with the
different haplotype and the rest of the family was very distant, extending back six
generations.
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The major observations and conclusions of this study are as follows:

1. The genetic map around the FRAXA locus was refined by investigating the linkage
relationships of five new RFLPs in a large international collection of fragile X families,
including twelve northern Finnish families. Multipoint linkage analysis fixed the location
of these markers and all five markers appeared to have recombination fractions of 0.04 or
less with FRAXA. This made them particularly useful for carrier detection in fragile X
families.

2. Linkage analysis using a panel of 15 RFLP markers flanking the FRAXA site
significantly improved carrier diagnosis in fragile X families compared with previous
cytogenetic methods. In the majority of females at high risk of being carriers of the fra(X)
mutation, carriership could almost be excluded (risk < 1% ) or confirmed (risk > 99%).
Based on the linkage data and informativeness of the RFLP markers, an economic
diagnostic procedure for clinical use was proposed. According to this strategy the most
closely mapping markers and a minimum number of different restriction enzymes were
used first, and more distant markers and more restriction enzymes were added if
informativeness of the flanking markers was not achieved in a family.

3. Instability of the expanded CGG repeat was evident and its length preferentially
increased  when transmitted to offspring. Both the gender of the carrier parent and the
size of the CGG repeat expansion influenced its instability. In female transmissions the
instability was stronger and the size increases larger than in male transmissions.
Transition of a premutation to a full mutation occurred only in female transmissons.
Furthermore, the risk of transition of a premutation to a full mutation depended strongly
on the maternal premutation size. The critical premutation size leading invariably to full
mutation in the offspring was determined to be between ∆ = 175-200 bp (87-95 CGG
repeats). For genetic counselling the finding of this high risk maternal premutation size is
important.

4. Direct mutation analysis allowed unambiguous diagnosis of carriers and affected
individuals in most cases. The full mutation was associated with fragile (X) phenotype in
all males, but only 50% of the full mutation females were mentally impaired, on the basis
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of clinical observations. Hypermethylation of the adjacent CpG island and the CGG
repeat itself appeared to be more important than a precise repeat length in inactivating the
)05� gene and leading to the fragile X phenotype. Measurement of the CGG repeat
length and concomitant hypermethylation by Southern blot methods was accurate enough
in most cases. The difference between the smallest premutation alleles and the largest
normal CGG lengths was difficult to evaluate in Southern blots. By the PCR method,
exact repeat copy numbers can be obtained in this size range. However, because of an
overlap or ”grey zone” between normal and premutation repeat lengths, unstable
premutations cannot always be separated from stable large CGG alleles even by this
determination. In prenatal diagnosis partial or absent hypermethylation in full mutation-
sized expansions is commonly detected in DNA obtained from chorion villus samples,
which renders the evaluation of mutations difficult when there are CGG repeat lengths
(200-260 repeats) between pre- and full mutation. In addition, the phenotype of female
fetuses with a full mutation cannot be predicted.

5. A strong founder effect was revealed, with a single haplotype accounting for 80% of
fragile X chromosomes in Finland. This suggests enrichment of one ancestral fra(X)
mutation in the Finnish population and it may also explain the high regional prevalence of
fragile X syndrome in North Finland.
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