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A unique case of reversion to normal size of a
maternal premutation FMR1 allele in a normal boy
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and Giovanni Neri*,1
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Fragile X syndrome (FXS) is caused mostly by expansion and subsequent methylation of the CGG repeat in
the 50UTR of the FMR1 gene, resulting in silencing of the gene, absence of FMRP and development of the
FXS phenotype. The expansion also predisposes the CGG repeat and the flanking regions to further
instability that may lead to mosaics between a full mutation and a premutation or, rarely, a normal or
deleted allele. Here, we report on a 10-year-old boy with no FXS phenotype, who has a normal CGG tract,
although he inherited the maternal expanded allele that causes FXS in his two brothers. Southern blotting
demonstrated that the mother carries a premutation allele (B190CGG), whereas the propositus shows a
normal 5.2 kb fragment after HindIII digestion and a smaller 2.2 kb fragment after double HindIII-EagI
digestion, without any apparent mosaicism in peripheral blood leukocytes. PCR and sequence analysis of
the FMR1 50UTR revealed an allele of 43 repeats, with two interspersed AGG triplets in position 10 and 25
and an exceptional CCG triplet in position 17. This latter creates an abnormal EagI site compatible with the
smaller 2.2 kb fragment observed with Southern blotting. Haplotype analysis proved that the rearranged
allele originated from the maternal expanded allele. To the best of our knowledge, this is the first non-
mosaic case of reduction in the CGG tract of the FMR1 gene, resulting in a normal allele.
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Introduction
The fragile X syndrome (FXS) (OMIM no. 300624) is

associated with the presence of a 4200 repeat expansion

of a CGG trinucleotide sequence in the 50 noncoding

region of the FMR1 gene.1–4 The subsequent methylation

of cytosines in the promoter and in the expanded repeat

itself5,6 causes the loss of FMR1 gene expression.7,8 This

mutational mechanism accounts for the vast majority of

FXS cases. Other mutations in the FMR1 gene have been

reported: a de novo T-A missense mutation that converts

an isoleucine at codon 367 to asparagine, identified in an

individual with some of the clinical features of the FXS;9 an

inherited 2-base pair substitution that alters the splice

acceptor site of exon 210 and several partial or complete

deletions, ranging in size from 1 to 13Mb.10–19

The polymorphic CGG sequence expansion apparently

predisposes the repeat itself, as well as its flanking regions,

to further instability that may lead to mosaic conditions.

Mosaicism for a full mutation and a premutation is not

uncommon in FXS, occurring with a frequency variably

estimated at 12–41% of all cases.20–22 On the other hand,

mosaicism for a full mutation with a partially deleted or

with a normal allele has been rarely reported in cases of

FXS.18 Direct sequencing of the deletion breakpoint and

Southern blotting analysis suggest that two independent

events occur in the regression from a full mutation to a

normal or a deleted allele: the deletion encompassing the
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CGG tract and the loss of DNA methylation.23 The

transcription of an unmethylated and reduced FMR1 allele

was not impaired in lymphocytes of a mosaic FXS

patient.24

The molecular mechanisms responsible for the CGG

repeat expansion and, more rarely, for reductions in the

FMR1 gene, are complex and still unclear. One of these is

probably slipped strand mispairing (SSM): DNA polymerase

replication of GC-rich repetitive sequences is error-prone

because of transient detachment of the newly synthesized

strand and mispairing during DNA replication, due to the

repetitive nature of the CGG stretch.25,26

Here, we describe a normal boy belonging to an FXS

family, in whom a non-mosaic, apparently normal FMR1

allele resulted from reduction of the expanded maternal

allele. The patient has two FXS brothers with a methylated

full mutation. Their clinically normal mother has a large

premutation of B190 CGG repeats. To the best of our

knowledge, this case represents the first documented

instance of a reversion to normal size of an expanded

FMR1 allele, not in a mosaic state, possibly arising in the

maternal germ line.

Materials and methods
Southern blotting and CGG PCR analysis

Informed consent was obtained for all subjects participat-

ing in this study. Blood was drawn from various family

members, as shown on the pedigree (Figure 1). Genomic

DNA was isolated from 10ml of peripheral blood leuko-

cytes using standard procedures and 10 mg of DNA was

digested with HindIII and/or EagI (New England Biolabs).

Digested DNA and a size marker were run on a 0.8%

agarose gel with 1� TAE buffer, blotted on Amersham

Hybond Nþ nylon membrane and hybridized with radio-

active Ox1.9 probe.27 After overnight hybridization and

subsequent washing, radioactive filters were exposed

to films at �801C with reinforcing screens before

development.

PCR amplification of the CGG repeats was carried out for

all family members with fluorescent primers (see Figure 1).

The amplification products were separated on capillary gel

electrophoresis using an ABI 3130 sequencer and analyzed

with GenMapper v4.0.

Sequence analysis

The DNA of the proband and of a normal control male was

amplified, using the following primers for the FMR1 gene

promoter, that span the CGG repeat region (GenBank

L29074): 1F, 50-AACTGGGATAACCGGATGCAT-30 and 2R,

50-GGCAAAGCCAAAGTGAAGGC-30; 3F, 50-CCGTTTCGGT

TTCACTTCCG-30 and 4R, 50-GGTTACCGCGAAAGATGT

TC-30. PCR amplifications were performed as follows: 30

cycles (1min at 951C; 1min at 551–601C, depending on

the couple of primers; 1min at 721C) with 10% of DMSO,

200 mM of dNTPs, 2.0mM of MgCl2, 1U of Taq polymerase

and 1pmol of each primer in a final volume of 30ml. A total

of 10 ml of each PCR product was visualized with ethidium

bromide on a 1.2% agarose gel. To check for the presence of

the extra EagI site, part of the amplification product was

digested with this enzyme and the digested PCR product

was separated on 2% agarose gel.

The 3F-4R amplicon, that in the proband DNA contains

the CGG repeats and the second EagI site, was sequenced

along with that of a normal control male. Both forward

and reverse strands were sequenced using the BigDye

Terminator Cycler Sequence kit and protocol (Applied

Biosystems). The reactions were denatured for 6min at

961C, followed by 27 cycles of 10 s at 961C, 5 s at 501C,

4min at 601C and extension of 10 s at 601C. Samples were

then purified with 3M sodium acetate (pH 5.0) and

ethanol, denatured and loaded into the ABI 3130 DNA

sequencer.

Haplotype analysis

A segregation study was performed on all family members

identified in Figure 1. PCR amplification of the

polymorphic markers DXS548 and FRAXAC1 was carried

out with fluorescent primers.4,28 Amplifications were

Figure 1 Pedigree of the patient’s family with the proband (III-1)
indicated by an arrow. Black squares indicate affected males (III-2, III-3)
with a methylated full mutation (FM), while II-4 had normal
intelligence and carries an unmethylated full mutation (UFM).
Haplotype analysis of the family with polymorphic markers DXS548
and FRAXAC1 is indicated below each individual’s symbol and shows
that the proband has the same haplotype (121–157) of his two
affected brothers (III-2 and III-3) and of the maternal uncle (II-4). The
number of CGG repeats is also indicated between marker DXS548,
which maps 150 kb upstream of the CGG repeat, and marker
FRAXAC1, which maps downstream in intron 1.
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performed as follows: 30 cycles (1min at 951C; 1min at

551; 1min at 721C) with 200 mM of dNTPs, 2.0mM of MgCl2,

1U of Taq polymerase and 1pmol of each primer in a final

volume of 20 ml. A total of 10 ml of each PCR product was

visualized with ethidium bromide on a 1.2% agarose gel.

Alleles were resolved on capillary gel electrophoresis using

an ABI 3130 sequencer and analyzed with GenMapper

v4.0.

RNA extraction and quantitative RT-PCR

Total RNA was extracted from proband and control male

lymphoblastoid cell lines with the single-step acid phenol

method, using Trizol (Invitrogen). Two micrograms of total

RNA were retro-transcribed to cDNA by MoMLV-RT

(Invitrogen) and then used for quantitative fluorescent

RT-PCR.29

Results
Figure 1 shows the pedigree of the family with the

corresponding haplotype and CGG analysis. The proband

(III-1) was a 10-year-old boy referred for genetic testing,

because FXS had been previously diagnosed in his two

younger brothers (III-2 and III-3). His physical and

psychomotor development was normal.

Southern blotting analysis of genomic DNA at the FMR1

locus, together with CGG repeat segregation study, was

extended to relevant members of the family. The maternal

grandmother (I-1) was found to be carrier of a 31 CGG

normal allele and a premutation allele of approximately 70

CGGs. Her premutation was associated with premature

ovarian failure (POF) with menopause at 40 years, and was

transmitted in four different manners to the offspring.

Subject II-4 was apparently not mentally retarded and

carried an unmethylated full mutation (UFM) with an

amplification of 0.7–1.0 kb (corresponding to approxi-

mately 265–365 CGGs). The molecular and epigenetic

characterization of this UFM will be reported elsewhere.

His twin brother (II-3) inherited the normal maternal allele

of 31 CGGs. The proband’s maternal aunt (II-2) had a 31

CGG paternal allele and a 0.4 kb premutation allele (B165

CGGs), and the proband’s unaffected mother (II-1) carried

a 31 CGG paternal allele and a 0.5 kb band, corresponding

to a large premutation of approximately 190 CGGs

(Figure 2, lane 3). This premutation allele was further

expanded in her FXS sons (III-2 and III-3), who carried a

0.7–2.4 kb (265–830 CGGs) and 1.2–2.3 kb (430–795

CGGs) methylated full mutations, respectively. Upon

parental request, the proband was also tested to rule out

the possibility of being a premutation carrier. Surprisingly,

on the Southern blotting after HindIII/EagI double diges-

tion, we observed a smaller band (2.2 kb) compared with

the expected 2.5 kb band (Figure 2, lane 4). We first

suspected a deletion that was ruled out by Southern

blotting analysis with HindIII digestion alone, showing a

normal band of 5.2 kb (Figure 2, lane 2). The absence of

extra bands, confirmed on repeated blots with longer

exposures, ruled out the possibility of mosaicism with

larger alleles in the range of premutation and/or full

mutations, either methylated or unmethylated.

PCR amplification of the CGG repeat showed the

presence of 43 triplets, which did not correspond to the

normal maternal allele. These findings suggested that

the expanded maternal allele had undergone a partial

deletion of the CGG repeat, with the incidental introduction

of an extra EagI restriction site (CGGCCG) downstream the

canonical site, which maps in the CpG island of the FMR1

promoter. Our hypothesis was confirmed by sequence

analysis of the CGG repeat that showed a sequence of 43

Figure 2 Southern blot analysis of the proband’s and his mother’s
DNAs digested with HindIII and EagI (þ ) or HindIII alone (�),
hybridized with radioactive Ox1.9 probe. Lane 1 corresponds to a
normal control female with two normal bands of 2.5 and 5.2 kb bands
corresponding to the active and inactive X chromosomes, respectively.
Lane 3 corresponds to the proband’s mother (II-1), carrier of a large
premutated allele of 0.5 kb (B190 CGGs). Lanes 2 and 4 correspond
to proband III-1, cut with HindIII alone (5.2 kb) or HindIII and EagI,
respectively. Only double digestion (lane 4) reveals the presence of a
2.2 kb fragment, 300bp shorter than expected.

Reversion to normal of an expanded FMR1 allele
E Tabolacci et al

211

European Journal of Human Genetics



triplets with an exceptional CCG repeat at position 17,

corresponding to the postulated EagI extra site (Figure 3a).

Furthermore, two AGG repeats were observed at positions

10 and 25, respectively. The presence of the extra EagI site

in the proband’s DNA accounted for the smaller (2.2 kb)

HindIII/EagI fragment observed on the Southern blotting

hybridized with the Ox1.9 probe. This result was confirmed

by digesting with EagI the PCR product spanning the CGG

repeat of the proband and of a normal male (Figure 3b).

Sequence analysis of the FMR1 promoter region demon-

strated the presence of the canonical EagI restriction site.

This finding was also confirmed by digesting the PCR

product of the FMR1 promoter with EagI, showing the

expected normal band both in the proband and in a

normal control male (data not shown).

Haplotype analysis of polymorphic markers DXS548 and

FRAXAC1, flanking the CGG repeat, demonstrated that the

rearranged allele of the proband was derived from the

maternal expanded allele, the same that had undergone

expansion in his two FXS brothers (Figure 1). Thus, our

case represents a bona fide example of reverse mutation

from an expanded FMR1 allele (in the mother) to a normal-

size allele (in the offspring). Results of haplotype analysis

exclude the occurrence of unequal crossing-over and

suggest the occurrence of a contraction event in cis in the

maternal germline. Finally, measurement of FMR1 mRNA

by real-time RT-PCR demonstrated a normal level in the

proband, relative to a normal control male, in accordance

with his normal phenotype (data not shown).

Discussion
We report on a normal boy belonging to an FXS family,

probably representing the first described case of reversion

to normal of an expanded CGG repeat in the FMR1 gene,

with no evidence of mosaicism. This reduction resulted in

a 43-repeat allele, containing an exceptional CCG triplet at

position 17, which introduced an extra EagI restriction site.

This unique situation would have gone unnoticed with

PCR analysis or with HindIII digestion only, and was

clarified with double HindIII/EagI digestion, followed by

Southern blotting analysis. An unequal crossing-over event

was excluded through the analysis of polymorphic mar-

kers, DXS548 (about 150 kb upstream of the CGG repeat)

and FRAXAC1 (in intron 1). The proband and his two

affected brothers, all inherited the same haplotype (121–

157) present in the maternal expanded allele. We think

that the most likely explanation of this apparent incon-

sistency is a sporadic mutation in the maternal germline.

However, we cannot rule out the possibility that the

reduced allele was already present in a low-level mosaic

state in the mother or that the reduction took place during

early embryogenesis.

In this family, there is another peculiarity, namely the

presence of an apparently normal male (II-4) harboring an

UFM, which will be the object of a separate report. This

latter finding might be due to mosaicism in the germline of

I-1, who may be a carrier of larger premutations, trans-

mitted to her daughters (II-1 and II-2), as well as UFM such

as that inherited by II-4. The contemporary presence of a

reduced allele in the proband III-1 and of an UFM in his

uncle II-4 is exceptional, although it is difficult to envisage

a common cause underlying the two events.

FXS is most often associated with the presence of an

expanded CGG repeat sequence within the first exon of the

FMR1 gene, which usually results in local DNA hyper-

methylation and transcrptional silencing of the gene.

While this mutational mechanism is largely prevalent,

others have been described, including point mutations and

deletions of variable size. Deletions, like expansions, could

be the consequence of the instability of the FMR1 CGG

repeats, once they exceed a certain size, around 55–60

CGG triplet repeats. Some patients have been reported

with a mosaicism for a full mutation in association with an

allele of normal size or an allele of reduced size, indicating

that the instability is not restricted to the repeat itself but

may extend to the flanking regions. In our case, there is no

Figure 3 Analysis of CGG repeats sequence with primers 3F and
4R. (a) Sequence analysis of the index case shows a 43 triplet repeat
allele with two interspersed AGG triplets on position 10 and 25 (data
not shown) and a CCG triplet on position 17. This unusual variant
introduces a second EagI restriction site (CGGCCG). (b) The presence
of an extra EagI site is confirmed by cutting the PCR product with EagI
(þ ). The uncut PCR products of a control male (B330bp) and of the
index case (B370bp) can be seen in lanes 2 and 4, respectively, but
while the fragment of the control male is not cut by EagI (lane 1), two
fragments of 210 and 160bp are visibile when the proband’s DNA is
digested with EagI (lane 3). In lane 3, a residual uncut band of 370bp
reflects a partial digestion.
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apparent mosaicism in lymphocytes and the reduction

event may have originated in the maternal germline. The

phenotypically normal mother appears to carry a large

premutation in peripheral blood leukocytes, with no

evidence of a reduced allele. On the other hand, from the

analysis of intact ovaries of full mutation fetuses, Malter

et al30 demonstrated that only UFM alleles can be detected

in oocytes. Similarly, the testis of a 13-week full mutation

fetus showed no evidence of premutations, whereas a 17-

week full mutation fetus exhibited some germ cells with

premutations.30 This study suggested that expanded alleles

may contract in the immature testes. Thus, as already

mentioned above, we cannot exclude the possibility that

the proband inherited an expanded allele from his mother,

which underwent a reversion to normal size during the

early stages of embryogenesis.

The presence of deletions encompassing the CGG repeat,

as well as sequences flanking the CGG tract, has been

noted in a small number of FXS males.12,15,16,31 Interest-

ingly, in many of these events, the 50 breakpoint mapped to

a ‘deletion hotspot’ region.31 It was demonstrated that

CpG methylation and DNA replication may actually

mediate the formation of these deletion events.32 Also,

stabilizing AGG interruptions can be lost when replication-

mediated CGG deletions occur. On characterizing a small

deletion, it was noted that the location of the 50 break-

points in their patients corresponded to a very CpG-rich

area.31 Therefore, we surmised that a CpG-rich region may

be predisposed to rearrangements, resulting in deletions

which encompass the promoter sequence preceding the

CGG repeat tract. This also suggests that such deletions

may occur as a result of intramolecular recombination

involving direct repeats or double-strand break repair

between the promoter region and the CGG repeat tract.

On the other hand, SSM results in an increase or decrease

of CGG repeat number depending on misalignment of

either the nascent or template strand. The mutation rate is

inversely correlated to the size of the repeat unit33 and

directly related with the total repeat length.34 An ‘expan-

sion bias’ would be expected, as amplifications increase the

frequency of further slippage. However, reductions are also

to be expected and, in fact, one such instance was observed

in a normal FMR1 allele of 54 CGG repeats.35 An

alternative mechanism could be represented by intramole-

cular recombination among prematurely terminated se-

quences and Okazaki fragments, resulting from the

difficulty of the DNA polymerase to replicate repetitive

GC-rich sequences.36 Unequal crossing-over between sister

chromatids should also be considered, but this hypothesis

has been ruled out in our case.

A relevant question posed by our findings relates to the

origin of the CGG deletion, as the mother does not have a

deleted allele in her somatic cells. This suggests that the

CGG contraction was de novo, likely resulting from an

intramolecular event involving the expanded repetitive

tract either in the maternal germline or during the early

embryogenesis of III-1. This deletion did not include the

flanking regions of the CGG repeat and left intact the

coding region of the gene, thus allowing normal transcrip-

tion and production of the FMRP protein. This explains the

normal phenotype of the proband. If we had performed

only the HindIII digestion, yielding an apparently normal

5.2 kb band on Southern blotting, we would have con-

sidered the proband a normal male who inherited the

normal FMR1 allele of his mother. However, the methyla-

tion status was tested by HindIII/EagI double digestion and

revealed a 2.2-kb band, about 300bp shorter than the

expected 2.5 kb band. By PCR, the number of triplet repeats

was found to be 43, that is, different from 31, present in the

normal maternal allele. By chance, the reduction event

introduced an extra EagI restriction site within the CGG

tract, as demonstrated by sequence analysis and EagI

digestion of the PCR products of the FMR1 promoter and

50UTR region. Deletion events across the FMR1 locus

appear to be infrequent, but they will be occasionally

found during routine molecular investigation of patients

with developmental delay of unknown causes. The only

reliable test that would detect such cases is a Southern

blotting assay with double HindIII/EagI digestion. When

counseling carriers of CGG tract expansions who have

apparently normal offspring, PCR fragment length and

haplotype analysis, as well as double HindIII/EagI digestion,

may be considered to avoid missing a contraction event,

such as the one reported here.
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