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Fragile-X-syndrome (FXS) is the most common type of

inherited cognitive impairment. The underlying molecular

alteration consists of a CGG-repeat amplification within

the FMR-1 gene. The phenotype is only apparent once a

threshold in the number of repeats has been exceeded (full

mutation). The aim of this study was to characterize the

FMR-1 CGG-repeat status in Argentine patients exhibiting

mental retardation. A total of 330 blood samples from

patients were analyzed by PCR and Southern blot

analysis. Initially, DNA from 78 affected individuals were

studied by PCR. Since this method is unable to detect high

molecular weight alleles, however, we undertook a second

approach using the Southern blotting technique to analyze

the CGG repeat number and methylation status. Southern

blot analysis showed an altered pattern in 14 out of 240

(6%) unrelated patients, with half of them presenting a

mosaic pattern. Eight out of 17 families (47%) showed a

(suggest deleting highlight). The characteristic FXS

pattern was identified in 8/17 families (47%), and in 4 of

these families 25% of the individuals presented with a

mosaic model. The expansion from pre-mutation to full

mutation was shown to occur both at the pre and post

zygotic levels. The detection of FXS mutations has allowed

us to offer more informed genetic counseling, prenatal

diagnosis and reliable patient follow-up.

Keywords: Fragile X syndrome, Mental retardation, Micro-

satellites expansion, Molecular diagnosis

Introduction

Mental retardation is a very frequent disorder with an

incidence of 1 in every 100 new born children (ref). Patients

present with a broad range of mental deficiencies, whose

etiology is almost always unknown. There are more than 100

candidate genes for mental delay that are related to the human

X chromosome. One of the genes is FMR-1 (Fragile Mental

Retardation-1), which is responsible for the Fragile-X Syndrome

(FXS) and represents 30% of the mental delays linked to the

X chromosome. FXS is the most common cause of hereditary

mental retardation (Merenstein et al.; 1996) and one of the

most frequent diseases with a known genetic origin. Numerous

studies have found FXS in every ethnic group that has been

evaluated, with an incidence of 1 in 4,500 males and 1 in

9,000 females, whereas the actual incidence of at-risk

individuals is estimated at 1 in 1,000 for males and 1 in 400

for females (Warren, 2001).

In addition to the mental retardation, which can range from

mild to severe, behavioral problems such as hyperactivity, lack

of attention, repetitive and disorderly language, and incoherent

thought expression are common to both affected males and

females.

Cloning of the FMR-1 gene (Xq27.3) (Verkerk et al., 1991)

has enabled the discovery of mutations responsible for FXS.

The gene spans 38 Kb, contains 17 exons and has a sequence

of (CGG)n triplets in the 5' untranslated region of exon 1 (Fig.

1A). It is expressed as 4.8 Kb mRNA, which undergoes

different alternative splicing, and was found in several tissues

but mainly in brain and gonads (Hinds et al., 1993; Abitbol et

al., 1993). The FMR protein is involved in translation regulation

(Corbin et al., 1997; Li et al., 2001; Laggerbauer et al., 2001).

The molecular alteration responsible for FXS consists of the

CGG repeat amplification, resulting in hypermethylation of a

“CpG island” located within the FMR-1 gene promoter. This

event is predicted to abrogate gene transcription resulting in

loss of the FMR-1 protein. (Kremer et al., 1991; Pieretti et al.,

1991; Coffee et al., 1999; Warren, 2001) (Fig. 1B) and was

the first example of a new type of genetic alteration referred to

as “dynamic mutation” or “unstable DNA” that might arise by

meiotic recombination or during DNA replication and repair

(Malter et al., 1997; Pearson, 2003).

Three different ranges of (CGG)n have been described: 1.

Normal: the length of the repeat locus varies from 5 to 50

repeats; 2. Premutation or predisposition to disease: 50 to 200
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repeats; 3. Full mutation, the number of triplets may arise

from 200 to several thousands. Full mutation is almost always

associated with methylation of the promoter region of the

gene and correlated gene inactivation (Fig. 1B) (Pieretti,

1991). Males and females carrying a premutation are unaffected.

Male carriers are referred to as “normal transmitting males”

(Sherman et al., 1985), and they pass on the mutation,

relatively unchanged in size, to all of their daughters. These

daughters are unaffected, but are at risk of having affected

offspring. A premutation is only susceptible to expansion after

passage through a female meiosis (Malter et al., 1997;

Moutou et al., 1997).

Due to the novel nature of the Fragile X mutation, inheritance

is less straightforward than with classic Mendelian traits.

While passage through a female meiosis is necessary for a

significant trinucleotide repeat expansion, the expansion most

likely occurs during early embryonic development. Since

expansion is occurring in a multicellular embryo and the

extent of expansion may vary from cell to cell, individuals

often display somatic heterogeneity in their allele size. Some

affected individuals, termed mosaics, exhibit both a

premutation and a full mutation in their circulating blood

cells. (Dobkin et al., 1996; Allingham-Hawkins et al., 1996;

Genc et al., 2000). On the other hand, the premutation is

stable during spermatogenesis in males (Reyniers et al., 1999).

The fragile-X syndrome has no cure and the management

of affected individuals may be limited to simply maintaining

and promoting the abilities attained by these children.

Therefore, an early and reliable diagnosis is an important step

to enabling a specific treatment for each patient.

The work to be described aimed to improve our understanding

of a FXS development mechanism and to implement a useful

molecular tool for mutation detection and prenatal diagnosis.

We focused, therefore, on characterizing the FMR-1 (CGG)n

microsatellite in the Argentine mental retardation population

by using PCR and Southern blot analysis, with the objective

of providing improved genetic counseling to the families of

the mentally challenged patients.

Fig. 1. FMR-1 gene and the molecular mechanism of Fragile X syndrome. (A) Schematic representation of the FMR-1 gene; CpG:

CG-repeat island within the promoter; (CGG)n: trinucleotide-repeat sequence in exon 1. (B) Expansion of (CGG)n in different degrees

and its effect on the functionality of the gene. Normal and expanded alleles (premutation and full mutation) and also the location of

hypo and hypermethylated CpG islands are indicated.
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Materials and Methods

Patients. Three hundred and thirty individuals (236 males and 94

females) with the clinical diagnosis of Fragile-X syndrome were

referred to from various Hospitals in Buenos Aires and other

health-centers in Argentina. The diagnosis of FXS was based on

classical criteria and included a family history of mental retardation,

a mental delay of unknown origin for the patient, clinical characteristics

of the syndrome and/or chromosomal fragility at the end of the long

arm of an X chromosome.

The research was carried out according to the principles of the

Declaration of Helsinki and with informed patient or parental consent.

The institutional review board of the Hospital de Clínicas,

Universidad de Buenos Aires, Buenos Aires, Argentina has approved

the study.

DNA samples. The peripheral blood was anticoagulated with 0.5%

EDTA by CTAB method (cetyltrimethylammonium bromide),

chloroform-isoamil alcohol purification and ethanol precipitation,

centrifuged and the cells separated for further analysis.

PCR analysis. DNA samples from 78 patients (57 from males and

21 from females) were amplified by PCR according to the protocol

of Hilbert and Sabine (Hilbert and Sabine, 1996). Briefly, 400 ng of

Fig. 2. Identification of alleles with normal, premutated and full-mutated (CGG)n repeat sequences by PCR and Southern blot analysis.

(A) Molecular weight of PCR-products obtained by amplification of a normal FMR-1 gene and genes at premutation and full mutation

(ED – check that this is a correct statement). (B) Molecular weight of the fragments generated by Southern blot analysis from an active

and an inactive normal X-chromosome.
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genomic DNA were used in a total volume of 15 mL, containing

300 nM of each primer (forward: 5' GTC AGG CGC TCA GCT

CCG TTT 3' and reverse: 5' CTC CAT CTT CTC TTC AGC CCT

GCT 3'), 200 µM of each dATP- dCTP- dTTP, 50 µM of dGTP;

150 µM of 7-deaza-dGTP; 10% of DMSO; 1.5 µl of Expand PCR

buffer 1; 2 µCi of α-32P dCTP; and 0.5 units of Expand TM long

Template enzyme Mix.

DNA was mixed with water and heated at 95oC for 5 min. All

the components of the PCR mix, except the enzyme, were added

and heated again for 5 min at 95oC. Subsequently, the enzyme was

added and denaturation continued at 95oC for 2 min followed by 30

cycles of denaturation at 95oC for 90 sec, annealing at 56oC for 60

sec and elongation at 72oC for 120 sec, The final extension was

carried out at 72oC for 7 min. The PCR products (2-4 µL) were

mixed with one volume of stop solution (95% formamide, 0.5%

EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol), heated

at 95oC for 2 min, and electrophoresed on a 5% polyacrylamide/urea

denaturing sequencing gel. Autoradiography of the dried gel was

performed at room temperature over 1-3 days.

Southern blot analysis. A total of 285 individuals (199 males and

86 females) were studied, 240 unrelated, and 45 from 17 familial

cases. The protocol reported in Oberlé et al., 1991 (Oberlé et al.,

1991), was followed with some modifications: 10 µg of DNA were

digested during 20 h at 37oC with 50 units of EcoRI and 50 units of

EagI in a final volume of 300 µL, including 10 mM pH 7.3 Tris,

100 mM NaCl, 20 mM MgCl, 2.1 mM DTT and 100 µg/mL BSA.

The digested DNA was precipitated with 1/10 volume of 3 M NaCl

and 2 volumes of 100% ethanol at −20oC over night, centrifuged at

12,000 rpm during 15 min and resuspended in 20 µL of distilled

water. Electrophoresis was performed on a 1% agarose gel over

night at 1.7 v/cm, and a molecular weight marker was run in

parallel (2.5 Kb to 8 Kb). The gel was denatured in 0.25 M HCl for

10 min, treated with 0.4 N NaOH for 10 min and transferred for 16

to 24 h to a membrane, which was then washed twice with 2 × SSC

for 5 min and dried at 80oC for 1 h. .An StB 12.3 probe (Oberlé et

al., 1991), was radioactively labeled by the Random priming

method (ref?). Prehybridization and hybridization were carried out

in 50% formamide, 5 × SSPE, 5 × Denhardt, 1% SDS and 200 mg/

mL of salmon sperm denatured DNA (10 min at 90o) at 42oC for 2

and 16 h respectively, followed by the following washes: 2 × SSC,

0.1% SDS for 5 min at room temperature, once; 2 × SSC, 0.1%

SDS for 15 min at 60oC, three times; 0.5 × SSC, 0.1% SDS for 20

min at 60oC, three times.

The size of the fragments obtained by the PCR and Southern blot

analyses and the classification of the alleles according to the degree

of mutation detected in males and females are shown in Figures 2

and 3A, and Table 1.

Results

PCR analysis of 78 patients (21 females and 57 males) with

clinical features of FXS yielded the following results: i)

Presence of two alleles of normal size in 4 females (19%); ii)

One normal allele (<365 pb) and the second premutated

(450 bp) in 4 other females (19%); iii) One normal size band

in 7 females (33%); iv) DNA samples were not amplified in 6

females (29%); v) One normal allele in 35 males (61%); vi)

One premutated allele in 2 males (4%); vii) DNA samples

were not amplified in 20 males (35%).

In cases where DNA samples were not amplified, probably

Fig. 3. PCR-band patterns obtained from different individuals

and the analysis of an affected family. (A) Band-pattern of normal

and premutated FMR-1 alleles obtained by autoradiography of

the PCR-products. (B) Pedigree of Family I showing the molecular

weight of PCR-products corresponding to normal and premutated

alleles. (C) Band-patterns obtained by autoradiography of Southern

blot analysis showing the presence of normal, premutated and

full mutated alleles in different members of family I.
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because of a high molecular weight allele not to be amplified

by PCR, and in other new samples, Southern blots were

performed. A total of 240 samples from unrelated individuals

and 45 samples from 17 families were analyzed.

Unrelated individuals. Ten out of 172 males and 4 out of 68

females (6% of total) showed an altered Southern blot band

pattern, compatible with a premutation (2.9-3.4 Kb for

females and males, 5.3-5.7 Kb for females) or a full mutation

(5.8- >8 Kb) (Table 1). Fifty percent (7 out of 14) of the

patients presented a mosaic-pattern: i) Six males showed a

premutation-full mutation mosaic pattern; ii) One female

yielded a mosaic normal-premutation / normal-full mutation.

Families. When the 17 families with several at risk individuals

were analyzed, 8 families (47%) were identified with

members having a Fragile X syndrome band pattern.

Family I. PCR results showed that the mother was a carrier

of a premutation (Fig. 3b, 500 bp-fragments). The symptomatic

proband DNA sample was not amplified, and thus he could be

a carrier of a full mutation. Both sisters showed a unique band

of 310 bp (normal allele size), suggesting homozygosis, but

heterozygosis because of a full mutation cannot be ruled out,

thus, a Southern blot assay was carried out (Fig. 3c). The

mother showed the typical Fragile-X-premutation carrier band

pattern: 2.8 and 5.2 Kb bands denoted normal alleles of active

and inactive X chromosome respectively, whereas 3 and 5.4

Kb bands indicated premutated alleles of the active and

inactive X-chromosome. Therefore, the PCR results were

confirmed in this case.

The absence of the 2.8 Kb fragment and the presence of

higher molecular-weight-bands in the patient denoted the

presence of a premutation (3.3Kb) and different full mutations

(6 and 8 Kb), characteristic of a mosaic pattern.

Table 1. Fragile-X Patients and Families with an altered band-pattern determined by Southern blot analysis

Individuals Bands (Kb)/Mutation Mosaicism

1. Unrelated patients

 6 Males PM-FM Mosaic

 4 Males FM -

 2 Females 2.8-5.2-PM -

 1 Female 2.8-5.2-FM -

 1 Female 2.8-5.2-PM-FM Mosaic

2. Families-Proband

 I Patient (male) 3.3/PM and 6-8/FM Mosaic

 I Mother 2.8-5.2 and 3-5.4/PM -

 I Sister II-2 2.8-5.2 -

 I Sister II-3 2.8-5.2 and 6/FM -

 II Patient (male) 2.8-5.2 and FM Mosaic

 II Sister 1 2.8-5.2 and FM -

 II Sister 2 2.8-5.2 and FM Mosaic

 III Patient (male) FM Mosaic

 III Mother 2.8-5.2 and FM -

 III Father 2.8 -

 III Sister 1 2.8 and FM Mosaic

 III Sister 2 2.8-5.2 -

 IV Patient 1 (male) FM -

 IV Patient 2 (male) FM -

 IV Mother 2.8-5.2 and PM -

 IV Brother 2.8 -

 V Patient (male) PM -

 V Sister 2.8-5.2 and FM -

 VI Patient’s sister FM -

 VI Sister 2.8 and FM -

 VII Patient (female) 2.8-5.2 and PM -

 VII Mother 2.8-5.2 and PM -

 VIII Patient (male) FM Mosaic

 VIII Sister 2.8-5.2 and FM -

PM: premutation; FM: full mutation; 2.8 and 5.2: molecular weight in Kb.
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One sister (II-2) showed a pattern compatible with a normal

female. Thus, she could be excluded from FXS-carrier risk.

The other sister (II-3) presented an altered pattern. The 2.8

and 5.2 Kb bands, denotes a normal X, and the 6 Kb band

indicates a full mutation. Thus, she was diagnosed as a FXS-

carrier, and therefore, the status of mutation-carrier was

confirmed in the mother and II-3, and excluded in II-2.

Family II. The affected male presented a Southern-pattern

compatible with that of a female. Karyotype analysis revealed

the presence of two X and one Y chromosomes (XXY),

characteristic of Klinefelter syndrome. This data enabled us to

better understand the presence of 2.8 and 5.2 Kb bands in the

patient; in addition, full mutation bands were observed. Both

sisters as a result were full mutation carriers. A full mutation

mosaic pattern was observed in the patient and in sister 2.

Family III: The patient, his mother and one of his sisters (1)

carried a full mutation, which showed a mosaic pattern in the

patient and his sister. The mother’s DNA presented a very

weak 5.2 Kb band suggesting that a high proportion of normal

X chromosome would be active. The remaining sister (2) was

excluded from carrier-risk.

Family IV: The two affected males of this family were full

mutation carriers. The mother’s DNA showed the presence of

a premutation thereby confirming her carrier status while a

younger brother presented a normal X chromosome (2.8 Kb).

Family V: The patient’s DNA showed a premutation,

whereas his sister carried a full mutation.

Family VI: The patient and his sister were full mutation

carriers. 

Family VII: Both mother and sister showed the presence of

a premutation confirming their FXS-carrier status.

Family VIII: The patient was a full mutation mosaic carrier

as well as his sister.

Our results enabled us to confirm the FXS-carrier status in

12 females and exclude from risk 2 others. The mothers of the

patients were obligate carriers in all of these familes. All

female carriers are candidates for a prenatal diagnosis during

their pregnancy. None of the affected males (except family 2)

showed a 2.8 Kb-band of normal active X chromosome. A

mosaic pattern was observed in 5 out of 20 individuals tested

(25%), members of 4 families.

Discussion

The usefulness of PCR as a diagnostic method was restricted

to prescreening for normal alleles and for this reason the

characterization of mutations was performed by Southern blot

assay, a method that can identify all the expanded fragments

including premutations and full mutations.

Mutated FMR-1 alleles were detected in 47% of at risk

individuals from familial cases, but only at a low percentage

(6%) of sporadic FXS patients which may be due to alack of

certainty in the clinical diagnosis. Moreover, a normal

Southern-pattern does not imply an absence of Fragile-X

Syndrome. Although the main causes of FXS are expansions

of (CGG)n repeats, other mutations may also generate FXS

(Wohrle et al., 1992; Gedeon et al., 1992; De Boulle et al.,

1993; Feng et al., 1997).

Fifty percent of unrelated individuals and 25% of familial

cases showed a mosaic pattern by Southern blot as reported

previously (12-41%; Dobkin et al., 1996), and may be due to

germ line and somatic instability of the (CGG)n repeats

(Reyniers et al., 1999; Taylor et al., 1999). These patients may

have a milder phenotype compared to those with a full

mutation (Cohen et al., 1996).

In familial cases where a mutation was found, the FXS

clinical diagnosis of the proband was confirmed, thereby

allowing the carrier status determination of all females.

The molecular study of family 1 enabled us to analyze the

expansion of the (CGG)n repeats from one generation to

another. The mother was a carrier of a premutation, and

transmitted to her son the premutated allele even more

expanded but still in a PM range (X-chromosome still active).

The full mutation in this patient would result from the

subsequent expansion of the premutation in early embryogenesis

because the patient showed a mosaic pattern. These results

suggest that the expansion of (CGG)n may occur during

different DNA metabolic activities and not only in a meiotic

recombination, but also in DNA replication and repair

(Pearson, 2003). One sister inherited from her mother an X-

chromosome with a full mutation. The premutation band was

not observed in this sister, suggesting the occurrence of a

meiotic expansion to full mutation in germinal cells of her

mother. This full mutation then remained stable in successive

mitotic embryonic divisions (Malter et al., 1997; Moutou et

al., 1997). It is important to note, however, that the analysis of

leukocyte-DNA may not be representative of all other tissues

(Reyniers et al., 1999; Taylor et al., 1999), although strong

similarities of the FMR1 mutation in multiple tissues was also

reported (Tassone et al., 1999).

The molecular mechanism of microsatellite expansion leading

to Fragile-X Syndrome has generated several questions. It is

presently assumed that the expansion from premutation to full

mutation always occurs in the female (Pearson et al., 2005),

but it has not yet been determined whether this expansion is

pre or postzygotic (Pearson, 2003). From the analysis of

family 1 we can hypothesize that both mechanisms are possible.

The patient showed a mosaic pattern with both premutated

and mutated alleles, the premutation was inherited from his

mother while the expansion to full mutation might have

occurred as a postzygotic process during early embryogenesis.

Nevertheless, in the sister carrier of a full mutation, the

expansion might have occurred as a prezygotic process in a

maternal germ line meiosis.

Family 5 showed a disagreement between the premutation

found and the phenotype expressed by the patient. The

presence of a premutation suggests that the X-chromosome is

unmethylated and active so no mental retardation is expected.

However, in some cases this mutation leads to a different
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phenotype in males, named Fragile-X tremor/ataxia syndrome

(Hagerman et al., 2001). The reason for this disagreement

may be due to the following: i) In other tissues (e.g. the CNS),

the premutation may expand to full mutation; ii) The

hypermethylation itself may not be responsible for the

inactivation of the premutated allele.

An early diagnosis is essential for individuals born with the

syndrome. An accurate diagnose of FXS allows subsequent

and more correct genetic counseling to help answer the

concerns of the family. Women with detected premutations or

full mutations can request prenatal diagnostic and genetic

counsel before or during their pregnancy. The molecular

studies that we have carried out on the FMR-1 gene have

great relevance, especially when taking into account that early

diagnosis contributes to improved quality of life for the

patients and their families.
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