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Summary

The fragile X syndrome is due to the new class of dy-
namic mutations. It is associated with an expansion of
a trinucleotide repeat (CGG) in exon 1 of the fragile X
mental retardation gene 1 gene (FMR1). Here we pre-
sent a fragile X family with an unique female patient
who was rendered hemizygous for the FRAXA locus
due to a large deletion of one X chromosome. In addi-
tion, the other X had a microdeletion in FMR1. PCR
and sequence analysis revealed that the microdeletion
included all CGG repeats plus 97 bp of flanking se-
quences, leaving transcription start site and translation
start site intact. Despite this total lack of CGG repeats
in the FMR1 gene, Western blot analysis showed expres-
sion of FMRP, and the patient’s phenotype was essen-
tially normal. X-inactivation studies of the androgen-
receptor (AR) locus and haplotype determination of mi-
crosatellite markers gave evidence that the deletion
probably originated from regression of a fully mutated
FMR1 gene. Although the minimal number of CGG
repeats hitherto reported in FRAXA is six, and at least
four other genes associated with CGG repeats are
known, suggesting an as yet unknown function of these
repeats, our study clearly demonstrates that the absence
of CGG repeats does not abolish expression of the
FMR1 gene in lymphoblastoid cells.

Introduction

The fragile X syndrome is the most frequent form of
inherited mental retardation (Oostra et al. 1995). The
clinical symptoms include mental retardation ranging
from moderate to profound, macroorchidism, and mi-
nor dysmorphic facial features often combined with au-
tism-like behavior (Oostra et al. 1993).

In the vast majority of fragile X patients, the molecu-
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lar mechanism of the syndrome is based on a large
expansion of a CGG trinucleotide repeat (to >200 re-
peats) located in the 5'-UTR of the FMR1 gene (fragile
X mental retardation gene 1) (Verkerk et al. 1991). This
full mutation is associated with hypermethylation of
both the CGG repeat and an upstream CpG island, re-
sulting in repression of expression of the FMR1 gene
(Pieretti et al. 1991). The transition is strictly maternal,
although some minor expansions and regressions of re-
peat number in the premutation range (50—200 repeats)
have been observed in father-to-daughter transmissions
(Fisch et al. 1995; Viisdnen et al. 1996).

Transmission of premutations is associated with a risk
for an increase in repeat size when transmitted by a
female, but occasionally a reduction in repeat number
is seen, from premutation to a smaller premutation
(Rousseau et al. 1991; Mornet et al. 1996) and from
premutation to normal size allele (Vits et al. 1994;
Brown et al. 1996; Mornet et al. 1996). Regression from
a full mutation to a premutated allele has also been
described (Fu et al. 1991; Rousseau et al. 1991; Malzac
et al. 1996).

Several deletions in FMR1 have been characterized;
some are large deletions removing all of the FMR1 gene
plus flanking sequences (Gedeon et al. 1992; Tarleton
et al. 1993; Quan et al. 1995; Birot et al. 1996), and
some are deletions of part of FMR1 (Worhle et al. 1992;
Gu et al. 1994; Meijer et al. 1994; Trottier et al. 1994;
Hart et al. 1995; Hirst et al. 1995; Quan et al. 1995),
all associated with the fragile X syndrome in males. In
addition to these deletions, a few females have been
found with large X-chromosome deletions at Xq27-28.
Two of these had both their FMR1 and iduronatesulfa-
tase genes deleted, and they were both mentally retarded
(Clarke et al. 1992; Schmidt et al. 1992).

Besides this group of fragile X patients, whose pheno-
type is due to deletions of all or part of FMR1, another
group of patients with deletions in FMR1 are known.
These patients have relatively small deletions, all located
in the 5’-UTR surrounding the CGG repeat of FMR1,
and the patients are often mosaics for a full mutation
and the deletion (de Graaff et al. 1996; Mila et al. 1996;
Mannermaa et al. 1996) or a normal allele and a deletion
(Hirst et al. 1995). Protein expression studies have so
far only been reported for one of these mosaic patients
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DXS548 2 7
FRAXAC1 4 3
FRAXAC2 6+11 4+

111

Figure 1 Pedigree of family, showing normal males (open
squares), carrier females (circles with a dot), affected males (filled
squares), and affected females (filled circles). JL is marked by an arrow.
Males not investigated are shown by an open square marked “ND.”
Genotypes for DXS548, FRAXAC1, and FRAXAC2 are shown below
symbols.

and revealed expression of FMRP in 28% of his
lymphoblasts, corresponding well with the percentage
of cells carrying the deletion (patient 1 in fig. 3B; de
Graaff et al. 1996).

In this article, we present a female patient who was
found to possess a large cytogenetically visible presum-
ably terminal deletion on one X chromosome
(46,X,del[X][q24]), eliminating the FRAXA locus, and
a microdeletion on the other X chromosome. The micro-
deletion was located in exon 1 of the FMR1 gene, re-
moving all of the CGG repeats and some flanking se-
quences on both sides. Despite the total lack of CGG
repeats, Western blot analysis showed expression of
FMRP comparable to normal controls. The data pre-
sented show that the CGG repeats and the immediate
flanking sequences located in the 5'-UTR of FMR1 may
not be necessary for expression of the gene in lym-
phoblastoid cells, but further experiments are necessary
to elucidate whether they have an additional function.
From haplotype analysis and X-inactivation studies, we
presume that the deletion originated as a regression of
a full mutation. This deletion is the largest known so far
in which protein expression also has been investigated.

Patients, Material, and Methods

Clinical Case Report

Patient JL (subject III-1) was referred to us for
FRAXA analysis because of her fully mutated mother
(II-4) and brother (III-2) (fig. 1). The premutation carrier
was the grandmother (I-1). The mother had two broth-
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ers (II-1 and II-2) who were both healthy and had nor-
mal CGG repeat numbers.

JL was an 11-year-old (10 years 10 mo) girl when
investigated by us. She was the first of two children born
to a fully mutated fragile X mother. The pregnancy was
uneventful, but delivery was complicated by intrauterine
and perinatal asphyxia. Her birth weight was 2,500 g,
and the Apgar score was low. Requiring respirator treat-
ment, she was transferred to a neonatal intensive care
unit. Discharged in good health at 6 wk of age, she was
followed as outpatient for 5 years with social problems
only and was readmitted to hospital 9 years old because
of suspicion of precocious puberty (thelarche since 7
years 6 mo). She was a normally developed girl in terms
of psychomotor skills, with height at the 50% percentile.
Her phenotype was essentially normal, without Turner
syndrome stigmata. A hearing loss had been diagnosed,
and she wore hearing aids. Sexual pubertal development
corresponded to Tanner stage 2—3 without menarche.
Ultrasound investigation showed the presence of normal
uterus and ovaries. Conventional cytogenetic analysis
(Q-banding) revealed a terminal deletion of the X chro-
mosome, karyotype 46,X,del(X)(q24).

Southern Blot Analysis

Genomic DNA was isolated from blood leukocytes
with the standard salting-out method (Miller et al.
1988). Seven micrograms of DNA were digested to com-
pletion with EcoRI and Eagl. After gel electrophoresis
on a 0.7% agarose gel, the DNA was transferred to
Hybond N+ blotting membrane. The membrane was
prehybridized in 0.5 M NaP; pH 7.2, 7% SDS, 1 mM
EDTA, and hybridized with **P-labeled pPX6 probe at
65°C overnight. The pPX6 is a 600-bp PstI-Xbhol frag-
ment that detects the CpG island and the (CGG), re-
peats. pPX6 was labeled using the random-primed
DNA-labeling kit from Boehringer Mannheim. After hy-
bridization, filters were washed in 40 mM NaP; pH 7.2,
1% SDS and in 20 mM NaP; pH 7.2, 1% SDS and were
analyzed either using a phosphorimager from Pharmacia
or by standard autoradiography.

PCR and Sequencing

Amplification was performed using 100 ng genomic
DNA in the presence of 20 mM Tris-HCI (pH 8.8), 2
mM MgSO,, 10 mM KCl, 10 mM (NH,),SO,, 0.1%
Triton X-100, 100 pg/ml BSA, 10% DMSO, 0.1 mM
dGTP, 0.2 mM dATP, dCTP, and dTTP each, 0.1 mM
7-deaza dGTP, 0.8 uM of each primer FMRG (sense
primer) (5-AGTGCGACCTGTCACCGCCCTTC-3')
and FMR1B (antisense primer) (5'-AGGGCGAAG-
ATGGGGCCTGC-3') and 1.25 units cloned pfu poly-
merase, in a total volume of 25 ul. The DNA was dena-
tured for 5 min at 98°C, followed by 35 cycles of
denaturing at 98°C for 1 min and annealing and exten-
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sion at 65°C for 3 min. The amplification was ended by
a final extension at 72°C for 7 min.

DNA sequencing was performed on the PCR fragment
using the same primers, which were end labeled by T4
kinase with y-**P-ATP. The Thermo Sequenase cycle se-
quencing kit (Amersham Life Science) was used follow-
ing the manufacturer’s instructions.

Haplotype PCR Analysis

The polymorphic markers (DXS548, FRAXAC1, and
FRAXAQ2) in the region surrounding the FMR1 gene
were determined. Primers for FRAXAC1 and
FRAXAC2 were those described by Richards et al.
(1991), and primers for DXS548 were described by
Verkerk et al. (1991). PCR of FRAXAC1 was performed
using 100 ng genomic DNA in the presence of 10 mM
Tris-HCI pH 8.3, 50 mM KCI, 1.5 mM MgCl,, 0.25
mM dATP, dCTP, dGTP, and dTTP each, 0.25 uM
primers (FRAXAC1F was radioactive end labeled by T4
kinase), and 0.5 units Tag polymerase. The DNA was
denatured for 5 min before the rest of the components
were added (hot start); then 10 cycles of denaturing at
94°C for 1 min, annealing at 60°C for 1.5 min, and
extension at 72°C for 1.5 min was performed, followed
by 25 cycles with the annealing temperature lowered to
55°C. The protocol was ended by a final extension step
at 72°C for 7 min. PCR of FRAXAC2 and DXS548 were
performed using 100 ng genomic DNA in the presence of
10 mM Tris-HCI pH 8.3, 50 mM KCI, 1.2 mM MgCl,,
0.2 mM dATP, dCTP, dGTP and dTTP each, 5% glyc-
erol, 0.27 uM each primer (of which FRAXAC2F and
DXS548-1 were radioactive end labeled) and 0.5 units
Tagq polymerase. A hot start was performed as described
for FRAXAC1. The DNA was denatured at 93°C each
for 8 min followed by 28 cycles of 45 s denaturing at
93°C, annealing for 1 minute at 52°C, and extension for
2 min at 72°C. A final extension step at 72°C for 7 min
ended the protocol.

X-Inactivation Analysis

For studying the X inactivation in the AR locus, 2 pg
of genomic DNA was digested to completion with
Hpall, and in parallel 2 mg of genomic DNA was incu-
bated in the same buffer without enzyme. One half mi-
croliter of digested/undigested DNA was used for a PCR
reaction in the presence of 10 mM Tris-HCL, 50 mM
KCl, 1.5 mM MgCl,, 0.25 uM each primer (La Spada
et al. 1991) (AR2 end labeled), and 0.5 units Taqg poly-
merase. The DNA was initially denatured at 94°C for 5
min, followed by 25 cycles of denaturing at 94°C for 30
s, annealing at 60°C for 45 s, and extension at 72°C for
45 s. The amplification was ended by a final extension
at 72°C for 5 min.

Western Blot Analysis

Cytoplasmic proteins were isolated from Epstein-Barr
virus—transformed lymphocytes. Ten milliliters of cul-
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Figure 2 Southern blot analysis using probe pPX6 hybridized
to EcoRI- and Eagl-digested DNA as described in Patients, Material,
and Methods. The position and length of the normal fragments are
indicated on the left side of the figure (2.8 and 5.2 kb), and, in addition,
the position and size of the deleted fragment in JL (2.6 kb) are shown
on the lower figure. The subjects are indicated above lanes. NM and
NF represent a normal male and normal female, respectively.

ture was centrifuged at 1,200 rpm for 5 min, and the
pellet was washed twice in cold PBS. The pellet was
resuspended in 100 pl of PBS with 2% SDS, 1 mM
EDTA, 0.5 mg/ml, AEBSF, 10 ug/ml aprotenin, and 10
ug/ml leupeptin. The sample was boiled for 5 min, put
on ice, and new inhibitors were added. Insoluble mate-
rial was pelleted by centrifugation at 15,000 g for 10
min.

Thirty micrograms of protein extract (measured by
standard Lowry method) were run on a 8% SDS-PAGE
and were blotted onto Hybond ECL membrane. The
membrane was blocked in 5% milk powder in PBST
(PBS, 0.1% Tween 20) and incubated with a monoclonal
anti-FMR1 antibody (1C3-1a) diluted in PBST 1:2,500
or a monoclonal anti-retinoblastoma (Rb) antibody
(1F8) diluted 1:20. The enhanced chemiluminescence
system (Amersham, Life Science) was used as detection
system following the manufacturer’s instructions.

Results

DNA Analysis

We performed Southern blot analysis using the pPX6
probe on genomic DNA double digested with EcoRI and
the methylation-sensitive enzyme Eagl (fig. 2). Patient JL
showed hybridization to only one fragment, which was
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smaller than the expected 2.8-kb fragment and estimated
to have a size of 2.6 kb. No smear corresponding to a
repeat size in the fully mutated range appeared on the
Southern blot, not even after overexposure (authors’ un-
published data). This was confirmed on Southern blot
analysis using DNA isolated from the lymphoblastoid
cell line used for Western blot analysis (data not shown).
The Southern blot analysis revealed that subject I-1 car-
ried a premutation, which had expanded to a full muta-
tion in II-4. Both II-1 and II-2 appeared as normal males,
whereas III-2 was a fully mutated male.

PCR using primers FMRG and FMR1B (see Patients,
Material, and Methods), which would give a band size
of 618 bp in an individual with 30 CGG repeats, gave a
fragment of ~450 bp in JL (authors’ unpublished data),
indicating that a deletion was present. In order to deter-
mine the exact breakpoints of the deletion, the PCR
fragment was sequenced. This revealed that JL had no
CGG repeats and, furthermore, that between 63 and 67
bp immediately 5’ of the repeat and between 30 and 34
bp directly 3’ of the repeat were deleted, leaving both
transcription start site and translation start site intact

(fig. 3).
Protein Expression Studies

Western blot analysis using protein extracts isolated
from lymphoblastoid cells and a monoclonal anti-FMR1
antibody showed several bands in the normal control,
ranging in size from ~70 kDa to 85 kDa, corresponding
to different alternatively spliced forms (fig. 4A). JL
showed expression of the same bands in the same
amounts as the normal control, in contrast to a fragile
X patient who did not show any expression of FMRP
(fig. 4A). Using the Rb protein as a control, it was seen
that slightly more cell extract was loaded for JL than
for the controls (fig. 4B).

Investigation of X-Chromosome Segregation and X
Inactivation

As an attempt to differentiate between the paternally
and maternally inherited X chromosome in JL, we deter-
mined the haplotypes for DXS548, FRAXAC1, and
FRAXAC2 of I-1, TI-1, I1-2, 1-4, and JL (results shown
in fig. 1) (unfortunately, JL’s father was unavailable for
investigation). From this analysis, it was obvious that
grandmaternal haplotype 2 4 6+ was the one segregat-
ing with the mutation. This haplotype was found in JL.

Investigation of the AR locus polymorphism showed
that JL had one allele in common with her mother and
one allele different. The paternal allele was exclusively
inactivated, as evidenced after digestion with Hpall (au-
thors’ unpublished data).

Discussion

The function of the CGG repeats is unknown, but
several observations suggest that they may have a func-

Am. ]. Hum. Genet. 61:961-967, 1997

A

5 GAGGGCCGCCTCTGAGCGGGCGG

cgggecgacggegagegegggeggeggeg —//

— tgggcctcgagegeccgeageccacctct

B
1 2436 2585 2626 2719 2767 2837 5222
—//— H [ "/
R E TS Chi (CGG)n ATG R
2652-2656 2798-2802
w— /| ——-HH —t//—
2797
=/ ——1 (3] F—t—//—
2767 2045
2 b/ —+—"F+H 1+ H/—
2635 2792
3 b— [/ —+—FHH ———//—
2646 3211
o ] ——— T Hi—
5 I_// 2646 2791 //_|
2688 2828
6 — /| ———F— H—//—
2125 2792
7 —//- —t—//—

[eo}————//—
o t—//———1 fish————//—

Figure 3 A, Sequence of the region surrounding the breakpoints
of the deletion found in JL. The shown sequence starts at nt 2626
and ends at 2820 (numbering according to Fu et al. [1996] EMBL
accession no. X61378). The CGGG sequence that could be the first
or the last four bases deleted is shown in bold. B, Schematic representa-
tion of the deletion in exon 1 of the FMR1 gene of JL (not drawn to
scale). All CGG repeats were deleted, and, in addition, 63-67 bp
immediately 5’ to the CGG repeat and 30-34 bp 3’ of the repeat
were deleted. Some of the other known deletions in this area are shown
for comparison and reference: 1 (de Graaff et al. 1996), 2-5 (de
Graaff et al. 1995), 6 (Mannermaa et al. 1996), 7 (Hirst et al. 1995),
and 8-9 (Mila et al. 1996).

tion. The smallest number of CGG repeats found in
FMR1 in the normal population is six (Fu et al. 1991),
and four other folate-sensitive fragile sites associated
with CGG or CCG repeats are known (FRAXE, FRAXF,
FRA16A, and FRA11B) (Nancarrow et al. 1994; Parrish
et al. 1994; Jones et al. 1995; Gecz et al. 1996; Gu et
al. 1996), of which two (FRAXE and FRA11B) have
been associated with a gene (FMR2 and CBL2) (Jones et
al. 1995; Gecz et al. 1996; Gu et al. 1996). Furthermore,
CGG repeats are also found in the 5'-UTR of other
genes such as the breakpoint cluster region gene (Riggins
et al. 1994), and the core-binding factor beta subunit
gene (Hajra et al. 1995). Several groups have tried to
identify proteins binding to the CGG repeats to elucidate
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Figure 4 Western blot analysis using proteins extracted from
lymphoblastoid cells. A, Western blot analysis using an anti-FMRP
antibody (1C3-1a). The amount of total protein extract loaded is
indicated above lanes. K1 and K2 are normal male controls, and Fra
(X) is a fully mutated fragile X male. B, Western blot analysis using
an anti-Rb antibody (1F8), performed to confirm the amount of loaded
protein extract. The conditions were the same as in figure 4A.

the function of the CGG repeats (if any), but so far no
final conclusions have been made (Richards et al. 1993;
Yano-Yanagisawa et al. 1995; Deissler et al. 1996).

In this article, we describe a unique female patient
who lacks all CGG repeats in the FMR1 gene. On one
X chromosome she has a large cytogenetically visible
deletion from 24 to qter, and on the other X chromo-
some she has a microdeletion that removes all the CGG
repeats in exon 1 of the FMR1 gene plus 97 bp of flank-
ing sequences dispersed as 63-67 bp §' to the CGG
repeat in addition to 30-34 bp 3’ to the repeat. The
reason for the uncertainty for the exact breakpoints is
the fact that a CGGG sequence is either the first or the
last four bases deleted (see fig. 3A). Western blot analysis
demonstrated that FMRP expression was not blocked
in lymphoblastoid cells from JL. Since JL did not display
any mosaicism (which is in contrast to the other patients
known to have deletions in this region), it can be con-
cluded that the CGG repeats in the 5'-UTR of the FMR1
gene are not necessary for expression of the gene. Fur-
thermore, there are no regulatory elements located 63
bp 5’ to the repeat and 30 bp 3’ to the repeat. These
conclusions only apply to the cells studied, that is,
lymphoblastoid cells, and further studies are necessary
to investigate whether the lack of repeats has functions
elsewhere.

The instability of the CGG repeats in the FMR1 gene
is a well-known phenomenon. The presence of both a
full mutation and a deletion in the CGG region in the
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mosaic patients again demonstrates the instability of the
region, and it can be speculated that these deletions orig-
inated from regression of the full mutation, but this has
not been documented in any of the former cases. Here
we present data showing that the deletion originated
as a deletion of a full mutation. Genotyping of three
microsatellite markers (DXS548, FRAXACI1, and
FRAXAQ2) in the region surrounding the FMR1 gene
revealed that JL inherited the allele that originally car-
ried the full mutation. Furthermore, the inherited mater-
nal allele was active with totally nonrandom inactiva-
tion of the paternal allele, as evidenced by Southern blot
(no band corresponding to inactive X) and AR locus
analysis (paternal allele exclusively inactive). This is the
first unequivocal demonstration that a deletion in the
5’-UTR of the FMR1 gene arose from regression of a
full mutation.

The time and mechanism of the CGG expansion are
not fully understood. One hypothesis states that expan-
sion is a mitotic event taking place postzygotically. This
is supported by the fact that somatic variation is seen
within an individual (Worhle et al. 1993). The other
hypothesis states that expansion takes place meiotically
only during oogenesis, which is consistent with the ob-
servation that expansion is never seen in offspring of
premutated males (so-called normal transmitting males).
Fully mutated males carry only a premutation in their
gametes (Reyniers et al. 1993), which has been taken as
evidence for a mitotic expansion; however, experiments
showing that testicular cells of a 13-wk full-mutation
fetus contain only fully mutated alleles and no premu-
tated alleles support the hypothesis that expansion takes
place during maternal germ-line development or very
early in embryogenesis (Malter et al. 1997). Perhaps the
repeats are unstable both in meiosis and mitosis, but
this is pure speculation. Since JL inherited an unaltered
maternal haplotype for markers surrounding FMR1, we
can conclude that regression did not take place as part
of a meiotic crossover event in the CGG repeat. The
deletion event probably took place relatively early, since
no mosaicism was detected in JL; however, it cannot be
ruled out that JL showed mosaicism in other tissues.

It is generally accepted that fragile X syndrome is
caused by the absence of FMRP. The phenotype of JL
was essentially normal. The problems this patient had
(hearing problems and some deficits in perceptual spatial
skills) could be ascribed to the problems in connection
to the delivery or be due to the large deletion on the
other X. From a review of published cases with Xq
deletions, it was concluded that the phenotypic effect of
Xq— is highly variable, presumably because of variable
inactivation (Geerkens et al. 1994). Thus, an essentially
normal phenotype is compatible with the large deletion;
furthermore, the del(X)(q24) chromosome in JL was
preferentially inactivated.
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In this article, we present results showing that the
CGG repeats located in the 5'-UTR of the FMR1 gene
plus 63 bp immediately 5’ to the repeat and 30 bp di-
rectly 3’ to the repeat do not contain any regulatory
elements necessary for expression of the FMR1 gene.

Acknowledgments

We would like to thank Prof. J. L. Mandel and Dr. D. Devys
for providing the anti-FMR1 antibody and Dr. B. A. Oostra
for the pPX6 probe. We thank Anni Hallberg and Annie Sand
for excellent technical assistance and Jette Bune Rasmussen
and Preben Holst for help with the figures. We thank Dr. Anna
Murray for help with the haplotyping. We also thank Torben
Gjetting for the anti-Rb antibody. The work was supported
by grants from Lily Benthine Lunds fond and Helsefonden.

References

Birot AM, Delobel B, Gronnier P, Bonnet V, Maire I, Bozon
D (1996) A 5-megabase familial deletion removes the IDS
and FMR-1 genes in a male hunter patient. Hum Mutat 7:
266-268

Brown WT, Houck GE, Ding X, Zhong N, Nolin S, Glicksman
A, Dobkin C, et al (1996) Reverse mutations in the fragile
X syndrome. Am J Med Genet 64:287-292

Clarke JTR, Wilson PJ, Morris CP, Hopwood JJ, Richards
RI, Sutherland GR, Ray PN (1992) Characterization of a
deletion at Xq27-q28 associated with unbalanced inactiva-
tion of the nonmutant X chromosome. Am | Hum Genet
51:316-322

de Graaff E, de Vries BBA, Willemsen R, van Hemel JO, Moh-
kamsing S, Oostra BA, van den Ouweland AMW (1996)
The fragile X phenotype in a mosaic male with a deletion
showing expression of the FMR1 protein in 28% of the
cells. Am J Med Genet 64:302-308

de Graaff E, Rouillard P, Willems PJ, Smits AP, Rousseau F,
Oostra BA (1995) Hotspot for deletions in the CGG repeat
region of FMR1 in fragile X patients. Hum Mol Genet 4:
45-49

Deissler H, Behn Krappa A, Doerfler W (1996) Purification of
nuclear proteins from human HelLa cells that bind specifi-
cally to the unstable tandem repeat (CGG)n in the human
FMR1 gene. ] Biol Chem 271:4327-4334

Fisch GS, Snow K, Thibodeau SN, Chalifaux M, Holden ]J,
Nelson DL, Howard Peebles PN, et al (1995) The fragile X
premutation in carriers and its effect on mutation size in
offspring. Am ] Hum Genet 56:1147-1155

Fu YH, Kuhl DP, Pizzuti A, Pieretti M, Sutcliffe JS, Richards
S, Verkerk AJ, et al (1991) Variation of the CGG repeat at
the fragile X site results in genetic instability: resolution of
the Sherman paradox. Cell 67:1047-1058

(1996) EMBL accession no. X61378

Gecz J, Gedeon AK, Sutherland GR, Mulley JC (1996) Identi-
fication of the gene FMR2, associated with FRAXE mental
retardation. Nat Genet 13:105-108

Gedeon AK, Baker E, Robinson H, Partington MW, Gross B,
Manca A, Korn B, et al (1992) Fragile X syndrome without

Am. ]. Hum. Genet. 61:961-967, 1997

CCG amplification has an FMR1 deletion. Nat Genet 1:
341-344

Geerkens C, Just W, Vogel W (1994) Deletions of Xq and
growth deficit: a review. Am ] Med Genet 50:105-113

Gu Y, Lugenbeel KA, Vockley JG, Grody WW, Nelson DL
(1994) A de novo deletion in FMR1 in a patient with devel-
opmental delay. Hum Mol Genet 3:1705-1706

Gu Y, Shen Y, Gibbs RA, Nelson DL (1996) Identification of
FMR2, a novel gene associated with the FRAXE CCG repeat
and CpG island. Nat Genet 13:109-113

Hajra A, Collins FS (1995) Structure of the leukemia-associ-
ated human CBFB gene. Genomics 26:571-579

Hart PS, Olson SM, Crandall K, Tarleton J (1995) Fragile X
syndrome resulting from a 400 base-pair deletion within the
FMR1 gene. Am ] Hum Genet Suppl 57:A1395

Hirst M, Grewal P, Flannery A, Slatter R, Maher E, Barton
D, Fryns JP, et al (1995) Two new cases of FMR1 deletion
associated with mental impairment. Am J Hum Genet 56:
67-74

Jones C, Penny L, Mattina T, Yu S, Baker E, Voullaire L,
Langdon WY, et al (1995) Association of a chromosome
deletion syndrome with a fragile site within the proto-onco-
gene CBL2. Nature 376:145-149

La Spada AR, Wilson EM, Lubahn DB, Harding AE, Fishbeck
KH (1991) Androgen receptor gene mutations in X-linked
spinal and muscular atrophy. Nature 352:77-79

Malter HE, Iber JC, Willemsen R, de Graff E, Tarleton JC,
Leisti J, Warren ST, et al (1997) Characterization of the full
fragile X syndrome mutation in fetal gametes. Nat Genet
15:165-169

Malzac P, Biancalana V, Voelckel MA, Moncla A, Pellissier
MC, Boccaccio I, Mattei JF (1996) Unexpected inheritance
of the (CGG), trinucleotide expansion in a fragile X syn-
drome family. Eur ] Hum Genet 4:8-12

Mannermaa A, Pulkkinen L, Kajanoja E, Ryyninen M, Saari-
koski S (1996) Deletion in the FMR1 gene in a fragile-X
male. Am ] Med Genet 64:293-295

Meijer H, de Graaff E, Merckx DM, Jongbloed R]J, de Die
Smulders CE, Engelen JJ, Fryns JP, et al. (1994) A deletion
of 1.6 kb proximal to the CGG repeat of the FMR1 gene
causes the clinical phenotype of the fragile X syndrome.
Hum Mol Genet 3:615-620

Mila M, Castellvi-Bel S, Sanchez A, Lazaro C, Villa M, Estivill
X (1996) Mosaicism for the fragile X syndrome full muta-
tion and deletions within the CGG repeat of the FMR1 gene.
J Med Genet 33:338-340

Miller SA, Dykes DD, Polesky HF (1988) A simple salting out
procedure for extracting DNA from human nucleated cells.
Nucleic Acids Res 16:1215

Mornet E, Chateau C, Taillandier A, Simon-Bouy B, Serre JL
(1996) Recurrent and unexpected segregation of the FMR1
CGG repeat in a family with fragile X syndrome. Hum
Genet 97:512-515

Nancarrow JK, Kremer E, Holman K, Eyre H, Doggett NA, Le
Paslier D, Callen DF, et al (1994) Implications of FRA16A
structure for the mechanism of chromosomal fragile site
genesis. Science 264:1938-1941

Oostra BA, Halley D] (1995) Complex behavior of simple
repeats: the fragile X syndrome. Pediatr Res 38:629-637

Parrish JE, Oostra BA, Verkerk AJMH, Richards S, Reynolds



Gronskov et al.: Deletion of CGG Repeats in FMR1

J, Spikes AS, Shaffer LG, Nelson DL (1994) Isolation of a
GCC repeat showing expansion in FRAXF. a fragile site
distal to FRAXA and FRAXE. Nat Genet 8:229-235

Pieretti M, Zhang FP, Fu YH, Warren ST, Oostra BA, Caskey
CT, Nelson DL (1991) Absence of expression of the FMR-
1 gene in fragile X syndrome. Cell 66:817-822

Quan F, Zonana ], Gunter K, Peterson KL, Magenis RE, Po-
povich BW (1995) An atypical case of fragile X syndrome
caused by a deletion that includes the FMR1 gene. Am J
Hum Genet 56:1042-1051

Reyniers E, Vits L, De Boulle K, Van Roy B, Van Velzen D,
de Graaff E, Verkerk A]J, et al (1993) The full mutation in
the FMR-1 gene of male fragile X patients is absent in their
sperm. Nat Genet 4:143-146

Richards RI, Holman K, Kozman H, Kremer E, Lynch M,
Pritchard M, Yu S, et al (1991) Fragile X syndrome: genetic
localisation by linkage mapping of two microsatellite re-
peats FRAXAC1T and FRAXAC2 which immediately flank
the fragile site. ] Med Genet 28:818-823

Richards RI, Holman K, Yu S, Sutherland GR (1993) Fragile
X syndrome unstable element, p(CCG)n, and other simple
tandem repeat sequences are binding sites for specific nu-
clear proteins. Hum Mol Genet 2:1429-1435

Riggins GJ, Sherman SL, Phillips CN, Stock W, Westbrook
CA, Warren ST (1994) CGG-repeat polymorphism of the
BCR gene rules out predisposing alleles leading to the Phila-
delphia chromosome. Genes Chromosom Cancer 9:141-
144

Rousseau F, Heitz D, Biancalana V, Blumenfeld S, Kretz C,
Boue J, Tommerup N, et al (1991) Direct diagnosis by DNA
analysis of the fragile X syndrome of mental retardation. N
Engl J Med 325:1673-1681

Schmidt M (1992) Do sequences in Xq27.3 play a role in X
inactivation? Am J Med Genet 43:279-281

967

Tarleton J, Richie R, Schwartz C, Rao K, Aylsworth AS, La-
chiewicz A (1993) An extensive de novo deletion removing
FMR1 in a patient with mental retardation and the fragile
X syndrome phenotype. Hum Mol Genet 2:1973-1974

Trottier Y, Imbert G, Poustka A, Fryns JP, Mandel JL (1994)
Male with typical fragile X phenotype is deleted for part of
the FMR1 gene and for about 100 kb of upstream region.
Am ] Med Genet 51:454-457

Viisinen ML, Haataja R, Leisti J (1996) Decrease in the
CGGn trinucleotide repeat mutation of the fragile X syn-
drome to normal size range during paternal transmission.
Am ] Hum Genet 59:540-546

Verkerk AJ, Pieretti M, Sutcliffe JS, Fu YH, Kuhl DP, Pizzuti
A, Reiner O, et al (1991) Identification of a gene (FMR-1)
containing a CGG repeat coincident with a breakpoint clus-
ter region exhibiting length variation in fragile X syndrome.
Cell 65:905-914

Vits L, De Boulle K, Reyniers E, Handig I, Darby JK, Oostra
B, Willems PJ (1994) Apparent regression of the CGG repeat
in FMR1 to an allele of normal size. Hum Genet 94:523—
526

Wohrle D, Hennig I, Vogel W, Steinbach P (1993) Mitotic
stability of fragile X mutations in differentiated cells indi-
cates early post-conceptional trinucleotide repeat expansion.
Nat Genet 4:140-142

Wohrle D, Kotzot D, Hirst MC, Manca A, Korn B, Schmidt
A, Barbi G, et al (1992) A microdeletion of less than 250
kb, including the proximal part of the FMR-I gene and the
fragile-X site, in a male with the clinical phenotype of frag-
ile-X syndrome. Am J Hum Genet 51:299-306

Yano-Yanagisawa H, Li Y, Wang H, Kohwi Y (1995) Single-
stranded DNA binding proteins isolated from mouse brain
recognize specific trinucleotide repeat sequences in vitro.
Noucleic Acids Res 23:2654-2660



	Deletion of All CGG Repeats Plus Flanking Sequences in FMR1 Does Not Abolish Gene Expression
	Summary
	Introduction
	Patients, Material, and Methods
	Clinical Case Report
	Southern Blot Analysis
	PCR and Sequencing
	Haplotype PCR Analysis
	X-Inactivation Analysis
	Western Blot Analysis

	Results
	DNA Analysis
	Protein Expression Studies
	Investigation of X-Chromosome Segregation and X Inactivation

	Discussion
	Acknowledgments
	References


