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Variable FMR1 gene methylation of large
expansions leads to variable phenotype in three
males from one fragile X family
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Abstract
The fragile X syndrome is caused by an

expanded CGG repeat (>200 units, full
mutation) at the 5' end of the FMR1 gene,
which is associated with methylation of a
CpG island upstream of the FMR1 gene
and down regulation of the transcription.
We describe three related males with full

mutations in the FMR1 gene, as defined
by size, but with different percentages of
unmethylated alleles (± 90%, 35%, and
15%, respectively) as studied in leucocytes.
Normal mental status was observed in the
male who showed 90% lack ofmethylation,
whereas his two cousins were retarded.
The mentally normal male did show some
minor facial features of the fragile X syn-
drome; the FMR protein was detectable in
75% ofhis leucocytes. In all three cases, the
proportion of unmethylated FMR1 genes

corresponded to the percentage of leuco-
cytes showing FMRl protein production.
Our results indicated a direct relationship
between methylation and the ability to pro-
duce FMR protein.
These cases will be discussed in relation

to the phenotypic effects of incompletely
methylated fill mutations in the FMR1
gene as observed by others.
(J Med Genet 1996;33:1007-1010)
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In the FMR1 gene,l" which is involved in the
fragileX syndrome, a polymorphic CGG repeat
is present in the first exon. The number of
CGG repeats varies between six and 54 in
the normal population. Phenotypically normal
male and female premutation carriers of this X
linked disorder have repeats in the range 54 to
200. A full mutation is defined by a repeat
length >200. The full mutation is associated
with methylation of the CpG island upstream
of the FMR1 gene and with the subsequent
shut down of gene transcription and, con-

sequently, the absence of the FMRI protein.35
The latter is regarded as the major cause of
mental retardation in male and female fragile
X patients.5 Recently, Feng et alt suggested a

reduced translation of unmethylated FMR1
alleles with >200 repeats, leading to diminished
FMRI protein production as a direct result of
the repeat size.

We report a mentally normal male with an

FMR1 gene trinucleotide repeat expansion of
>200 repeats and an almost complete (± 90%)
lack of methylation. His two retarded cousins
also had full mutations, as defined by size, but
showed higher degrees of methylation. The
FMR protein was assayed in leucocytes of these
three related males. Our data indicated that
methylation and not the length of the repeat is
the primary determinant of diminished FMR1
protein production.

Patients and methods
The three males who are the subjects of this
report were cousins from one fragile X family.
The family was ascertained through the brother
of case 3, who was referred to our Department
of Clinical Genetics for genetic counselling.

DNA ANALYSIS
Genomic DNA was isolated7 from blood leuco-
cytes and fibroblasts, digested with HindlIl or

HindIII + the methylation sensitive enzyme

EagI, and hybridised with probe pP2 according
to standard protocols.8 The autoradiograms
were made in duplicate and with different ex-

posure times, and analysed by densitometry
using a scanner (HP, scanjet IICX).

PROTEIN ANALYSIS
Blood smears were made from one drop of
blood within two hours after collection. Slides
were air dried, frozen, and stored at -80°C.
The FMR1 protein was visualised by using
mouse monoclonal antibodies lAl against
FMR1 protein followed by a second incubation
step with goat antimouse immunoglobulin con-

jugated with biotin (DAKO) according to the
procedures described previously.9

DETERMINATION OF IQ LEVELS
The Wechsler Adult Intelligence Scale (WAIS)
was used to test the intellectual abilities by one

examiner (AD) who was not informed about
the genetic status of the persons tested. The
verbal, performance, and full scale IQ scores

were calculated.
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Figure 1 (A) Cases 1, 2, and 3. Note a long face wi
broad forehead in case 1, high, broad forehead and per
long, narrow face with a prominent chin in case 3. (B
lower right box = minor or major fragile X physical fea
box= mental retardation present, number in left hagf=
the FMR protein, and analysis with probe pP2 of Hin
(right) digested DNA of case 1 (lane la, fibroblasts;
lymphoblasts; lane Ic, leucocytes), case 2 (lane 2, leuc
and several normal male controls (lanes C).

Results
CASE REPORTS

Case 1
This 29 year old i

because of a fam
syndrome. He sho'
male phenotype, I

and head circumfi
He had a long face
forehead, normall1
dental crowding i
size was normal (2
facial characteristi
tures, for examp
were seen.

His full scale IQ
with a verbal scali
formance scale IQ
normal FMR1 ger
and the sister wit}
of 96.

Chromosome studies in folic acid deficient
medium10 showed a normal 46,XY karyotype
in cells of case 1, without expression of the
fragile site at Xq27.

This 27 year old mentally retarded cousin of
case 1 (fig 1A) had several physical features of
the fragile X syndrome, including high, broad
forehead, periorbital fullness, macro-orchidism
(>35 ml), hyperlaxity of small and large joints
with pes planus and genu valgum, a simian

*** crease on the left palm, and soft velvety skin.
Typical fragile X behavioural characteristics

0"-10 m were avoidance of eye contact, hand flapping,
* - - and hand biting. Because ofhis refusal to speak

to strangers, IQ testing was not possible; he
attended a special school for the mentally re-
tarded.

Case 3
The other mentally retarded cousin (fig IA) of
the same age (27 years) had a long, narrow face,
prominent chin, flat feet, and macro-orchidism
(50 ml/50 ml). Typical fragile X behaviour in-
cluded avoidance ofeye contact, obsession with
neatness, hand rubbing, and murmuring to
himself. Twenty percent expression of the fra-
gile site at Xq27 was observed in lymphocytes

Ly.- !.:cultured in folic acid deficient medium.'0

MOLECULAR FINDINGS
In case 1, leucocytes with an expansion of 200
to 800 CGG repeats of the FMR1 gene were
found by DNA analysis. Double digestion with
HindIII and the methylation sensitive re-

iith a prominent chin and high, striction enzyme EagI showed that 90% of
riorbital fullness in case 2, and a the alleles were unmethylated (as estimated by
t)Pedigree of cases 1-3. Filled densitometry; fig iB, lane 1c, right). To assess
itures present, filled upper right
percentage of leucocytes expressing whether cells with such alleles were able to
idIII (left) and HindIIIlEagI express FMR protein (FMRP), further studies
Cane Ib, EBV transformed were initiated. The FMRP was detectable in
,ocytes), case 3 (lane 3, leucocytes), 75% of leucocytes by antibody testing in a

blood smear (normal male control 90%). Apart
from cells derived from fresh blood, cultured
fibroblasts and an EBV transformed lympho-
blastoid cell line were also tested. In fibroblasts
the size of the CGG repeat was estimated to

man (fig 1A) was examined be 200 repeat units and methylation was absent
lily history of the fragile X (fig 1B, lane 1 a, left and right). EBV trans-
wed a normally proportioned formed lymphoblasts showed a full mutation
ieight 193 cm (98th centile) (size 200-300 repeats) and methylation in 70%
erence 58 cm (90th centile). of the cells (fig 1B, lane lb). Less than 5% of
with a prominent chin, high the lymphoblasts expressedFMR protein. Most

y sized but everted ears, and probably, the results reflect clonal effects.
in the lower jaw. Testicular In case 2, a full mutation, sized 200 to
Z5 ml/25 ml). Apart from the 1300 repeats, was found in his leucocytes. By
ics, no other fragile X fea- methylation assay, the alleles were shown to be
ole, behavioural symptoms, partially unmethylated (35%) (fig IB). Protein

analysis in blood smears showed 40% FMRP
level (WAIS) was 101 points production in his leucocytes (controls: fragile
e IQ score of 108 and per- X male 2% and normal male 90%).
score of 92. His sister with In case 3, the leucocytes showed a full muta-

ies had a full scale IQ of 115 tion in the FMR1 gene (size 400-1600 repeats,
i a premutation had a score fig 1B). Absence of methylation was found in

15% of the alleles. The protein antibody test
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Table 1 Overview of "incompletely methylated full mutations"

References

13 14 11, 15 6 16 Current family

I II III IV V VI VII VIII IX X XI Case 1 Case 2 Case 3

Age 36 45 43 12 13 22 29 8 1.6 74 72 29 27 27No in original report II.6 11.2 11.3 2 3 25 III.5 14 III.2 7298 7241
DNA (leucocytes)
Expansion size full mutation*

Smallest 170/ 130/ 100/ 160 115/ 150/ 130/ 230/ 266t 170/ 100/ 200/ 200/ 400/Largest 530 200 270 1270 850 1250 470 300 340 1500 800 1300 1600Unmethyl full mutation (%) 55 97 97 100 100 100 60 90 100 100 100 90 35 15FMR protein
Westem blot (%) 35t 12t Redt§ Redt§
Cells expressing FMRP (%) 100 100 75 40 10Phenotype
MRU + - - - - + -¶ ±¶ NK -¶ -¶ - + +Physical features Yes Minor Minor Minor Minor Minor Minor Yes Minor No No Minor Yes YesFragile X (%) 11 0 0 4 5 4 1-4 3 6 13 0 20

*Number of repeats, if necessary, estimated from the sizes (kb) in the original reports.
tFibroblast cell line.
:Lymphoblast cell line.
§Reported reduced but not quantitated.
IMental retardation: + = IQ<70; ± = 70<IQ<85; IQ>85.
¶Mental status clinically estimated without specific IQ testing.
NK=Not known.

showed 10% of the leucocytes expressing the
FMR protein.

All three mothers ofthese males were carriers
of a premutation.

Discussion
The cases described here belong to a subgroup
ofsubjects from fragileX families with "methyl-
ation mosaicism".11 In a large multicentre
study, "methylation mosaicism" was observed
in 3% (15/500) of the males with a full muta-
tion; two males had large unmethylated mut-
ations (>230 repeats), but additional molecular
and clinical data were not reported.'2 Table 1
is an overview of clinical and molecular data
of 14 currently known cases.6 1' 13-16 The
presence of facial characteristics of the fragile
X syndrome with normal mental capacities is
interesting (case 1 of this report and other
reports, table 1). Rousseau et all5 reported a
normally functioning male with 130 to 470
CGG repeats and lack of methylation in 60%
of his leucocytes, who also displayed some
minor fragile X features. These observations
suggest different thresholds for phenotypic ex-
pression of the full mutation in different tissues
or during different critical times in de-
velopment. Remarkably, the combination of
normal intellectual development and facial fra-
gile X features has also been observed in female
obligate carriers with cytogenetic expression,'7
suggesting a more common phenomenon.
The methylation of a CpG island upstream

of the FMR1 gene has been associated with
the lack of transcription in males with a full
mutation. Studying "methylation mosaics"
might shed light on mechanisms concerning
translation of unmethylated expanded FMR1
alleles. The existence of this special genotype
indicates that amplification occurs before
methylation.'8 So far, few FMRP studies have
been performed in tissues of "methylation mo-
saics". Recently, Feng et alt reported markedly
diminished FMRP production in fibroblast
clones from transcripts with more than 200
repeats, suggesting a hindrance of 40S ri-

bosomal subunit migration along the >200 re-
peats. However, in the three cousins reported
here a direct relationship is seen between the
percentage of unmethylated full mutations in
leucocytes, protein production, and cognitive
function, suggesting normal translation of ex-
panded unmethylated FMR1 alleles. This is
also supported by the observation of Smeets et
all6 of two mentally normal males with un-
methylated full mutations and FMR1 protein
expression, not only in all leucocytes, but also
in a lymphoblast cell line with a single repeat
length of 400. This observation and our own
also show that the clonal effects observed in
cell lines make them less informative for routine
diagnostic studies.
The mental retardation of case 2, who has

FMRP production in 40% of his leucocytes,
suggests that protein expression at and below
this level is insufficient for normal cognitive
functioning. This is in line with another report
of a retarded male with the fragile X phenotype
who had 28% FMR1 protein expression owing
to a deletion in a proportion of his cells.'" The
observed situation is reminiscent of females
heterozygous for the full mutation in the FMR1
gene who are affected in 60-75% of cases'220
with a positive correlation between the pro-
portion of normal FMR1 alleles on the active
(unmethylated) X chromosome and IQ.20 Al-
though FMR protein expression studies have
not been performed in brain tissue of female
full mutation carriers or methylation mosaic
males, it seems that in neither case does com-
pensation of deficient brain cells by cells ex-
pressing the normal protein occur to a sufficient
level.
The present data suggest that methylation is

directly involved in down regulation of tran-
scription and indicate that transcripts with
more than 200 repeats can normally be trans-
lated into FMR protein in vivo. Further studies
might focus on developing a technique of se-
lective demethylation at the FMR1 locus in
order to restore transcription and translation.
However, as an FMR protein level at least over
40% of normal is likely to be required for
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normal cognitive development, as far as can be
judged from leucocytes, this will be difficult to

achieve.

We are grateful to Professor H Galjaard and the Foundation
for Clinical Genetics, Rotterdam for their continuous support.
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