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Fragile X Syndrome in Humans and Mice
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Fragile X syndrome is the most common cause of interited mental retardation in humans,
with a frequency of approximately 1 in 1200 males and 1 in 2500 females [1]. It is sec-
ond only to Down syndrome as a genetic cause of mental retardation, which has an over-
all frequency of | in 600. These frequency estimates suggest that fragile X syndrome
accounts for approximately 3% of mental retardation in males, and perhaps as much as
20% in males with IQs between 30 and 55 [2]. The disease derives its name from the
observation of a fragile site at Xq27.3 in cultured lymphocytes, fibroblasts and amnio-
cytes [3].

The phenotype of the fragile X syndrome is mental retardation, usually with an IQ
in the 4-70 range [4] and a number of dysmorphic features: long face, everted ears and
large testicles [for review see ref. 5] (Fig. 1). Not every patient shows all the physical
symptoms, which are generally more apparent after childhood. Macroorchidism is a
common feature of fragile X syndrome in more than 90% of postpuberal males. Some
patients show hyperactivity and attention deficits as well as avoidance behaviour simi-
lar to autism. Affected females generally have a less severe clinical presentation, and
their IQ scores are generally higher, with typically borderline IQs or mild mental retar-
dation.

No gross pathological abnormalities have been described in the brains of fragile X
patients. Only a few post-mortem brain studies of fragile X males have been described
and the information is very limited, presenting only non-specific findings such as brain
atrophy, ventricular dilatation and pyramidal neurons with abnormal dendritic spines. It
has been shown that the volume of the hippocampus was enlarged compared to controls
[6], while a significantly decreased size of the posterior cerebellar vermis and increased
size of the fourth ventricle was found [7]. Using magnetic resonance imaging it was
shown that fragile X patients have an increased volume of the caudate nucleus [8]. The
caudate volume is correlated with IQ and methylation status of the FMR! gene.

The syndrome shows unusual genetic characteristics in that the pattern of inheritance
does not follow the classical Mendelian pattern for X-linked genes. In fragile X families,
normal males are identified that can transmit the fragile X mutation to their daughters.
These males are themselves clinically and cytogenetically normal and have been termed
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Fig. 1 - Mentally retarded
patient with fragile X syn-
drome. Note long face with
prominent forehead and ears.

normal transmitting males (NTM). The mutation in these males was called a premuta-
tion. The daughters of these males are always normal, but they have a high probability of
having offspring who inherit the abnormal X chromosome to become clinically affected.

The FMR1 gene

The cloning of the fragile X gene, FMR/, has uncovered the molecular basis for the
inheritance pattern of fragile X syndrome. The FMR/ gene, cloned by a Dutch-American
collaboration, was isolated from a fetal brain cDNA library using cosmids that spanned
the fragile site [9, 10].

The gene produces a transcript of approximately 4.8 kb, which can be found in
almost all tissues, but is particular abundant in brain and testes. The gene consists of 17
exons spanning approximately 40 kb [11]. The CpG island in front of the FMRI gene is
methylated in fragile X patients [12, 13], and the fragment containing this CpG island is
increased in size [14-16]. Within the first exon of FMRI, a trinucleotide sequence, CGG,
is found which expands beyond the normal range (6-52 repeats with a mean of 30
repeats) in individuals who are carriers of a premutation (55-200 repeats) [17]. In

https://doi.org/10.1017/50001566000001173 Published online by Cambridge University Press


https://doi.org/10.1017/S0001566000001173

Fragile X in Humans and Mice 95

patients, this repeat is expanded to over 200 copies. In FRAXA, expansion of the CGG
repeat into the full mutation range leads to methylation of the repeat and the nearby CpG
island [14, 18, 19]. As a result of this methylation the transcription of the FMRI gene is
reduced [20, 21], and no FMR/ protein (FRMP) is produced [22, 23] (Fig. 2). Detection
of the full mutation in males and females can be routinely carried out by assessing the
size of restriction-enzyme-generated DNA fragments encompassing the CGG repeat [14,
15, 24-28]. The full mutation is not only defined by size but also by methylation, which
may sometimes act as an independent determinant of the phenotype. Some mild cases
without mental impairment have been described with mutations of borderline size or
even fully expanded mutations in the absence of (complete) methylation [28-30]. A test
for the methylation status can be easily combined with Southern analysis by including a
digestion with a methylation-sensitive restriction enzyme. An alternative technique is
PCR amplification of the CGG repeat [17, 31]. Although adaptations of the PCR method
have been described that do detect the full mutation [31], most laboratories involved in
the diagnosis of fragile X syndrome patients and the detection of carriers employ a com-
bination of a PCR-based method and Southern blotting.

FMRP

Multiple isoforms of FMRP are observed, which are the translation products of different
mRNAs resulting from extensive alternative splicing (Fig. 2) [22, 32, 33]. No differences
in RNA splicing have been detected between different tissues. It is not known whether
different isoforms do have different functions. The FMRI gene is highly expressed in
brain and gonadal tissues, consistent with the observed phenotype [23, 34, 35]. In adult

a b MW

Fig. 2 - FRMP expression. Immunoprecipi-

tation of lymphoblastoid cell lines with poly- . — 43
clonal antibodies [22] against FMRP of con-

trol (lane a) and patient (lane b).
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testes, FMRP was detected only in spermatogonia [23]. The intracellular localization of
the FMRI gene products was cytoplasmic [22, 23]. In brain, FMRP is expressed in neu-
rons and in Purkinje cells; expression in neurons located in the cortex is shown in
Fig. 3a. In the patient, expression is seen in only 1% of the neuronal cells (Fig. 3b)
which, probably, originate from a low percentage of cells that have a premutation allele
[36].

The lack of FMRI expression is widely accepted as the cause of the fragile X syn-
drome. This relationship between loss of FMRI expression and fragile X syndrome is
confirmed in patient with a deletion encompassing the FMRI gene [37-39]. However,
this does not explain the presence of mosaic males with a premutation, and thus FMR1
expression, in a proportion of the cells. The level of disease expression in females is pre-
sumably determined by X inactivation patterns. Cells that have an inactivated normal X
chromosome do not produce FMRP. It is possible that the percentage of cells that do
express FMRP is too low, indicating that expression is required in many cells. Another
possible explanation could be that the leucocytes, in which the mosaicism is detected,
are not representative for the tissues affected in fragile X syndrome.

Function of FMR1 Gene

Since the isolation of the gene in 1991, clues about the function of FMRP has been
slowly accumulating. Homology has been observed with members of a class of proteins
involved in RNA binding [40, 41]. Two different domains could be distinguished: a KH
domain which is shared among several genes involved in RNA splicing, and an RGG
domain which is found in the C terminal part of FMRP. RNA binding of FMRP has been
demonstrated in vitro with both its own mRNA as well as with approximately 4% of
mRNAs from human fetal brain [41]. In a patient with the fragile X phenotype but with-
out the amplification of the CGG repeat, a point mutation has been described in one of
the most highly conserved residues of the KH domain {42]. Impairment of RNA-binding
activity in this patient provides strong evidence for an RNA-binding role at this position
of FMRP [43, 44].

However, studies to localize FMRP suggest a primarily, cytoplasmic location
[22, 23]. It could be hypothesized, given the RNA-binding activity and the cytoplasmic
location, that FMRP is involved in translation of mRNA, with a role in directing selected
mRNAs to cellular locations, or masking a subset of mRNAs from translation until
required.

Other trinucleotide diseases

The expansion of trinucleotide repeat sequences within the transcribed regions of genes
has been demonstrated to be the underlying genetic defect in a number of other inherited
human disorders: spinal and bulbar muscular atrophy (SBMA) or Kennedy disease [45],
myotonic dystrophy (DM) [46, 471, Huntington disease (HD) [48], spinocerebellar ataxia
type 1 (SCA1) [49], dentatorubral-pallidoluysian atrophy (DRPLA) [50, 51], FRAXE
mental retardation [52], Haw River syndrome (HRS) [53] and Machado-Joseph syn-
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Fig. 3 - Expression of FMRP in the cortex. Light micrescope
micrographs of cryostat sections from the cortex of a control indi-
vidual (a) and a patient (b) using monoclonal 1A1 [23, 36].
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drome (MJD) [54] (Table 1). All except one have neuronal cells as their primary target.
The triplet repeats show length variation within the normal population. In the patient
populations, the repeat has expanded to beyond the range found in the normal popula-
tion. In SBMA, HD, SCAL, DRPLA, HRS and MJD the expansions of the CAG repeat
are quite small, whereas as in FRAXA, in DM and FRAXE, the expansion may be very
large. FRAXE mental retardation is associated with the expansion of a GCC repeat
located 600 kb distal to the FMR] gene [52]. The expansion coincides with the methyla-
tion of a CpG island. However, the gene affected has not been cloned. Two further frag-
ile sites, FRA16A and FRAXE, have been found to be caused by repeat amplifications
[55, 56]. It is not known whether nearby genes are affected by this hypermethylation,
and no disorder has been associated with these expansions. Of the four fragile sites
defined at the molecular level, all are associated with expansion of a CGG/GCC repeat.

The dominant behaviour of a number of triplet repeat diseases has been suggested to
result from so-called “ gain of function” mutations in which the affected locus acquires a
new functional characteristic rather than losing a function. For instance, the hypothesis is
supported for SBMA by the observation that disruptions of the AR gene do not cause
SBMA [45].

Anticipation

Transmission through females is essential to generate an expansion to a full mutation in
the FMR1 gene resulting in a disease phenotype. No expansion through a male meiosis
from a premutation to a full mutation has been found. There must be factors present
either during oogenesis or as an imprint during early embryogenesis that are involved in
this amplification of the FMR1 gene on the maternal X chromosome.

The triplet repeat diseases display anticipation, that is increasing severity and earlier
age of disease onset in successive generations. However, according to this definition, in
fragile X syndrome there is no strict anticipation. In fragile X syndrome, the anticipation
observed is an increasing penetrance in successive generations, which was known as the
Sherman paradox [57, 58]. Once the molecular basis of the disease became known, the
resolution of this phenomenon became apparent [17]. It was shown that the CGG repeat
in the FMRI gene tends to increase in size from mother to child. The increasing pene-
trance of the disease in successive generations correlates with increasing size of the
CGG repeat. Smaller premutation alleles tend to stay in the premutation range despite an
increase in size, while larger premutation alleles have a higher risk of expanding to a full
mutation.

Timing of amplification

There is no evidence for any recent mutation in the CGG repeat in fragile X syndrome;
all mothers of males with fragile X syndrome have been found to be carriers. Richards et
al. [59] presented haplotype evidence for a founder effect in the fragile X mutation.
Studies of other populations also showed that allele distributions are different on fragile
X chromosomes compared to normal X chromosomes, giving further support to the sug-
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gestion of a fragile X founder effect [60, 64]. The data argue for a limited number of
independent mutations that provided the origin of most of the present-day fragile X chro-
mosomes.

It is not known when the expansion of the repeat occurs. The repeat expansion in
affected individuals is often mosaic, suggesting that the repeat is unstable in somatic tis-
sues. However, the pattern of mosaicism was strictly identical in three pairs of monozy-
gotic twins, indicating that the somatic heterogeneity and abnormal methylation are
established early in embryonal development [65]. This could suggest that either the
expansions has already taken place in the germ-line and is unstable in somatic cells or
that transition does not occur in the germ-line and has taken place in the early embryo.
Daughters of affected males are normal and have a premutation [66] and it was shown
that sperm cells of affected males show only a premutation [67]. This was confirmed by
demonstrating the presence of FMRP in the tubuli of the testes in early spermatogonia
[36]. The finding that sperm cells of male patients with a full mutation in their blood
cells only contain a premutation, has led to two hypotheses for the possible timing of the
CGG repeat amplification [67]. In the first mode, the amplification is assumed to occur
during oogenesis leading to a full mutation in all somatic cells (Fig. 4). In a low number
of cells, both sperm and somatic cells, the full mutation regresses to a premutation and
due to a selection mechanism, only the sperm cells with a premutation can proliferate.
This selection mechanism could be the necessity of FMRI expression for proper sper-
matogenesis. This selection mechanism is not based on the absence or presence of
FMRP, since recent breeding studies with mice lacking FMRP have demonstrated normal
litter size and thus no requirement of FMRP for spermatogenesis [68]. In addition, a
family has been described in which a 1.6-kb deletion of the FMRI promoter region,
resulting in the absence of FMRI mRNA cosegregated with the fragile X syndrome phe-
notype in all affected males [39]. This deletion was originally derived from a male with a
progeny of five children, confirming that the expression of FMRP is not required for
spermatogenesis. Another selection mechanism, however, is still possible. It was shown
that full-mutation alleles replicate much later than normal or premutation alleles [69].
Therefore, sperm cells containing a premutation might replicate and divide faster than
sperm cells carrying a full mutation. This then results in the detection of a premutation in
the majority of sperm cells. In a second model (Fig. 4B), the extensive amplification of
the repeat occurs during postzygotic proliferation, after separation of the germ line,
which occurs early in the blastocyst stage. This model suggests a two-step expansion in
the somatic cells. In the first step, the premutation expands mildly. The second step, after
separation of the germ line, involves an expansion to a full mutation in the majority or
all of the cells. This mode! can explain the single-size premutation allele found in sperm
[67], while the mutation in somatic tissues is very diverse, resulting in a smear of full-
mutation alleles on a Southern blot.

Mechanism
The exact mechanism involved in the generation of expansions is not clear. Hypotheses

have largely centreed on errors during replication. One possible mechanism is based on
the misalignment of replicating DNA with subsequent slippage of the polymerase [70].
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The involvement of factors acting in either cis or trans has been postulated but there is
little evidence thus far. It has been speculated that the expansion may be dependent on
the repeat length, especially if the repeat has a length greater than 70: it could be con-
tained in one Okazaki fragment [71]. Due to the nature of the repeat, this fragment is not
well anchored and slippage of the repeat could occur. The nature of the repeat has been
shown to be different in premutations compared to controls. In control alleles, the CGG
repeat is occasionally interrupted by AGG triplets [72, 73]. These AGG repeats are found
at the 5° end of the repeat, while most of the length variation occurs at the 3’ end where
the longest tracts of pure CGGs are found. In premutation alleles, this stretch of pure
CGGs is increased and it is postulated that the threshold for instability is about 34 pure
CGGs [74].

Instability of microsatellites is a common phenomenon in hereditary polyposis colon
cancer, and is caused by mutations in one of the mismatch repair genes MSH2, MLH]I,
PMS1, and PMS2 [75a77]. Whether these enzymes are involved in the instability of trin-
ucleotide repeats is unknown.

Animal model

The FMRI gene is highly conserved among species [9] and the murine homologue Fmrl
shows 95% homology at the nucleic acid level and 97% homology in amino acid
sequence [33]. The murine Fmrl gene also contains a CGG repeat that is polymorphic
among different mouse strains with an average repeat length of 10 CGGs. The expres-
sion pattern of FMR/ at the mRNA and protein level is almost identical in different tis-
sues of humans and mice [23, 34, 35, 78, 79], which makes the mouse a good animal
model to study the fragile X syndrome.

A mouse has been developed in which the Fmrl gene was inactivated [68]. As in
fragile X patients, these mice lack normal Fmrl RNA and protein. No gross pathological
abnormalities were observed in these mice, and the brain anatomy appears to be normal,
but these mice have enlarged testes (Fig. 5). As in patients, testes enlargement develops
gradually over time. The mutant mice show cognitive impairment in the form of deficits
in léarning, as shown in Morris water maze experiments. The mice had a significantly
higher level of exploratory behaviour and a higher level of motor activity than control
mice. The observation of a set of defects similar to human ones in the mutant mice sug-
gests that they can be used as a model to study fragile X mental retardation.
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