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"On the gates of hell and a most unusual gene.”

"And then as always, one stops to recollect with total astonishment
and great reverence the massive burden of pain carried so patiently
by the mothers, fathers, sibs, grandparents and the many others
involved so closely on a daily basis with apparent failure, defect,
handicap, disability, and disappointment in the many thousands of
Martin-Bell syndrome families throughout the world.”

John M. Opitz, Am. J. Med. Genet. 23, 1-10, 1986.
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PREFACE

The aim of the research described in this thesis was to isolate and characterize the
gene involved in fragile X syndrome. In Chapter 1 available techniques are
described, used for the localization, identification and cloning of genes. By means
of "positional cloning” a growing number of disease genes has been identified and
isolated in the past years. Positional cloning is used when no information is
available about the protein or function of the responsible gene. The fragile X
syndrome is an X linked heritable disease that affects about 1 in 1200 males
(Chapter 2). A cylogenetically visible "fragile site” at the end of the long arm of the
X chromosome (Xq27-28} in cultured cells of affected males gave a first indication
where to search on the X chromosome for a gene involved in the fragile X
syndrome. In Chapter 3 an overview is given of the different ways used by our and
other research groups to search for the fragile X gene. The search started with the
isolation of markers in the Xq27-28 region. Using markers closely linked to the
fragile X locus, a yeast artificial chromosome was isolated that spanned the fragile
X site (Publications 7.1 and 7.2) and contained the fragile X gene, designated FMRI
(Publication 7.1). The characteristics of the FMR1 gene are described in Chapter 3. In
Chapter 4 examples are given of DNA diagnosis of the fragile X syndrome before
and after the isolation of the FMRI gene.

The fragile X syndrome was the first disease where an amplification of a
trinucleotide repeat appeared to be responsible for the disease phenotype. This
finding was soon followed by discoveries of other disorders where amplification of
a trinucleotide repeat was responsible for causing the disease (Chapfer 5). In
Chapter 6 possible mechanisms of repeat expansion and timing of expansion are
discussed.

Chapter 7 contains the various articles of the experimental work which form the
basis of this thesis. In Publication 7.1 the isclation and identification of the FMRI
gene (Fragile X Mental Retardation) is reported. In the FMRI gene, an unusual
CGG repeat was found which has increased in size in the FMRI gene of fragile X
carriers and patients. This discovery, that amplification of a trinucleotide repeat is
the molecular genetic basis of the fragile X syndrome, revealed a new mechanism
of transgenerational inheritance. The data in Publication 7.2, obtained by means of
fluorescence in situ hybridization, show that the yeast artificial chromosome
containing the FMR1 gene spans the fragile X site. Examples of DINA diagnosis of
the syndrome in fragile X families, using an intragenic probe, are given in
Publication 7.3. Alternative splicing of the FMRI gene, resulting in 12 possible
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mRNA transcripts, is described in Publication 7.4. In Publication 7.5 one patient is

described with a point mutation in the FMRI gene, resulling in the fragile X
phenotype.
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CHAPTER
1

THE SEARCH FOR DISEASE GENES

SANDDISE ASERGENES AN SE LS CE NERAND DS ASESC EN S AN DINSEASESGENES AN DY SEAS ESCENES AR DDISE A 50 ENESAMODDIS FASLAGEN 254 NDDISEASESES






Introduction

The human genome has been estimated to contain between 50,000 and 100,000
genes (1,2). Mutations in these genes may cause disease. To dake more than 3000
conditions in man have been attributed with good certainty to a single gene
mutation (1). Genes for more then 700 disorders have been assigned to specific
regions of the different chromosomes (2). An increasing number of disease genes
are being cloned and analyzed using recombinant DNA technology (2,3).

In all instances, knowledge of the gene structure provides the opportunity to
identify the mutation(s) involved in different clinical and/or biochemical variants
of a genetic disease. Also transgenic animals can be produced which offer new
perspectives for studying the pathogenesis of a genetic disease and to test
therapeutic strategies.

In the case of genetic disease, where the responsible protein defect is not yet
known, the identification of a disease gene and its mutants provides new
possibilities for early diagnosis of patients, carrier detection and prenatal diagnosis.
In general two strategies can be used to identify human disease genes: Sfunctional
cloning and positional cloning (3,4,5).

Functional cloning

In functional cloning the disease gene is isolated based on knowledge about the
basic biochemical defect. In this case there is information available about the
protein and/or function of the responsible gene (6,7,8). Two methods are used to
isolate the responsible gene. The first is to raise antibodies against the protein of
interest. These antibodies can then be used to screen cDNA expression libraries.
The second method is to purify the normal protein product and determine a
partial amino acid sequence. From this sequence possible DNA sequences can be
deduced. Degenerate oligonucleotides can then be made which can be used to
screen ¢cDNA libraries (8). In functional cloning, the cloning of the gene is followed
by mapping to a chromosomal region.

Positional cloning

For more than 90% of the known genetic diseases the responsible protein defeci
has not yet been elucidated. Here positional cloning is of use: the gene is first
mapped to a specific chromosomal region, using large families in which a disease
cosegregates with a genetic marker. Subsequently, the gene can be cloned before
any protein function is known (9,10).

To establish potential regions of interest, chromosomal rearrangements such as
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translocations or deletions in patients, can be of tremendous help in identifying the
location of a disease gene. For instance in the search for the genes involved in
Duchenne muscular dystrophy (DMD}) (11,12), retinoblastoma (Rb) (13,14), Wilms'
tumour (WT) (15), and von Hippel-Lindau disease (VHL) (16}, the presence of
translocations (DMD, VHL) and deletions (DMD, Rb, WT} in patients gave away
the chromosomal area where the gene eventually was found. However, such
rearrangements are rare, and most often the gene has to be mapped to a specific
chromosomal region with linkage analysis. Huntington’s disease (17), cystic fibrosis
(CF} (18), and myotonic dystrophy (19), are three examples of disorders where
locating the disease gene was dependent on the use of genetic linkage mapping.
Genetic linkage mapping is based on the cosegregation of a disease gene of
unknown lacation with a genetic marker of a known chromosomal localization,
using large families (10). The closer two loci are to each other on a chromosome,
the more likely it is that they segregate together during meiosis and the less likely
it is that a recombination occurs between them. With linkage analysis, families in
which a certain disease segregates are studied with multiple polymorphic markers
until linkage of the disease is found with one or more of these markers (9,10).
Many disease genes have been mapped with this genetic linkage approach. In first
instance, a gene is roughly mapped to a specific chromosomal region, between
distant markers. Subsequently, the region in which the defective gene must reside
can be narrowed down to 1 - 5 megabases (Mb), using polymorphic markers
between these distant markers, by scoring recombination events between these
markers and the disease gene. This is then the candidate region in which a specific
gene has to be identified. The genetic distance between a gene and a marker is
expressed in centimorgans (cM). One <M corresponds to a recombination
frequency of 1 in 100 meioses, and an average physical distance of about 1000
kilobases {kb). This means that an average of 100 meioses has to be studied to find
one recomnbination between the gene and a marker within a region of about 1000
kb. This is usually the maximum resolution to narrow down the candidate region
with genetic mapping. The region can then be further characterized by physical

mapping.

Physical mapping

FPhysical maps can be generated with the aid of pulsed field gel electrophoresis
{PFGE), using restriction enzymes which cut the DNA infrequently (20,21). Actual
physical lengths of DNA fragments and distances between probes up to several
thousands of kilobases can be established (22). In addition the use of somatic cell
hybrids containing human chromosomes against a rodent background (Chapter 3)
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and fluorescence in situ hybridization (FISH) can help to establish the order of
probes {23). The FISH technique is based on labelling of DNA fragments with
reporter molecules (such as biotin or dioxigenin), that, after hybridization, can be
detected using fluorescent affinity reagents. In this way the chromosomal
localization of DNA sequences can be directly determined (24). The order of two
sequences labelled in different colours can be established relative to each other
along metaphase chromosomes if they are separated by > 1 Mb (2526). If
interphase nuclei are used, the relative order of sequences separated by as little as
50 kb can be determined (23,27). With high resolution FISH different coloured
DNA fragments can be ordered on highly extended DNA loops (halo’s), which are
arranged around the nucleus, with a resolution of 10-200 kb {28).

Many techniques and strategies have been developed to search for genes in a
candidate region (29). Large contigs of genomic DNA fragments from the
candidate region can be assembled by using yeast artificial chromosomes (YACs)
(30,31). YACs can contain DNA inserts of up to 1000 kb or more, and are a way to
obtain large continuous stretches of a desired DNA region (32,33). Complete
physical maps of the human chromosome 21 and the human Y chromosome have
been established by YAC contig building (34,35), and more than half of the X
chromosome has now been covered by YAC contigs (36). The use of YACs has
been instrumental in the cloning of the genes involved in for instance cystic
fibrosis (37) and the fragile X syndrome (Chapter 3 and Publication 7.1}. To obtain
more manageable sized DNA fragments, YACs can be subcloned into cosmids (38)
which can contain DNA fragments with an average size of 40 kb.

Isolation of coding sequences

The next step is to determine whether the YACs or cosmids contain gene
sequences and subsequently to identify the matching gene(s). Genomic DNA
consists of coding exons, but also of non coding sequences: introns, promoter
regions and untranslated regions of genes, repeat sequences such as Alu or Line,
etc. Exons contain coding sequences and these sequences are often conserved
between species. To determine if a cosmid or YAC clone contains conserved
sequences, these clones can be used to probe genomic DNA of different species
(zoo blot). To identify whether sequences are transcribed, clones can be hybridized
to Northern blots.

Most vertebrate genes are associated with the presence of a CpG island (promoter
region) (39), and thus identification of CpG islands can give an indication of the
gene density of a certain region and lead to the isolation of a gene (40,41,42).

Exon trapping is an alternative method to identify exon sequences in genomic
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DNA (43). This method is based on the presence of splice sites within the DNA. A
genomic fragment is cloned into a "splicing plasmid" and transfected into COS
cells. When the inserted sequence contains an exon, this exon is contained within
the mature transcript and can be amplified by means of flanking primer sequences.

To obtain expressed sequences, cDNA libraries can be screened with whole
cosmids (44; Publication 7.1), YACs (45), or pools of microdissected DNA fragments
(46). This can be done directly without knowledge of possible present gene
sequences, or with the certainty that gene sequences must be present by using
information obtained from previous tests {signals on zoo blots, Northern analysis,
presence of CpG islands, or exon trapping). In order to prove that a candidate
gene is a disease causing gene, this gene has to be screened for abnormalities in
affected individuals.

Positional cloning has been proven successful for the isolation of many disease
genes. In Table 1 a number of diseases is listed for which the gene has been cloned
using this strategy.

Candidate gene approach

A number of genes has been cloned using the "candidate gene approach”. With
this approach the gene is mapped to a position on a chromosome where genes are
already known to be located. One of these genes might be selected as a candidate
disease gene on the basis of a possible known function which could be implicated
in the pathogenesis of the disease. For example the gene for fibrillin, which is an
element of elastic tissue, mapped to the same region on chromosome 15q as
Marfan syndrome, a heritable disorder of connective tissue (59,60,61). In the
fibrillin gene, indeed point mutations were found in several Marfan patients.
X-linked spinal and bulbar muscular atrophy, or Kennedy's disease, mapped to the
same region on Xqll-12 as the androgen receptor gene (84,96). Symptoms in
patients suggested a defect in the androgen receptor and a CAG repeat in exon 1
was found to be amplified in patients. For Waardenburg’s syndrome mutations
were found in the PAX-3 gene, which was already mapped to chromosome
2g35-37 (73,74). Waardenburg’s syndrome is characterized by pigmentary
disturbances and deafness. One of the reasons to focus on the chromosome 2q
region was that "Splotch” mice have Waardenburg like symptoms. In this mouse a
deletion was found in the PAX-3 gene on the proximal part of chromosome 1 (97).
This chromosome region contains regions that are homologous te the long arm of
the human chromosome 2.

While the emphasis to isolate genes may shift more and more to the candidate
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Table 1. Human diseases for which the gene has been cloned using positional cloning.

Disease

Autosomal:

Aniridia

Charcot Marie Tooth type 1A
Charcot Marie Tooth type 1B
Cystic fibrosis

Familial polyposis coli
Familial breast cancer

Greig syndrome
Huntington's disease

Marfan syndrome

Myotonic dystrophy
Neurofibromatosis type 1
Neurofibromatosis type 2
Retinoblastoma

Von Hippel Lindau disease
Waardenburg's syndrome type 1
Wilms tumour

X-linked:
Adrenoleukodystrophy
Choroideremia

Chronic granulomatous disease
Duchenne muscular dystrophy
Fragile X syndrome

Hunter syndrome

Kallmann syndrome

Kennedy's disease

Lowe syndrome

Menkes disease

Nephrogenic diabetes insipidus
Norrie disease

X-linked agammaglobulinaemia
X-linked glycerol kinase deficiency
X-linked hydrocephalus

Chromosomal
position

11p13
17p11.2
1q22-23
7g31.2
5q21-22
17q21.3
7pl3

4q16.3
15q15-21
19q13.2-13.3
17q11.2

22q
13q14.1-14.2
3p25-26
2g35-37
11p13

Xq28
Xq21.2
Xp2l.1
Xp2l.2
Xq27.3
Xg28.1
Xp22.3
Xqli-12
Xq26.1
Xql2-13
Xq28
Xpll.4
Xq21.3-22
Xp21.2-21.3
Xq28

Reference

47
48
49,50
51-53
54,55
56
57
58
59-61
62-67
68,69
70
71
72
73,74
75

76
77
73
79
80
51
82,83
84
85
86,87
83
89,90
91
92,93
94,95
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gene approach, as genes are being isolated at a rapid pace in the framework of the
Human Genome Project (98), the initial mapping of disease genes will continue to
occur via one or more of the different modes of genetic linkage mapping.

Implications for diagnosis and treatment

In many cases the cloning of a {disease) gene and knowledge of gene defects has
led to improved diagnostics at the molecular level, and has opened up possibilities
for disease prevention as well as for treatment. Defects at the DNA level can be
readily detected in for instance DMD (99), CF (100) and fragile X syndrome
(Chapter 4 and Publication 7.3). Families in which these diseases occur can be
offered carrier detection and prenatal diagnosis.

A better understanding of molecular defects could lead to early diagnosis and a
timely intervention in the form of surgery or of a diet. For a disease such as
familial adenomatous polyposis, where it is now possible to follow persons at risk
on basis of the presence of a gene defect in the APC gene, early removal of the
entire colon prevents the development of colonic carcinoma (54,55,101).
Approaches to treating genetic diseases include administration of proteins or drugs
and somatic gene therapy. For example patients with the adult type of Gaucher
disease, which is caused by a deficiency of the enzyme glucocerebrosidase, are
since a few years treated by the administration of modified enzyme that allows
recognition and uptake by macrophages (102,103). A lot of research is being done
in the field of somatic gene therapy. Somatic gene therapy is the introduction of
normal genes into somatic cells to correct defective genes. This is only possible for
recessive autosomal and X-linked diseases. The first clinical trial of somatic gene
therapy involved introduction of a normal adenosine deaminase gene into mature
T cells in adenosine deaminase deficient patients (104). Much effort has been put in
the research on gene therapy for cystic fibrosis (105). Experiments with CF mice, in
which the jon transport defect is corrected by introducing the normal CF
transmembrane conductance regulator gene coupled to liposomes into lung
epithelium cells, look quit promising. Hopefully this therapy can be applied to
human patients in the future {105}

Novel mechanisms of inheritance

By the isolation and study of genes, novel mechanisms of inheritance have been
discovered. Genes are identified that are subject to imprinting, including the genes
involved in the Angelman and Prader-Willi syndrome and hereditary
paragangliomas (106-109). Children might inherit identical genes from their fathers
and mothers, but these genes may have different effects. The Prader-Willi
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syndrome occurs when the paternal copy of a gene on chromosome 15q11-13 is
missing (107). A functional paternal copy of this gene is required for normal
development. The maternal copy of this gene seems to be imprinted and not
expressed. In Angelman syndrome a similar but opposite situation is found (106).
The maternal copy of a gene on chromosome 15q11-13 is missing, but is needed
for normal development, while the paternal copy is not expressed.

A new type of mutation has been found in several genes where an unstable
trinucleotide repeat is responsible for causing the disease (Chapter 5 and Publication
7.1). Accurate diagnosis of these diseases is now possible by determining the
repeat lengths belonging to the relevant genes in healthy individuals, normal
carriers and patients.

The X chromosome

The X chromosome has been estimated to code for more than 400 disease genes
(1). As X-linked segregation patterns are easy to recognize by the predominance of
affected males in subsequent generations, the X-linked disease genes involved in
colour blindness, haemophilia, and DMD were among the first genes that were
mapped to a chromosome (36). To date more than 150 separate genes have been
assigned to the X chromosome and more than 20 have been cloned (1,2,36). Table 1
shows a number of genes associated with X-linked diseases, cloned in the last few
years.

Mental retardation of 11 males within one pedigree was a first indication for an X-
linked pattern of inheritance in the Martin-Bell or fragile X syndrome (110). The
discovery of a cytogenetically visible abnormality in these patients at the end of
the long arm of the X chromosome in combination with macro-orchidism
separated this group of patients from other X-linked mental retardation syndromes
(111,112). This so called "fragile site" was the starting point in the search for the
fragile X gene, which is the subject of this thesis.
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The fragile X or Martin-Bell syndrome is an X-linked heritable disease. After
trisomy 21 or Down syndrome, the fragile X syndrome is the most frequent
inherited cause of mental retardation. The syndrome is associated with a (rare)
fragile site (referred to as FRAXA) which is cytogenetically visible at the end of the
long arm of the X chromosome, in band Xq27.3. For an X-linked disease this
syndrome shows an unusual pattern of inheritance, because part of the carrier
femnales are affected and because of the occurrence of normal (i.e. unaffected) male
carriers. These males have been termed "normal transmitting males”, since they
transmit the fragile X mutation to their daughters and are themselves, just as their
daughters, clinically and cytogenetically normal. The prevalence of individuals
phenotypically affected with the fragile X syndrome is estimated to be 1 in 1250
males and 1 in 2500 females (1,2,3). These numbers are based on the incidence of
mentally retarded individuals with cytogenetic expression. Including the normal
transmitting males, the total number of males estimated to carry the fragile X
mutation is about 1 in 1000 (3). For females this number is estimated to be 1 in
about 400 - 500 (4,5).

2.1 Some historical aspects

In 1943 the fragile X syndrome was described by Martin and Bell, who reported
the first pedigree with clear familial X-linked mental retardation (6). In 1969 Lubs
noted a secondary constriction, referred to as a fragile site, at the end of the long
arm of the X chromosome (Xq27.3) in cultured cells from patients with X-linked
mental retardation (7). The existence of a fragile X site in cells of fragile X patients,
distinguished these patients from other patients with X-linked mental retardation
syndromes. Another important observation was the macro-orchidism (large testes)
in a high proportion of male fragile X patients (8,9).

Although Lubs discovered a fragile site at Xq27.3 in cells of fragile X patients, this
observation could not be reproduced for many years. In 1977 Sutherland
discovered that the finding of a fragile site depends on the type of medium in
which lymphocytes were cultured (10,11). Culture medium deficient in folic acid
was necessary to induce fragile chromosome sites. Following this discovery, a
series of families with apparently X-linked non specific mental retardation were
tested using folate-deficient medium, and the fragile X chromosome was identified
in a high proportion (12). From this time on the presence of a fragile site was used
as a diagnostic criterium.

A reexamination of the family described by Martin and Bell indeed demonstrated a
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fragile site at Xq27.3 in cells of male patients (13). The term Martin-Bell syndrome
has since been used as a synonym for the fragile X syndrome.

As a result of a growing interest and a rapidly expanding research into the fragile
X syndrome, since 1983 international workshops on this theme are held every 2
years, and the proceedings have been published in special issues of the American
Journal of Mecdlical Genetics (14).

2.2 Clinical aspects

The main characteristics of male fragile X patients are moderate to severe mental
retardation (15,16), macro-orchidism, and a long face with a prominent forehead
and jaw and large everted ears (17). These features represent the classical Martin-
Bell phenotype (18). Figure 1 shows a male patient with typical facial
characteristics. Macro-orchidism is found in 65-70% of all affected adult fragile X
males and usually develops after puberty (19). In approximately 10% of the
patients mental retardation is considered to be the only symptom (17). Fragile X
patients are found to have a normal life span (20). There is a large variability in
the clinical expression of the syndrome in patients, and besides mental retardation
the fragile X mutation causes a spectrum of additional problems. Normal
transmitting males and their daughters always have a normal phenotype.

Figure 1. Fragile X patient with typical facial features. (Courtesy of L.B.A. de Vries.)
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Physical features

A long and narrow face is often less notable in prepubertal boys, but prominent
ears are common in fragile X adults as well as in children (17,21). In males, a slight
overgrowth of the head is observed as compared to normal controls (21-23). A
high arched paiate has been found in 48% of fragile X males often associated with
slight dental abnormalities (17). Ophthalmologic problems occur in more than 50%
of fragile X patients and include strabismus and short-sightedness (24,25).

The skin of fragile X patients is often smooth and soft and shows abnormal elastin
fibres (12,17). This feature, in addition to a high palate, hyperextensible finger
joints, pectus excavatum and flat feet, suggested abnormalities of connective tissue.
In connective tissue disorders like Marfan syndrome, the majority of patients suffer
from severe cardiovascular complications (26). To assess the suggestion that
connective tissue is involved in fragile X syndrome, patients were cardiologically
investigated. In some patients dilatation of the aortic root and insufficient
functioning of the mitral heart valve were found (27). In Table 1 physical features
are listed that are identified in affected fragile X males.

Table 1. Physical features of fragile X males.

Feature % of patients with feature
long ears 66
prominent ears 63
high arched palate 48
prominent jaw 28
leng face 74
pectus excavatum 43
hyperextensible fingers 64
hand calluses 45
double-jointed thumbs 41
single palmar crease 35
flat feet 65
macro-orchidism 74
scoliosis 20
strabismus 33

Adapted from Hagerman R.J. 1991 (17).
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In approximately 17% of fragile X males, epileptic seizures have been reported (17,
28-30). In view of the mental retardation found in fragile X patients it is of interest
whether abnormalities can be detected in the brain of these patients. Only 4 post-
mortem brain studies have been done in fragile X males (31-34). In one 62 year old
fragile X male, abnormalities of dendritic spines were observed in different layers
of the cortex. In addition there was a reduction in the length of the synapses as
compared to controls (31). The significance of these findings remains to be
established in a larger number of cases. Another patient showed mildly dilated
ventricles (32), which are also found during life by neuroimaging on CT scan in
approximately 38% of the patients (31). In a third patient brain changes were
typical for ALS (amyotrophic lateral sclerosis) which had developed in this patient
at a relatively young age (33).

Behavioral aspects

Behavioral abnormalities include hyperactivity, hand-flapping, handbiting, shyness
and avoidance of eye contact, and perseverative speech (17,19).

A possible association between fragile X syndrome and autism has been studied by
several groups, because many fragile X patients show autistic like features such as
gaze avoidance and hand-flapping. This suggested that autistic behaviour may be
common in fragile X males. Fish pooled data from previously published reports
and evaluated these data from an epidemiological perspective (35). He could not
establish a statistically significant correlation between fragile X syndrome and
autism.

Fragile X females

About 30% of all females with the fragile X mutation show some degree of mental
impairment, ranging from learning disabilities to0 mental retardation (36). Females
with fragile X syndrome may have behavioral and emotional problems (37). Facial
and other characteristics are usually less pronounced and less frequent than in
males (17,19,36,37).

Subphenotypes of fragile X syndrome

Besides the Martin-Bell phenotype other less frequent phenotypes have been

observed:

1. Fragile X males with a Prader-Willi like phenotype (38,39). These patients show
extreme obesity and some have a short stature. All these patients have short
broad hands and feet and resemble the classical Prader-Willi syndrome patients.
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2. Fragile X males with a Sotos like phenotype (40). These patients show
overgrowth in the first years of life, especially of the head.

Detailed reviews of clinical aspects in fragile X syndrome patients have been
published by Hagerman (17) and Frijns (19).

2.3 Cytogenetic expression of the fragile X site

For a number of years confirmation of the clinical diagnosis was carried out by
cytogenetic detection of the fragile site at Xq27.3 in cultured lymphocytes or
fibroblasts (7,11,41). The appearance of the fragile site, microscopically visible as a
gap or discontinuity in chromatids and chromosomes (see Figure 2) is induced by
culturing cells in folic acid deficient medium before chromosome spreads are made
(11,41,42). In mentally retarded males the fragile site is usually seen in 2-60% of
the cells. The site can be detected in about 50% of obligate carrier females (43).
Normal transmitting males and their daughters do not express the fragile site
cytogenetically. Therefore, the cytogenetic test is not reliable in identifying carriers
of the fragile X mutation.

Over one hundred different fragile sites have been described cispersed over
different chromosomes (44), of which only two are now associated with a disease
phenotype, the FRAXA site associated with the fragile X syndrome (7} and the
X-linked mental retardation syndrome associated with the FRAXE fragile site (for

female affected
carrier male

b

-

X X X Y
Figure 2. Sex chromosomes of a female carrier and an affected male. The fragile site at Xq27.3

is clearly visible and indicated with an arrow.
(Chromosome preparations kindly provided by Dr. J.O. Van Hemel).
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details see Chapter 3, paragraph 3.6), which is located about 600 kilobases distal
from FRAXA (45).

Fragile sites can be classified into two major groups: rare and common (15). Both
groups can be further classified according to the conditions of tissue culture under
which they are expressed. The exact mechanism underlying the fragile site
expression is unknown. The FRAXA site is defined as a folate-sensitive site, since
its cytogenetic expression can be induced by media deficient in folic acid and
thymidine, with excess thymidine or containing the dihydrofolate reductase
inhibitor methotrexate (46). This influences the synthesis of pyrimidines necessary
for DNA synthesis and results in low levels of thymidine or cytidine (15,46).
Therefore it was proposed that a folate sensitive fragile site results from a
naturally occurring amplificated sequence of which the replication is hindered
when either dCTP or dTTP is limited (47).

2.4 Unusual pattern of inheritance

In general, genetic diseases segregate throughout a family following the rules of

mendelian inheritance. For X-linked recessive diseases this means that females who

carry a defective gene on one of their X chromosomes usually are unaffected
because of the presence of a normal X chromosome. Their daughters have a risk of

50% of being unaffected carriers and their sons have a risk of 50% of being

affected. This is depicted in Figure 3A. Fragile X syndrome deviates from this

pattern on the following points:

1. approximalely 20% of males who carry the fragile X mutation are
phenotypically normal. They will pass their X chromosome with the non-
penetrant mutation on to all their daughters. As these apparently non-penetrant
fathers pass on the mutation and are themselves clinically unaffected, they are
called normal transmitting males (NTMs) {48,49). Their daughters, who are also
normal, are however at risk of having affected children. A transmitting male
was previously detected only if one of his direct descendants had affected
offspring.

By performing extensive segregation analysis in fragile X syndrome families,
Sherman calculated the risks for individuals in a pedigree to be mentally
retarded (48,49). She determined that mothers and daughters of intellectually
normal transmitting males are rarely if ever mentaily impaired. In addition it
was noted that the siblings of transmitting males are much less likely to be
retarded than the siblings of mentally impaired males. Mothers and daughters
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of NTMs are similar in phenotype, both are obligate carriers and intellectually
normal, but the effect of the gene in their offspring is apparently different: the
penetrance of mental impairment is higher in offspring of intellectually normal
daughters of transmitting males than in offspring of intellectually normal
mothers of transmitting males. The risk for separate individuals to be mentally
retarded seems to be dependent upon the position of an individual in the
pedigree, a phenomenon that has become known as the Sherman paradox
(48,49). This risk is expressed in percentages in Figure 3B.

Normal transmitting males have a 100% chance of having normal daughters,
though carriers. Sons of these normal daughters have a 38% chance of being
affected, and daughters have a 16% chance of being affected. Sisters and
brothers of normal transmitting males have a low probability of clinically
expressing the disease, 5% and 9% respectively. If a mother is mentally
impaired, her sons have a 50% chance of being affected, and her daughters

A B

0%

L, Ahaia
50e 0L

Figure 3. A: Inheritance pattern for an X-linked recessive disease.

50%

Daughters of a female carrier have a 50% chance of being a normal
carrier. Sons of a female carrier have a 50% chance of being affected.
X = X chromosome with a defective gene.

B: Fragile X pedigree illustrating the Sherman paradox. Mothers and daughters of
normal transmitting males have different chances of having affected offspring,

O = normal female [] = normal male
@ = normal female carrier [*] = normal male carrier
. = affected female . = affected male
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3.

have a 28% chance of being affected.
The Sherman paradox can now be explained at the molecular level by the size

of the CGG repeat that is found in the fragile X gene (4). This is described in
Chapter 3.

- About 35% of the carrier females are mentally retarded, although they are often

less severely affected than males (16,17). Sons of these affected females have the
usual risk of 50% of being affected.

Before the fragile X gene was identified, female carriers were defined as women
who showed cytogenetic expression of the fragile site al Xq27.3, or who, based
on pedigree data, were obligate carriers. After identification of the fragile X
gene, female carriers could be divided into two groups (Chapter 3), and only
those females with a "full mutation” are at risk of being mentally retarded.

The disease phenotype is only found in offspring after transmission of the
mutation by a female. Daughters of normal male carriers are always normal.
The daughters of the few male patients that have reproduced are also normal
{50,51,52) (Chapter 6).

Several theories were proposed to explain this non-mendelian inheritance pattern.

These theories have been the subject of many discussions in the past but after the

elucidation of the molecular defect none of these theories has proven to be

completely correct.

A:

Premutation hypothesis by Pembrey.

1 l l :ﬁ%MBTNAﬂDN
} =X chromosome carrying a premutation
L = X chromosome carrying a recombination
1 2
enhancing sequence I L | L

+ = X chromosome carrying definitive
Martin-Bel! mutation
(O = clinically normal female I H RECOMUINATION
[ = normal {ransmitting male
B = mentally retarded
Adapted from Pembrey et al., 1985 (53).

Figure 4. Theories that tried to explain the non-mendelian inheritance pattern in fragile X
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FEMALE HOMOZYGOUS FOR SIMPLE PRS

ODGENESIS | RECOMBINATION AMPLIFIES THE PRS
OOCYTE WITHt 3
vt (AND OTIER SEGREGATICN PRODUCTS)

. @ TRANSMITTING QFFSPRING

Cl [NIC‘.AL‘LY CLINICALLY
AFFECTED UNAFFE.CTED
MALE FEMAL

“NITIAL [ESI()‘I'

OOGENESIS 1

FROGRESSION OF AMPLIFICATION

AFFFCTED

CARRIER
FEMALE

(DEGREE OF CLINICAL
EXPRESSION DEPENDS
GN LYONIZATION)

B: Amplification theory by Nussbaum. Adapted from Nussbaum et al., 1986 (54).
PRS = pyrimidine rich sequence

——— NORMAL

WACTIVE REACTIVATION CF NORMAL X ACTIVE

ALTERATION TIIAT
rr— BLOCKS LOCAL
REACTIVATION

INACTIVE REACTIVATION OF FRAGILE X

C: Incomplete reactivation theory by Laird. Adapted from Laird, 1987 (56).

A normal X chromosome is completely reactivated, but a mutation on the fragile X
chromosome blocks reactivation in Xg27.3.
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Pembrey suggested a premutation hypothesis (53) which is summarized in Figure
4A: a normal transmitting male would have a harmless "premutation” on his X
chromosome that causes no phenotypic effect. This "premutation” is inherited by
his daughter(s). At the same time this daughter inherits an X chromosome from
her mother that has an unidentified recombination enhancing  sequence.
Recombination then occurs between these X chromosomes during meiosis in the
oocytes of the daughter which causes a mutation resulting in the Martin-Bell
phenotype in her children. This model predicts that recombination should be
found systematically. However, genetic analysis with flanking polymorphic DNA
markers demonstrated that this is clearly not the case.

Nussbaum proposed that unaffected male and female carriers might have an
“initial lesion” on their X chromosome (54). This initial lesion would be a small
amplification of a pyrimidine-rich sequence {(46) that has occurred during non-
homologous crossing over in meiosis during oogenesis in the mother (see Figure
4B). Offspring of these mothers would be normal transmitting individuals. Further
amplification can then occur during pairing of the X chromosomes in oogenesis in
the unaffected female carriers. This extensive amplification then causes the Martin-
Bell syndrome in offspring of these females. In unaffected male carriers this
amplification cannot occur, as they have only one X chromosome, and therefore
they will have normal daughters. According to this model again recombinations
would have to be found, which is not the case.

X chromosome inactivation in female mammals is part of the process of dosage
compensation, which ensures that most cells have only one active X chromosome
{lyonization, termed after Lyon (55)). Which chromosome remains active is
determined by chance (55). During oogenesis both X chromosomes become active,
which means that the inactive X has been reactivated. Laird postulated that the
fragile X chromosome carries a mutation which prevents reactivation of this
inactive X chromosome in the Xq27.3 region, which results in a local "imprinted
block” on the fragile X chromosome (see Figure 4C). Through this imprinting one
or more genes at Xq27.3 might not be transcribed (56), resulting in mental
retardation in some of the offspring. Individuals who are normal carriers would
have inherited the mutation without imprinting of the fragile X region and would
therefore not be mentally retarded. Mothers and daughters of NTMs both are
normal carriers, and according to this model both should have the same chance of
affected offspring. This is however not the case in fragile X syndrome. In reality
the chance of affected offspring for normal female carriers is closely related to the
size of the CGG repeat in the fragile X gene (4,5; Chapter 3, paragraph 3.4).
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The close association between the fragile X syndrome in males and the presence of
the fragile site at Xq27.3 indicated that at least one gene involved in this disease
must be located at, or very near to, the fragile site. Accordingly, the efforts of
many laboratories have been aimed at obtaining DNA probes and fragments as
close as possible to this fragile site, with the ultimate goal of cloning the gene
involved in the fragile X syndrome. The search for the fragile X gene started with
the finding of genetic markers segregating with the disease, followed by the
isolation of physically closely linked markers that were used as a starting point for
the isolation of the fragile X mutation. In this chapter an overview is given of the
many strategies and approaches, used by other research groups and our own in
the search for the fragile X gene.

3.1 Linkage analysis and the isolation of new markers

Genetic linkage

The frequent observation of a fragile site at Xq27 in mentally retarded males with
macro-orchidism suggested a localization of the gene involved in the fragile X
syndrome at the end of the long arm of the X chromosome. This hypothesis turned
out to be correct, because in 1983 genetic linkage was reported between the
glucose 6-phosphate dehydrogenase (G6PD)-colour blindness cluster at Xg28 and
the fragile X locus in several fragile X pedigrees (1). In 1984 close genetic linkage
was established in a large fragile X family between factor IX at Xq27 and the
fragile X locus (2). No recombinants were observed in 15 informative meioses in
this family which included an apparently non-penetrant grandfather. This placed
the locus for the fragile X gene between factor IX at Xq27 and G6PD at Xq28.
Other groups also reported families with tight linkage to factor IX, however, other
pedigrees were found te show significant crossover frequencies (3,4,5). Brown
suggested genetic heterogeneity as a possible explanation for this discrepancy (4,5).
This could not be confirmed by others (6) and the apparent heterogeneity may
reflect uncertainties due to limited statistics and mistyping of individuals in
families.

Isolation of new markers

Pinning down a (disease) gene requires the isolation of DNA fragments or probes
from the region of interest (see Chapter 1). Aiming at the fragile X gene, new
probes were isolated continuously in the Xq27-q28 region. X chromosome specific
probes were isolated from a genomic library of flow sorted human X chromosomes
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(78,9), from libraries enriched for X chromosome sequences (10), from
microdissection of the fragile X region (11,12), and from rodent/human hybrid cell
lines containing the whole human X chromosome or parts of the human X
chromosome against a mouse or hamster background (13,14). New hybrid cell lines
were obtained containing discrete parts of the distal long arm of the X
chromosome, to position markers more precisely to the Xq27-28 region and to
establish the genetic location of the fragile X gene (10,15-20).

The first probes localized within a region of 5 cM from the fragile X locus on the
distal site, U6.2 and VK21, were described by Dahl et al. {21) and Suthers et al. 22)
in 1989, and on the proximal site the probes RN1 and VK23 were described by
QOostra et al. (17) and Suthers et al. (23), in 1990 and 1991, respectively. These
flanking markers have been very useful for carrier testing and prenatal diagnosis
in a number of families (22) (Chapter 4). Later, other markers were isolated that
mapped between these probes (10,18,24-26; Publication 7.1). The physical location,
order and distances between probes were established using linkage analysis,
somatic cell hybrids (9,10,13,16,18,19,22,27-30), in situ hybridization (31), and
pulsed field gel electrophoresis (32,33).

3.2 Physical mapping

Construction and use of somatic cell hybrids

Somatic cell hybrids consist of hamster or mouse cells that contain a single (or a
limited number of) human chromosome(s) or part of a human chromosome. These
hybrids have played an important role in localizing and ordering probes on the
human genome (34-38). Hybrids containing defined fragments of human
chromosomes can provide information about the order of probes along the
chromosome and can again be a source for cloning of human sequences from
specific chromosomal regions (10,13-20). The usefulness of such cell hybrids was
easily recognized and therefore many research groups started to isolate somatic
rodent-human hybrid cell lines containing the whole or different parts of the
human X chromosome (22,27,29,30,39,40). In Figure 1 the X chromosome content of
a number of such hybrids is depicted. The rough location of a probe on a
chromosome is determined by the presence or absence of this marker in a certain
hybrid cell line. By hybridizing DINA probes to Southern blots of DNA made from
various hybrids, the probes can be placed in groups on different fragments of the
human chromosome and the order of the different grouped probes can be
established. Additional information about the order of probes and the genetic
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content of each hybrid is shown. Distances are not drawn to scale. Refs. for the cell

containing different regions of the X chromosome. Only the distal part of the Xq
lines: 22,28-30,40,46-51.

Figure 1. Localization of markers in the Xq26-q28 region utilizing somatic cell hybrids



distances between the DNA markers can be obtained from linkage mapping. A
number of probes were mapped in this way in the Xq27-28 region (see Figure 1).
Subsequently, pulsed field gel electrophoresis can be used to establish a linear
order of the probes within one group and to obtain a map of higher resolution
with physical distances between probes in terms of kilobases. Two cell lines,
termed Micro21D and Q1X, have been essential in the cloning of the fragile X gene
(26; Publication 7.1). These human/hamster cell lines, each containing a reciprocal
part of a human fragile X chromosome translocated to a hamster chromosome
were developed by Warren et al. and were shown to break in the middle of the
fragile X site (49-51). Micro21D contains the Xpter-Xq27.3 part of the human X
chromosome, and Q1X contains the Xq27.3-Xqter part of the human X chromosome
(Figure 1). It was hypothesized that by isolating the translocation breakpoints,
which contain both human and hamster DNA sequences, it should be possible to
obtain part of the fragile site and the fragile X gene. A cosmid library was
constructed from the translocation hybrids, and filters were probed with total
human genomic DNA and hamster genomic DNA, respectively. Although several
hamster/human positive cosmids were isolated in this way (50,51), this method
never led to the isolation of clones containing the fragile X region, which might be
caused by the sequence composition of the fragile X mutation (26; Publication 7.1).
However, these cell hybrids have been extremely useful for the mapping of X
chromosomal markers (Figure 1), and have played a key role in the eventual
identification of the fragile X gene, (26; Publication 7.1).

3.3 Long range mapping and CpG islands

A detailed physical map of a chromosomal area and distances in terms of kilobases
between markers can be obtained by using pulsed field gel electrophoresis (PFGE).
PFGE is based on the separation of long DNA fragments after digestion with
infrequently cleaving restriction enzymes (52,53). Many of these enzymes (e.g.
Notl, Sacll, BssHII and Eagl) have one or more CpG dinucleotides in their
recognition site and as these sequences are under-represented in the genome (54),
large DNA fragments can be generated. Often, these CpG sequences are
methylated, in that case methylation occurs on cytosine.

Also clusters of CpG sequences, called CpG islands, are found (52,55,56). In
general these islands are characterized by lack of methylation, except on the
inactivated mammalian X chromoscme (57,58) or in tissues where certain genes are
inactive. CpG islands are usually found at the 5 end of mammalian genes and are
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associated with the promoter regions of genes (55). Thus the presence of a cluster
of "rare cutter restriction enzyme" sites is a strong indication of the presence of a
promoter and an associated gene (58), and consequently the finding of CpG
islands can lead to the identification of genes in the mammalian genome (19,26,
59-62; Publication 7.1},

Pulsed field map of Xq27-q28 and distribution of CpG islands

In the course of time several small pulsed field maps were established from the
Xq27-28 region using only a small number of probes (32,44,56,63). A long-range
physical map of the entire Xq27.2-qter region using PFGE analysis was developed
by Poustka et al. (33). A total map, extending from the telomere to and beyond the
fragile X site, of about 12 Megabases (Mb) was established. It was estimated that
the fragile site is located approximately 9 Mb from the telomere.

Maestrini et al. identified CpG islands on the distal long arm of the X chromosome
(19) and showed that there is a high density of CpG islands in the Xq24 and Xq27-
28 regions (19,60). It was concluded that these regions are presumably rich in
genes.

A more detailed physical map narrowing down on the fragile X region itself was
obtained using probes mapping close to the breakpoints of the cell lines Q1X and
Micro21D, which were thought to have breakpoints in the middie of the fragile
site. The order of these probes was resolved by using hybrid cell lines and PFGE
analysis and they were localized within a distance of 2-2,5 Mb that should contain
the fragile site and thus the fragile X mutation (26,61,62; Publication 7.1). In
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Figure 2. Physical map of the fragile X region constructed with tightly linked markers. Results
fram refs. 26, 61, 62, 64-66 and Publication 7.1 are combined. The order of the probes
is resolved using hybrid cell lines and PFGE analysis.
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Figure 2 a physical map of the fragile X region is depicted. BssHII restriction sites
and the length of the BssHII fragments are indicated.

Unexpected findings during long-range mapping:

methylation of DNA in mentally retarded fragile X males

The first difference noted between normal males and fragile X patients was
methylation of a BssHII site in DNA from fragile X patients. In DNA from normal
males and normal transmitting males a 620 kb BssHII fragment could be detected
with the probes Do33 (61) or M749 (62) (Figure 2). In contrast, in DNA from the
majority of unrelated fragile X patients this fragment was absent or present to a
lesser extent. Instead of a normal 620 kb band, a large BssHII band appeared of
about 2,7 Mb (2100 + 620 kb) (64) (Figure 2). As DNA from some male patients
showed a less intense normal fragment, and the probe VK21 gave normal patterns
with BssHII and other restriction enzymes, it was not likely that large deletions or
insertions were present in the DNA of affected males (61,62,64). It seemed more
likely that the absence or decreased intensity of the normal band was due to
methylation of the BssHIL site, indicated with an asterisk in Figure 2. The enzyme
BssHII, which recognizes the sequence G/CGCGC, is sensitive to methylation and
no digestion will occur in the case of methylation of this site in the DNA.

Further puised field gel analysis demonstrated that the BssHII site, which is
methylated in patients, is part of a CpG island, indicating the presence of a
possible neighbouring gene (26,61,62,65; Publication 7.1). It was suggested that the
methylation of this CpG island might have an influence on the mRNA expression
of this neighbouring gene. This assumption turned out to be true.

YACs spanning the Fragile X site

A major step forward was the development of yeast artificial chromosome cloning
or YAC systems, which made it possible to clone and isolate DNA fragments from
100 kb to over 1 Mb (67,68). By isclating overlapping clones, a large stretch of
human DNA from a specific chromosomal region can be obtained. Therefore, to
bridge and clone the 2-3 Mb physically mapped fragile X area the YAC cloning
technique was the obvious method of choice. YAC libraries became available from
normal total human DNA (67,68), some enriched for X chromosomes (69;
unpublished results), as well as from fragile X chromosomes (70).

By using markers tightly linked to the fragile site, shown in Figures 1 and 2,
several YACs were isolated with insert sizes varying from 200 to 950 kb (26,64-
66,71,72; Publications 7.1 and 7.2). Several of these YACs contained the translocation
breakpoints of the cell lines Q1X and Micro21D generated by Warren et al. (26,51,
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65,71; Publication 7.1). Fluorescence in situ hybridization of these YACs was
performed on metaphase chromosomes from fragile X patients, which displayed
the fragile X site. Fluorescent signals were scored on the proximal and on the
distal site of the "fragile gap" (65,66,71,72; Publication 7.2) indicating that the YAC
clones indeed spanned the fragile site. In Publication 7.2, YAC 209G4 is shown to
cross the fragile site (72). In Figure 1A, page 147, an X chromosome (DAPI
staining) from a male fragile X patient is shown, with a clearly visible fragile X
site. In Figure 1B, page 147, YAC 209G4 is shown to span the fragile site of this X
chromosome. This YAC was isolated from the YAC library constructed by
Albertsen et al. {(68) and was used by us to isolate the fragile X gene as described
in Publication 7.1 (26).

From YACs to the finding of variable fragments in fragile X individuals

PFGE mapping showed that the CpG island, which was found to be methylated in
fragile X patients, was contained in the YACs spanning the fragile site. This CpG
island contains the recognition sites for several rare cutting enzymes including
BssHII, Eagl and Sacll, which are clustered within a very small region. The YACs
were subcloned and genomic sequences around the CpG island were used as
probes on Southern blots of DNA from patients and normal individuals. The
abnormal methylation pattern was confirmed in affected males (73,74), while no
methylation of the CpG island was found in normal males and normal
transmitting males. In normal females about 50% methylation of the island was
detected (as is expected with regard to X chromosome inactivation), but in affected
females an excess of methylated fragments was seen. In addition to the
methylation abnormalities, a fragment on the telomeric side of the CpG island was
found to be increased in length in individuals carrying the fragile X mutation. This
increase in length was variable in different fragile X individuals and was restricted
to a small DNA fragment that also contained the CpG island (26,73.74; Publication

7.1). This DNA fragment turned out to be part of the fragile X gene, which we
termed FMRI.

3.4 The fragile X mental retardation gene, FMR1

The isolation and identification of the fragile X mental retardation gene FMRI is
described in detail in Publication 7.1 (26). In this paragraph the characteristics of the
gene will be discussed.

The FMRI gene has a genomic size of approximately 40 kb and consists of 17
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exons and 16 introns, and is transcribed in a proximal to distal orientation {75). In
Figure 3 the intron/exon distribution of FMRI is given. The length of the mRNA is
about 44 kb, with an open reading frame of about 1,9 kb. FMRI mRNA is
particularly abundant in brain and testis, concordant with the pathology found in
fragile X patients. In the 5" untranslated region of the FMR1 gene an unusual CGG
trinucleotide repeat is present in the first exon. In the original FMRI cDNA clone
the CGG repeat is interspersed with 2 AGG triplets, but as most triplets consist of
CGG sequence, the repeat is referred to as CGG repeat. The ATG start codon for
translation is found 69 bases after the CGG repeat, indicating that the repeat is not
translated into protein (76,77). The previously identified CpG island mentioned
above (61,62,73,74) is located 250 bp proximal of the repeat. This CpG island as
well as the CGG repeat itself are methylated in DNA of fragile X patients (78-80).
No methylation of the island or the repeat is found in DNA of normal males and
normal transmitting males. Methylation of a CpG island is usually correlated with
lack of gene expression. Indeed, in fragile X males, in whom methylation of the
CpG island of the FMRI was found, no mRNA is transcribed from the FMR1 gene
(81,82). In some patients with partial methylation of the CpG island a lowered
RNA expression was demonstrated (81). These patients seemed not less severely
affected (83).

The FMRI gene was shown to have been conserved in evolution and is found in
many animal species, even in species as divergent as yeast and Caenorhabditis
elegans (26,76,34,85; Publication 7.1). There is a significant homology between the
mouse and human gene sequences, with a nucleotide identity of 95% within the
coding region (76). At the protein level even a 97% amino acid identity is found.
The order of genes found in the human Xq27 region (F9-FMRI-IDS-GABRA3) has
also been conserved in the mouse (86).

The CGG repeat, which is confined to the 5° untranslated region of the FMR1 gene
and which is not translated into protein, has also been evolutionary conserved in
many species (76,85,87). This might point to an important regulatory role, at the
DNA and/or RNA level. Richards et al. demonstrated that double and single
stranded CGG repeats and other simple repeat sequences are binding sites for
specific nuclear proteins (80).

Alternative splicing and the fragile X protein, FMRP

In general, splicing involves removing introns from a transcript and forming a
bond between the ends of exons, resulting in one species of mRNA molecules and
subsequently in one species of protein. The FMRI gene, however, is subject to
alternative splicing, as is described in detail in Publication 7.4 (88). Due to
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alternative splicing of the precursor mRNA at 3 different locations in the gene, the
FMR1 gene can give rise to as many as 12 partly different mRNA molecules and
thus to 12 possible proteins, which differ in various segments. In these splicing
events, involving exons 12, 15 and 17 (Figure 3), the open reading frame is
maintained. The longest possible transcript codes for a protein of 631 amino acids,
the smallest for 568 amino acids. In addition, at the 3' end of the gene alternative
use of different polyadenylation signals is found, resulting in a longer or shorter 3'
untranslated region. The alternative splicing in FMRI does not seem to be tissue
specific, for no differences were detected between the various tissues analyzed. For
more details the reader is referred to Publication 7.4. In addition to the splicing
described in Publication 7.4, Ashley et al. (76) also identified alternative splicing
involving exon 14 in both human and mouse. In the mouse this was further
analyzed and it was found that exclusion of exon 14 causes a frameshift in the
Fmr1 (mouse) open reading frame. Exon 13 can be joined to several splice acceptor
sites in exon 15. Multiple protein isoforms are predicted with new amino acid
sequences at the C terminus (Figure 3).

Knowledge of the sequence of the FMRI gene gave us the opportunity to
synthesize synthetic peptides (15-30 amino acids) which were used to raise
antibodies against the FMR1 protein (FMRP) in rabbit. These antibodies recognize
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Figure 3. Intron/exon distribution in the FMRI gene. Exons are depicted as boxes and
numbered in roman numerals. Sizes of introns and exons are irdicated. Shaded
portions at the 3" and 5 ends signify untranslated regions of the gene. Alternative
splicing is depicted. Adapted from Eichler et al., 1993 (75,88; Publication 7.4),
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more than one protein product in white blood cells of healthy individuals,
confirming the alternative splicing in FMR1 (77,88,89; Publication 7.4). In patients,
not expressing FMRI mRNA, no FMRPs could be detected. Using immuno-
fluorescence, the intracellular localization of different splice variants of FMRP was
investigated in COS cells (monkey kidney cells) and was found to be
predominantly cytoplasmic (77,89), in spite of the presence of a putative nuclear
translocation signal in the C-terminal part of the gene (26; Publication 7.1).
Unexpectedly, Devys et al. found a predominantly nuclear localization when COS
cells were transfected with expression vector containing only the N-terminal half of
the FMR1 coding sequence (89).

A lot is still to be learned about the function of the normal FMR? protein and the
relation between the absence of FMRP and the pathology in fragile X syndrome
patients. Initially, no homology was found between the predicted FMRP sequence
and any other known protein in database analyses (26; Publication 7.1). Recently,
two domains have been identified resembling a motif thought to be involved in
RNA binding {84,90). FMRP indeed was found to have RNA binding activity
(84,90; paragraph 3.5).

mRNA expression

Various levels of FMRI mRNA expression have been found in different organs
(26,91-93; Publication 7.1), with high expression in human adult testis and brain
(91). Studies of mRNA expression by in situ hybridization to human tissues of §
and 9 weeks old fetuses showed high expression in the brain, especially in the
cerebellum and hippocampus, spinal cord, ganglia, neural retina and cartilaginous
structures, but not in testis (92). Further study of human brain tissue of 25 week
old fetuses showed a high level of FMRI mRNA in differentiating neurons in
numerous cerebral structures (92). In the mouse high levels of mRNA are found
during early embryogenesis {91). High expression of Frrrl was found in murine
spermatogonia, which suggests a role of FMRI in sperm development (94).

Basis of the fragile X mutation:

varintion in the number of CGG repeats and different classes of mutation

With the discovery in 1991 of a trinucleotide repeat in the FMRI gene (26;
Publication 7.1) a new type of mutational mechanism has been revealed.
Transgenerational amplification of this repeat appeared to be the molecular genetic
basis of the fragile X syndrome.

PCR and sequence analysis showed that the number of CGG repeats in the FMRI
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gene is found to be polymorphic in the human, mouse and pig (85,87). The repeat
in the published FMRI gene contained two AGG sequences (26; Publication 7.1).
Not all FMR1 alleles studied contain AGG sequences, and nothing is known about
any distribution of AGG triplets in the FMRI CGG repeat in different individuals.

In normal individuals the number of repeats was found to vary from 6-54, with an
average of 29 (87). In fragile X syndrome carriers and patients there is a
considerable increase in size of the region containing the CGG repeat.
(26,73,74,87,95; Publication 7.1). No differences were observed in sequences
immediately flanking the CGG repeats between fragile X patients, carriers and
normal individuals (87), suggesting that the increase in DNA fragment size is
indeed restricted to the CGG repeat itself and that the FMRI gene might have a
primary role in the pathogenesis of the fragile X syndrome. Analysis of CGG
repeat PCR products on sequencing gels showed spacing of bands at 3 bp intervals
{87) and sequencing within the repeat region confirmed amplification of the CGG
repeat itself (79).

Two classes of DNA abnormalities can be distinguished in fragile X syndrome.

1. In normal transmitting males and their normal carrier daughters the number of
CGG repeats in the FMRI gene varies from 43-200. This is termed a
premutation, as this number of repeats exceeds the normal range and is not
directly associated with the disease phenotype (73,74,87,95). Premutation alleles
are normally transcribed (81).

2. In male patients more than 200 repeats are found in the FMRI gene, with some
expansions exceeding 2000 repeats (73,83,87,96,97; Publication 7.3). This number
of repeats is directly associated with the disease phenotype and is called a full
mutation. In case of a full mutation, the promoter region c.q. CpG island of the
FMRI gene and the CGG repeat are methylated (78-80). This results in
repression of FMRI transcription (81) and absence of the FMRI protein {77),
which leads to the fragile X phenotype.

Female carriers have either a premutation or a full mutation. Females carrying a
premutation are always phenotypically normal. About 50-70% of females carrying
a full mutation on one of their X chromosomes are mildly to moderately affected
(96). No correlation in lymphocytes has been demonstrated between skewing of X
inactivation and mental status in affected females. This might be different in the
brain.

In Figure 4 the molecular basis of the fragile X syndrome is shown schematically.
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The length of the CGG repeat is correlated with the percentage of cells in which
cytogenetic expression is found (83). Normal transmitting males and females with
a premutation never show the fragile site, whereas cells from practically all male
patients with a full mutation show cytogenetic expression. Only in a number of the
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Figure 4. Schematic representation of the FMR1 gene and the molecular basis of the fragile X
syndrome,

Premutation alleles are found in normal transmitting males and in normal female carriers, No
methylation of the CpG island is found, resulting in normal transcription of the gene and a
normal phenotype.

Full mutations are found in 100% of affected males. Of the females carrying a full mutation
about 50% - 75% are mildly to moderately mentally retarded (96). In full mutations the CpG
island of the FMR1 gene is methylated (M) and transcription is absent, resulting in the disease

phenctype.
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Table 1. Phenotype, genotype, mRNA and cytogenetic expression of the FMRI gene in
different individuals.

Allele Phenotype Number of MR mRNA Cytogenetic
repeats expression  expression
%
normal normal 6-54 - + -
premutation normal fransmitting males 43-200 - + -
female prernutation carriers 43-200° - + -
full mutation  male fragile X patients > 200 + - 100%
female full mutation carriers = 200 4B £ > 50%

MR = mental retardation

2 in addition these females also have a normal allele.

b in about 50-70% of females carrying a full mutation mild to moderate mental retardation

is found.

¢ in females FMR1 mRNA is only transcribed from the normal active X.

females with a full mutation, the fragile site can be detected.

Table 1 gives an overview of the differences between normal, premutation and full
mutation alleles.

Instability and mosaicism of the CGG repent

Previously unexplained findings, such as the Sherman paradox, and the
transmission of an X-linked disease by apparently healthy males, could be clarified
by the elucidation of the molecular defect in the fragile X syndrome.

Normal alleles containing 6-54 repeats are stable. This means that there is no
change in repeat size when the gene is passed on to the next generation.
Premutation alleles containing 43-200 repeats are unstable and may increase in size
with transmission to the next generation (73,74,87,95-97; Publication 7.3).
Occasionally a decrease in size is observed (73,87,96,98). There is an overlap in the
number of CGG repeats between normal and premutation alleles. These can be
distinguished by studying the (in)stability of the alleles in a pedigree. Premutation
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alleles transmitted by normal transmitting males always remain in the premutation
range in their daughters. Therefore daughters of normal transmitting males are
always phenotypically normal (Chapter 6). Premutation alleles transmitted by a
female carrier may change to a larger premutation or a full mutation in the
offspring. Only premutation alleles transmitted by females have a chance of
increasing to a full mutation in their offspring. It is still unclear why the expansion
of CGG repeats is limited to female germline transmission.

The risk of a premutation in a female to expand to a full mutation in the next
generation is correlated with the size of the premutation allele of the mother. A
low repeat number (50-65 repeats) has a low risk, and a high repeat number (70-80
repeats} has a high risk of expanding to a full mutation (73,74,87,99). When a
premutation contains more than circa 90 repeats, the chance that it becomes a full
mutation in the next generation is almost 100% (87). These risks correspond to the
risks of mental retardation calculated by Sherman for individuals in a fragile X
pedigree (87).

Due to mitotic instability of the CGG repeat, length mosaicism is frequently
observed in individuals carrying a fragile X mutation when somatic DNA is
studied.

Two kinds of mosaicism are observed in fragile X individuals:

1. Extensive somatic instability is observed in individuals carrying a full mutation
(73,96,97; Fublication 7.3). Mitotic divisions may result in a variable number of
repeats in different cells of the same individual. This is visualized in a Southern
blot analysis as a "smear” instead of a distinct band. Several such individuals are
described in Publication 7.3, page 157. For example in Figure 14, in patients 3
and 6; and in Figure 1B, in patient 4 and in a normal female carrier 5.

2. In 25% (81) of male patients, in addition to a full mutation a premutation is
found in part of their cells (73,97; Publication 7.3). Despite transcription of the
(unmethylated) premutation alleles these males are mentally retarded. It is
assumed that the absence of the FMRI protein in relevant cell types is
responsible for the disease phenctype. In female carriers this kind of mosaicism
is also found. An example of a male patient mosaic for a premutation and a full
mutation is shown in Publication 7.3, page 158, Figure 24, individual 3.

Evidence accumulates that the somatic mosaicism as seen in adults is established
during early embryogenesis, as identical patterns of mosaicism were found in
different tissues of a 13 week old fetus, in adult males and in monozygotic twins
(100,101). If mitotic instability would occur in every mitotic division during life,
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proliferation of a single cell would probably result in variable random patterns in
different tissues. In vitro studies of proliferation of a single cell with one particular
size demonstrated that the repeat length was stably maintained in clonal cell lines
after as many as 25 doublings (100). These data together point in the direction that
the mosaicism is established early in development.

3.5 Fragile X patients without CGG repeat amplification in the FMR1 gene

Although an abnormally increased repeat length of the FMRI CGG repeat is the
hall mark of most fragile X patients, there are a few exceptions. Several patients
have been identified with the typical clinical phenotype of the fragile X syndrome,
but without CGG repeat expansion or cytogenetic expression of the fragile site. In
one such patient a de novo deletion of approximately 250 kb was found that
included the CpG island and at least five exons of the FMR1 gene (102). In another
patient a deletion of more than 2 Mb of chromosomal DNA, including the entire
FMRI gene, was found (103). The possible involvement of qther genes in the
deletion, contributing to the disease phenotype could not be excluded.

One patient has recently been described (104; Publication 7.5) with the fragile X
phenotype, without CGG repeat expansion and with normal transcription of the
FMRT gene. In the FMR1 gene of this patient a single de #ove point mutation was
found, resulting in an aberrant protein causing the fragile X phenatype. The search
for and identification of this mutation by means of reverse transcriptase-PCR and
sequencing is described in detail in Publication 7.5.

Recently, RNA binding proteins have been identified in several organisms that
contain specific RNA binding domains, called RGG boxes and KH domains (84).
Sequences for an RGG box and two KH domains have now also beern identified in
the FMRI gene (84,90). The point mutation in the FMRI gene of the patient
described in Publication 7.5 is located in the middle of the second KH domain.
However, the aberrant FMRI protein from this patient, did not lose its RNA
binding activity (Verheij, unpublished results).

The observation of a point mutation in the FMRI gene of this patient supports the
hypothesis that the fragile X syndrome is a single gene disorder and that loss of
function of or a mutation in the FMR1 gene leads to the clinical phenotype of the
fragile X syndrome.

Analysis at the molecular level of other patients with the fragile X phenotype but
without CGG repeat amplification and without cytogenetic expression must reveal
whether there might exist a variety of additional mutations in the FMR1 gene. A
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small number of such patients have now been analyzed at the RNA level, and no
mutations have been found in the FMRI gene of these males (105). One
explanation for these findings could be that these patients closely resemble fragile
X patients, but in reality are suffering from another syndrome. A second possibility
is that normal FMRP binds to specific RNA(s), which themselves could be mutated
and lead to the fragile X phenotype.

3.6 Other fragile sites on the X chromosome

The majority of individuals with a fragile site at Xq27.3 and mental retardation
have been confirmed to have the fragile X syndrome, by identifying an increased
CGG repeat in the FMRI gene. However, several families have been described in
which individuals exhibiting a fragile site at Xq27 do not have a repeat
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Figure 5. Different fragile sites are indicated in the Xq27-28 region, FRAXA containing a CGG
repeat, FRAXE containing a GCC repeat, and FRAXF of which the molecular
composition is unknown. These sites can be distinguished by fluorescence in sifu

hybridization with different probes.
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amplification in the FMRI gene, even though they show cytogenetic expression of
the fragile site in 5 to 75% of the cells examined (106-110). In most cases, after the
finding of a normal CGG repeat in the FMRI gene, the affected individuals were
clinically reexamined, and were assessed to have a non-fragile X phenotype
involving mild mental retardation. In these patients a neighbouring fragile site was
found in Xq27.3.

Refined cytogenetic and DNA based methods have allowed differentiation of two
other different fragile sites, called FRAXE (111-113) and FRAXE {114), in different
families that were initially cytogenetically indistinguishable from FRAXA (111,114).
These sites can be distinguished by fluorescence i situ hybridization using
different DNA probes or cosmids from the Xq27-q28 region on fragile site induced
metaphase chromosomes. In Figure 5 this is schematically depicted. The FRAXA
site is located between cosmid 7.1 {a subclone from YAC 209G4) (72; Publication
7.2) and Do33 (65). The FRAXE fragile site is located between Do33 and VK21 and
is located 600 kb distal to FRAXA (111,112). FRAXF is located between VK21 and
1Al and is located more than 1000 kb distal from FRAXA (114).

The FRAXE site is associated with mild mental retardation in patients and an
extended GCC repeat (>200 repeats} (113). In normal individuals, 6-25 copies of the
GCC sequence are found with an average of 15. Essentially the FRAXA and
FRAXE repeat are similar in sequence. The CpG island associated with FRAXE is
located 600 kb distal to the FMR? associated CpG island and is methylated in
FRAXE patients. This suggests that methylation may play a role in the inactivation
of a postulated gene associated with FRAXE resulting in mental impairment.
FRAXE patients have a normal methylation pattern across the FRAXA region (113).
The molecular nature of FRAXF is still unknown. Cloning this region of fragility
will determine whether the FRAXF region also contains a trinucleotide repeat
amplification.
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4

DNA DIAGNOSTICS OF THE FRAGILE X SYNDROME
PAST AND PRESENT
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Natural variations in DNA sequence exist between individuals and are passed on
to their offspring. Some of these variations can be detected by the use of restriction
enzymes and appear as variations in fragment lengths, known as restriction
fragment length polymorphisms or RFLPs (1). Probes can recognize two (RFLP) or
more (Variable Number of Tandem Repeats or VNTRs) different fragment lengths
or alleles (2). In addition di-, tri- and tetranucleotide repeats are present in the
genome. Repeats, which are abundant in the human genome and can be
polymorphic in length, can be analyzed by means of the polymerase chain reaction
(3). Segregation of alleles at polymorphic loci can be studied in families and can be
used to follow the segregation of a disease gene.

The longer the distance of a marker is to the disease gene, the more chance there
will be that a recombination occurs between the disease locus and this marker.
Polymorphic markers which are genetically closely linked to a disease locus can be
used for carrier testing and prenatal diagnosis of a disease when mutations in the
(disease) gene are not known. For a reliable diagnosis the markers have to be
informative in the families to be investigated. For X-linked diseases this means that
female carriers have to be heterozygous for markers on both sides of the disease
gene locus, so that the different haplotypes can be followed in their offspring.
When flanking markers are available, only a small chance on a double
recombination event remains, resulting in an erroneous diagnosis. The major
limitation of linkage analysis with distant flanking markers is the substantial risk
of a single recombination event, in which case no conclusion can be drawn.

4.1 Diagnosis in families with fragile X syndrome using polymorphic markers

For a number of years, diagnosis of the fragile X syndrome has been based on the
detection of the fragile site at Xq27.3 (4,5,6). However, with this method many
carrier females could not be detected, as approximately 50% of all obligate carrier
females do not show cytogenetic expression of the fragile site (7). These females
include all carriers of a premutation and a number of carriers of a full mutation.
Normal male carriers were also missed using this method, because they never
show cytogenetic expression. The availability of polymorphic markers on both
sides of the fragile X locus opened up new possibilities for the diagnosis of the
syndrome.

Since markers very close to the fragile X locus were not available for many years
(Chapter 3, paragraph 3.1), clinical geneticists have been reluctant to use risk
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analysis based on linked polymorphic DNA markers in prenatal diagnosis, and the
method has been largely restricted to carrier detection.

In Figure 1 an example of linkage analysis is given in a fragile X family using the
polymorphic markers RN1 (8,9), JH8? (10), and 1I-10 (11). The order of these
markers is as follows: centromere - RN1 - JH89 - FRAXA - 1I-10 - telomere (8-11).
The markers RN1 and II-10 are estimated to have a distance to the fragile X locus
of approximately 5 cM (89,11). The distance from JH89 to the fragile X locus is
estimated to be 4 ¢M (10).

Individual I[-8 is a mentally retarded fragile X male with cytogenetic expression of
the fragile site at Xq27.3 in 22% of his cells. The X chromosome carrying the fragile
X mutation in the affected male II-8 has a specific haplotype determined by the
alleles of the different markers used. The two other individuals with cytogenetic
expression in this pedigree, II-4 and 11I-2, have the same haplotype as II-8.

The female carrier I-2 is informative for the markers proximal and distal to the
fragile X locus, therefore it is possible to asses the carrier status of individuals in

I Ii:l~~~-~"--2®

RNi 1 12
1H89 2 2 1
FRAXA - - A+
1n-10 1 1 2
II
I|:| 3E| 4 5, §, 7 8
0% % 0% % 0% 22%
1 1 1102 1 1 1ifl2 1 2
2 2 2|| §1 20iH2 2( B 2 1
- - - + -1t H- Ml E - +
1 1 10 K2 1 1 1 1 2
IT1 2 3 |

1
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1
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— | o =

Figure 1. An example of carrier detection in a fragile X family, using closely linked markers.
The markers are indicated on the left side of individual I-1. For the majority of
individuals the percentage of cytogenetic expression is indicated.

FRAXA - = normal allele FRAXA + = allele with fragile X mutation
() = normal female [ = normal male
() = carrier female Rl = affected male
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generation II. Both sisters II-2 and II-6 show no cytogenetic expression of the
fragile site, but based on haplotype analysis both are almost certainly (> 99% risk)
carriers. Sister II-5 has inherited the normal X chromosome from her mother,
reducing her risk of being a carrier to less than 1%.

Sister II-4, who already has one affected son, wanted a prenatal diagnosis. She is
also informative for markers on both sides of the fragile X locus. Her male fetus,
III-3, has inherited the normal X chromosome from his mother and has a > 99%
chance of being normal. Daughter III-1 has inherited a recombined chromosome
from her mother 1I-2. Since it is unknown whether this single recombination has
occurred proximal or distal from the disease locus, no conclusion about her carrier
status could be made.

This example illustrates the possibilities and limitations of linkage analysis. In a
high number of cases a clear conclusion about carrier status can be drawn.
However, with the flanking markers used (with estimated distances of 4 ¢M
proximal and 5 ¢M distal of the fragile X locus) a high chance (9%) of a single
recombination exists. If a recombination is found, no conclusion can be drawn.

4.2 DNA diagnosis of the fragile X syndrome by determining the size of the
CGG repeat in the FMR1 gene

After the identification of the gene defect, postnatal and prenatal diagnosis of the
fragile X syndrome can now be performed with a high degree of accuracy by
detecting the CGG repeat amplification at the DNA level using Southern blot
analysis. In addition, a PCR test can be performed to determine the exact number
of CGG repeats in normal and premutation alleles. Due to the inefficiency of
detection of the high number of CGG repeats in full mutations by the PCR method
used (12), it is difficult to visualize these alleles by means of PCR. An example of
such a PCR is given in Figure 5 in this chapter.

Southern biot analysis

DNA fragments from individuals are visualized using Southern blot analysis and
hybridization with a radioactively labelled specific probe. For DNA diagnosis of
the fragile X syndrome a specific probe is used to demonstrate the presence of a
genomic DNA fragment containing the CGG repeat. In various laboratories
different probes have been isolated, that can be used for diagnostic purposes
(13-19, Publication 7.3), these probes are indicated in Figure 2 as a, b, c and 4.
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Figure 2. Representation of DINA probes used in fragile X diagnosis.
a=pfxa3=0x0.55=pPX6
b=5tB12.3=pfxa7=pP2
c=0x1.9
d=pES.1=pfxal
Refs. 13-19, Publication 7.3.

A schematic representation of the different EcoRI fragments found in normal
individuals and in fragile X carriers and patients is given in Figure 3. In normal
individuals only a 5.2 kb EcoRI fragment is observed (lanes 1 and 2). In normal
transmitting males premutations are found, and these are visible as somewhat
larger bands up to = 5.7 kb {lane 3). In male patients, full mutations are seen as a
broad band or smear, due to the presence of different repeat lengths above 200
repeats in different cells (lane 5). In fragile X carrier females, whether they have a
premutation (lane 4) or a full mutation {lane 6), always a normal 5.2 kb band is
visible, representing their normal X chromosome.

Lanes 7 and 8 represent a fragile X male and female, both mosaic for a

premutationr: and a full mutation.
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Figure 3. Schematic representation of Southern blot analysis to detect abnormal DNA
fragments in fragile X syndrome. CGG repeat containing EcoRl fragments can be
detected by for example probe pP2, see Figure 2 (fragment b).

1 = normal male

2 = normal female

3 = normal transmitting male

4 = normal carrier female

5 = mentally retarded male

6 = female carrying a full mutation’

7 = mentally retarded male, mosaic for a premutation and a full mutation
8 = female, mosaic for a premutation and a full mutation’

"50-75% of the women with a full mutation are mildly to moderately mentally
retarded (19).

In Figure 4 an example is given of DNA analysis by means of Southern blot
analysis in a fragile X family. In this example the probe pP2 (b in Figure 2) was
used in combination with an EcoRI restriction digest of the DNA .

In normal individuals, the probe pP2 identifies a 5.2 kb EcoRI fragment (lanes 4, 8,
9, 11 and 12). This fragment contains the CGG repeat and the FMRI gene
associated CpG island, which is methylated in fragile X patients (13,19; Publication
7.3). Altered sizes of this fragment, usually increased lengths, are detected in
female carriers, affected individuals and transmitting males.

Female carriers can have either a premutation {lanes 1 and 7) or a full mutation
(lane 10). In male fragile X patients a full mutation is found (lane 5).
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Figure 4. Southern blot analysis of a fragile X family.
(O = normal female [] = normal male
() = carrier female W = affected male

n = normal, p = premutation, fm = full mutation.

{Southern blot analysis kindly provided by Dr. D.JJ. Halley and Dr. AM.W. van den
QOuweland.)

The premutation of the female carrier in lane 1 has increased to a full mutation in
her son (lane 5). Individual 13 is a female patient who, besides a normal allele, has

a mosaic pattern consisting of a premutation and a full mutation.

In Publication 7.3 the results of DNA analysis are described for several fragile X
families using the probe pE5.1 (fragment d in Figure 2) on EcoRI restriction
digests. An example of the principle of gradual change of the insert size during
transgenerational passage is depicted in Figure 1B, page 157.

Polymerase chain reaction amplification of the CGG repeat

By means of the polymerase chain reaction (PCR) and separation of the CGG
repeat PCR products on polyacrylamide gels, it is possible to determine the exact
CGG repeat numbers of normal and premutation alleles {12). Due to the high
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number of CGG repeats in full mutations, it is difficult to determine repeat
numbers above 200 with this method (12).

PCR analysis of the CGG repeat is useful for determining the carrier status of
females. The exact number of repeats in normal and premutation alleles can be
determined with this method, whereas with Southern blotting, alleles having only
small size differences can not always be distinguished. PCR can be used to exclude
carrier status of females by demonstrating normal alleles. [t can also be used to
study the stability or instability of alleles in successive generation.

In Figure 5 an example is given of a PCR analysis in a family with fragile X
syndrome, including a prenatal diagnosis. The number of CGG repeats in the
FMRI gene of the different alleles are indicated.

The PCR products of individuals 1I-1, 1II-1, 1II-2 and TI-4 are too large to be
detected using this type of PCR analysis. Full mutations in these individuals were
confirmed by Southern blot analysis by the presence of a smear. Individual 11-2 is a
normal transmitting male who has inherited the premutation allele {increased in
length) from his mother. Individual II}-5 is a male fetus who inherited the normal
maternal allele (27 repeats). Prenatal diagnosis by PCR was confirmed by Southern
blot analysis by demonstrating the presence of an unchanged normal maternal
allele in this male fetus.

Pergolizzi et al. described a different method to visualize full mutations, which
combines PCR with Southern blot analysis (20,21). After PCR amplification of the
CGG repeats, the PCR products are separated on an agarose gel, followed by
Southern blotting. The resulting filters are then hybridized with a radioactively
labelled CGG repeat oligonuclectide probe. Due to the presence of a large number
of copies of CGG repeats in full mutation alleles, this gives an intense signal.
However, this method has some disadvantages. Because this method is limited in
the separation of the DNA, it is not possible to determine the exact number of
normal and premutation alleles in this way. In addition, the amplification of large
alleles will be less efficient in the presence of a normal allele (21), for instance in a
female carrying a full mutation or in a male who is mosaic for a premutation and
full mutation allele. In these cases a large allele might be missed and a reliable
diagnosis requires an additional Southern blot analysis. At the same time Southern
blot analysis can provide information about deletions in the repeat containing
region or about the methylation status of the CpG island of the FMR-1 gene, which
is not obtained by PCR.

Guidelines for the diagnosis of fragile X syndrome have been formulated,
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indicating the best strategy to diagnose repeat amplification in the FMRI gene (18).

. W
m ﬁﬁéﬁ .

fm

105

90 80

40

Figure 5. PCR analysis of the CGG repeat in the FMRI gene in a pedigree with fragile X
syndrome. The number of CGG repeats is indicated. fm = full mutation.

=} = female carrier [] = normal male

¥ = normat transmitting male Bl = affected male
(PCR analysis kindly provided by Dr. DJJ. Halley and Dr. AMW. van den
Quweland.)
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Conclusions

The availability of analysis of the FMRI gene at the molecular level has changed
the way in which fragile X diagnosis is performed during the last years.
Cytogenetic testing of the fragile site has been replaced by DNA analysis. DNA
testing is more reliable in detection of normal transmitting males and female
carriers of a premutation, who never show a fragile site, and of female carriers
with a full mutation, in whom a fragile site can not always be detected. Southern
blot analysis remains the standard method for detection of full mutations. PCR
based methods can be used for characterizing the sizes of premutation and normal
alleles (18).

DNA of new cases of mentally retarded individuals, whom are suspected of
having the fragile X syndrome, will be tested for the presence of an amplified CGG
repeat in the FMRI gene by using DNA analysis. Cytogenetic testing of
chromosomes of these individuals for chromosomal abnormalities is st} important,
because such abnormalities can also be the cause of mental retardation. In
unrelated mentally retarded individuals, chromosomal abnormalities are seen
roughly at the same frequency (~4%) as fragile X syndrome (22).

In the future it might be possible to offer women, who consider having children,
the possibility of determining their carrier status for the fragile X syndrome. The
prevalence of fragile X premutations was studied in X chromosomes of more than
10,000 women (23). It was found that 1/400 women in the population is carrier of
a repeat in the premutation range of 60-200 repeats (23}. Taking also into account
the women with small premutations, containing between 40 and 60 repeats, the
frequency of female carriers is higher and might even be 1/200.

To determine repeat numbers in these cases, PCR is likely to be the method of
choice. However, an overlap exists between repeat numbers in normal and
premutation alleles. Alleles containing a CGG repeat number below 40 are
considered to be normal. The smallest unstable allele found contained 43 CCG
repeats (Nelson, pers. comm.). Alleles containing more than 60 repeats will
virtually all be premutation alleles. It will be difficult to give a judgement about
alleles in the "grey area” containing 40-60 CGG repeats. To determine whether
these are normal or premutation alleles, it will have to be examired if such an
allele is stably inherited in the family of the individual concerned.

The examples in this chapter illustrate that cloning and characterization of the
FMRI gene and the identification of the gene defect in fragile X patients has
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greatly improved the way by which the syndrome can be diagnosed. Increases in
size of the CGG repeat and the number of repeats in the FMRI gene of
individuals, can be determined by means of a simple Southern blot analysis and
PCR test, and can be correlated to the clinical phenotype. On the other hand,

additional questions, especially concerning expansion-proneness of "grey area"

repeats, remain to be assessed in a molecular epidemiologic approach.
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5

TRINUCLEOTIDE REPEATS
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5.1 Disease genes containing trinucleotide repeats

The discovery in 1991 that amplification of a trinuclectide repeat is the molecular
genetic basis of the fragile X syndrome revealed a new mechanism of
transgenerational inheritance.

This finding was soon followed by discoveries of other diseases in which triplet
amplifications at the DNA level are responsible for the disease phenotype:
Kennedy’s disease or spinal and bulbar muscular atrophy (SBMA} (1991) (1),
myotonic dystrophy (DM=dystrophia myotonica) (1992) (2,3,4), Huntington’s
disease (HD) (1993) (5), spinocerebellar ataxia type 1 {SCAI) (1993) (6), and the
mental retardation syndrome associated with the FRAXE site (7; Chapter 3,
paragraph 3.6).

The genes associated with these disorders all contain a polymorphic GC-rich
trinucleotide repeat which is unstable and is expanded in affected individuals.
Only two kinds of trinucleotide repeat sequences are found in these genes,
CGG/CCG and CAG/CTG repeats. For example, in the fragile X syndrome and
the mental retardation syndrome associated with the FRAXE site, the composition
of the repeat DNA. is identical, though opposite sequences are coding,.

In the case of fragile X syndrome, DM, SBMA, HD and SCA], the repeat is present
within the mature transcript. In the FMRI gene and the DM gene the repeat is
present in the untranslated region. The location of the repeat in FRAXE is not yet
known.

Kennedy’s disease

Kennedy's disease or spinal and bulbar muscular atrophy (SBMA) is an X-linked
recessive disease that has been described in about 50 families. Affected males show
an adult onset of progressive muscle weakness, atrophy and may have
gynaecomastia and reduced fertility, the latter symptoms suggesting a defect in
androgen receptor function.

PCR amplification and sequencing of the eight exons of the androgen receptor on
chromosome Xqll-12 showed variation in the first exon of the gene between
patients and published control sequences (1). A polymorphic CAG repeat is
present in this exon of the androgen receptor which falls within the coding region
of the AR gene, and in patients the CAG repeat is increased in length. The repeat
is highly polymorphic in length both in normal individuals (12-30 repeats)
(1,8,9,10) and in SBMA patients (40-62 repeats) (1,8). Transmission of the expanded
CAG allele from one generation to the next is associated with instability, both
expansions and contractions have been observed (8,11). No somatic mosaicism has
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been found in SBMA, like in fragile X syndrome and myotonic dystrophy.

Myotonic dystrophy

Myotonic dystrophy or DM is an autosomal dominant neuromuscular disease with
an estimated incidence of 1 in 8000 (12). Patients exhibit progressive muscle
weakness and wasting, myotonia and cataracts. Age of onset and severity of the
disease show extreme variation both within and between families. Patients can be
divided into 3 groups: 1) minimally affected or late onset, 2) the classical form
with onset in early adult life and adolescence (both termed non congenital DM),
and 3) the most severe congenital form of myotonic dystrophy also abbreviated as
CMD. CMD is only seen in the offspring of mothers who themselves have DM and
is often associated with neonatal death. The congenital form of DM is exclusively
maternally transmitted.

The DM gere is located to chromosome 19¢13.2-13.3 (13), and an unstable DNA
region was identified in this region (2,3,4). Isolation and identification of the DM
gene showed the presence of a CTG repeat in the 3’ untranslated region of the
gene (14,15,16). The CTG repeat is polymorphic in the normal population (5-30
repeats) and is increased in length in DM patients (50 - >2000 repeats) (14,15,16). A
protein was predicted with high similarity to numerous protein kinases (14,16,17).

Humntingon’s disease

Huntington’s disease or HD is a progressive neurodegenerative disorder. It is
inherited in an autosomal dominant fashion and affects about 1 in 10.000
individuals (18). Onset of the disease generally starts in the fourth to fifth decade
of life (19) and gradually worsens over a course of 10-20 years until death occurs
(20). Symptoms start with characteristic uncontrolled movements and include
progressive mental disturbances; there is loss of specific neurons in different parts
of the brain.

A polymorphic CAG repeat is found in the 5" region of the Huntington’s gene on
chromosome 4p16.3, which is most likely translated into the protein (5). In
Huntington's patients the CAG repeat is increased in length and is unstable, as in
the DNA of affected children of an affected individual different numbers of repeats
are found. The function of the HD protein is unknown; no homology to any other
known protein is found (5).

Spinocerebellar ataxia type 1
Spinocerebellar ataxia type 1 or SCAI is an autosomal dominant progressive
neurodegenerative disease (6). The SCAI gene is located on chromosome 6p22-23.
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Table 1. Data concerning the trinucleotide repeat containing genes involved in fragile X

syndrome, Kennedy's disease, myotonic dystrophy, Huntington's
spinocerebellar ataxia type 1.

disease and

Gene FMR1 AR DM HD 5CAl
Disease involved Fragile X Kennedy's Myotonic  Huntington’s  Spino-
syndrome  disease dystrophy disease cerebellar
ataxia
type 1
Chromosomal location  Xq27.3 Xqll-i2 19q13.3 4p16.3 6p22-23
Repeat CGG CAG CTG CAG CAG
Location in the gene 5'UTR 5'coding  3'UTR 5'coding coding
Number of repeats:
in normal individuals &-53 12-30 5-30 10-34 19-36
in patients 200->2000  40-62 50- »2000  30-128 43-81
Gene characteristics:
genomic size ~40 kb >90 kb ~14 kb ~210 kb nk
mRNA transcript ~4 Kb 10,6 kb ~34 kb ~10-11 kb 10 kb
open reading frame 1,9 kb” 2,7 kb 1,9 kb' 9,4 kb nk
protein 631 aa’ 910 aa 629 aa’ 3144 aa nk
AR = Androgen receptor
DM = Dystrophia myotonica
SCAl = Spinocerebellar ataxia type 1

nk = not known

*

Refs.: 1-6,8,9,11,14-17,21-28 and references mentioned in Chapters 3, 6 and 8.

= due to alternative splicing several ORF's and differently sized proteins are possible.
The longest possible protein is indicated.
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In patients, an extended CAG repeat has been identified in this region (6,28}, The
SCAI gene itself has not been isolated yet.

In Table 1 an overview is given of genetic diseases based on trinucleotide
amplification within the genes involved.

5.2 Amplification and anticipation

Four of the above mentioned disorders, Kennedy’s disease, myotonic dystrophy,
Huntington’s disease and spinocerebellar ataxia type 1, show the phenomenon of
anticipation.

Anticipation is the term given to the apparent occurrence of increasing severity of
symptoms of an inherited disorder (through successive generations) with
progressively earlier age of onset of the disease in successive generations. In more
severely affected individuals, higher copy numbers of repeats are found. With
increasing repeat lengths, the age of onset of the diseases decreases, a phenomenon
clearly visible in myotonic dystrophy and Huntington's disease. The anticipation
can be explained by the molecular findings: the number of repeats increases with
the transmission of the mutation from generation to generation (6,8,25-29).

The "anticipation” as seen in fragile X syndrome is an all or nothing phenomenon
and does not fit the definition. In carriers of a premutation, normal transcription
and translation take place, resulting in a normal phenotype. When the
amplification passes the border of about 200 copies of the CGG repeat, methylation
of the promoter region of the FMRI gene and the repeat itself occurs. This
prevents transcription, and the resulting protein deficiency leads to the disease
phenotype in all males. In these males, the severity of the disease is not dependent
on the number of repeats found in their FMRI gene (30). In DM, HD and SCAI,
the anticipation is evident, whereas in SBMA it is present but not as evident as in
the other three diseases. It might be speculated that genes involving other
disorders that exhibit anticipation are also candidates to contain an unstable
trinucleotide repeat.

Sex specificity of transmission
In fragile X syndrome, affected children are exclusively born, after passage of the
mutation through a female. Offspring of normal transmitting males and male
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patients are always normal. Sperm of affected males was found to contain only
mutations in the premutation range (31), which remain a premutation in their
daughters. Why only maternal premutations can expand to full mutations is not
yet understood (see Chapter 6).

Congenital DM is inherited exclusively from mothers (32,33). In CDM, very large
expansions of the CTG repeat (1000-2000 repeats) are found. It could be speculated
that these large repeat sizes could not be transmitted by males. No imprinting is
involved in the expression of the DM gene (34,35). In contrast, the juvenile onset
forms of HD and SCAI are inherited from fathers (25-28,36). In these cases a larger
number of repeats are found.

The basis of the sex specific transmissions of especially large mutations is
unknown.

Size and location of trinucleotide repeats within disense genes

Amplifications on a small scale are found when the repeat is located within the
coding region of the gene and thus translated into protein, as is the case in the HD,
SCAL and androgen receptor genes. Amplifications of a much larger scale are
found when the repeat is located within the untranslated region, as in the FMR1
(5" UTR) and DM (3" UTR) genes. A possible explanation for these differences
might be that large amplifications in the coding region of the genes involved may
be lethal in early embryogenesis.

Repeats and methylation

There are 10 possible trinucleotide repeat motifs, of which only two can be
methylated: CGG/CCG and ACG/CGT. In Fragile X syndrome expansion above
200 repeats is accompanied by methylation of the FMRT promoter region, resulting
in transcriptional silencing of the gene and absence of a protein product. In the
mental retardation syndrome associated with the FRAXE fragile site, methylation
of the associated CpG island occurs as well, suggesting the same kind of
mechanism as in fragile X syndrome (7). It will be of interest to determine whether
methylation would play a role in any other disease associated with a CGG/CCG
or ACG/CGT unstable repeat.

The increase of the CTG repeat in the myotonic dystrophy gene has not been
associated with methylation (35). CAG/CTG repeats have been found in four of
the above mentioned diseases (Table 1, page 93).

Gain of function

In Kennedy’s disease, Huntington’s disease and spinocerebellar ataxia type 1, the
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CAG repeat is located within the open reading frame of the gene. This results in a
glutamine siretch in the respective proteins. It is speculated that the protein with
an above normal increased repeat gains a new, erroneous function. Proteins
containing glutamine stretches can be substrates for the enzyme transglutaminase.
For instance the protein involucrin contains a number of glutamine stretches. This
protein serves as a substrate for the enzyme keratinocyte transglutaminase in the
eye, that cross-links involucrin to other proteins to form the insoluble envelope of
the corneocyte (37). As a result of an increased stretch of glutamines in the
proteins encoded by the SBMA, HD and SCAI genes, these proteins might now
serve as substrates for transglutaminases and are cross linked to other proteins,
forming aggregates (38). The brain contains transglutaminases as well, also bound
to synaptosomal membranes (39,40). Aggregates formed in the brain might be
difficult to degrade, in contrast to more efficient degradation in other cell types,
and might be lethal to neurons (37).

In the late-onset disorders SBMA, HD, and SCA1, death of neuronal cells is found,
but there is variability in the affected region in the brain.

5.3 The search for trinucleotide repeats in other human genes

The finding of trinucleotide repeats in disease genes such as fragile X syndrome,
Kennedy’s disease, myotonic dystrophy and Huntington's disease has initiated the
search for other genes containing this kind of repeats. This may lead to the
discovery of other expanding genes causing (neurological) diseases.

A search in GenBank revealed numerous trinucleotide repeat containing cDNAs, of
which CGG, CAG and CCT were most frequently found (41,42). This indicates that
trinucleotide repeats in genes are quite common in the human genome.

Screening of ¢cDNA libraries with CGG and CAG repeat oligonucleotides has
identified a number of independent ¢DNAs containing these sequences, most of
which were isolated from a fetal brain ¢cDNA library (41,42,43). In about one third
of the investigated genes the repeat was not polymorphic, cne third revealed a two
allele polymorphism, and one third revealed length variation with greater then 2
alleles (42).

The triplet repeats that were found in the 5 untranslated region of the different
genes were more polymorphic than those where the repeat appeared to be
translated (42). This might be anticipated since there is probably a higher selective
pressure against variation within coding regions.

Genes involved in other disorders that exhibit anticipation might also be a
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candidate to contain a trinucleotide repeat.
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The elucidation of the DNA sequence of the FMRI gene not only answered many
questions, but has raised many new ones as well. The amplification of a CGG
repeat in fragile X patients was an unexpected finding and represents a new and
complicated genetic mutational mechanism that is not yet understood. The
discovery that trinucleotide repeats can change in size during passage from one
generation to the next and in addition can cause diseases is a fundamentally new
concept in genetics.

There are still unanswered questions: how and when normal alleles expand to
premutations and premutations to full mutations; how full mutations induce
methylation, silence FMRI transcription and induce cytogenetic fragile X
expression.

In this chapter possible mechanisms of repeal expansion and the moment that
repeat expansion might occur will be discussed.

6.1 Founder effect

Fragile X mutations are lost constantly from the population, as affected males in
general do not reproduce and because mentally retarded fragile X females also
tend not to reproduce (1). According to Haldane’s theory, this loss of mutations
should be compensated by a gain of new mutations (2). Likewise, it was expected
that the high population frequency of the fragile X syndrome was due to a high
rate of new mutations (1,3,4). The isolation and identification of the FMR1 gene has
revealed an amplification of the CGG repeat in the 5 end of the gene in the
majority of fragile X patients (Chapter 3). If mutations would occur random on
either X chromosome, then these mutations would not be correlated with a specific
haplotype (2). However, to date no new mutations involving the CGG repeat
length have been detected in any of the fragile X families investigated. Detailed
molecular analysis revealed that all mothers of fragile X males are fragile X carriers
{5-7), which means that no fragile X males are the result of a new mutation in the
oocyte of the mother. Genealogical analysis of fragile X families shawed that the
fragile X mutation could be traced back to common ancestors up to 6 generations
ago (7-9). It is suggested that initial mutations can be transmitted by numerous
generations prior to increasing to a high-risk premutation (10,11). In addition,
haplotype analysis with polymorphic markers flanking the CGG repeat revealed
distinct differences in haplotype frequency between normal and fragile X
chromosomes (10-13). A limited number of haplotypes are found in the majority of
all fragile X chromosomes examined, suggesting that a small number of founder
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chromosomes account for the present day fragile X mutations (7,10,12-14). In the
normal population one of the haplotypes frequently found on fragile X
chromosomes, is associated with a much higher than average number of CGG
repeats (in the normal range), suggesting that this higher CGG copy number is
more likely to expand (to a premutation).

If this model is correct, then a large pool of mutant (premutation) alleles should be
present in the population. Preliminary data suggests that 1/400 females do have an
allele in the premutation range (60-200 repeats) (15). They are potential carriers of
an allele that might be at risk in generations to come.

6.2 Timing of repeat expansion

There is an overlap in the number of CGG repeats present in normal and
premutation alleles (16; Chapter 3, paragraph 3.4). A normal allele (6-54 repeats) can
be defined by the fact that it is stably transmitted from one generation to the next.
An allele is called a premutation (43-200 repeats) and thus unstable, when it
increases or decreases in length during passage to the next generation.
Determination of the number of CGG repeats in the FMR! gene in normal
individuals revealed a 54 repeat allele which was clearly unstable during
transmission through several generations in a clinjcally normal family (14). This
allele likely represents a fragile X premutation that has yet to undergo expansion
to a full mutation causing the fragile X phenotype. In a fragile X family, a female
was identified with a premutation of 43 repeats that was unstable (Nelson, pers.
comm.).

The risk of expansion from a premutation in the parent to a full mutation in the
offspring is dependent on two factors: the size of the premutation (16,17) and the
parental origin. A fundamental question is when and how the expansion takes
place. Is the expansion already present in the germ cells of the parent, or does it
occur at an early embryological stage? Some evidence has now been gathered that
the expansion most likely occurs in the early embryo.

Transmission by a ferale

When a premutation is transmitted by a female, the chance of a full mutation in
the offspring is correlated with the size of the premutation in the mother (16,17).
The larger the premutation is, the higher the risk of expansion in the next
generation will be. Premutations with an allele size above 90 repeats have an
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almost 100% risk of becoming a full mutation in the offspring (16; Chapter 3).
Females with a full mutation never have children with a premutation. They do
sometimes have children, who are mosaic for a premutation and a full mutation.

Transmission by a male

When a premutation is transmitted by a normal transmitting male, expansion to
the full mutation never occurs, irrespective of the size of the repeat. Increases
however do occur, but they stay in the premutation range in the offspring.
Mentally retarded male fragile X patients usually do not reproduce because of
their mental handicap, but the few male patients who have reproduced, have
phenotypically normal daughters (18-22). One such a case has been studied
extensively at the molecular level (21). In this case the father was mosaic for a full
mutation and a premutation. His daughter carried a premutation. A premutation
in the daughter could be explained by the fact that the germline of the father is
mosaic as well, and that he passed the premutation on to his daughter. Another
possibility would be that a full mutation has been transmitted by the father, which
has decreased to a premutation in the daughter. A third possibility is that germ
cells of fragile X patients never carry a full mutation but only a premutation. To
address this question, the FMRI mutation was examined in sperm cells of several
male fragile X patients (23). The sperm cells of these males onlvy contained a
premutation, despite the fact that full mutations were present in somatic cells of
each of the males.

The size of the mutation in oocytes is not known. Moreover, it is unknown
whether in mature oocytes of fragile X females, like in sperm cells of fragile X
males, only premutations are present. The expansion of a premutation to a full
mutation might occur after fertilization in the early embryo.

The fact that expansion to a full mutation only occurs after female transmission is
not yet explained, but could be due to a parental imprinting mechanism in the
FMRI region: a distinction is made between paternally and maternally derived
premutations, and for some unknown reason only maternally derived alleles can
expand to a full mutation in the offspring. This expansion is then a somatic event.
Another possibility to explain expansion to a full mutation only after female
transmission is that sperm cells only contain premutations and that cocytes contain
either a premutation or a full mutation.

Models

In this paragraph two possible models are discussed that could explain the absence
of the full mutation in male gametes:
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1) gametes with a premutation have a selective advantage over gametes with a
full mutation,

2)  the germline only contains celis with a premutation.

Model 1.

Both premutations and full mutations could be present in spermatogonia and/or
primordial germ cells. Through selection of spermatogonia for FMRP production
only cells containing a premutation may develop to mature sperm cells. Bichner et
al. described a high expression of FMRI mRNA in proliferating stages of
spermatogonia but not at later stages of spermatogenesis in normal 4 and 6 week
old mice (24). The presence of FMRI protein in human spermatogonia, but not in
more mature germ cells was confirmed by Devys et al. using antibodies directed
against FMRT (25). This could imply that FMRI expression is necessary for germ
cell proliferation, and that only spermatogonia with a premutation allele, which
allows for mRINA synthesis, may enter spermatogenesis.

Two arguments can be used against this model of selective pressure for FMRI
expression in spermatogonia. First, transgenic male mice have been generated with
a "knocked out” Fmrl gene. These mice have a knocked out Fmrl gene also in their
germ cells. Breeding experiments have demonstrated, that these mice can produce
normal numbers of offspring (Bakker, pers. comm.). This indicates that FMRI
expression is not essential for spermatogenesis.

Secondly, in a fragile X family a deletion was found of the promoter region of the
FMRI gene in four sisters and four of their sons (Meijer, pers. comm.}. In this
family the deletion is likely to have been transmitted by the grandfather. All his
daughters inherited the deletion, and haplotype analysis showed that the four
affected grandsons inherited the same allele from their grandfather. This deletion
results in lack of transcription of the FMRI gene (de Graaff, pers. comm.). This
again suggests that FMR1 is not a prerequisite for spermatogenesis.

Model 2.

An alternative model predicts that all the cells in the germ line contain a
premutation (23). It is clear that male fragile X patients with somatically the full
mutation, only have the premutation in their sperm cells (23), and according to this
model, only a premutation would be present in the mature cocytes of fragile X
carriers. Model 2 involves that the expansion to a full mutation is
post-conceptional and occurs exclusively in somatic cells, after separation of the
germ-line cells (which keep the premutation), Figure 1. An argument in favour of
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Figure 1. Model for the expansion of the CGG repeat in the FMRI gene in the early embryo.

this model is that the obvious somatic variation of CGG repeat length which is
observed in cells of patients with a full mutation also has to be a result of ongoing
mitotic instability of the expanded repeat, as only a single FMRI allele is passed
on via an oocyte. Wohrle et al. demonstrated that the pattern of repeat lengths in
somatic cells is already established in the 13th week of fetal developinent (26). All
tissues revealed near identical patterns of repeat lengths.

According to this model, also premutation alleles have to be found in vocytes of a
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female with a somatic full mutation. It has to be assumed that the size of this
premutation is in the high-risk range as females with a full mutation never gave
birth to a child with a premutation. Females with a full mutation do sometimes
have children who are mosaic for a premutation and a full mutation. Resolution of
this model awaits the direct analysis of cocytes in fragile X carrier females,

6.3 Possible mechanisms of expansion

Premutation alleles often change in size with transmission to individuals in the
next generation. In most cases the allele increases in size, but reduction in repeat
size is also observed in fragile X syndrome (156,20,27). Premutations can be passed
on through many generations before a full mutation and subsequently a fragile X
phenotype occurs in a pedigree (7,8). The mechanism through which the repeat
expansion takes place is still unknown. Studies on micro- and minisatellites have
demonstratec. high mutation frequencies in these sequences (28,29). Genes have
been localized that control the stability of repeat sequences, which are mutated in
high frequency in tumour cells (30,31). Several different models have been
proposed to explain the instability of trinucleotide repeat sequences. Most of these
models could explain why expansions take place, but at the same time these
models introduce the occurrence of regressions, which would have to take place as
frequently as expansions. Expansions in repeat length, however, are found much
more often than regressions.

Model 1. Amplification through genetic recombination in meiosis

Expansion of the repeat is assumed to occur during meiosis. Hot spots of meiotic
recombination co-localize with simple sequence repeats (32). The minimal length
for an efficient recombination is about 150-200 base pairs (33). This length
corresponds to the repeat size above which instability is observed (i6). This model
cannot explain why in most cases an increase in the repeat size is observed.
Although this model could account for small changes in repeat length,
recombinations at the site of the repeat have not been detected in fragile X carriers.
If recombination would occur, it would have been strictly limited to the CGG
repeat. Recombination also cannot explain the expansion in male cells, where only
one X chromosome is present.

Model 2. Repeat amplification through recombination during mitosis
In this model expansion is assumed in mitosis. Before germ cells enter meiosis,
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they go through a number of mitotic divisions. In mitosis homologous
chromosomes do not pair, but an exchange between sister chromatids can occur.
Unequal sister chromatid exchange would eventually result in gametes carrying
alleles with different numbers of repeats. This model, in contrast to model 1, at
least explains that premutation alleles from normal transmitting males can change
in size, because sister chromatid exchange can occur in a single X chromosome.
This model would also explain expansion during mitosis in somatic cells as seen
for instance in male fragile X patients who have different repeat lengths in
different cells. But according to this model, increases should occur as often as
decreases, and large increases cannot be explained.

Model 3. Amplification through errors during replication

A third possibility is that mistakes occur during replication of C/G rich areas. This
might happen during mitotic divisions in primordial germ cells which eventually
produce sperm and oocytes, or during mitosis in the early embryc. The rate of
DNA synthesis of C/G rich areas might be slow as compared to other regions of
the chromosome. This might lead to incomplete single strands. Out of register
pairing between the repeats on the original and the newly produced strand, and
rejnitiation of replication might then lead to longer alleles, a process called
"slipped mispairing”. A single slippage could not account for the massive
amplification observed from a premutation size to a full mutation size. To explain
these large expansions, repeated or multiple slippage events would have to occur.
This can either happen in one replication event or in subsequent replication events.
DNA can have alternative forms that differ distinctly from the classical Watson-
Crick double helix {34). The DNA structure could be involved in the cccurrence of
mutations. It is known that Z-DNA regions can be formed in C/G or A/T rich
areas, and regions of Z-DINA are prone to slipped mispairing and recombination
(34,35). Regions of triplet repeats might form unusual and complex structures with
alternative hydrogen bonding, which could hinder the formation of a normal
replication fork. Replication could be slowed down by the presence of such a
complex structure, or by a protein tightly bound to the repeat region. This
replication block is indicated as a shaded box in Figure 2. The polymerase would
be unable to proceed, and slippage might occur in either the leading or the lagging
strand, resulting in the generation of extra repeats (34). That Xq27.3 region is a late
replicating area, has been shown by several groups (36,37). In male fragile X
patients, who have large repeats in their FMRI gene, band Xq27 is even later
replicating than in normal controls.
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Figure 2. Hypothetical mechanism for expansion of triplet repeats.
Adapted from Sinden and Wells, 1592 (34).

Formation of complex secondary structures of long repeats upon denaturation and
annealing might explain why thermophilic DNA polymerase used for polymerase
chain reactions cannot easily replicate these long repeats (34).

This model, however, does not solve questions such as: why are these kind of
replication errors restricted to a short period in development, as in the 13th week
of development the pattern of repeat lengths seems already established (26,35).
One possibility could be that, once methylation has accurred, no changes in repeat
length take place anymore. Another question is, if amplification is restricted to
somatic cells, why does it not occur in germ cells.

Model 4. Gap repair

Loop formation of the DNA might occur, when the DNA repeat has reached a
critical length (38). To remove the loop in one strand, for example the loop present
in the "upper” strand in Figure 3, the opposite strand could be cleaved with an
endonuclease. As a consequence, the upper strand could stretch and the lower
strand can be filled in. In this way strand extension might occur.
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Figure 3. Hypothetical model for repeat expansion due to gap repair.
L. represents a repeat unit.
Adapted from Jessberger and Berg, 1991 (38).

6.4 Relation between methylation and repeat size

Methylation of the FMRI CpG island has been examined in 10-11 week old tissues
and chorionic villi of male fetuses with a full mutation (39,40). In the different fetal
tissues, almost complete methylation of the FMRI associated CpG island was
found, and no or a very low level of FMRI mRNA was present in these tissues. In
general, methylation is also found in the chorionic villi, but in several cases no (or
only partial methylation of the CpG island was found, with FMRI mRNA present
(5,39,40). This indicates that in absence of the methylation, transcription of the
gene with a full mutation is possible (40}. Another argument in favour of the
occurrence of transcription of an unmethylated expanded repeat is the
identification of a few normal males who have unmethylated "full mutations” with
repeat numbers exceeding 200 and with normal FMR1 protein.

Chorionic villi and fetal tissues are derived from the same embryonal tissue and
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are separated late in the 2nd week of gestation. In 10-11 week old fetal tissues,

complete methylation of the FMRI CpG island is found, whereas in villi from the

same time period sometimes no or partial methylation is found (5,39,40). This
means that:

1) methylation of the expanded repeat in the fetus probably occurs after the
second week (after separation of the villi) and is completed around or after the
eleventh week of gestation (26),

2) extension of the repeat is preceded by methylation.

It is unclear at what time of pregnancy methylation of the FMR1 promoter in extra

embryonal tissue of the chorion is completed. Therefore, the methylation status of

villi should not be used in prenatal diagnostic testing.

It can be speculated that FMR1 is variably expressed during development of an
affected fetus due to variability in the timing of onset of methylation. This might
explain some of the variability seen in the fragile X phenotype.

6.5 Repeats and cytogenetic expression

Fragile X syndrome and FRAXE mental retardation are both associated with a
cytogenetically visible fragile site (41,42). Other diseases caused by repeat
expansions are not associated with fragile sites. The repeats in fragile X syndrome
(CGG) and in FRAXE mental retardation {(GCC) both contain CpG sequences
which can be methylated on cytosine. Methylation occurs when these repeats
expand beyond 200 repeats. Therefore it is reasonable to assume that the existence
of fragility in these two syndromes, is correlated with the nature of the repeat
(solely composed of C and G nucleotides) and/or with the methylation of this
kind of repeat. The percentage of cells that show cytogenetic expression of the
fragile site is determined by the length of the repeat (43). The mechanism of the
origin of the cytogenetic fragile site has yet to be elucidated.

6.6 Abnormal cyclic AMP production in platelets from fragile X patients

Fragile X patients have problems with short-term memory and processing of new
information as well as with habituation to sensory stimuli (44). This prompted
Berry-Kravis et al. to study cyclic adenosine monophosphate (cAMP) metabolism
in platelets from fragile X patients (45,46}, because the cAMP cascade is a second
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messenger system that is thought to be required for short-term neuronal retention
of information (47). Interruption of this cascade appears to produce a deficiency in
the registration of perceptions (cognitive deficiency) (47). Berry-Kravis et al.
demonstrated that fragile X patients have a diminished production of ¢cAMP in
platelets as compared to control groups. It has to be kept in mind though that the
situation in blood platelets may not be representative for the situation in the brain.
The FMR1 gene does not appear to code for a protein involved in cyclic AMP
metabolism but could possibly regulate other genes which might have an influence
on the cAMP cascade.

6.7 Concluding remarks

The isolation and characterization of the FMRI gene has revealed a trinucleotide
repeat in the 5 region of the FMRI gene. This repeat is increased in length in the
FMR1 gene of fragile X carriers and patients. The repeat length in individuals can
be determined using Southern blotting and PCR, and it can be used in DNA
diagnostics. However, many questions still are unanswered. The mechanism of
repeat expansion, the timing of repeat expansion and the actual function of the
FMRI protein are still unclear. In the mouse Fmrl gene, which has a high
homology to the human FMRI gene (48), a polymorphic CGG repeat is also
present. Using the mouse as a model, the study of Frurl in this animal might give
an indication of the function of FMRI in humans. Studying transgenic mice in
which the Frrl gene has been knocked out or in which an enlarged CGG repeat in
the Fmrl gene is introduced, might give some answers related to function, and
timing and mechanism of repeat expansion.

The study of transgenic animal models may also provide more insight in the
pathogenesis of mental retardation and other congenital abnormalities. Once the
pathogenesis is understood, it might become possible to test therapeutic strategies
on these anirnals.
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SUMMARY

Fragile X syndrome is the most frequent form of inherited mental retardation
and is associated with a fragile site at Xq27.3. We identified human YAC clones
that span fragile X site-induced translocation breakpoints coincident with the
fragile X site. A gene (FMR-1) was identified within a four cosmid contig of
YAC DNA that expresses a 4.8 kb message in human brain. Within a 7.4 kb
EcoRI genomic fragment, containing FMR-1 exonic sequences distal to a CpG
island previously shown to be hypermethylated in fragile X patients, is a fragile
X site-induced breakpoint cluster region that exhibits length variation in fragile
X chromosomes. This fragment contains a lengthy CGG repeat that is 250 bp
distal of the CpG island and maps within a FMR-1 exon. Localization of the
brain expressed FMR-1 gene to this EcoRI fragment suggests the involvement of
this gene in the phenotypic expression of the fragile X syndrome.

INTRODUCTION

Fragile X syndrome is the most frequently encountered form of inherited mental
retardation in humans, with a prevalence estimated to be 1/1250 males (Gustavson
et al, 1986; Webb et al, 1986). Fragile X syndrome segregates as an X-linked
dominant disorder with reduced penetrance, since either sex, when carrying the
fragile X mutation, may exhibit mental deficiency. Sherman et al. (1984; 1985) have
shown that approximately 30% of carrier females are penetrant and that 20% of
males carrying the fragile X chromosome are phenotypically normal but may
transmit the disorder and have fully penetrant grandsons. In addition to the
mental retardation, which is variable in severity, penetrant males exhibit additional
phenotypic involvement including macroorchidism and distinctive facies
(Nussbaum and Ledbetter, 1990). Since fully penetrant males rarely reproduce, it
has been suggested that the frequency of new fragile X mutations may be as high
as 1/3000 germ cells to maintain the population frequency (Brown, 1990).

Fragile X syndrome, as implied by the name, is associated with a fragile sike,
expressed as an isochromatid gap in the metaphase chromosome, at map position
Xq27.3 (Krawczun et al, 1985). The fragile X site is induced by cell culture
conditions which perturb deoxypyrimidine pools and is rarely observed in greater
than 50% of the metaphase spreads (Sutherland and Hecht, 1985). Neither the
molecular nature of the fragile X site nor its relationship to the gene(s) responsible
for the clinical expression of the syndrome is understood. However, based upon
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genetic linkage studies as well as in situ hybridizations, the fragile X site and its
associated gene(s) are tightly linked, if not coincident (Oostra et al., 1990; Rousseau
et al., 1991; Hirst et al., 1991).

To elucidate the fragile X site at the molecular level, somatic cell hybrids were
isolated that contained translocations between rodent chromosomes and the human
fragile X chromosome, retaining either human Xpter—q27.3 or human Xq27.3—qter,
referred to as proximal or distal translocations relative to the fragile X site (Warren
et al, 1987. 1988, 1990). Since the high frequency and specificity of the
chromosome breakage was not observed in normal X hybrids and since the
translocation breakpoints map within the same interval defined by polymorphic
loci which flank the fragile X locus (Warren et al., 1990; Rousseau et al, 1991; Hirst
et al, 1991), these breakpoints are likely to coincide with the fragile X site.

A yeast artificial chromosome (YAC) has been isolated which spans some of these
translocation breakpoints and includes polymorphic loci which flank the fragile X
locus (Heitz et al., 1991). Within this region, a fragile X-related CpG island was
identified which is aberrantly hypermethylated in patients and most carriers of the
fragile X syndrome (Vincent et al., 1991; Bell et al., 1991). Although the significance
of this CpG-island hypermethylation remains unclear, these data do imply the
presence of a gene, perhaps inactivated by methylation, within a genomic region
which includes the fragile X-associated hybrid breakpoints. We report below the
isolation and characterization of a brain-expressed gene, designated FMR-1, that is
associated with this CpG-island; we show that the majority of the hybrid
translocation breakpoints cluster within a 7.4 kb fragment, containing both the
CpG island and sequences at the 5 end of FMR-1, which exhibits length variation
in patients, suggesting the association of the fragile X site with FMR-1.

RESULTS

Isolation of YACs Spanning the Fragile X Translocation Breakpoints

Through regional mapping of YAC clones containing DNA inserts derived from
the distal human Xq (Nelson et al., 1991), an 80 kb YAC (R546) was found to map
within Xq27.3, proximal to the fragile X-associated hybrid breakpoints. A 4.0 kb
subclone (p46-1.1} of RS46 identified a normal 600 kb Sall fragment on pulsed field
gel electrophoresis (PFGE), that was altered in size in 6 of 8 proximal translocation
hybrids (Figure 1). Previous PFGE analyses of these hybrids, with more distant X-
linked probes, had shown identical band sizes and therefore similar methylation
patterns as might be expected since the hybrids were all derived from the same
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parental fragile X somatic cell hybrid (Y75-1B-M1). These data therefore suggest
that in 75% of the proximal translocation hybrids, the human breakpoint is within
the 600 kb Sall fragment observed in the parental, intact fragile X hybrid. In the
translocation hybrids, the distal human Sall site is lost and replaced by
heterologous translocations containing different rodent Sall sites.

Since YAC RS546 does not hybridize to the DNA of the distal translocation hybrids
and therefore does not cross these translocation breakpoints, additional YACs were
sought of this region. A YAC library developed at the Human Polymorphism
Study Center (CEPH; Albertson et al, 1990) was screened using RS46 specific
oligonucleotide primers 1625 and 1626 {Nelson et al., 1991). A YAC of 475 kb
(209G4) was identified which completely overlaps YAC RS46 and includes
sequences distal to the proximal translocation breakpoints which are present in 13
of 14 distal translocation breakpoints (data not shown). YAC 209G4 encompasses
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Figure 1. Southern blot analysis of pulsed field gel-resolved Sall digested DNA of proximal
translocation hybrids probed with p46-1.1.

Y75-1B-M1 is a somatic cell hybrid containing the intact fragile X chromosome from which all
other hybrids were derived. Lanes 2-9 are proximal translocation hybrids containing centric
human Xpter—q27.3 translocated to different rodent chromosome arms. Q1Q and Q1V are
distal translocation hybrids containing human Xq27.3—qter translocated to different centric
rodent chromosomes. The distal translocation hybrids have lost the human sequence detected
by p46-1.1. Hybrids Y751B-7 and Y751B-14 show the same 600 kb Sall fragmend as the parental
hybrid; however all other proximal translocation hybrids show variant bands indicating that
probe pd6-1.1 detects sequence within 600 kb of these translocation breakpoints.

123



86% (19/22) of both the proximal and distal translocation breakpoints and thus
identifies a fragile X-associated breakpoint cluster region. In sifu hybridization
using YAC 209G4 showed localization to the expressed fragile X site with signal on
both flanking boundaries of the isochromatid gap of the fragile site as well within
the gap itself, suggesting the presence of uncondensed DNA within the fragile site
and indicating that YAC 209G4 includes this region (data not shown).
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Figure 2. PCR analysis of DXS548 alleles in a fragile X family with key recombinant
individuals.

The carrier mother shows two TIXS548 alletes at 196 and 194 bp (M, and M,, respectively). The
paternal 204 allele of the father (not shown) is seen in the carrier daughter (II-1) who also
inherited the maternal 196 bp allele. All three affected males inherited the 196 bp maternal
allele {(compare with the 194 allele of the normal daughter 1I-5). The carrier daughter (II-1) and
affected son (I[-2) are both recombinants between proximal markers [3XS105, DXS 369 and
DX5539. However, these individuals are non-recombinant with DXS548, placing this locus
distal to the crossovers and closer to the fragile X locus.
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The close proximity of these YACs to the fragile X locus was independently
supported by genetic linkage studies between a polymorphism identified in YAC
R546 and the fragile X locus. DXS548 is a dinucleotide repeat that reveals nine
alleles of variable length that are informative in >80% of fragile X families (Riggins
et al,, 1992). In highly selected families previously shown to have crossovers with
tightly linked flanking markers, DXS548 cosegregated, without recombination, with
the fragile X locus (lod of 6.95 at © = 0). As shown in Figure 2, a carrier daughter
and affected son are recombinant between the fragile X locus (FRAXA) and
proximal markers DX5539 (probe JH89) and DXS369 (probe RN1} which map
approximately 5 ¢M proximal to FRAXA with lod scores >40 (Qostra et al., 1990
and B. Oostra, unpublished data). Therefore, DXS548 positions YACs RS46 and
209G4 near the mutation responsible for the clinical phenotype of the fragile X
syndrome.

A physical map of YAC 209G4 and of the corresponding genomic region was
developed and is shown in Figure 3. A CpG-island containing five infrequently
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Figure 3. Physical map of the fragile X region of genomic and YAC DNA.

(A) Physical map of the fragile X chromosome in the vicinity of the fragile X locus. Shown are
the Sall sites which give rise to the 600 kb fragment seen in hybrid Y75-1B-M1 probed
with p46-1.1 and the normal 620 kb BssHII fragment observed in normal X chromosomes.
The sites within the box are those previously shown to be methylated on the fragile X
chromosome. The position and orientation of FMR-1 are shown.

(B) Higher resolution physical map derived from both YAC inserts and genomic DNA. Probe
p46-1.1 and the DXS548 loci are shown, as are the positions of cDNAs and cosmids. YACs
R546 and 209G4 are shown below in alignment with the map (cross-hatched boxes indicate
YAC vector sequences). The positions of the translacation breakpoints are shown as well
as the orientation of the map relative to the X chromosome telomeres,
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cleaving restriction endonuclease sites was identified 150 kb distal to DXS548. This
CpG island is that identified by a previous independent isolation of YAC 209G4
from the CEPH library (Heitz et al, 1991). This CpG island appears
hypermethylated on the fragile X chromosome. Vincent et al. (1991) and Bell et al.
(1991) have both reported the absence of a normal 620 kb BssHII fragment (Figure
3A) in patients and most carriers of the fragile X syndrome. The absence of the
fragment appears to be due to the methylation (and therefore resistance to
cleavage) of the BssHII site (b in Figure 3B), leading to a very large band that fails
to resolve on PFG electrophoresis. Since CpG islands often are found 5 to
mammalian genes (Lindsay and Bird, 1987) and since methylation of such islands
may influence expression of associated genes (Wolf et al., 1984; Yen et al., 1984}, it
is possible a gene may reside near this fragile X-related CpG island and its
expression (cr lack of) may be responsible for at least a portion of the fragile X

phenotype.

Cosmid Contig Surrounding the Fragile X-Related CpG Island and Breakpoint
Cluster Region

To characterize the region surrounding this CpG island, a cosmid library was
constructed from the yeast clone harboring YAC 209G4 and cosmids containing
human DNA were identified by hybridization to human-specific repetitive
elements. A four cosmid contig was identified which spans the fragile X-related
CpG island (Figure 3B) from BssHII site a (cosmid 22.3) through BssHII site ¢
(cosmid 4.1).
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Cosmid 22.3 was found to include the breakpoints of 11 of 16 tested translocation
hybrids (4/5 proximal translocations and 7/11 distal translocations; all 16
breakpoints map within YAC 209G4). As shown in Figure 4A, nine bands
{including doublet bands at 5.6 and 5.5 kb), surveying approximately 44 kb of
genomic DNA, are observed on Southern analysis of EcoRI digested DINA of the
intact fragile X hybrid (Y75-1B-M1) following hybridization with radiolabelled and
preannealled cosmid 22.3. Of these nine bands, three are present in the proximal
hybrid micro21D {with a novel 3.8 kb junctional fragment} and five are present in
the distal hybrid Q1X (with a novel 4.8 kb junctional fragment). The 7.4 kb band of
the intact X hybrid Y75-1B-M1 is absent in both translocation hybrids indicating
that both breakpoints fall within this interval. The other nine hybrids all exhibited
patterns similar to either micro2lD or Q1X, with distinct junctional fragments
allowing identification of a fragile X-associated breakpoint cluster region (FXBCR)
with this 7.4 kb fragment.

The 7.4 kb EcoRI fragment observed above on the fragile X chromosome was not
observed in restriction digests of the overlapping cosmids 22.3 and 31.4. However,
comparison of the cosmid restriction maps with the genomic EcoRl fragments
detected by cosmid 22.3 shows the replacement of the 7.4 kb fragment of the
fragile X chromosome with a 5.1 kb fragment of normal DNA which, similar to the
7.4 kb fragment, includes the BssHII site of the fragile X-related CpG island (Figure
5A). The normal 5.1 kb fragment was subcloned to further analyze this difference.
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Figure 5. Restriction map of cosmid 22.3 and pES5.1.

(A) Cosmid 22.3 showing BssHII sites a and b as well as EcoRI and BamHI sites. BamHI site in

brackets was destroyed during cloning. Solid lines below the map show fragments that
hybridize to cDNAs BC72 and BC22.

(B) Map of the cloned 5.1 kb EcoRI fragment of cosmid 22.3 (pE5.1). Solid line below map
shows the position of FMR-1 exenic sequence, which contains the Xhol site.
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As shown in Figure 4B, the 5.1 kb fragment (pE5.1; Figure 5B) hybridizes
specifically o the 7.4 kb EcoRI fragment of the fragile X chromosome and clearly
shows the junctional fragments in micro21D and Q1X. Thus a fragment length
difference exists between the normal DNA used to construct YAC 209G4 and the

fragile X chromosome of hybrid Y75-1B-M1, and this fragment identifies the
FXBCR.

Fragile X Breakpoint Cluster Region Rearranged in Fragile X Patients

Figure 6 shows the results of Southern hybridization of EcoRI digested DNA from
two normal and seven unrelated fragile X individuals using pE5.1 as probe. The
normal samples (two of five normal samples are shown) exhibit the expected 5.1
kb fragment while all seven fragile X patient DNAs exhibited larger EcoRI
fragments with variable increases in size, including the 7.4 kb fragment observed
above from hybrid Y75-1B-M1. These data suggest an insertion or amplification
event within the normal 51 kb fragment that is specific for the fragile X
chromosome and is coincident with the fragile X-associated breakpoint cluster
region and the fragile X-related CpG island.

Figure 6. Length Variation of EcoRl fragments from normal and fragile X human
chromosomes detected with probe pES.1.

Lanes 1, 6 and 7 show hybridization of the normal 5.1 kb EcoRI fragment in placental DNA
{lane 1) and cloned into a cosmid (22.3) or YAC vector (209G4) and seeded into hamster DINA
at single-copy level. Somatic cell hybrids containing portions of fragile X chromosomes in
hamster backgrounds show bands of altered size from the normal 5.1 kb fragment. Lane 2
contains the hybrid X3000-11.1 (Nussbaum, et al, 1986a). Lane 3 contains DNA from
micro28D), a proximal hybrid with a breakpoint distal to the fragile site; lane 4 contains DNA
from micro21D), a proximal hybrid with the same chromosome as micro28D, however with a
breakpoint detected by pES.1 (see Figure 5). Lane 5 contains hamster DNA. Lanes 8-12 contain
DNA from 5 unrelated fragile X patients’ lymphoblastoid lines. These are GMO03200,
GMO04025¢, GM06897, GM06912, GM07294. Bands altered from the normal 5.1 kb are seen in
each fragile X sample,
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Identification and Characterization of FMR-1

To search for transcripts associated with the fragile X region, the cosmid subclones
of YAC 209G4 were used as hybridization probes to screen a ¢DNA library
derived from normal human fetal brain RNA. Cosmid 4.1, containing BssHII site ¢
(Figure 3B), identified ¢cDNA clone BC22. Restriction digestion and sequence
analysis revealed an insert in BC22 of 2832 bp, with an open reading frame at one
end extending 1033 bp to a stop codon (Figure 7). Since the reading frame remains
open at the 5" end of the clone, BC22 was used to identify related cDNAs from the
same library. Several overlapping clones were isolated, one of which, BC72, was
characterized in greater detail. This clone extended the ¢cDNA sequence another
933 bp in the 5 direction, and overlapped BC22 for approximately 2000 bp toward
the 3" end. Sequence analysis demonstrated that the same reading frame remained
open through the 5 end of BC72, indicating that the 5 end of the mRNA has not
yet been reached, and allowing prediction of a portion (657 amino acids) of the
encoded protein. It remains unclear if the entire 3’ portion also was isolated since
no poly(A) tract was found at the end of BC22, however a putative
polyadenylation addition signal is observed in position 3741 following numerous
in frame stop codons (Figure 7). A consensus sequence for nuclear translocation
signal KKXK, often followed by a proline, has been described (Roberts, 1989) and
is underlined in Figure 7B.

Northern hybridization using the BC22 insert as probe detects an mRNA of
approximately 4.8 kb in human brain and placenta (Figure 8), indicating that the
3.8 kb of ¢<DNA obtained does not contain the entire mRNA of this gene. The
probe failed to detect signal in human liver, fetal lung and fetal kidney but did
detect message in lymphocytes (data not shown).

Figure 9 shows hybridization of BC22 to DNA samples from a number of different
organisms. Hybridization signals were observed with all organisms with the
exception of Drosophila melanogaster. Since this blot was washed under very
stringent conditions (final wash in 0.2x SSC at 65°C for 5 min), cross-hybridization
may be observed in Drosophila under less stringent conditions. However, the high
stringency of the final wash does indicate the highly conserved nature of this
sequence particularly in Caencrhabditis elegans.

A repeated DNA sequence is found close to the 5 end of BC72 with 28 CGG
triplets interspersed with two AGG triplets. In the predicted open reading frame,
this repeat would generate a protein domain composed of 30 contiguous arginine
residues. Homology searches with the predicted protein sequence identify
significant overlaps with a number of arginine-rich proteins, although none contain
a polyarginine stretch of equivalent length. The remainder of the protein shows no
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Figure 7. Map and sequence of FMR-1 cDNA clones.

{A) Map of FMR-1 cDNA clones.

(B) DNA sequence of FMR-1 cDNA clones. The 3766 nucleotides of DNA sequence generated
from cDNA clones BC72 and BC22 defining the FMR-I gene are shown with translation of
the 657 amino acid open reading frame. Nucleotides 1-1027 derive from BC72 and
nucleotides 934-3766 are from BC22. The CGG repeat encoding 3¢ contiguous arg residues
begins with base 37 and extends to base 127.

significant homology in protein database searches. However, searches against DNA
sequence databases identify several related sequences, the strongest of which is
with the human androgenreceptor (AR). This is an X-linked gene (mapping to
Xql2) with an identical, though smaller, CGG repeat in the first exon which
encodes a polyglycine stretch (Tilley et al., 1989).

Location of FMR-1 Gene Relative to the Fragile X-related CpG island and
FXBCR

BC22 demonstrates hybridization to the 70 kb fragment of YAC 209G4 between
BssHII sites b and ¢ as well as to cosmids 4.1, 34.4, 31.4 and 22.3 (see Figure 3),
indicating exons spanning over 80 kb of DNA. The proximal/distal orientation of
the transcript was determined by hybridizing end fragments of BC22 to the cosmid
contig. Since the 3’ end of BC22 detected cosmid 4.1 and the 5 end detected
cosmid 22.3, the transcriptional orientation was distal from BssHII site b toward
the Xq telomere. This suggests the potential involvement of the fragile X-related
CpG island in the regulation of this gene. A 1 kb 5 fragment of BC72 (to the
HindIll site at position 1026 of Figure 7} was used to study the location of the
exons encoding this portion of the mRNA in the cosmid and YAC clones. In
cosmid 22.3, this probe identifies three EcoRI fragments (see Figure 5A) distal to
the BssHII site b. One of the fragments contains the BssHII site (b) as well as the
breakpoint cluster region and exhibits length variation in fragile X patients.
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Figure 8. Northern blot analysis of poly(A} o
RNA hybridized with ¢cDNA BC22. - -

Five pg of poly(A) selected RNA from human brain (lane 1) il
and normal placenta (lane 2) were electrophoresed, blotted T e %2
onto a GeneScreen Plus filter and hybridized with

radiolabelied BC22 insert. A single hybridizing species of

approximately 4.8 kb is observed in each lane.

Restriction mapping and direct sequencing of the 5.1 kb EcoRI fragment using a
primer derived from BC72 sequence (position 223 to 246) demonstrated an exon
immediately distal to the BssHII site b. This exon contains an Xhol site (position
137 in FMR-1 cDNA sequence) that is found 310 nucleotides from the BssHII site
in genomic DNA (see Figure 5B), allowing the 5" end of BC72 to be positioned 220
bp from the BssHII site. This exon, within a 1 kb Pstl fragment (Figure 5B), also
contains the block of CGG repeats which are seen in the sequence analysis of the
genomic DNA as well. This Pstl fragment has been found to contain two
translocation breakpoints (micro21D and Q1X} distal to the BssHII site (b) as well
as to be the region of length variation observed in fragile X chromosomes (Yu et
al., 1991). Therefore the CGG repeat is found within the fragile X-related CpG
island, constituting a portion of this CpG-rich region, and is in the immediate
proximity of the breakpoint cluster region and the region of length variation.

DISCUSSION

We report above the YAC cloning of 475 kb of human DNA corresponding to the
region involved in the fragile X syndrome and show the presence of a gene,
designated FMR-1, adjacent to the fragile X-related CpG island. Tt js further
demonstrated that within a 7.4 kb EcoRI fragile X genomic fragment, which
contains the CpG island and FMR-1 exonic sequences, is a breakpoint cluster
region where the majority of fragile X-associated translocation breakpoints
position. This same EcoRI fragment, which is 5.1 kb in normal X chromosomes,
undergoes a variable increase in size in the fragile X chromosome. The fragile X
variation ancl breakpoint clustering may involve a highly unusual CGG repeat
found within the coding region of FMR-1 and also present within this same EcoRI
fragment, 220 bp distal to the BssHII site, demonstrating fragile X-related
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Figure 9. Zoo blot analysis of DNA isolated from several species hybridized with <DNA BC22.

Ten ug of DNA from each species was cleaved with EcoRI and electrophoresed and blotted
onto nylon membrane. Hybridization was carried out with labelled ¢<DNA overnight using
standard conditions and washed to a final stringency of 0.2x SSC for 5 min at 63°C.

methylation.

The data presented above suggest the identification of the region containing the
fragile X site. A breakpoint cluster region is demonstrated where the majority of
fragile X-associated translocation breakpoints fall. These translocations were
identified by the segregation of the marker loci HPRT and G6PD which flank the
fragile X site (Warren et al., 1987, 1990). Since the translocation breakpoints are
flanked by the same polymorphic loci which genetically flank the fragile X
syndrome locus (Rousseau et al, 1991; Hirst et al., 1991), the brezkpoints were
believed to cluster at the fragile X site. We show above that these breakpoints
indeed cluster within a 7.4 kb EcoRI fragment. Since almost 70% (11/16) of tested
translocation breakpoints fall within 7.4 kb, an interval of less than 0.03% of the
estimated 30 Mb which separate the marker loci used for selection, the clustering is
quite remarkable and is compelling evidence for the presence of the fragile X site
within this fragment. This is further supported by the observation that this EcoRI
fragment is markedly smaller (5.1 kb) in normal chromosomes and when the
normal fragment (pE5.1) is used as probe on Southern blot analysis of fragile X
DNA, significantly increased size variation is observed. This suggests that an
insertion and/or amplification event within the normal 5.1 kb fragment occurred
in the fragile X chromosome. Finally, in situ hybridization of cloned material from
this region maps precisely within the isochromatid gap characteristic of the fragile
X site.
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Within this 5.1 kb fragment, the fragile X related CpG island is found (Heitz et al.,
1991) which contains a BssHII site hypermethylated in fragile X chromosomes
(Vincent et al., 1991; Bell et al., 1991). The correlation of this CpG island and its
methylation status also support the involvement of the 5.1 kb fragment, reported
above, in the fragile X syndrome. Indeed, linkage analysis using a highly
polymorphic dinucleotide repeat (DX5548) located within 150 kb (Figure 3) of the
CpG island demonstrates tight linkage with the fragile X locus (FRAXA) without
recombination. Such linkage is of significance as it represents evidence
independent of the physical mapping studies and is correlated to the clinical
expression of the fragile X syndrome, indicating the close proximity of the fragile X
site and a gene involved in phenotype.

Such a gene is described above, designated FMR-1 (Fragile X Mental Retardation -
1). There is compelling evidence that FMR-1 is important in the phenotypic
consequences of inheriting the fragile X locus: first, the 5 association of FMR-1
with the CpG island shown to be selectively associated with hypermethylation in
the fragile X chromosome; second, the presence of a FMR-1 exon within the 5.1 kb
fragment, which is increased in size in the fragile X chromosome and contains the
fragile X-associated breakpoint cluster region; third the presence of a highly
unusual trinucleotide repeat CGG, which is reiterated 30 times in the normal
mRNA of FMR-T and the placement of this repeat 250 bp distal to the BssHII site
of the CpG island within the 5.1 kb fragment; and fourth, the expression of FMR-1
in human brain, as would be expected for an inherited disorder whose major
phenotype is mental retardation. Although the finding of FMR-1 does not preclude
the additional involvement of other genes in the fragile X phenotype, FMR-1 is a
likely candidate, particularly since there are no other readily apparent CpG islands
in the immediate vicinity (Figure 3 and Heitz et al., 1991).

Further study of FMR-1 is required to show a definitive involvement with the
fragile X syndrome including currently ongoing expression studies in normal and
affected individuals. However, the data presented above clearly indicate this gene
to be of considerable interest independent of this involvement. The CGG repeat
within the coding region is quite striking since the reading frame of the message
would suggest a protein containing 30 contiguous arginine residues. If this repeat
is not processed off, FMR-1 would encode an exceptionally basic protein. No
significant protein matches were found on database searches, except for the
polyarginine stretch found in histones and protamines of different organisms,
although the arginine stretches in these proteins are shorter and interspersed with
other amino acids (Lee et al., 1987; Martin-Ponthieu et al,, 1991). Considering the
fact that DNA binding proteins such as histones and protamines contain arginine
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stretches of variable length and the fact that a nuclear translocation signal is found,
it might well be considered that FMR-I has a DNA binding function in the cell
nucleus. FMR-1 appears to have been strongly conserved through evolution with
stringent hybridization through yeast. Hybridization to such organisms should
allow the isolation and sequencing of the homologous sequences which may reveal
conserved protein domains within FMR-I, indicating regions of functional
importance. Also, such homologies, particularly with C. elegans, may allow
experimental approaches in other organisms to unravel the function of FMR-1.

It is tempting to speculate that the unusual FMR-I CGG repeat, found within the
same 5.1 kb fragment associated with the breakpoint cluster region and fragile X
patient length variation, is a component of the fragile site itself. It has long been
speculated that the fragile X site is a repeat of variable length (Nussbaum et al,,
1986b; Ledbetter et al., 1986; Warren et al., 1987). This possibility awaits further
analysis of the repeat region in normal and fragile X chromosomes as well as the
junctional sequences of the translocation chromosomes. If the fragile site is not the
CGG repeat, the data presented above strongly suggest that the responsible
sequence is adjacent to the repeat within the implicated EcoRI fragment. However,
the high CpG density of this repeat may influence local methylation status and if
expanded may result in the abnormal methylation levels observed in fragile X
chromosomes.

The finding of larger fragment lengths in fragile X chromosomes relative to normal
chromosomes does indicate a molecular diagnostic approach which should be
superior to either linkage analysis or cytogenetic examination for the fragite X site.
In particular, Southern blot hybridization with pE5.1 of DNA digested with both
EcoRI and BssHII should document both the methylation status of the BssHII site
and the size of the resulting fragment(s).

In summary, we report the presence of a brain-expressed gene (FMR-1) containing
a CGG repeat that is coincident with a fragile X breakpoint cluster region, which
itself exhibits length variation in fragile X chromosomes. The breakpoint cluster
region and the interval of length variation are likely to contain the sequence
responsible for the cytologic expression of the fragile X site. FMR-1 exonic
sequence, particularly the CGG repeat, also map to this same interval and
therefore are likely related in some manner. Although the exact nature of the
fragile X site, the mechanisms of the mutation and phenotypic consequences
remain to be elucidated, these data provide the elements needed to now explore
the molecular biology, biochemistry and cell biology of this unique and puzzling
genetic disease.
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EXPERIMENTAL PROCEDURES

Pulsed Field Gel Electrophoresis

Southern blot analysis of genomic DNA or YAC DNA resolved by pulsed field gel
electrophoresis (PFGE) was performed essentially as described {Smith et al, 1988).
Trypsinized and washed mammalian cells were suspended in molten agarose (final
concentration (.5% wt/vol; Baker) prepared in SE buifer (75 mM NaCl, 25 mM EDTA, pH
8.0) at a final concentration of 1.5 x 107cells/ml. Chromosomal DNAs were isolated from
YAC clones as described {Anand, et al,, 1989). Yeast cells from a 10 ml saturated culture
were harvested, rinsed once in 50 mM EDTA, pH 8.0 and recovered in 0.5 ml SBE-
zymolase (1 M sorbitol, 25 mM EDTA pH 8.0, 14 mM 2-mercaptoethanol, 1 mg/ml
zymolase [ICN]). 0.5 mt 1% Seaplaque agarose (FMC Corp.) in SBE (without zymolase)
was added and the suspension transferred to plug molds. Spheroplast generation (for
yeast cells) was for 5 hours to overnight in SBE-zymolase. Cell lysis (mammalian or yeast
cells) was for 2 days in ESP (0.5 M EDTA, pH 9.5, 1% N-lauroylsarcosine, 1 mg/ml
proteinase K) at 50°C. Restriction endonuclease digestion was performed using the
manufacturer’s recommended buffers and conditions with a 50 pl plug slice in 250 pl of
buffer containing 50 units of enzyme. For double digests, the plugs were rinsed and
equilibrated, following digestion with the first enzyme, with the second buffer several
times prior to digestion with the second enzyme. PEGE was carried out on a Bio-Rad
contour-clamped homogeneous electric field (CHEF) DRIl apparatus through 1% agarose
(BRL} at 200 V and 14° C in 0.5x TBE buffer (45 mM Tris-borate, 1 mM EDTA). For
resolution of fragments of ~200-1200 kb, switch time was 60 sec for 17 hrs followed by 90
sec for 10 hrs; for resolution of fragments ~10-500 kb, the switch times were ramped from
5 sec to 30 sec over 27 hrs. Southern blotting and hybridization were carried out as
described (Southern, 1975; Feinberg and Vogelstein, 1984) with the exception that acid
depurination in 025 M HCl was allowed to proceed 20 min for pulsed-field gels.
Radiolabeled probes were synthesized by random priming from 50 ng gel purified
fragments except when intact cosmids were used which were nick translated (Boehringer
Mannheim  kit; following manufacturer’s recommendations). For genomic probes
containing repetitive elements, repeat suppression was accomplished by preassociation
with 1-3 mg of sonicated human placental DNA in 100-300 pl of 5x $SC (1x SSC is 150
mM NaCl, 15 mM NaCitrate, pH 7.0) for 3-10 min at 65°C prior to the addition to the
filter. Washing was carried out to a final stringency wash of 0.2x SSC for 15 min at 65°C
prior to autoradiography. 5. cerevisiae strain YNN295 chromosomes (BioRad), concatamers
of phage lambda (BioRad) or high molecular weight markers (BRL) were used as size
standards.

Cosmid Library Construction of YAC 209G4
Agarose plugs {0.5%, SeaPlaque FMC) containing 5-10 pg of yeast DNA were prepared as
described (Van Ommen and Verkerk, 1986). Blocks (100 ul) of DNA were equilibrated on
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ice in 0.5 ml of Mbol digestion buffer, containing 0.1 mg/ml bovine serum albumin (BSA,
MB grade; Boehringer Mannheim). After 2-3 hrs, the buffer was replaced by 150 pl of fresh
buffer to which Mbol was added (3.0001-0.0007 units). Following overnight incubation on
ice, digestion was carried out for 40 min at 37°C. The agarose blocks were melted, the
DNA dephosphorylated with 1 unit calf intestinal alkaline phosphatase (Boehringer
Mannheim}, and treated with 2.5 units of agarase (Calbiochem). The solution was
extracted twice with phenol-chloroform, once with chloroform, and the DNA precipitated
with ethanol and dissolved in 10 mM Tris, 0.1 mM EDTA (pH 7.4) at a concentration of
500 ng/nl. DNA (250 ng) was ligated to 500 ng of BstBI (dephosphorylated) and BamHI
digested vector {p2CpG; Douwerse et al., 1989}, Ligation and packaging was carried out
according to standard procedures. Cosmids containing human inserts were selected by
hybridizing with human specific Alu-repeat probe.

YAC and Cosmid Subcloning

YACs were subcloned following isolation of the intact chromosome by preparative pulsed-
field gel electrophoresis and EcoRI digestion of the DNA in molten agarose (Seaplaque;
FMC). Fragments were phenol/chloroform extracted, ethanol precipitated, recovered, and
ligated inte EcoRI cut, dephosphorylated, lambda ZAP 11 arms according to
manufacturer’s recommendations (Stratagene). Cosmids were subcloned following an
alkaline lysis isolation and EcoRI digestion. Fragments were phenol-chloroform extracted
and ethanol precipitated prior to ligation into lambda ZAP 1I arms as with YAC
fragments. In the case of both cosmids and YACs, 75 ng EcoRI fragments were ligated to 1
ug vector arms. Selected phage were converted into pBluescript II SK™ clones following in
vivo excision of plasmid with insert according to manufacturer’s guidelines.

Polymerase Chain Reaction Analysis of DX5548 Alleles

Analysis of DX5548 was carried out as described (Riggins et al., 1992). Amplification was
carried out on 3.2-0.5 ug of genomic DNA in a 10 i total reaction containing .25 mM
dNTPs, 40 ng of primers 3 AGAGCTTCACTATGCAATGGAATC and 5
GTACATTAGAGTCACCTGTGGTGC, and 0.25 units of Taq polymerase in a buffer of 10
mM Tris-HCl, 50 mM KCl, 12 mM MgCl and 0.01% gelatin. Twenty three cycles of PCR
was carried out in the following fashion: 3 cycles of 1 min each at 97°C, 62°C annealing
and 72°C extension followed by 20 additional cycles with the annealing temperature
lowered to 55°C. The reaction volume was then increased to 50 ul with the same reaction
components and concentrations except that one primer was 5’ end-labelled with B2P]-ATP
as described (Sambrook et al,, 1989). PCR was continued for 10 cycles of 1 min each at
95°C denaturation, 62°C annealing and 72°C extension. PCR products were analyzed by
electrophoresis of 2 pl of reaction through a 40 ¢m 6% polyacrylamide denaturing
sequencing gel for approximately 2.25 hrs. The gel was dried without fixing and exposed
to X-ray film overnight at rcom temperature.
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¢DNA Library Screening

A human fetal brain lambda g1l cDNA library (Clonetech, Palo Alto, CA) of 1.3 x 108
independent clones with insert lengths of 0.7-4.0 kb was used. The library was plated on
15 cm plates at a density of 50,000 pfu per dish using strain LE392. Filter lifts were
prepared according to standard techniques and the [ibrary screened with cosmid DNA
hexanucleotide labelled with [*P]-dATP and [*2P]-dCTP. The labelled DNA was first
prehybridized with 100 pg of total sheared human genomic DNA and 100 ng cosmid
vector IINA in 5x 55C at 65°C for 2 hrs. Following hybridization for 16 hrs, the filters
were washed to a stringency of 0.1x SSC. The filters were exposed to Fuji film with
intensifing screens for 2 days at -80°C.

Northern Blot Analysis

Total RNA was extracted using guanidinium isothiocyanate followed by centrifugation
through cesium chlozide as described (Sambrook et al, 1990). Poly(A)* RNA was selected
by passage through oligo(dT) cellulose (Aviv and Leder, 1972). Human brain, liver, and
fetal poly(A) RNA was purchased from Clontech Laboratories (Palo Alto, CA).

Five ug of poly{A) containing RNA or 25 pg of total RNA were precipitated and dissolved
in 20 ul of 50% (vol/vol) formaldehyde and 1x MEN (20 mM MOFS, pH 6.8, 5 mM
sodium acetate, 1 mM EDTA) and incubated for 10 min at 60°C; 5 ul of dye marker (50%
sucrose, (.5% bromophenol-blue) was added and the samples were loaded on a
formaldehyde-agarose gel. Electrophoresis was carried out for 3 hrs. at 100 V and the gel
then soaked for 30 min in 20x S5C and blotted onto a nitrocellulose or nylon (GeneScreen
Plus, Dupont) overnight in 10x S3C {Thomas, 1980). The RNA was fixed to the membranes
by baking under vacuum for 2 hrs at 80°C. The membranes were prehybridized in 50%
formamide, 5x Denhart’s, 50 mM sodium phosphate, pH 6.8, 10% dextran sulfate and 100
ng of denatured salmon sperm DNA at 42°C for 2-4 hrs. Hybridization with the probe
was for 16-20 hrs at 42°C in the above buffer. Filters were washed with 3x $5C, 0.1% SDS
at 50°C and then the SSC concentration was lowered according to the level of background,
with a final wash in 0.1x SSC, 0.1% SDS.

DNA Sequencing

Sequence of BC22 was obtained via a shotgun strategy as described in Bankier et al. (1987)
using dideoxynucleotide termination. The sequencing reactions were analyzed on an
automated DINA sequencer (ABI 373) using fluorescently labelled oligonucleotide primers.
Sequence information derived from 25 random M13 clones was assembled using the
Sequence Assembly manager software developed by the Molecular Biology Information
-Resource (MBIR} of the Department of Cell Biology, Baylor College of Medicine.

An EcoRI to HindIll fragment at the 5" end of BC72 was subcloned into Bluescript II K$
and sequenced with vector and internal primers. Sequence at the extreme 5 end is
incomplete due to the difficulty of extension by polymerases through the repeated CGG

sequence.
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ABSTRACT

Cosmids, isolated from a 475 kb YAC that spans the fragile X region, and the YAC
itself, were used for fluorescence in sifu hybridization (FISH) on metaphase
chromosomes from fragile X patients. Cosmid 22.3, containing most of the hybrid
translocation breakpoints, shows in situ hybridization signals distal and proximal

from the fragile X site. We propose that the size of the fragile site is limited to 20
kb.

KEY WORDS: Fragile X syndrome, fluorescence in situ hybridization, fragile site,
X-linked mental retardation.

INTRODUCTION

The fragile X [fra(X)] syndrome is the most frequent form of inherited mental
retardation and is associated with a fragile site, expressed as a isochromatid gap in
the metaphase chromosome at map position Xq27.3 [Krawczun et al., 1985]. The
fragile site is induced under specific cell culture conditions [Sutherland and Hecht,
1985] and is thought to be a local decondensation of the DNA. Tt was
demonstrated that the translocations involving the fra(X} chromeosome and rodent
chromosomes were observed after induction of the fragile site. [Warren et al., 1987;
1990]. There was strong evidence that the human breakpoint of these translocations
was non random within the fra(X) sequence. The isolation of fra/X) site DNA
sequences was guided by the identification of the human/rodent breakpoints,
genetic mapping and long range PFGE mapping that allowed the discovery of
methylation ancmalies. From yeast artificial chromosome (YAC) libraries several
groups have isolated YACs that span the fragile X site [Heitz et al., 1991; Dietrich
et al., 1991; Verkerk et al,, 1991], resulting in the identification of the fragile site at
molecular level. We have isolated a YAC (209G4) of 475 kb that spans the fra{X)
region and contained the breakpoints of the hybrid cell lines [Verkerk et al., 1991].
The FMR-1 gene was identified within a four cosmid contig isolated from the
YAC. A 5.2 kb EcoRI fragment was isolated from cosmid 22.3 that contains most of
the hybrid translocation breakpoints, containing both the CpG island and
sequences at the 5" end of FMR-1, which exhibits length variation in patients,
suggesting the association of the fra(X) site with FMR-1.
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YAC 209G4 and several cosmids were used for fluorescence in situ hybridization
on fra(X) induced chromosomes from different patients.

RESULTS AND DISCUSSION

Cytogenetically the fra(X) site can be induced in cultured cells by folate
deprivation and is visible as a gap in the chromosome at Xq27.3, see Figure 1A, C
and E. YAC 209G4 was used for FISH and is shown to be spanning the fragile site
(Fig. 1B), with signals both proximal and distal from the gap. From this we
conclude that the size of the fragile site must lie within 475 kb. From the YAC a
cosmid library was constructed and a cosmid contig was isolated that spans the
fragile X-related CpG island (Fig. 2) from BssHII site a (cosmid 22.3) through
BssHII site ¢ (cosmid 4.1). Cosmid 7.1 , which maps on the proximal Sfil fragment
from YAC 209G4 (Fig. 2) lies minimal 190 kb proximal from the hybrid
translocation breakpoints. After FISH, this cosmid was found to show signal
proximal from the fragile X site (Fig. 1D). The opposite was found for cosmid 4.1,
which is Jocated about 40 kb distal from the hybrid translocation breakpoints and
contains the 3" end of the FMR-1 gene [Verkerk et al., 1991], Hg. 2. This cosmid
was found to always hybridize to the distal side of the fra(X) site (data not
shown). Cosmid 22.3 (40 kb) contains the translocation breakpoints as well as
BssHIL site b (Fig. 2) that is hypermethylated in fra(X) chromosomes [Vincent et al.,
1991; Bell et al, 1991] and a 5 exon of the FMR-1 gene including an unusual
repetitive CGG sequence. In sifn hybridization of cosmid 22.3 shows signals
proximal and distal from the fragile site in 40% of the chromosomes (Fig. 1F). In
total 40 fra(X) chromosomes were analyzed with cosmid 22.3. A single spot
proximal to the fragile as well as in the fragile site was shown in 23% of the
chromosomes. In 37% of the cases hybridization was found distal as well as in the
fragile site. From these results we conclude that the minimal fragile site is localized
in cosmid 22.3 and is less then 40 kb. Not in all cases hybridization was seen
proximal or distal.

One explanation for this could be that the fragile site can sometimes extend in one
or the other direction; another explanation is an incomplete in situ hybridization
signal. If the in sifu hybridization signal on either side of the gap is accounted for
by 5-10 kb of DNA, then the gap can be as small as 20 kb. This is in agreement
with the size of 10-100 kb as proposed by Heitz et al. [1991]. It is striking that
overall after hybridization of cosmid 22.3 three signals are seen. The separation
between two spots is too large to account only for the unfolding of the DNA. An
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Figure 1. Fluorescence in situ hybridization.

In situ hybridization of YAC 209G4 (B), cosmid 7.1 (D) and cosmid 223 (F) to chromosome
preparations of fra(X) patients. A centromere probe (pBamX5) specific for the X chromosome

was also hybridized to confirm the identity of the chromosome examined. To show the fragile

site the chromosomes were counterstained with DAPI (A,CE).




explanation could be that in one of the chromatids a break has occurred, while the
other chromatid is still intact. The region from cosmid 22.3 to 4.1 contains the
FMR-1 gene [Verkerk et al,, 1991]. It was found that the 3’ end of the gene was
located on cosmid 4.1, distal from the fragile X region. The 5 end of FMR-1 is
located in the middle of cosmid 22.3, 250 bp away from the CpG island that is
methylated in fragile X patients. This region is located in the gap (Fig. 1F). From
this we conclude that the CpG island is localized in the middle of the gap from the
fragile site itself. The differential methylation in this region together with the
insertion in the first exon of the FMR-1 gene in fra(X) patients [Verkerk et al., 1991;
1992; Fu et al., 1991; Oberlé et al,, 1991; Kremer at al., 1991] can be the cause of the
chromosomal fragility. This is emphasized by the observation that most of the
translocation breakpoints lie within this region. The first step in this mechanism
would be a small increase in size in the gene. Normal transmitting males have a
small insertion, do not show any methylation of the CpG island and
cytogenetically no fra(X) site is seen. In patients however when there is a large
insertion in the gene, the gene is methylated [Oberlé et al, 1991]. Partial
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Figure 2. Physical maps.

A. Physical map of YAC 209G4 with restriction sites: B=BssHIL; 5=Sacll; 5f=5fil; E=Eagl. The
position of cosmids and the FMR-1 gene are shown. Closed boxes indicate YAC vector
SEq'LanCBS.

B. Physical map of cosmid 22.3. Solid lines below the map show fragments containing exon
sequences. The fragment between BssHII site b and the proximal EcoRl site contains the 5’
exon of FMR-1, as well as fra(X) asscciated translocation breakpoints [Verkerk et al.,, 1991).
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methylation almost always correspond to the presence of both large and small
insertion within the cell population. Both the nature of the insertion as well as the
methylation together could be the cause of the fragility.

MATERIALS AND METHODS

Fluorescence In Situ Hybridization

In situ hybridizations of total yeast DNA and cosmids were performed according to Wada
et al. [1990] and Kievits et al. [1990}], respectively. Fra(X) expression was induced by
methotrexate (10 pg/ml) } (Lederle), which was supplemented for the last 24 hours to
phytohaemagglutinin stimulated lymphocyte cultures (medium 199, Gibco, 10% FCS) of a
fra(X) patient. After fixation the suspensions were spotted on slides, and air-dried
overnight. The slides were washed with PBS, RNase (100 pg/ml)/2 *35C incubated for 1 h
at 37°C, digested for 10 min with pepsin (Serva) (10 mg/100 ml)/0.010 N HCL at 37°C,
post-fixed in 1% formaldehyde (Merck)/ PBS/50 mM MgCl, and dehydrated in cold
ethanol.

The biotinylated total yeast and cosmid DNA were preannealled for 1-4 h in presence of
50 times excess of sonicated total human genomic DNA to reduce the background for
repetitive sequences. The overnight hybridization of total yeast (150 ng) and cosmid (40
ng) DNA was performed in 10 pl 50% formamide, 2x SSC, 10% Dextran sulfate solution
under a 18*18 mm coverslip sealed with rubber. In the experiments 2 ng/ul pBamX5, a
human repetitive sequences hybridizing mainly to pericentromeric region of the X
chromosome [Willard et al, 1983, was separately denaturated and added to the
hybridization solution.

After amplification of the signal by two layers of avidin-FITC (Vector), and one layer of
biotinylated goat anti-avidin (Vector) the samples were washed with PBS and mounted in
propidium iodide/DATI (0.03 pg/ml/0.6 pg/ml) antifade (2% DABCO/glycerol) medium
{Sigma).

Microscopic analysis was performed with a Leitz Aristoplan microscope equiped for FITC
(K3 block) and DAPI (A block) detection. The results were photographed on Kodak
Ektachrome 400 (Slides) daylight film.

DNA Probes
YAC 209G4 is a 475 kb YAC isolated from the CEPH YAC library [Albertsen et al., 1990;

Verkerk et al., 1991k Cosmids were isolated from a cosmid library prepared from YAC
209G4 [Verkerk et al., 1991].
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ABSTRACT

The intragenic (FMR-1) probe pE5.1 was used for DNA analysis in fragile X
families. With this probe fragments of altered size can be detected in female
carriers, affected individuals and transmitting males. The length of the altered
fragments was found to vary from one generation to another as well as between
sibs. This instability of the DNA detected by pE5.1 was also seen in peripheral
blood within single individuals. These phenomena are illustrated by 4 exemplary
families segregating the fragile X syndrome. We demonstrate the diagnostic
contribution of intragenic analysis to carrier detection as well as the identification
of normal transmitting males carrying premutations. One of the families illustrates
the passage of a premutation to a male through 2 generations.

KEY WORDS: Fragile X syndrome, carrier detection, repeat sequence, FMR-1, DNA
diagnostic, X-linked mental retardation.

INTRODUCTION

We have recently described the isolation of the FMR-1 gene at the fra gile X [fra(X)]
locus, which may be directly involved in the manifestation of the fra(X) syndrome
[Verkerk et al, 1991]. A 52 kb EcoRl fragment was isolated, containing the
majority of breakpoints in hybrid cell lines at the fra(X} site [Warren et al., 1990], a
CpG island that is preferentially methylated in fra(X) patients [Vincent et al., 1991;
Bell et al,, 1991], and an exon of the FMR-1 gene [Verkerk et al., 1991] including an
unusual repetitive CGG sequence. The CGG repeat exhibits polymorphic length
variation in the normal population. The number of CGG repeats ranged from 6-46,
with an average of 29, in more than 200 individuals [Fu et al., 1991}, In fra(X)
patients the 5.2 kb EcoRI fragment is considerably increased in size and shows
somatic length variation.Ne difference was found in sequences flanking the CGG
repeat region in carriers and patients, placing the source of the length variation
within the CGG repeat itself [Kremer et al., 1991, Fu et al., 1991].

The diagnosis of the fra(X) syndrome has been based on cytogenetic testing of the
presence of a fragile site at X(27.3. Cytogenetics has serious limitations in carrier
detection because 50% of obligate carriers fail to express the fragile site. In
addition, the fragile site normally is not observed in normal transmitting males
[Sherman et al., 1985].
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The possibilities for carrier detection and prenatal diagnosis have been extended
by DNA analysis, using closely linked polymorphic markers flanking the fra(X)
locus [Suthers et al., 1991]. However, a widespread application of polymorphic
markers was hampered by limited informativeness. Using the 5.2 kb EcoRI
fragment as a probe in diagnosis is a major improvement [Oberlé et al.1991;
Kremer et al.,, 1991; Pieretti et al., 1991]. Carriers and patients now can be detected
by showing the presence of fragments of abnormal size.

In this paper we describe the analysis of four fra(X) families using the 5.2 kb EcoRI
fragment (pE5.1) as a probe. We detected female carriers and distinguished
between normal, affected and transmitting males. The diagnostic potential of
infragenic DNA analysis is discussed.

RESULTS AND DISCUSSION

A family with 2 affected brothers, A3 and A6 is shown in Figure 1A. They showed
cytogenetic fra{X} expression in 4% and 14% of their cells, respectively. Abnormal
fragments appeared in EcoRI digests of both patients. Instead of discrete bands,
smears of DNA fragments were observed, indicating somatic mosaicism: different
cells may have fragments with different increased sizes in the CGG repeat sequen-
ce. A band of normal size was observed in their sister A5 as well as a band with
an increased fragment length, although its size is smaller than is seen in her
brothers. Besides a normal band, a band that is increased in size, but that is
smaller than in A5, was found in the mother Al.

In this family it is clear that the fragment increases in size from the mother Al to
her children A5,3,6. Daughter A5 inherits the fra(X) allele from her mother and is
therefore a carrier of the syndrome. Daughter A2 has inherited the normal allele

and thus is not a carrier.

This phenomenon of a fragment increasing in size is often observed in fra(X)
families. It is not clear how and when this takes place. The most likely explanation
would be that the initial increase in size is produced during oogenesis. The germ
cell of the mother carries one abnormal fragment, but to account for the mosaicism
in the patients it has to be assumed that during embryogenesis the CGG repeat
"grows" in length. Clearly there is a great variability in the size in the CGG repeat
that is passed on from the mother to her different children.
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Figure 1B shows an example of a family where the mutation changes in size
through 3 generations. None of the 3 women in this pedigree showed any
cytogenetic expression of the fragile site. Marker analysis had not been conclusive
to establish the carrier status of B5. However, a clearcut result was obtained by
Southern blot analysis using probe pE5.1. The grandmother Bl shows a fragment
with a very small increase in the CGG repeat that barely resolves from the normal
allele on the Southern blot. By PCR analysis using primers flanking the CGG
repeat [Fu et al.,, 1991] it was confirmed that B1 had an increase in size of 108 bp
[Nelson, unpublished results]. In her daughter B3 the fragment became larger,
continuing its growth in the granddaughter BS and her patient brother B4, who
had 20% of cytogenetic fra(X) expression.

)

P

Figure 1. Pedigrees of fra(X) families.

The following symbols are used: Unaffected () female and [] male;

Normal @ female and male, without cytogenetic expression of the fragile X site;
B Mentally retarded fragile X male, with cytogenetic expression of the fragile X site;
(D Female with cytogenetic expression of the fragile X site.
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In the pedigree in Figure 2A the individual A3 is a fra(X) patient. He has low (4%)
cytogenetic fra(X) expression and is mentally retarded. On a Southern blot analysis
he shows a band of near normal size and in addition a smear with a population of
larger fragments. This type of mosaicism, first observed by Oberlé et al. [1991], is
different from the one observed in the patients A3 and A6 in family 1A. Other
members in this pedigree were tested. The woman A6 shows a normal allele as
well as one that is increased in size. This latter allele is passed on to her son A7.
This fragment which is characterized by a small increase in size, is associated with
lack of clinical and cytogenetic expression, which marks A7 as a normal transmit-
ting male. A7 is related to A3 through their grandfathers, which strongly suggests
that they too were normal transmitting males. This was supported by pE5.1
probing of DNA from their spouses, who were shown to have normal 5.2 kb
alleles (A5, data not shown).

Transmitting males, who have no cytogenetic or clinical expression can be detected
by using probe pE5.1. They show fragments slightly increased in size. When this

6.3=m

52m | v oy AL

Figure 2. Pedigrees of Fragile X families. For explanation of the symbols, see legend Figure 1.
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fragment is passed on to their daughters, often a change is seen in the size,
although it stays in the premutation range, with fragment sizes increased roughly
between 150 and 300 bp [Oberlé et al.,, 1991; Fu et al., 1991]. Patients in the next
generation show much larger fragment lengths. Apparently, the increase in size in
the CGG repeat has to pass a certain critical size to result in the fra(X) phenotype.
When this limit is reached is not clear yet, but it is thought to be around a size of
500 bp [Oberlé et al., 1991].

In Figure 2B, a pedigree is shown which illustrates that passage of the fra(X) allele
from one generation to another is not always accompanied by an increase of the
fragment length. In the woman B2, besides a normal allele, an allele with an
increased size is observed. Two of her children, BS and Bé have cytogenetic fra(X)
expression and both show smears composed of different enlarged fragments. In the
daughter B3 a clearly visible increased fragment is seen that is, however, smaller
than in her mother. In this case we find a reduction in the fragment size. In the
woman B also an allele of increased size is found, indicating her as a carrier.

Our analysis shows that the detection of abnormal fragments using pE5.1 is a
powerful tool in fra(X) diagnosis. Abnormal patterns can be seen in normal
transmitting males, female carriers and patients.

In addition, if there is doubt after Southern analysis about the presence of a
fragment with a very small increase in size, amplification by PCR of the CGG
repeat should give a clearcut answer [Fu et al., 1991]. It should be pointed out, that
no amplification by PCR is found if the increase in the CGG repeat is too large.
Using both techniques reliable genotyping is possible resulting in very much
improved genetic counseling in families affected by fra(X) syndrome.

MATERIALS AND METHODS

The DNA probe used was pES.1 [Verkerk et al, 1991], which was later determined to be
5222 bp long [Fu et al., 1991].

Total genomic DNA was isolated from leukocytes from individuals from different Fra{X)
families as described [Miller et al., 1988]. DNA (8 ng} was digested to completion with the
restriction endonuclease EcoRl, separated by gel electrophoresis and subjected to Southern
blot analysis. The probe was labeled by the random oligonucleotide priming method
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[Feinberg and Vogelstein, 1983] and was competed for 2 hours with 120 pg of total human
DNA in 5 x S5C at 65°C. After prehybridization and hybridization the filters were washed
to 0.1 x 55C at 65°C prior to autoradiography.
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ABSTRACT

The FMRI gene, associated with fragile X syndrome, has recently been cloned
and the sequence of partial ¢cDNA clones is known. We have determined
additional cDNA sequences both at the 5" and 3" end. We have characterized the
expressed gene by means of RT-PCR in various tissues and have found that
alternative splicing takes place in the FMR1 gene, which does not seem to be
tissue specific. When the different alternative splicing events are combined, 12
distinct mRNA products could result from FMRI1 expression in each tested
tissue. In all these transcripts the open reading frame is maintained until the
same stop codon. At the 3’ end alternative use of polyadenylation signals is
found. The alternative splicing allows functional diversity of the FMR-1 gene.
Whether all the possible proteins will be synthesized and whether they will be
functionally active has to be determined.

INTRODUCTION

Fragile X syndrome is an X-linked heritable disease and is the most common cause
of inherited mental retardation, with an estimated prevalence of 1 in 1250 males {1,
2). Two important clinical features, mental retardation and macroorchidism,
indicate that brain and testis are affected tissues. The recent isolation of the fragile
X gene FMRI (3) revealed a CGG repeat at the 5° end of the gene. Variation in the
length of this repeat comprises the majority of mutations leading to fragile X
syndrome. Methylation of a CpG island (4, 5, 6) that is located 250 bp upstream of
the CGG repeat correlates with loss of expression of the FMRI gene in patients (7).
In the normal population the CGG repeat is polymorphic and varies in length from
6 - 50 repeats (8). In phenotypically normal transmitting males the extended repeat
number ranges from 52 up to 200 (premutation). In most fragile X patients the
CGG repeat is significantly increased in length to more than 200 repeats (full
mutation) (6, 8, 9, 10). In addition to the full mutation, a premutation is found in
about 20% of male patients (7). In most of the cells in these mosaic patients a full
mutation is found and in these cells there is no mRNA or protein production. The
premutation alleles in the other cells are transcribed, resulting in protein. Overall,
there is an apparent insufficiency of protein production in the appropriate tissues
resulting in the abnormal phenotype.

A few patients lacking expansion of the CGG repeat have been described with the
fragile X phenotype. In one patient the entire FMRI gene was deleted, as well as
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approximately 2,5 megabases of flanking sequence (11). In a second patient at least
five exons of the FMRI gene were missing (12). Recently, transcription of the
FMR1 gene has been described in a patient with the fragile X phenotype without
CGG expansion or cytogenetic expression. In this patient the phenotype was the
result of a single point mutation (13). An A — T mutation was found in the open
reading frame (ORF) resulting in an Ile — Asn substitution in the FMR1 gene of
this patient. In order to facilitate screening for FMRI mutations in patients with the
fragile X phenotype without CGG expansion, RT-PCR studies of transcription of
the normal FMRI gene in different tissues were performed. This revealed several
alternatively spliced products of the gene that could give rise to as many as 12
different mRNAs and to 12 possible proteins.

RESULTS

Transcription of the FMRI gene

Transcription of the FMRI gene was studied by RT-PCR. Total RNA was isolated
from HEPG2 cells and control EBV transformed human lymphocytes. After first
strand ¢cDNA synthesis, PCR was performed with 4 partially overlapping primer
sets, K1-K2, K3-K4, K5-Ké and K7-K8 {for position of the primers see Material and
Methods and fig. 3). PCR reactions with primer sets K1-K2 and K3-K4 each
showed one discrete band on ethidium bromice stained agarose gels. The size of
the PCR products was in agreement with the size expected from the cDNA
sequence (3) (Fig. 1, lanes 1 and 2). However, PCR with primer set K5-K6 showed
2 bands (Fig. 1, lanes 3), whereas 4 bands were visible with primer set K7-K8 (Fig.
1, lanes 4), indicating the possibility of several alternative splice sites in the FMR1
gene.

To test whether the alternative splicing would be tissue specific, RT-PCR products
of various tissues were analyzed, including testis and brain as these two tissues
demonstrate the most interesting clinical features (mental retardation and
macroorchidism) of the fragile X syndrome. Using primer set K5-K6 2 bands were
seen in all tissues analyzed: adult human testis and EBV transformed lymphocytes,
fetal pancreas, liver and brain and adult mouse brain (Fig. 2a). Sequencing both
bands revealed an additional 63 basepairs between positions 1126 - 1188 in the
upper RT-PCR product (Fig. 2a: upperband and Fig. 3: B). The originally published
human ¢DNA did not contain this 63 bp sequence and corresponds to the lower
band. In mouse this 63 bp sequence is found as well (Warren, Nelson, Bakker,
unpublished results). The ratios of the upper to the lower band were about 1:4 in
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Figure 1. RT-PCR products of HEPG2 cells and EBV transformed lymphocytes using 4
overlapping primer sets covering the ORF of the FMRI gene, were separated on 3% ethidium
bromide stained agarose gels. Lane 1 to 4 show RT-PCR products with primer sets K1-K2,
K3-K4, K5-K6 and K7-K8, respectively.

all tissues analyzed (Fig. 2a).

Sequencing the K5-K6 PCR products also revealed 6 basepairs that were not
present in the published FMR1 cDNA (3). These 6 bases, GCAAAG, are positioned
between base 881 - 886 (Fig. 3: A) and were consistently present in all mRNA
products and ¢DNA clones analyzed. The fact that all sequences analyzed contain
the 6 bases makes it likely that the absence of this sequence in the original BC22
¢DNA clone could have been due to a splicing artefact. Analysis of these tissues
with primer set K7-K8 showed 4 bands in all tissues tested, except in testis where
a fifth band was found (Fig. 2b). The upper band (band 1) was missing in mouse
brain. Sequencing band 1 disclosed 51 additional bases compared to the published
cDNA sequence, positioned between bases 1738 - 1788 (Fig. 3: D). These 51
basepairs were also found in band 3. Sequence data also showed that band 3 and 4
(Fig. 2b) were missing 75 bases positioned from base 1472 - 1546 (Fig. 3: (), as
compared to the published cDNA sequence. Direct sequencing of the RT-PCR
product in band 2 from fetal brain and EBV transformed lymphocytes showed
overlapping sequences, indicating more than one fragment in this band. We
presumed that as in testis material, this band consisted of 2 different PCR products
(band 2 — a and b) that were not separated due to relatively high amounts of these
2 products with a minor size difference. To investigate this further primer A3 (see
Fig. 3 and Material and Methods) was used in combination with K7. RT-PCR with
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this primer set excluded the 51 bases. Only the area around the 75 basepairs was
amplified and this gave 3 well separated bands in testis, fetal brain (Fig. 4), EBV
transformed lymphocytes and mouse (data not shown). Sequencing the upper
product identified a sequence of 242 bases in complete alignment with the
published ¢DNA sequence. The lower band of 167 bp was missing the above
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Figure 2. RT-PCR products from different tissues, using primer set K5-K6 (a) and primerset
K7-K8 (b); f=fetal tissue, m=mouse tissue. Fetal brain was from a 16 and a 17 week old fetus,
respectively. In Figure 2b the bands contain: band 1: +75 bp, +51 bp = C and D in Fig. 3; band
2a: +39 bp, +51 bp = C (last 39 bp} and D in Fig. 3; band 2b: +75 bp = C in Fig. 3, -51 bp; band
3a: -75 bp, +51 = D in Fig. 3; band 3b: +39 bp = C (last 39 bp) in Fig. 3, -51 bp; band 4: -75
bp, -31 bp. The original published BC22 ¢DNA clone corresponds to band 2b.
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h] W R P R N P T E A FE E kT T 9 €& & L 9 1 E ¥ b C K W E R S Y K T x T t 8 uw I 5 %
. . . . . . . “ v B . . .
GAA GGT AGT EGG CTG KGC ACG G4Y ALA GAT LGP AL [AG ARG AAN 4G AAG LU 533 ATC 661 26 €A coa EIC E10 AT GEL LTA FEC TEA ACY 1920
E & H L3 L R 1 c LS n R H Q £ 4 £ 14 P 9 B G e a 2] L ¥ L] G N POEnd
ATT TEC TAT ACC ATT TCC GTA ATT CTT ATT CCA TAT TAS A& AZT T10 TTA GOF CAA AGA CAL ATA G4 GEC AMG ATG GCA CAG SGC TOA ATA TAR
TAT TTT 170 GTA T16 KU A%A AGE ARC ART 117 CAG AT TGT ATA AMA AGA TAL Tit AR ATT IGA AAC ATT GET TTT AAA ACT ACY 12 4ES Gta 2180
TAA ACT ACT GAG CAG TGA TAT TCT T1G FTA ATT TGE aCE 1TC CTG €T G5 ST ATE ATY EAC CAG TJC AT CTC AGT 17T fc1 TS COR TTT
THE AGT TTH Chn TCT CGT ATA Gha GIC ITC ATG ARA 160 TAT GIZ ATI TEA 761 €31 616 “h GIT At GiT THG GIC CAC 77T TCC TIA 675 GAC 2a01
TEA CAT TIG TCA TET FCA TTh GUA AR A%A GIT GTA TGA TET G35 GG PTT 714 TAT D73 GI[ AGG TAG GJA TAT TAT ATT TE3 ATG TEA BEE ARG
ATG TTA AAG ATG TAL CAA ASC €16 TCA AAD ATT A1 ACT TTA TAS AAG AAT GLA TST TT7 CCE TAT PTT 117 CCE TAC ATA AAC ATC 66T 46T 2ot
6T 13T TG TTT GIT GEA TG AAG TTD GT TAT TEA GAG ASA TEF GIA 671 717 £IG AT AGA CAG GAG AKG AAA GAA TCA TCT GhG
AGC TAG GAA CAK ATC TIC CTG GIC GMA GAT ATG CET GE1 C3F T3 KT GAT AL CRA STT TA £7T AGA ECT 17T 171 TH %iC Tar 2880
TIT CAT ATT TTA ATT TCA AGE TTA 17T AGG AAG GTC ATT TCT AT3 TAT GIA TA4 TRA ICC TGC AWK GTA CAG 6T €71 4G4 AsE At
TG 1Ak ACT TTG AAL TAT ATG GIC TAk  AGA ATT SGA ARA GIS TAY GAT CES P14 ACK AAT AKC ARE T1T 111 19T THT T BT TTT [P
1T IGE TTT 116 5T €16 TIT 11T ETA 461 GAA AIT AT 122 554 Ak AIA TGI GAL GDR CIT TCA CUC TAA GAT GH ATA TTT TTC ALT AT TEC
ATC TGI AT GAS CCG TAM RAA €16 ARG T1¢ T6¢ CIC 7GA 16t ATY P16 Tok G 1ot . TCA ITT TAT AGT TAC TTT AT aza Ane 536t
TAR ACT £TA CAT GAT H1C ACA AAT ATT ARA ARG 15T 771 AA3 ARG TAT 1GZ TAM ACA TET ADT TAT ITA TIC TGG trr
CTT CCA CAC ATC ATC TOT AAG CTG TFT GGT TTT ARA ATA Cill TAG ATA TG TAR TGT RAD ToC TCV ATA T 540
ACA TTa CAT 11T ATG 3TG ACA 9T GIT TGS TTA TRG TGC AAT ATA T17 ARG TTT T CCt ot L4 TG Tme T
II6 COT TTA ARA TTT AGG AAA AGA ART CTA FAC AAM GIG TTC Lo 11 JCa £at ART Y 4 5240
MG AMG GIT CTT ThA TAA ALC GhA AAD TCA ACG AMA (GG FAC TIT ICC CAC 1AL T gk TAT *C8 (L3
AGT GTA ATT_WCT AKC TIE DA AAC TGI ACIITG ATE SAC ATG 11T IEA SAT GRA ET1 TAT far TR 616 G, B
A16 TTE TIA_LAA TEI VAT TRA AGT LIC AMA AAT TG AAG ATY §17 TAT Cik GAT GIN

Figure 3. FMRI ¢cDNA sequence. Additional (exon) sequences are integrated in the sequence of
the original BC22/BC72 cDNA clones (3). Sequences that undergo alternative splicing are
indicated in grey and are indicated A, B, C and D in the left margin. Additional sequences
(underlined) have been added at the 5 and 3’ end of the FMRI cDNA. The location of the
primers is given and the sequences are contained in boxes. The sequence has been renumbered

as compared to the prior published sequence (3) and the numbering starts at the first ATG 3'
from the CGG repeat.
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mentioned 75 bp. This is consistent with data found with primer set K7-K8.
However, the middle band contained only part (39 bases present) of these 75
bases, with 36 bp missing from the 5 end, indicating another splice site situated
within the 73 basepairs (Fig. 3: C). Using primers K7 and K8, a sixth band could be
visualised after extended running time (Fig. 2b: band 3b). According to the size of
this product, this band contains the 39 bases without the 51 bases. When using
primers that select for the presence or absence of the 51 basepairs, in mouse we
only found bands indicating the absence of this sequence. In human tissues there
is a 1:1 ratio for the presence or absence of splice site DD (data not shown). In tabel
1 the sequences that are present in the alternatively spliced regions C and D found
with primers K7 and K8 as well as their relative abundance are summerized.

In figure 3 the above mentioned differential sequences are visualised as grey areas

Table 1. Sequences present in the alternatively spliced regions C and D
found with primers K7/K8 and the relative abundance of the different

transcripts.

Product  Bases Bases Total Relative abundance
present  present  bases Human  Human Mouse
at C atD present  somatic  testis brain

1 +75 +51 126 Ht + 0

2a +39 +51 90 ++ + 0

2b +75 0] 75 +++ + +44+

3a 0 +51 51 ++ + 0

3b +39 0 39 + +/- ++

4 0 0 0 + + +4

The relative abundance of the different transcripts was determined by
comparing the ratios of the different PCR products obtained with different
primersets in the alternatively spliced regions C and D.
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in the original ¢DNA. The individual differential sequences B,C and D were
foundto be present in different cDNA clones. In all cases the open reading frame is
maintained until the original stop codon.

Additional sequence from fetal brain and liver FMR1 ¢DNA clones

New FMR1 clones were isolated from human fetal brain and liver cDNA libraries
to extend the sequence of the original published FMRI ¢cDNA at the 5” end. Several
clones that were longer at the 5’ end, contained the same 24 basepairs at the 5" end
preceding the original sequence (underlined in Figure 3 at the 5" end} which is in
agreement with the genomic sequence published by Fu et al (8). In front of this
{(underlined) shared sequence, all the clones show a different sequences.

The original BC72/22 clone was isolated from fetal brain and contains a
polyadenylation signal and the first A of a poly A tail. Several clones isolated from
a liver cDNA library show the same 3’ end, but a number extended beyond the
published sequence at the 3" end (underlined in Fig. 3 at the 3’ end). The original

3" sequence and the extended sequence are adjacent in the genomic sequence.

Intron-exon boundaries

To determine the nature of the alternative splicing, the relevant splice boundaries
were analyzed. Sequences of the intron-exon boundaries of the different splice sites
were determined by comparing genomic and c¢DNA sequences (Figure 5). The

sequence of 63 bases (B in Figure 5) is a complete exon that has intron sequences

c B
w 7]
5 =

320 __

242 —
190 —

Figure 4. RT-PCR products from fetal brain
and testis, using primers K7 and A3. For
EBV transformed lymphocytes and mouse

brain the same bands were found in the

same ratios (data not shown).
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on either side in genomic DNA. Intron sequences are also found adjacent to the
other 5 splice sites C and D and to site A {Figure 5). However, at the 3’ splice
boundaries of these sites, splicing occurs inside exon sequences (Figure 5, C, D and
A). Splice junction sites in higher eukaryotes are characterized by a short but well
conserved consensus sequence. By comparing the actual splice sites in a number of
known gene sequences, Shapiro and Senapathy (14) have found that splice sites
can be identified with a great degree of accuracy in different species. The most
frequently occurring consensus sequence found in primate mRNAs at the 5
junction site (CAG/gta) is present in all above described alternative splice sites in
EMR1, except in the first 5 junction site of splice site B (Fig. 5) where AGG/gta is
found. All introns preceding A, B, C and D start with gt, which is found at 5’
junctions of all introns studied in different organisms, including primates, plants
and invertebrae. For splice site D the 5’ intron sequence was not determined. All 3’
ends of the introns of the FMRI splice sites of A, B, C and D conform to the ag
consensus sequence (tccag/G) (14).

It is striking that 3 of the 3 acceptor sites (Figure 5 and 6, C and D) are in the

5 splice site 3" splice site
A TTAGTAGgtaagtgcaga atttcttagGCAAAG
ttageaaagTAATAG
B CCAGAGGgtaagaattac actgcttagGTGTTA
TTGGCAGgtaggaaaaca ctttttcagGGTATG
C ACTTCAGgtacanctaag cencgatagGAACTA
ctgaaacagAATCTG
getcattagCTCCAA
D CCTICAG...... ttgttttag ATCAGA

acattacapAATACC

consensus AGgt agG

Figure 5. Intron/exon boundaries of the alternative splice sites. A, B, C and D give the
intron/exon sequences for the 6, €3, 75, and 51 basepairs, respectively. Capitals indicate exon
sequences, lower case letters (not underlined) indicate intron sequences. Underlined lower case
letters indicate exon sequences that are (alternatively) spliced out of the mRNA.

172



middle of exon sequences. The AG consensus sequence is found to directly
precede the 3" acceptor site, however here it is found in exon sequences. The 6
bases at site A in Figure 6 are present in all tested cDNA clones, with the
exception of the originally described BC22 (3). Therefore the absence of this short
sequence in BC22 is probably a splicing artefact. The splicing in BC22 has occurred
at an AG in exon sequence that is downstream from the ag of the intron. In this
case the original splice site has been bypassed, which is very unusual: when 2 ag
sequences are within 10 bases of each other, splicing normally occurs at the
upstream ag (15).

Splicing at the alternative sites {Fig. 5, B, C and D) occurs at different ratios, but no
differences were detected between the various tissues analyzed.

DISCUSSION

Our goal was to pursue qualitative transcription information in various normal
tissues and to examine if FMRI would be differentially expressed in various
tissues, especially with regard to those tissues, brain and testis, that are affected in
fragile X patients. Northern blot analysis indicated high expression of FMRI in
brain, testis, placenta and lymphocytes, whereas in other organs a lower level of
expression is seen (3). As RT-PCR is a very sensitive and rapid method to study
mRNA transcripts and is also the method of choice to detect rare mRNAs or
mRNAs in small amount of tissues or cells, we used RT-PCR to study normal

CaG, b c d
——] R \/ | EET T et

63 36 39 51

b o

Figure 6. Schematic representation of the different splice sites B, C and D (not drawn to scale).
In the upper part of the figure the FMRI cDNA is represented containing the different regions
B, Cand D that undergo splicing. In the lower part of the figure the different splice sites are depicted.
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transcription of FMR1 in different tissues.

We focused on the open reading frame of FMRI as alternative transcripts might
encode isoproteins responsible for functional diversity of FMRI. No alternative
splicing was found in the first half of the FMRI gene. The CGG repeat is on the
same (first) exon as the start ATG and cannot be spliced out without removing the
start ATG (8). Alternative splicing occurs in the FMR1 gene but does not appear to
be tissue specific as similar ratios of transcripts were found in all tissues analyzed.
In these tissues, using primers K7 and K8, PCR products T and 2 are considerably
more abundant than 3 and 4. In testis we find slightly different ratios of transcripts
using primers K7 and K8. Although RT-PCR is not a quantitative method, in one
reaction the same primers are used resulting in different alternative spliced mRNA
products in different ratios.

The mouse FMRI sequence has a high homology to the human sequence. Using
the primers K5/K6 the same alternative splicing is found in the mouse and human
FMR1I gene with the upperband containing the 63 basepairs in both species. But,
when primers K7/K8 are used, a difference is observed. In adult mouse brain
using these primers, the largest transcript is missing. In mouse brain no transcripts
are found containing the 51 basepairs. In human tissues there is a 1:1 ratio for the
presence or absence of splice site D (data not shown). Taking into account the
relative abuncance of the different transcripts in human somatic tissues (Table 1), it
seems that the majority of FMRT RNA products use the upstream 3 splice site at
C (no bases excluded). The upstream and downstream 3’ splice sites at D are used
equally efficient in human. In mouse only the downstram 3 splice site at D is
used. The product ratios at splice site B in favour of the absence of B is not
influenced by the size of the preceding intron (which is larger than 300 bp), as
there is a minimum size of about 80 base pairs for efficient splicing (15).

The likelihood that all the transcripts found are exon sequences and do not
represent incompletely spliced mRNA products, is strengthened by the
maintenance of an open reading frame and the apparent prevalence of different
splice products in ¢cDNA libraries. Two types of alternative splicing are found in
FMRI1. The 563 basepair sequence is a complete exon located between two introns
and spliced into or out of the mRNA in a conventional way. Alternative splicing at
sites A, C and D involves use of alternative acceptors. 3’ splicing at sites A, C and
D occurs inside exon sequences with AG conserved and preceding all 3" acceptor
sites. As the absence of the 75 bases and the absence of 36 bases are not
independent events, 3 combinations of different transcripts are possible for C (Fig.
6). Combining these 3 possible transcripts with the splice sites B and D, 12 distinct
mRNA products could result from FMRI expression, each of which could be
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translated into protein. Western blot analysis using antibodies directed to a portion
of the FMR1 protein has shown the presence of 4 discrete proteins of different
mobilities in lymphoblastoid cell lines. These proteins are absent in cell lines of
fragile X patients (C. Verhey et al, submitted). These 4 products could represent
more than 4 proteins with overlapping lengths (the largest possible product being
631 amino acids and the smallest being 568 amino acids). Expression of different
cDNA constructs in COS cells showed distinct single proteins with different
lengths excluding extensive post-translational modification events. Whether alt
these proteins will have a different function has to be determined.

The finding of 12 possible different mRNAs in FMRI does not necessarily indicate
that 12 isoforms of the protein are produced. However, the presence of at least 4
proteins has been confirmed by using FMRI specific antibodies.

New FMR1 ¢DNA clones have been isolated from human fetal brain and liver
cDNA libraries. The cDNA clones that were extended at the 5 end as compared to
the sequence of the original published FMRI ¢cDNA showed a different sequence
in front of the underlined shared sequence (Figure 3). A possible explanation for
this phenomenon could be the presence of unstable secondary structures through
which the reverse transcriptase is not able to proceed correctly. At the 3’ end the
original BC72/22 ¢DNA clone contains a polyadenylation signal and the first A of
a poly A tail (followed by vector sequence CGG (3)). This was confirmed by
sequencing ¢cDNA clones that did have longer poly A tails. Several liver cDNA
clones are extended at the 3’ end beyond the originally published sequence. This
suggests alternative use of different polyadenylation signals, although no new
polyadenylation signal was found at the 3’ end of these liver clones, which are
probably incomplete. Mouse ¢DNA clones that extend even further fhan the
human clones at the 3’ end are found as well {(Warren, pers. comm.). These mouse
clones do contain a polyadenylation signal and are at the 3’ end very homologous
to the human sequence. Combining all the sequence data from the different cDNA
clones, the longest FMRT cDNA sequence consists of 4362 basepairs.

Alternative splicing is found in many genes and can introduce functional diversity
mto the products of a single gene. In most cases this gives rise to protein isoforms
sharing extensive regions of identity and varying only in specific domains, thus
allowing for the fine regulation of protein function. The functional significance of
alternative splicing is described for several genes. 1) The function of differential
splice products can be tissue specific, e.g.: transcripts derived from the CALCI
gene are differentially processed in a tissue specific manner to include exon 4 in
the thyroidal C-cells (encoding the precursor to the hormone calcitonin) and to
exclude this exon in neuronal cells {encoding the precursor of the neuropeptide
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CGRP) (16,17). 2) Differential splicing products can have different functions in
separate developmental stages, e.5.: mRNA transcribed from the transformer {tra)
gene of Drosophila melanogaster is subjected to sex-specific alternative splicing
during embryogenesis (18,19). 3) Alternative splicing can create an altered coding
frame, for instance in myotonic dystrophy. The 3’ ends of the ORFs of brain and
heart transcripts of the DM-kinase gene differ in length and codon usage (20).
Consequently, different hydrophobic C termini are predicted for the putative
kinases. Differential splicing could have a regulatory function by creating
differential anchoring of the kinase to different cellular structures. 4) By means of
alternative  splicing domains with suggested functions (glycosylation or
phosphorylation sites etc.) can be added to transcripts. Also in Wilms' tumor
alternative splicing in the WT1 gene results in protein isoforms with differing
binding affinities to the EGR-1 consensus sequence (21,22). For the FMR1 protein
no homology is found to any other known protein, so no functions can be assigned
to different domains. Which function can be attributed to the alternative splicing in
the FMR1 gene will be subject to further research. At least splicing in this gene
does not seem to be tissue specific. However, FMR1 like DM shows alternative
splicing confined to the 3" half of the gene.

In conclusion, we have detected 12 possible FMRI transcripts that could result in
12 possible isoproteins. The next challenge will be to decipher the functions of
these proteins and to determine whether the different isoforms will have different
functions in different tissues.

MATERIAL AND METHODS

FMR1 liver cDNA isolation and characterization

A human liver ¢DNA library utilizing the vector lambda gtll was constructed as
described by Konecki et al. (23). Approximately 3 million recombinants were screened by
filter hybridization using 32p_Jabelled Bgll/BamHI Iragment (base 430 - 1730) from the
FMR-1 isolated from a fetal human brain library (Stratagene). Hybridization-positive
recombinants were plaque-purified by three rounds of purification. Phage DNA inserts
were isolated, purified and subcloned into pBlueScript II-SK (-} vector for DNA sequence
analysis. Sequencing was performed by the double-stranded dideoxy chain termination
technique using the Pharmacia T7 sequencing kit.

RNA isolation
RNA was isolated according to Auffray and Rougeon (24). The LiCl method was used
(procedure C) with several modifications. After overnight incubation at 0°C in 3M

176



LiCl/6M urea the samples were spun down at 25K at 4°C for 20 min. Proteinase K
treatment (10 pg/ml) was performed (30 min at 37°C) prior to phencl/chloroform
extraction.

First sirand ¢cDNA synthesis

5 pg of total RNA was reversed transcribed as described by Pieretti et al (7) with minor
modifications. Instead of precipitating the ¢[INA, 2 ul of the reverse transcribed reaction
was directly used for PCR.

PCR

PCR reactions were done on 2 pi of cDNA solution with different primer sets.
Amplification was carried out in a total volume of 30 pl containing 10 mM Tris-HCl (pH
8.3}, 50 mM KCL, 1.5 mM MgCl,, 0,25 mM of each dNTP and 0,5 units of Taq polymerase.
The reaction was heated to 94°C for 5 min, followed by 28 cycles of DNA denaturation (1
min at 947, annealing (1 min at 55°C) and extension (1 min and 45 sec. at 72°C). Final
extension was at 72°C for 10 min. 5-10 pl of PCR product was analyzed on a 1 or 3%
agarose gel (1.5% regular and 1.5% nusieve agarose) depending on band sizes, stained
with ethidium bromide.

The following primers were used:

Primer K1: 5 GGCGCTAGCAGGGCTGAAGAGA 3

Primer K2: 5" AAAATCCTFATGTGCCGCCTCTIT &

K1 and K2 were derived from positions -24 - -3 and 430 - 449 {Fig. 3)

Primer K3: 5 TFTGAACTTGTATTACATCTTCAGC 3

Primer K4: 5’ TTGGAACTTGTATTACATCTTCAGC 3

K3 and K4 were derived from positions 392-414 and 844-868.

Primer K5: 5" GATGCAGTCAAAAAAGCTAGAAGC ¥

Primer Ké: 5" CATCATCAGTCACATAGCTTTTTTC 3

K5 and K6 were derived from positions 808-831 and 1372-1396.

Primer K7: 5" GCTAGTTCTAGACCACCACCAAAT 3

Primer K8 5" CTTAGGGTACTCCATTCAGGAG 3’

K7 and K8 were derived from positions 1336-1359 and 1878-1898.

Primer A3: 5 CAGGAAGCTCTCCCTCTCTT ¥ is derived from position 1559-1578.

Sequencing

To sequence the PCR products bands were excised from the agarose gel and equilibrated
in 1 ml of 300 mM NaAc pH 6.5 + 1 mM EDTA for 15 min at room temperature. The
agarose containing the DNA was then cut in little pieces and transferred to 0.5 ml
eppendorf tube that was punctured at the bottom and on top of some glasswaol. The tube
with agarose was kept at -80°C for 30 min. and spun down in a 1.5 ml tube for 10 min at
room temperature at 13000 rpm. To the supernatant 1/100 vol 1M MgCl, + 10% HAc was
added and the DNA was precipitated with 2 volumes of ethanol at -80°C for 30 min. The
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DNA was spun down, washed with 70% ethanol and dissolved in 50pul of Tris-IICl (10
mM)/EDTA (0,1mM). Direct sequencing of approximately 30 ng of RT-PCR-product was
performed using the BRL cycle sequencing kit.
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SUMMARY

The vast majority of patients with fragile X syndrome show a folate-sensitive
fragile site at Xq27.3 (FRAXA) at the cytogenetic level, and both amplification of
the (CGG), repeat and hypermethylation of the CpG island in the 5 fragile X
gene (FMR-1) at the molecular level. We have studied the FMR-I gene of a
patient with the fragile X phenotype but without cytogenetic expression of
FRAXA, a (CGG),, repeat of normal length, and an unmethylated CpG island. We
find a single point mutation in FMR-1 resulting in an I1e*6” Asn substitution. This
de novo mutation is absent in the patient's family and in 130 control X
chromosomes, suggesting that the mutation causes the clinical abnormalities. Our
results suggest that mutations in FMR-1 are directly responsible for fragile X
syndrome, irrespective of possible secondary effects caused by FRAXA.

INTRODUCTION

The recent isolation of the fragile X gene (FMR-1)! has led to a search for mutations
in FMR-1 responsible for the clinical and cytogenetic expression of the fragile X
syndrome. The vast majority of fragile X patients have a significant increase in the
(CGGQG),, repeat length’~. This (CGG), repeat is located between the CpG island that
is hypermethylated in fragile X patients®?, and the start codon of the open reading
frame of FMR-1 (S. Warren, personal communication). Males with repeat inserts
greater than 600 basepairs (bp) (full mutations) almost invariably show clinical and
cytogenetic expression of the disease®. This suggests that expansion of the (CGG),
repeat to the full mutation length induces the fragile site (FRAXAY). Further evidence
that the fragile site is located in the (CGG),, repeat is provided by: (i) the absence
of cytogenetic expression of FRAXA in two patients with clinical stigmata of
fragile X syndrome and a molecular deletion of the whole FMR-1 gene'?, or part of
FMR-1 including the (CGG), repeat'l; (ii) the physical proximity of FMR-1 and
FRAXA as evidenced by fluorescent in situ hybridization of FMR-1 to fragile X
chromosomes'®; and (iii) the localization of fragile X site-induced translocation
breakpoints in the (CGG), repeat region? (S. Warren, personal communication).

The role of FMR-1 in the fragile X syndrome is evidenced by the presence of an
unstable microsatellite in the FMR-I gene, similar to that identified in myotonic
dystrophy'®1® and spinal and bulbar muscular atrophy'®, the finding of
hypermethylation of the CpG island located 5 of the open reading frame of FMR-1
(refs 6-9), which probably represents a regulatory mechanism, and the observation
of markedly reduced FMR-1 mRNA levels in male fragile X patients!”. However, the
mechanism of the mutation remains unclear. Although FMR-1 is not expressed in
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the majority of male fragile X patients, it is not yet clear whether or not deficient
activity of FMR-1 protein is directly responsible for the clinical abnormalities of the
fragile X syndrome. It is possible that the abnormalities of the chromatin structure
induced by the fragile site, or hypermethylation of the Xg27.3 region down regulates
genes in the proximity of FMR-1, which might cause the clinical abnormalities of the
fragile X syndrome. In this respect it is interesting to note that the activity of
iduronate sulphatase, encoded by IDS located approximately 1 centiMorgan (cM)
distal to the FMR-1 gene, is reduced in affected fragile X males!®. The fact that the
two patients with a partial or complete deletion of FMR-1 (refs 10,11) exhibit
fragile X syndrome in the absence of the fragile site, is only weak evidence for a
direct role of FMR-1, as the patients’ deletions presumably encompass adjacent
genes.

We therefore searched for an intragenic mutation in FMR-1 of a patient with clinical
stigmata of the fragile X syndrome, but without cytogenetic expression of FRAXA.
This work reports a single point mutation in the open reading frame of FMR-1 of
this patient, which was not found in 130 control X chromosomes, suggesting that
mutations in FMR-1 can be responsible directly for fragile X syndrome.

RESULTS

Clinical description and cytogenetic analysis

The patient was born after an uneventful pregnancy and vaginal delivery at 37
weeks gestation. Psychomotor delay was present from an early age on, and
developing milestones were delayed with sitting at 20 months, standing without
support at 4 years and walking alone at 5 years. Because of this developmental
delay and also because of hepatomegaly he was admitted to hospital. X-linked liver
glycogenosis due to phosphorylase kinase deficiency with growth retardation and
hepatomegaly was diagnosed at the age of 3 years. The patient belongs to an
extended pedigree affected with this disorder'”. The major symptoms of this
glycogenosis, located at Xp22 (ref. 19), are hepatomegaly and growth retardation
during infancy with gradual disappearance of the symptoms thereafter?®. Both
symptoms had been present in the index case until the age of approximately 10
years, but liver size and height are normal at the age of 26. Mental retardation,
neurological and phenotypic abnermalities such as present in the index case, are not
present in the family, also not in 29 relatives affected with X-linked liver
glycogenosis.

As well as his liver glycogenosis the patient developed severe mental retardation
with an IQ below 20. He is institutionalized and has only primitive contact with his
surroundings. There has never been any verbal communication except for some

184



Figure 1. a, Appearance of the patient’s face with coarse acromegaloid features, large forehead,

asymmetric long face, large ears, thick lips, mandibular prognathism; &, impressive

macroorchidism; ¢, hypotrophic lower extremities.

sounds. Focal seizures are successfully treated with antiepileptic medication.
Examination at the age of 27 years showed a severely retarded male with a peculiar
phenotype. The face was asymmetric and elongated with prominent supraorbitai
ridges, sunken eyes, mandibular prognathism and coarse features giving an
acromegalic impression (Fig. 1). The ears were large (8 cm), but normally implanted.
Other phenotypic abnormaiities include a thick lower lip, brachydactyly type E of
the fourth ray of the foot, and short toe nails. The thorax and upper extremities
were very muscular in contrast to the lower extremities which were hypotrophic.
Impressive macroorchidism was present with both testicles exceeding 100 ml volume
(Fig 1). Height was 1.85 m (90th centile), weight was 65 kg (50th centile) and OFC
was 58 cm (between 50th and 98th centile). The liver was palpable at the costal
margin. Neurological examination showed spastic paraparesis of the lower
extremities with increased deep tendon reflexes. Flat feet, and X-deformity of the
knees together with paraparesis made normal gait impossible.

A total of 100 mitoses of a folate-deprived culture without trimethoprim and 30
mitoses of a culture with trimethoprim were examined in our laboratory. In none
of them was the fragile X site at Xq27.3 (FRAXA) observed. The analysis was
repeated in two different laboratories at two separate occasions. A total of 280
mitoses was investigated in folate-deprived culture conditions and none showed
FRAXA. Routine cytogenetic analysis in three laboratories revealed a normal male
karyotype 46,XY, with no abnormality in the Xp22 or Xq27.3 region.
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(CGG),, repeat analysis

Southern blot analysis of an GcoRI digest of DNA of the patient (P} with the probe
pP2, showed the normal 5.2 kb EcoRI fragment without amplification of the (CGG),
repeat (Fig. 2a). A double digest with both EcoRIl and the methylation-sensitive
restriction enzyme Eagl was performed, allowing detection of both the amplification
of the (CGG),, repeat and the methylation status of the CpG island preceeding the
(CGG}y, repeat. The patient (P), his mother (M), his brother (B) and the male control
(C), have a normal 2.8 kb unmethylated DNA fragment. The male with a
premutation (X} has an unmethylated DNA band of 3-3.5 kb. The male fragile X
patient with a full mutation (F) shows a smear in the full mutation range without
a normal 2.8 kb fragment due to complete methylation of the CpG island (Fig. 2b).
Polymerase chain reaction (PCR) amplification of the (CGG),, repeat region of our
patient indicated a repeat number of 25, which is in the normal range of 5 to 54
repeats®.

CPMBXF CPMBXF

i

5.2kb——'..'. ]

L E X R — 2.8 kb

a b

Figure 2. Southern blot of EcoRI (a) and EcoRI/Eagl (b) digested genomic DNA of a male
control (C), the patient (P), the patient's mother (M), the patient’s brother (B), a male with a
premutation (X) and a male fragile X patient with a full mutation (F).

On EcoRi digests C,P.M and B show a normal 5.2 kb fragment, whereas X shows a 5.5 kb
fragment due to a premutation in the (CGG), repeat, and F shows a smear due to a large
insertion in the (CGG),, repeat. The double digests with EcoRI and Eagl show both the (CGG),,
amplification and the methylation status of the CpG island. C,P and B have a normal
unmethylated fragment of 2.8 kb. M has both a normal unmethylated (active) 2.8 kb fragment,
and a normal methylated (inactivatecd by the lyonisation) 5.2 kb fragment. X shows an
unmethylated premutation band between 3 and 3.5 kb. F has a methylated smear in the full

mutation range.
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mRNA quantification

Because of absence of expression of FMR-1 in the majority of male fragile X
patients”, a PCR reaction was carried out on first strand ¢DINA to check the level
of FMR-T mRNA in our patient. First strand ¢<DNA was synthesised with reverse
transcriptase from RNA isolated from an Epstein-Barr virus transformed cell line of
the patient. The resulting cDNA was amplified with a set of primers derived from
the FMR-1 sequence in combination with a pair of primers derived from the
hypoxanthine-guanine phosphoribosyltransferase (HPRT) sequence as an internal
control'”. The patient shows bands of the same size and intensity as a normal
contro] (data not shown}. There is also no difference in intensity between the FMR-1
and the HPRT band which suggests that the patient has a normal level of FMR-1
mRNA,

Sequence analysis

Using first strand ¢DNA, four overlapping FMR-1 ¢cDNA fragments (Fig. 3) were
amplified by PCR. The four generated reverse transcriptase PCR fragments (RT-PCR
-1V} of the patient showed a normal length and intensity as compared to RT-PCR
products of a control. The four RT-PCR products were subcloned and sequenced.
Comparison of the complete open reading frame of FMR-I revealed only one
alteration, a T to A conversion (Fig. 4) at position 1100 in the FMR-1 sequence’. This
substitution converts an Ile codon at amino acid position 367 to an Asn codon. To
exclude a PCR or sequencing artefact, the RT-PCR 1II reaction was repeated and the

5" untranslated 3 untranslated
) S
CpG (CGG}.r1
} } f I —
V] 600 1200 1800 2400 bp
=—L72 bp-—a RT-PCR I
—,76 pp-—1l RT-PCR 11
g 519 pp—n RT -PCRIII

®——539pp—a RT -PCR IV

Figure 3. Reverse PCR amplification of cDNA from the FMR-1 gene.

Schematic representation of the cDNA structure of FMR-1 and the design of the four reverse
transcriptase PCR reactions (RT-PCR I-1V). The boxes represent the respective primer sets. The
indented area indicates the (CGG), repeat and the hatched area represents the CpG island
hypermethylated in the majority of fragile X patients. Numbering of base pairs and amino acids
is according to the published sequence!. Recent findings indicate that the actual startcodon is

located at position 66 of the published’ sequence (S. Warren, personal communication).
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Figure 4. Autoradiograph of a sequencing gel of the middle portion of the RT-PCR Il product
of the FMR-1 ¢DNA. The figure shows the single T to A substitution in the ¢cDNA of the

affected patient. This point mutation results in an Ile367Asn substitution {arrowhead).

product resequenced both after subcloning and by direct sequencing. This confirmed
the presence of the T to A point mutation.

Mutation analysis

To determine whether this point mutation is genetically associated with mental
retardation in this family, pedigree analysis was performed. Using primers flanking
the T to A point mutation and genomic DNA of the patient and his family as a
template, PCR products were subjected to slot blot analysis with wild type and
mutant allele specific oligonucleotides (ASO) used as hybridization probes. Figure
5 shows that the T to A mutation is present in the patient, but not in the mother,
brother and nephews who have normal intellectual abilities and no stigmata of
fragile X syndrome. Therefore, this point mutation represents a new mutation in the
patient,

To assess the possible presence of the T to A mutation in the normal population we
also investigated genomic DNA from 130 control X chromosomes by slot blot
analysis using allele-specific oligenucieotides (ASO). The mutant allele, however, was
not present in the normal population.
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DISCUSSION

Although FMR-1 has been isolated and the most prevalent fragile X mutation
identified, little is known about the role of FMR-1 as the predicted protein sequence
has given little hint of its function. It remains unclear if the amplification of the
FMR-1 (CGG), repeat of fragile X patients is responsible for their clinical
abnormalities solely by impairing the function of FMR-1. As the amplification of the
(CGG), repeat induces a fragile site FRAXA with gross alterations of the chromatine
structure of the Xq27.3 region, whereas the hypermethylation of the CpG island 5'
of the open reading frame of FMR-1 might down regulate adjacent genes, the
mutation in FMR-1 might affect the expression of other genes in Xq27.3. Therefore,
it is not impossible that the fragile X syndrome is a contiguous gene syndrome in
which more than one gene is affected. In this study, we asked the question whether
intragenic mutations in FMR-1 might not be directly responsible for the clinical
abnormalities of the fragile X syndrome.

We therefore analysed the FMR-1 gene of a patient with clinical evidence of
fragile X, but without cytogenetic expression of FRAXA, amplification of the (CGG),
repeat or hypermethylation of the CpG island. We specifically choose (o study this
particular patient as he not only has facial stigmata compatible with the fragile X
syndrome, but also macroorchidism. Whereas the facial stigmata of the

4

Figure 5. Pedigree of the family. The arrowhead represents the index patient.

I indicates mental retardation, [l indicates liver glycogenosis. The corresponding slot blot
analysis is shown below: the upper row of DNA is hybridised to the mutant ASO recognizing
the T to A point mutation, whereas the lower row is hybridised to the wild type ASO. The
DNA of the family is flanked at both sides by DNA of a control. The figure illustrates that the

point mutation is only present in the index patient and not in his relatives.
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fragile X syndrome are more or less aspecific, impressive macroorchidism (such as
present in this patient} suggests fragile X syndrome. Our patient is also affected
with X-linked liver glycogenosis (XLG) due to phosphorylase kinase deficiency. XLG
is a mild hepatomegalic glycogen storage disease causing hepatomegaly, growth
retardation, hypercholesterolaemia and liver transaminase elevations during infancy
and adolescence, but few symptoms thereafter?’, The XL.G gene has been mapped
to Xp22 by linkage analysis!®, whereas the gene encoding the liver o-subunit of
phosphorylase kinase (PHKA2) was physically mapped to the same chromosomal
region®!?2. Therefore, XLG is probably caused by mutations in PHKA2 (ref. 23). The
mental retardation and macroorchidism of our patient can not be attributed to this
disorder as the clinical spectrum of XLG does not include the latter symptoms2?,
Furthermore, mental retardation was absent in all other relatives affected with XLG.
This suggested that not XLG but a different condition, possibly the fragile X
syndrome, was responsible for the clinical abnormalities of this patient.

The significance of our patient’s FMR-1 mutation is suggested by the fact that his
(CGG),, repeat number (25) lies well within the normal range (5-54). The mutation
arose de novo, and is not seen in 130 normal X chromosome. As little is known of
the overall function of FMR-1 and the genomic organisation of FMR-I, we cannot
speculate on the functional effects of the Ile367Asn mutation in our patient. It is
surprising, however, that a mutant protein which differs by only one amino acid,
apparently produces more severe clinical abnormalities than the classical fragile X
mutation where hardly any FMR-I mRNA is present, or the two deletion patients
reported recently!01!: Neurological impairment with spastic paraparesis, muscle
atrophy, hypotrophy of the lower extremities, and phenotypic abnormalites such as
brachydactyly type E are uncommon in fragile X syndrome, and mental retardation
and macroorchidism of our patient was particularly severe.

A protein suicidal effect of the mutant FMR-1, such as occurs in certain collagen
disorders, is a possibility. A regulatory function of FMR-1 might be more impaired
by a mutation than by a reduction in the amount of normal protein. In any case,
the e’ Asn substitution must alter significantly the function of an important
domain of FMR-1. In mouse Fmr-1, the Ile at this position is conserved (B.A.Q.,
unpublished results). Secondary structure algorithms®* indicate an alteration in the
B sheet structure of FMR-1 by the I11e*”Asn substitution. However, the predictive
value of secondary structure algorithms is very limited. A formal proof that the T
to A point mutation is responsible for the clinical abnormalities of our patient,
would require site-directed mutagenesis introducing the mutation in vitro and/or
In vivo transgenic constructions. However, this remains impossible as long as there
are no biclogical parameters to assess the activity of FMR-1. As our FMR-1 mutation
does not lead to amplification of the (CGG), repeat and/or methylation of the
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adjacent CpG island, it probably plays a direct role in the development of the
mental retardation and neurological abnormalities, which suggests an important
physiological function of FMR-1 in neurological tissue.

Our findings suggests that the fragile X syndrome is a single gene disorder and not
a contiguous gene syndrome. The presence of an intragenic FMR-I mutation
different from the classical amplification of the (CGG), repeat also illustrates the
necessity to scan the FMR-1 gene in fragile site-negalive patients with mental
retardation, and especially in patients with mental retardation and macroorchidism.
As it becomes clear that the clinical and cytogenetic definition of the fragile X
syndrome has been biased towards fragile site-positive patients, continued molecular
analysis of the FMR-I gene will probably lead to a change from an indefinite
homogeneity to a definite heterogeneity in the fragile X syndrome.

Methodology

Subjects. The patient belongs to an extended Dutch pedigree with more than 20 individuals
affected with X-linked liver glycogenosis due to deficiency of phosphorylase kinase activity.
The pedigree has been reported before!® and was used to localize the gene responsible for
X-linked liver glycogenosis by linkage analysis. In this report the FMR-1 gene was studied
in part of the pedigree (Fig 5). Genomic DNA was extracted from peripheral lymphocytes,
whereas cDNA was prepared from RNA obtained from EB-transformed lymphoblastoid cell
lines. We used genomic DNA from peripheral lymphocytes from 65 female Caucasians as
controls.

Cytogenetic analysis. Fragile X was analysed in 96 hours whole bloed cultures in low folate
medium {M199) with 2% fetal calf serum (FCS), as previously described?, and in the same
medium supplemented with 20 mg/ml trimethoprim=®, Slides were stained with 5% Giemsa
and examined for fragile sites. After destaining the slides were GTG-banded to identify the
chromosome involved. The cytogenetic analysis was repeated in two different genetic
laboratories at two separated occasions.

Southern blots and PCR amplification. Genomic DNA of the patient was prepared from
peripheral blood lymphocytes according to standard procedures. Approxirnately 6 ug of
DNA was digested with EcoRI and EcoRI/Eagl for Southern blot analysis with pP2 used
as a probe. pP2 is a 1 kb Pstl fragment derived from pE5.1 which identifies the {CGG),
repeat and the preceeding CpG island”. Amplification of genomic DNA of the region
around the (CGG), repeat was carried out according to published procedures?, with the
modification that the concentration of MgCl, was 2.5mM.

RNA extraction. Total cellular RNA was extracted from an EBV transformed lymphoblastoid
cell line. A pellet of lymphoblastoid cells was mixed in 10 ml icecold LiCl-Urea (3 M LiCl,
6 M Urea) for 2 min. After overnight incubation on ice the suspension was pelleted for 20
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min at 25,000 rpm at 0°C. The pellet was dissolved in 1 ml of 0.01 M Tris-HCI, 0.01 M
EDTA, 1 % SIS, 10 png/ml prot K and incubated at 37°C for 30 min. The sclution was
extracted once with phenol-chloroform and once with chloroform. RNA was precipitated
with ethanol and dissolved in 300 pl H,0.

¢DNA synthesis. Ten pg of total cellular RNA obtained from lymphoblastoid cells was
incubated at 42°C for 1 h in a total volume of 40 pl containing 2 pg of random hexamer
primers d(N)g , 3 pg oligo(dT)primer d(T),5, 1.2 mM of each dNTP, 60 mM Tris-HCl (pH
8.3), 60 mM MgCl,, 4 mM dithiothreitol, 25 U of RNAase inhibitor and 5 ul of Superscript
RNAase H-RT (200 u/pl). After first-strand synthesis the ¢cDNA was collected by ethanol
precipitation and resuspended in 20 pl H,O.

RNA gquantification. PCR was carried out on a DNA thermal cycler (Perkin-Elmer, Cetus)
as described'” using 2 pl first strand cDNA as a template. After initial denaturation at 94°C
for 5 min, the PCR consisted of 28 cycles of 1 min at 94°C, 1 min at 55°C and 1 min 45 sec
at 72°C. Final extension was at 72 °C for 10 min. The FMR-1 primers used were 5
TAGCTAACCACCAACAGCAAGGC 3" and 5'AACTGGCAGCCTGATAGGCAGATTC 3,
derived from positions 297-320 and 420-442 of the published FMR-1 sequence!. PCR
products were visualised on a 3 % agarose gel stained with ethidiumbromide.

PCR amplification and sequencing. Based on the cDNA sequence of the normal FMR-I
genel, we designed 4 pairs of primers to amplify the entire protein-coding region of FMR-]
(Fig. 3). The primers used were K1 (5" GGAATTCCGGCGCTAGCAGGGCTGAAGAGA 39)
and K2 (5" GGAATTCCAAAATCCTTATGTGCCGCCTC TTT 3°) derived from positions
172-192 and 622-645 of the FMR-1 sequence’; K3 (5’GGAATTCCTGGATGTGCCAGAAGACT
TACGG 3) and K4 (5" GGAATTCCTTGG AACTTGTATTACATCTTCAGC 3') from positions
586-609 and 1039-1063; K5 (5" GGAATTCCGATGCAGTCAAAAAAGCTAGAAGC 3') and
K6 (5" GGAATTCCC ATCATCAGTCACATAGCITTTTTC 3') from positions 1003-1027 and
1498-1521; K7 {3' GGAATTCCGCTAGTTCTAGACCACCACCAAAT 37 and K8 (5’ GGAATT
CCGGAAATATAACTTCAGAATTATGCAGT 3) from positions 1462-1485 and 1975-2001
of the FMR-1 sequence {Fig. 3). PCR was carried out as described before!”. After initial
denaturation at 94°C for 7 min, 40 cycles of PCR amplification were performed. Each cycle
consisted of: 94°C for 1 min; 55°C for 1 min and 72°C for 1 min 45s. Final extension was
at 72°C for 10 min. The PCR products were subcloned inte Bluescript SK- and sequenced
with vector primers using the dideoxynucleotide termination method (Sequenase version
2.0, USB). Additionally, direct sequencing of the RT-PCR III product,using the BRL cycle
sequencing kit, was performed to confirm the point mutation.

Slot blot detection of the point mutation. Amplification of 500 ng genomic DNA was

carried out in a total volume of 50 ul containing 1 x Cetus Taq DNA polymerase buffer,
100 pmol of each primer, 125 mM of each dNTFP and 2.5 U Taq Pol. After an initial 4 min
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at 94°C, the PCR consisted of 32 cycles of 1 min at 94°C, 2 min at 55°C, and 2 min at 72°C.
Final extension was at 72°C for 10 min. The primers used were 5
CTGCTTTGAGGTATGTGTTTTTA 3’ (intron sequence in intron at position 1073 of the
FMR-1 sequence') and 5" AATATTCGCACTGTAACATACCT 3’ (starting from position 1177
of the FMR-1 sequence'). PCR products were denaturated in 0.4 M NaOH and 25 mM
EDTA for 10 min and applied directly on Hybond N* membranes using a slot blot
apparatus. The filters were air dried, prehybridized for 1 h at 42°C in 5 x SSPE, 1% SDS
and 50 pg/ml salmon sperm DNA and subsequently hybridized for O/N in the same
solution to [*P] labelled oligonucleotides. The filters were washed in 3 x 85C for 15 min.
The following allele-specific oligonucleotides (ASQ) were used: GGAAAGCTGATICAGG
AGAT (wild type) and GGAAAGCTGAATCAGGAGAT (mutant).
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SUMMARY

The objective of the research described in this thesis was to isolate and characterize
the gene involved in the fragile X syndrome. For this purpose we used the
approach of positional cloning, a technique by which a growing number of genes
has been isclated in the past years (Chapter 1).

The fragile X syndrome, also called the Martin-Bell syndrome, is one of the most
common genetic diseases, with mental handicap and enlarged testes in males as its
main characteristics. About 1 in 1250 males is affected with this disease, and
although the syndrome shows an X-linked pattern of inheritance, normal male
carriers do exist, and about 50-70% of the females carrying the "full mutation” gene
defect are mildly to moderately affected. Chapter 2 gives some historical aspects
about the "discovery” of the syndrome. In that chapter also an overview is given of
the physical and behavioral aspects found in fragile X patients. In addition, the
unusual pattern of inheritance of the fragile X syndrome is discussed.

The prevalence of the syndrome, the severity of the disease in male patients, and
the urge to understand the defects at the molecular and biochemical level started
the search for the gene involved in fragile X syndrome. In Chapter 3 an overview is
given of the different approaches used by us and other research groups in the hunt
for this gene. The finding of a "fragile site" at the end of the long arm of the X
chromosome in cells of male patients indicated that the fragile X gene was to be
found in the Xq27-28 region of the X chromosome. This fragile site was thought to
be associated with the gene involved in fragile X syndrome. With the aid of
genetic and physical mapping, the region of interest was eventually restricted to 2-
2,5 megabases. We used probes from this region, that mapped close to the fragile
site, to isolate yeast artificial chromosomes (YACs) containing human X
chromosome material from the Xq27.3 region (Chapter 7; Publication 7.1). We
isolated one YAC of 475 kb (YAC 209G4), which was shown by fluorescence in situ
hybridization (FISH) to cross the fragile site (Chapter 7; Publication 7.2). This YAC
contained a CpG island that was found to be preferentially methylated on the
fragile X chromosome of male patients and many female carriers of the syndrome.
Since CpG islands often are found 5 to mammalian genes, it was possible that a
gene might reside near this fragile site related CpG island. We constructed a
cosmid library from the yeast clone harbouring YAC 209G4, and human DNA
containing cosmids were used to screen a ¢DNA library derived from normal
human fetal brain RNA. This resulted in the isolation of a gene, which we have
named FMRI (Fragile X Mental Retardation 1) (Publication 7.1). The FMR1 gene
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was found to contain a CGG repeat in its 5 untranslated region. This repeat was
located 250 basepairs distal from the CpG island which is hypermethylated in the
DNA of fragile X patients. One of the cosmids (cosmid 22.3) used to isolate the
gene, contained this CpG island and the CGG repeat. With FISH it was found that
this cosmid showed signals proximal and distal from the fragile site (Publication
7.2), suggesting that the FMR1 gene was closely associated with the fragile site. It
was demonstrated that the CGG repeat is involved in the origin of the fragile X
syndrome. In the FMR1 gene of normal individuals, an average number of 29 CGG
repeats is found, varying from 6-54 repeats. In fragile X carriers and patients this
repeat is increased in length. In most of the phenotypically normal carriers, this
increase is small and called a premutation, as this small increase is not associated
with the disease phenotype. In fragile X syndrome patients the repeat has
increased to over 200 copies. Due to this large number of repeats, methylation of
the promoter region of the FMR1 gene occurs, resulting in lack of transcription and
absence of FMRI protein. This large increase in repeat size is termed a full
mutation, as this number of repeats is associated with the disease phenotype. In
fragile X families, the CGG repeat is unstable, which means that the number of
repeats may increase from one generation to the next, eventually resulting in the
fragile X phenotype in a number of individuals. This discovery, that amplification
of a trinucleotide repeat is the molecular basis of the fragile X syndrome, revealed
a new mechanism of transgenerational inheritance and has been a fundamentally
new concept in genetics. This finding was soon followed by the identification of
other diseases, described in Chapter 5, in which triplet amplifications are
responsible for the disease phenotype. The genes associated with these disorders
all contain a polymorphic GC rich trinucleotide repeat, that is unstable and
expanded in affected individuals.

The FMRI gene is highly expressed in human brain and testes, tissues involved in
the pathogenesis of the syndrome, and encodes a mRNA of about 4,4 kb. The gene
has been conserved during evolution and can be found in organisms as divergent
as mouse, yeast and Caenorhabditis elegans. Several domains have been identified in
the predicted FMRI protein sequence that were recently found in RNA binding
proteins, suggesting an RNA binding activity for the FMR1 protein.

We found that the FMRI gene is subject to alternative splicing (Publication 7.4).
This could give rise to as many as twelve different FMRI mRNA transcripts and
hénce to twelve possible isoproteins. Indeed different isoproteins are found in
lymphocytes of normal individuals. The splicing described in Publication 7.4 does
not seem to be tissue specific, because no differences were detected between
various tissues analyzed.
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Cloning and characterization of the FMRT gene and the identification of the gene
defect in fragile X patients, has improved the way in which the syndrome can be
diagnosed. Now the number of CGG repeats in the FMRI gene of individuals can
be determined by means of Southern blot analysis and a PCR test and can be
correlated with the clinical phenotype. In Chapter 4 an overview is given of the
means of fragile X diagnosis before and after the identification of the FMR1 gene.
In Publication 7.3, several examples are given of DNA diagnosis in fragile X
families by means of Southern blot analysis.

In the majority of fragile X patients an increased number of CGG repeats is found,
with the absence of FMRI protein. It was however unclear, whether nearby genes
were also involved in the etiology of the syndrome. We have identified one patient
with a de nove point mutation in the FMRI gene (Publication 7.3). This point
mutation results in the fragile X phenotype in this patient, strongly suggesting that
the fragile X syndrome is a single gene disorder.

Questions as to when and how repeat expansion occurs are still unanswered.
Several models of mechanisms through which repeat expansion might occur, and
the timing of expansion are discussed in Chapter 6. However, none of the proposed
mechanisms can completely explain the observed phenomena. Evidence
accumulates that premutations are present in germ cells of carriers and patients,
and that large expansions occur in a distinct time period in the early embryo. Mice
in which the Fmrl gene has been knocked out, or mice with an enlarged CGG
repeat in the Fmrl gene might serve as a model to study these issues and might
give answers related to the function of the FMRI protein.
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SAMENVATTING

Het doel van het onderzoek, beschreven in dit proefschrift, was het gen te isoleren
en te karakteriseren dat betrokken is bij het ontstaan van het fragiele X syndroom.
Om dit doel te bereiken hebben we gebruik gemaakt van "positional cloning”, een
techniek waarmee in de afgelopen jaren een flink aantal genen is gekloneerd
(Hoofdstuk 1).

Het fragiele X syndroom, ook wel Martin-Bell syndroom genoemd, is een van de
meest voorkomende erfelilke aandoeningen, met als voornaamste kenmerken
geestelijke handicap en vergrote testes in mannelijke patiénten. Bij ongeveer 1 op
de 1250 mannen komt deze ziekte voor, en hoewel het syndroom een X-gebonden
overervingspatroon vertoont, zijn er ook normale mannelijke dragers, en is 50-70%
van de vrouwelijke draagsters met een “volledige mutatie” op een van haar X
chromosomen mild tot matig geestelijk gehandicapt. In Hoofdstuk 2 worden een
aantal historische aspecten over de “ontdekking" van het syndroom beschreven. In
dit hoofdstuk wordt ook een overzicht gegeven van fysicke en gedragskenmerken
van fragiele X patiénten. Tevens wordt het ongewone overervingspatroon van het
syndroom besproken.

De prevalentie van het syndroom, de ernst van de ziekte in mannelijke patiénten
en het belang om een defect op moleculair en biochemisch niveau te onderzoeken,
startte de speurtocht naar het gen betrokken bij het fragiele X syndroom. In
Hoofdstuk 3 wordt een overzicht gegeven van de verschillende manieren van
aanpak die zijn gebruikt door ons en andere onderzoeksgroepen in de jacht op dit
gen.

De aanwezigheid van een "fragiele plaats" aan het uiteinde van de lange arm van
het X chromosoom in cellen van mannelijke patiénten gaf aan, dat het gen gezocht
moest worden in het Xq27-28 gebied van het X chromosoom. De aanname was, dat
deze fragiele plaats geassocieerd was met het gen betrokken bij het fragiele X
syndroom. Met behulp van genetische en fysische kartering werd het gebied waar
het gen zich zou kunnen bevinden beperkt tot 2-2,5 megabasen. Probes uit deze
regio, die zich vlak bij de fragiele plaats bevonden, werden door ons gebruikt om
artificiéle gistchromosomen (YACs) te isoleren die grote fragmenten bevatten
afkomstig van het humane X chromosoom uit het Xq27-28 gebied {(Publikatie 7.1).
Door onze groep werd een YAC geisoleerd van 475 kilobasen. Met behulp van de
fluorescerende in situ hybridisatie techniek (FISH) werd aangetoond, dat deze YAC
zich bevond ter plekke van de fragiele plaats (Publikatie 7.2). Deze YAC bevatte het
CpG eiland dat preferentieel gemethyleerd was op de fragiele X chromosomen van
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mannelijke patiénten en een deel van de vrouwelijke draagsters van het syndroom.
Omdat CpG eilanden vaak worden gevonden aan het 5 einde van genen, bestond
de mogelijkheid dat dit CpG eiland ook geassocieerd was met een zich in de buurt
bevindend gen. Om te onderzoeken of op YAC 209G4 een gen gelegen was, werd
hiervan een cosmidebank geconstrueerd. Cosmides met een humaan fragment
werden gebruikt om een complementaire DNA bank, gemaakt van normaal foetaal
humaan hersen mRNA, te screenen. Dit resulteerde in de isolatie van een gen, dat
we FMRI (Fragiele X Mentale Retardatie 1) hebben genoemd (Publikatie 7.1). In het
5" onvertaalde gebied van het FMR1 gen werd een CGG repeat aangetroffen. Deze
repeat lag 250 baseparen distaal van het CpG eiland, dat gehypermethyleerd was
in het DNA van fragiele X patiénten. Een van de cosmiden (cosmide 22.3),
gebruikt om het gen te isoleren, bevatte dit CpG eiland en de CGG repeat. Met de
FISH techniek werd aangetoond, dat dit cosmide signalen vertoonde aan beide
zijden van de fragicle plaats (Publikatie 7.2), wat suggereerde dat het FMRI gen
nauw geassocieerd moest zijn met de fragiele plaats.

Er is aangetoond, dat de CGG repeat is betrokken bij het ontstaan van het fragiele
X syndroom. In het FMRI gen van normale individuen, wordt een gemiddeld
aantal van 29 CGG repeats gevonden, vari€érend van 6-54 repeats. In fragiele X
draagsters en dragers en in patiénten is deze repeat verlengd. In alle fenotypisch
normale mannelijke dragers en een groot aantal van de fenotypisch normale
draagsters, is deze verlenging klein. Deze kleine verlenging wordt een premutatie
genoemd, omdat deze niet wordt geassocieerd met het fenotypische ziektebeeld. In
fragiele X patiénten is de repeat verlengd tot meer dan 200 kopieén. Door dit grote
aantal repeats vind methylering plaats van het promoter gebied van het gen, wat
resulteert in afwezigheid van transcriptie en afwezigheid van FMRI eiwit. Deze
grote verlenging wordt een volledige mutatie genoemd, omdat een repeat aantal
boven de 200 kopieén wel wordt geassocieerd met het fenotypische ziektebeeld. In
fragiele X families is de CGG repeat instabiel. Dit wil zeggen, dat het aantal
repeafs toe kan nemen van generatie op generatie, uiteindelijk resulterend in het
fragiele X fenotype in een aantal nakomelingen. Deze ontdekking, dat verlenging
van een trinucleotide repeat de moleculaire basis is van het fragiele X syndroom,
heeft een nieuw mechanisme van overerving onthuld en is een fundamenteel
nieuw concept in de genetica. Deze vondst werd spoedig gevolgd door de
identificatie van andere ziekten, beschreven in Hoofdstuk 5, waarbij verlenging van
een basen triplet verantwoordelijk is voor het ontstaan van een ziektebeeld. De
genen, geassocieerd met deze ziekten, bevatten allemaal een polymorfe, CG rijke,
trinucleotide repeat die instabiel is en verlengd is in DNA van patiénten.

Het FMRI gen komt hoog tot expressie in humane hersenen en testes, organen
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betrokken bij de pathogenese van het syndroom, en codeert voor een mRNA van
ongeveer 4,4 kilobasen. Het gen is geconserveerd gedurende de evolutie en wordt
gevonden in organismen als de muis, gist en Caenorhabditis elegans. In de
voorspelde FMRI aminozuur volgorde zijn een aantal domeinen geidentificeerd,
die kort geleden zijn gevonden in een aantal RNA bindende eiwitten. Dit
suggereert dat ook het FMRI eiwit een RNA bindende functie kan hebben.

QOok hebben we aangetoond dat het FMRI gen onderhevig is aan alternatieve
splicing (Publikatie 7.4). Dit zou aanleiding kunnen geven tot minimaal 12
verschillende FMRI mRNA transcripten en dus tot 12 mogelijke isovormen van het
eiwit. Er zijn inderdaad een aantal verschillende isovormen van het FMR1 eiwit
gevonden in witte bloedcellen van normale individuen. De alternatieve splicing,
beschreven in Publikatic 7.4, lijkt niet weefsel specifiek te zijn, omdat geen
verschillen werden waargenomen tussen de verschillende onderzochte weefsels.
Het kloneren en karakteriseren van het FMRI gen en de identificatie van het
gendefect in fragiele X patiénten, heeft de mogelijkheden voor diagnose van het
syndroom aanzienlijk verbeterd. Nu kunnen verlenging van de repeat en het aantal
CGG repeats in het FMRI gen van individuen bepaald worden met behulp van
Southern blot analyse en een PCR test. Het aantal repeats kan gecorreleerd worden
met het klinische beeld. In Hoofdstuk 4 wordt een overzicht gegeven van de
manieren waarop diagnostiek werd en wordt bedreven voor en na de isolatie van
het FMRI gen. In Publikatic 7.3 worden nog een aantal voorbeelden gegeven van
DNA diagnostiek in fragiele X families met behulp van Southern blot analyse.

In bijna alle fragiele X patiénten wordt een verhoogd aantal CGG repeats
gevonden in het FMRI gen, en afwezigheid van FMRI eiwit. Het was echter
onduidelijk of cok andere genen in de buurt van FMRI betrokken waren bij het
ontstaan van de ziekte. We hebben een patiént geidentificeerd met een de novo
puntmutatie in het FMRI gen (Publikatie 7.5). Deze puntmutatie resulteert in het
fragiele X fenotype in deze patiént, wat suggereert dat het fragiele X syndroom
door een enkel gen veroorzaakt wordt.

Vragen wat betreft wanneer en hoe repeat verlenging optresdt, zijn nog
onbeantwoord. Verschillende modellen van mechanismen waardoor repeat
verlenging zou kunnen optreden, of wanneer repeat verlenging plaats vindt,
worden besproken in Hoofdstuk 6. Geen van de voorgestelde mechanismen kan
echter alle waargenomen verschijnselen verklaren. Er zijn nu aanwijzingen, dat er
zich slechts premutaties bevinden in geslachtscellen van draagsters, dragers en
patiénten, en dat giote verlengingen van de repeat plaats vinden in somatische
cellen in een bepaalde periode tijdens de vroege embryonale ontwikkeling.

Muizen, waarbij het Fmrl gen onwerkzaam is gemaakt, of muizen waarbij een
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verlengde repeat in het Fmrl gen wordt gebracht, kunnen als model fungeren om
deze zaken te bestuderen. Tevens zou bestudering van deze muizen antwoord
kunnen geven op vragen betreffende de functie van het FMRI eiwit.
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TOT SLOT

Vijf jaar onderzoek aan het fragiele X syndroom zijn voorbij geviogen. Vijf jaar die
in alle opzichten de moeite waard zijn geweest.

Ik herinner mij nog de eerste refereeravond van onze afdeling, waarbij ik professor
Galjaard probeerde te overtuigen van het feit dat wij dat gen wel konden kloneren.
Ik geloof dat ik toen nog niet zo goed besefte dat er een geduchte concurrentie
strijd gaande was tussen de verschillende groepen in Europa, Amerika en
Australié. Maar al met al (een beetje werk, een beetje geluk, en een goede
samenwerking met de juiste mensen op het juiste moment) is het ons toch gelukt!
Geachte professor Galjaard, ik denk dat we tevreden mogen zijn. Zonder uw
(financiéle) steun zou dit alles niet mogelijk zijn geweest. Hiervoor mijn hartelijke
dank. Dat extra jaartje had ik nog net even nodig en gaf me de mogelijkheid om er
een afgerond geheel van te maken.

BEN! Een gen kloneren, dat "zag ik wel zitten". Maar zonder jouw bezielende
leiding en persoonlijke betrokkenheid zou dat niet gelukt zijn en zou ook dit
boekje er nooit zijn gekomen. Ik denk dan ook dat dit "ons" boekje is geworden en
dat we er best een beetje trots op mogen zijn. Je enthousiasme en energie waren
onuitputtelijk (het heeft me altijd verbaasd dat je nooit moe was te krijgen), voor
alles was een oplossing te vinden en je regelde alles wat los en vast zat. En toen
het nodig was heb je ook jezelf nog in de strijd (of beter gezegd op het lab)
geworpen (wat zo af en toe wel wat consequenties had voor de dagelijkse orde).
Het waren soms chaotische tijden, waar ik altijd met veel plezier aan terug zal
denken.

Professor Niermeijer, professor Grootegoed en professor van Ommen wil ik
bedanken voor het kritisch lezen van het manuscript. Vooral professor Niermeijer
bedank ik wvoor zijn bemoedigende woorden en altijd positieve manier van
benaderen.

Beste Gert Jan. Ik ben je altijd zeer erkentelijk geweest voor het feit dat je mij, na
mijn afstuderen, achter de typemachine hebt weggehaald (waar ik terecht was
gekomen omdat ik met een AIO plaats geen genoegen wilde nemen). Er was nog
ergens een "potje" waar voor drie maanden een "normaal" salaris in zat en ik
stortte mij op het "gist kloneren". Na mijn aanstelling in Rotterdam ben ik nog een
paar maanden blijven hangen op de afdeling Anthropogenetica in Leiden. Het
waren goede tijden en ik heb nog nooit zo gelachen als toen met ons gist
klonerings clubje: Marijke, Kurt (yeast cloning is fun!) en Martin (wanneer gaat het
nu gebeuren?).

Rakesh Anand, thank you for, so patiently, introducing me into the wonders of
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yeast cloning.

Johan en Petra, jullie wil ik bedanken voor het maken van alle gistblokjes en filters
van de YAC's die uit Parijs binnen kwamen en waar, naar later bleek, onze
voltreffer tussen zat. Door de hectische toestanden ontbreken jullie namen in de
acknowledgements van hét artikel. Lau, het is onbegrijpelijk dat jouw manier van
"stempelen” (op de grond en even het volle gewicht erop) niet heeft geleid tot de
groei van allerlei ongewenste organismen.

I would like to thank our colleagues from Houston and Atlanta, David Nelson and
Steve Warren and co-workers for an unique, pleasant and fruitful collaboration.
The fast action and effort of many people, the daily communication by telephone
and the almost daily exchange of material, have helped to make this project a big
succes.

In de loop der jaren hebben een aantal studenten hun steentje bijgedragen aan het
onderzoek: Shirley, Yvonne, Goedele (lunchen? He, néééé, ander keertje.) en Jessica
{wat een teleurstelling, geen mutatie! Maar wel een publicatie, toch een hele
prestatiel).

André (altijd positief, logica voorop), Amold (niet te beschrijven), Rob (heb je wel
in de goede vriezer gekeken? Ja, ik kan het echt niet vinden!), Joke K. en Coleta
worden bedankt voor een prettige en waardevolle samenwerking. Elke
vrijdagochtend zal ik nog even terugdenken aan de fraX werkbesprekingen (zijn
we niet wat afgedwaald?). Ook de samenwerking met onze Belgische vrienden,
Patrick (jij hebt zo je eigen wijze om dingen te formuleren en illustreren) en
medewerkers was altijd uiterst plezierig.

Pauline, twee jaar lang hebben we goed samengewerkt en waren we op gang. Het
is jammer dat je weg ging. Goede analisten zijn zeldzaam. Cathy en Robert,
bedankt voor alle knipjes en hybjes. Cathy en Arjenne, bedankt voor de
gezelligheid, vooral gedurende de lunchpauzes (doen we nog eens een
koninginnedagje?). Toen jullie kwamen werd het eindelijk mode om boven te
lunchen en zat ik niet meer in m'n eentje te pruimen.

Peter (Heut) en Bart (Brutus? Hoe kwam je daar nou aan?). Gedrieén zijn we
gestart als promovendi op de 24e en hebben we het bijna vijf jaar lang met elkaar
uitgehouden op dat kleine kamertje. Hoe is het mogelijk! (Kan het even stil zijn? Ik
kan me hier niet concentreren. Wat is het koud hier zeg. Goedemiddag, mag ik
van U een nummer in ... ?) Mijn bijnaam kwam wat later (Kees???), nee, geen
familie van!

De mensen van de afdeling diagnostiek, onder leiding van Dicky en Ans, bedank
ik voor het produceren van alle mooie "plaatjes”. Wout en Mieke, vooral jullie
Southerns en PCR plaatjes hebben hun weg gevonden in gepubliceerde artikeler.
Jan Van Hemel, die fraX chromosomen blijven het doen!
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Bert de V., bedankt voor het bezoeken en “prikken” van talloze fragiele X patienten
en hun familieleden. Tevens dank aan alle families die hun medewerking hebben
verleend en zonder wie een groot deel van dit onderzoek niet had kunnen
plaatsvinden. In het bijzonder worden de heer en mevrouw Meiners, Maarten,
Norbert, Jeroen, Veronique en Marloes bedankt voor hun medewerking en
gastvrijheid.

Rein (klachtenbalie; heb je nog een kopieerkaartje?), Micke en Madeleine bedankt
voor het doen van alle bestellingen. Piet (reparatiebalie; gaat toch goed met die
oplaadbare batterijen?) bedankt voor al je kunstwerkjes (die giststempels worden
een heuse curiositeit, ik zal ze goed bewaren). Peter van V. (soms wat moeilijk te
bereiken) bedankt voor het oplossen van de computer en printer paniek. Op het
secretariaat zorgden Jolanda en Jacqueline altijd voor een gevulde kast en was er
vaak wel even tijd voor een gezellig praatje. Jopie, Joke B. en Elly worden bedankt
voor het altiid maar weer produceren van schoon glaswerk en het autoclaveren
van liters medium. Tom (driepoot), Ruud en Mirko, het viel niet altijd mee om aan
mijn verzoeken te voldoen (dat kraagje moet er op; hier iets donkerder, daar iets
lichter graag; ik heb het wel snel nodig), maar alles is altijd goed gelukt.

Bert E. en Esther, twee pilaren om op te steunen. Bert, jou heb ik leren kennen als
een betrouwbaar collega, iemand waar je van op aan kunt. Er kon altijd nog wel
een YACje bij (is het X of is het 197) en je mooie in situ plaatjes mogen er zijn. Dat
jij mijn paranimf zou zijn was vanaf het begin duidelijk!

Esther, je sequence talenten zijn alom bekend en werden (en worden nog steeds)
zeer gewaardeerd. Je staat altijd klaar voor iedereen, hetgeen onder andere heeft
geresulteerd in een groot aantal co-auteurschappen. Nog even doorzetten (PCR,
PCR) en je bent ook klaar (jij taarten, ik soepen en salades?). Verder worden alle
mensen van de 24e, 22e, 10e, 8e, 7e en Se verdieping en de Westzeedijk, die hier
niet met name zijn genoemd, bedankt voor hun belangstelling, samenwerking en
gezelligheid.

Jan Maarten (heb je nog vierkante ogen?), jij wordt bedankt voor de vele
(nachtelijke) uurtjes die je hebt gestoken in het maken van de omslag en van
talloze (onbegrijpelijke) figuren. Het eindeloze geduld dat je daarbij wist op te
brengen is benijdenswaardig. Je hulp heb ik zeer op prijs gesteld. En als je dacht
dat je klaar was, dan waren er de volgende dag (na dag, na dag) nog wel wat
veranderingen. Tar (onverstoorbaar tot de laatste pixel), enorm bedankt veor de
adviezen en technische begeleiding bij het drukklaar maken van de omslag (dat
zo'n simpel plaatje nog zo veel problemen kan geven).

Mijn familie, vrienden en kennissen wil ik bedanken voor hun interesse en
enthousiasme. Met mijn uitleg, "ik werk aan een erfelijke ziekte, maar verder is het
wat moeilijk om uit te leggen”, nam (gelukkig) niet iedereen genoegen,
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Stellingen behorende bij het proefschrift

The molecular basis of the fragile X syndrome

expansion of a trinucleotide repeat,
a new mutational mechanism

Annemieke Verkerk Rotterdam, 23 februari 1994



1. The anticipation of a triplet amplification in genes involved in diseases with

the phenomenon of anticipation is strongly amplified.
La Spada et al. Nature Genet. 2, 301-304, 1992.
Harley et al. Nature 355, 545-546, 1992,
Tsilfidis et al. Nature Genet, 1, 192-195, 1992
Snell et al. Nature Genet. 4, 393-397, 1993.
Andrew et al. Nature Genet. 4, 398-403, 1993.
Orr et al, Nature Genet, 4, 221-226, 1993.
Pulst et al. Nature Genet. 5, 8-10, 1993.
Koide ef al. Nature Genet. 6, 9-13, 1994.
Nagafuchi et al. Nature Genet. 6, 14-18, 1994.

2. De tegenstrijdige resultaten gerapporteerd door Fu et al. en Sabouri et al
(respectievelijk verlaagde en verhoogde expressie van Mt-Pk mRNA in
patiénten met myotone dystrofie) laten zien dat het kwantificeren van mRNA
nog veel te wensen over laat.

Fu et al. Science 260, 235-238, 1993.
Sabouri et al. Nature Genet. 4, 233-238, 1993.

3. Bij het opsporen van vermoedelijk grote mutaties, zoals gevonden in het
Factor VIII gen bij ernstig aangedane hemofilie patiénten, (over)wint een
techniek als pulsed field gel electrophorese de RACE.

Lakich et al. Nature Genet. 5, 236-241, 1993.
Naylor et al. Hum. Mol. Genet. 2, 1773-1778, 1993.

4. Het verschil in interpretatie door Hinds ¢f al. en Bichner et al, van resultaten,
verkregen met FMRI mRNA in situ hybridizatie, geeft aan dat ook vocor
moleculair biologen een gedegen morfologische kennis onontbeerlijk is.

Hinds et al. Nature Genet. 3, 36-43, 1993.
Bichner et al. Nature Genet. 4, 115-116, 1993.



10.

11.

12.

"The case of the cataractous kangaroo" is een goed voorbeeld van de
betrekkelijkheid van de term “single gene disorder” waar het gaat om
complexe organismen in een complexe wereld.

Stephens et al. Med. |. Aust. 2, 310-911, 1974.

Streptomycine geinduceerde perceptieve slechthorendheid kan mede berusten
op een erfelijke predispositie vastgelegd in het mitochondriéle DNA.

Hu et al. |. Med. Genet. 28, 79-83, 1991,

Prezant et al. Nature Genet. 4, 289-294, 1993,

Dragerschap voor Pseudomonas cepacia leidt tot een bacteriologische barriere
tussen patiénten met cystische fibrose en hun familieleden.
Govan et al. Lancet 342, 15-19, 1993.

De kans op een epileptische aanval bij het spelen van videospelletjes wordt
aanzienlijk verminderd door er enige afstand van te nemen.

The Fragile X Mental Retardation gene was isolated by a Fast Moving
Research group from the Faculty of Medicine in Rotterdam.

Het ophangen van een rookgordijn is geen oplossing om één ruimte te
verdelen in een rokers en een niet-rokers gedeelte.

Als iedere automobilist de beschikking zou hebben over een boordkanon, dan
zouden nog weinig weggebruikers op hun werk arriveren.

Bewuste kinderloosheid reflecteert niet per definitie een antipathie tegen
kinderen.
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