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Fragile Xq27.3 in female heterozygotes for the
Martin-Bell syndrome

Tessa Webb, Patricia A Jacobs

Abstract
X inactivation studies have been carried out on
lymphocytes from eight unrelated females hetero-
zygous for the Martin-Bell syndrome. Four of these
carriers were of normal IQ and four were mentally
handicapped. When BrdU was used to differentiate
between the active and inactive X chromosome an
average of 55% of fra(X) were active in the retarded
subjects, but only 27% were active in those of
normal IQ. When 3H thymidine was used to
differentiate between the active and inactive X
chromosome, an average of 58% of mitoses from
handicapped subjects and 33% of mitoses from
normal subjects showed an active fra(X) in informa-
tive cells. Theseresults arecomparedwithpreviously
published studies and it is concluded that the
number of inactive fra(X) chromosomes calculated
as a proportion of all cells scored is the same in
mentally normal and mentally retarded subjects.
However, the number of active fra(X) chromo-
somes is consistently higher in the retarded than in
the normal females.

Some of the many intriguing aspects of the cyto-
genetics and inheritance patterns shown in families
with the fragile X syndrome are those associated with
female carriers. One third of female heterozygotes are
of impaired mental ability and nearly always have
detectable levels of the fragile X, while approximately
one third of the carriers with a normal IQ do not show
the marker with any culture method currently avail-
able. 1 2 As a general rule those carrier females who are
of impaired mental ability also show higher levels of
fragile X than do normal carriers, although, as with
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hemizygous males, the level of fragile X very rarely, if
ever, exceeds 50%. There is evidence that in the
intellectually normal carrier females the level of
detectable fragile X is inversely proportional to the
age of the subject.3 Neither the age effect nor the
relationship between detectable fragile X and IQ is
shown by affected males. Despite the general relation-
ships delineated above, both normal and handicapped
female heterozygotes have been described with levels
of fragile X varying from 0 to 40%.
One X chromosome in every cell with two X

chromosomes is inactivated early in embryogenesis,
so that only one X remains functional. This process of
inactivation, or Lyonisation, is believed to be random
so that approximately equal proportions of each X
chromosome remain functional in any given female.4
Howevet, in many situations where one X chromo-
some is structurally rearranged, Lyonisation appears
non-random, and to be heavily 'skewed' in favour of
the structurally abnormal chromosome in an aneu-
ploid situation and in favour of the normal X in
balanced X;autosome translocations. This apparent
non-random inactivation is thought to be the result of
selection of one or other type of cell after random
inactivation. Such 'skewing' can also occur when one
X chromosome carries a mutant gene. In this case the
'skewing' may be confined to certain tissues and
usually results in virtually all cells having the non-
mutant X chromosome active, for example, blood
cells in females heterozygous for the Lesch-Nyhan
syndrome.5 However, in at least one condition,
adrenoleucodystrophy, selection appears to favour the
mutant cell line.6

Several studies have been carried out using
incorporation of BrdU to distinguish between the
early and late replicating X chromosomes in fra(X)
heterozygotes. A number of authors have found that
mentally handicapped female carriers have an increased
percentage of active fragile X chromosomes, whereas
normal carriers tend to have a greater percentage of
inactive fragile X chromosomes. 7-14 Other authors
have not found this relationship to hold. In some
studies the fragile site was found to be preferentially
located on the active X chromosome in all carriers.'5 16
However, Nielsen et al'7 found an excess of early
replicating or 'active' fragile X in all heterozygotes
with high levels of the marker X regardless of IQ, but
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in normal carriers with low levels of fragile X this
tendency was reversed. Uchida et a18 18 found not
only an inverse relationship between the proportion of
active fragile X in female heterozygotes and IQ, but
that the difference between the two types of carrier,
mentally impaired and normal, lay in the proportion
of early or active fragile X chromosomes present in
the carrier, the proportions being calculated on the
basis of total cells scored and not on the basis of fra(X)
positive cells alone. These authors found that the
proportion of late replicating or inactive fragile X was

the same in all female heterozygotes regardless of IQ
but that variations in the proportion ofearly replicating
or active fragile X chromosomes correlated with
differences in IQ. Although these results were later
confirmed by Tuckerman and Webb'3 the numbers of
subjects studied, particularly normal carriers, remains
small. There are several reasons for this. Firstly, the
normal carrier with a high level of fragile X is rare;

secondly, the low levels of fragile X shown by most
normal carriers means that many hundreds of mitoses
must be examined in order to detect enough fragile X
positive cells to make comparisons between early and
late X chromosomes valid; thirdly, the addition of
BrdU to the cell culture, while facilitating differen-
tiation of early and late replicating X chromosomes,
causes a marked drop in the detectable level of fragile
X in all subjects. One study has indicated that the use
of 3H thymidine to differentiate between the active
and inactive X chromosomes gives the same results as
BrdU, without reducing the overall detection rate of
fragile X.13
During the course of an investigation of fragile X

families, inactivation studies were carried out on the
lymphocytes of a number of female heterozygotes
using both the BrdU and 3H thymidine methods
where possible. In the patients in which both methods
were used, BrdU but not 3H thymidine was found to
decrease the level of fra(X) expression. The number
of active fra(X) positive cells calculated on the basis of
all informative cells scored was found to be positively
correlated with mental impairment, while the number

of inactive fra(X) cells was similar in both normal and
mentally retarded heterozygotes. Reanalysis of
published case reports shows a similar correlation.

Materials and methods
Cultures of lymphocytes from eight female carriers of
fra(X)(q27.3) were treated with either BrdU or

3HdTTP as described previously.'3 Both methods
were designed to allow the early and late replicating X
chromosomes to be distinguished. Slides were first
trypsin banded, the X chromosomes identified, and
fragile X positive cells drawn and the position of the
two X chromosomes marked. After destaining the
slides with methanol, those containing BrdU were
treated with Hoechst 33258 followed by treatment
with UV light and SSC. 19 Restaining of the cells with
Leishman allowed identification of the active and
inactive X chromosomes from the original drawings.
In this way there could be no bias owing to difficulties
in identifying the fragile site on the pale, late
replicatingX chromosome. Similarly, after destaining,
slides containing 3H thymidine were dipped into
Ilford Nuclear Research emulsion K2 and kept in the
daik at 4°C for 10 to 14 days before being developed
and restained with Leishman. The early and late
replicating X chromosomes were identified and their
fragile X status determined by comparison with the
drawings. The late replicating fragile X could not be
distinguished once the autoradiograph had been
developed, so previous drawings of all fragile X
positive mitoses were essential.

Attempts were made to achieve at least 20 infor-
mative fragile X positive mitoses from each subject.

Results
Table 1 shows the results obtained from the inactivation
studies carried out on cells from eight female fragile X
carriers. In four of these carriers, two normal and two
mentally retarded, both the BrdU and 3H thymidine
methods were used. The methods gave similar results

Table I The percentages of early replicating fragile X present in normal and retarded carriers.

Total no No and (%)
Subject and of cells of cells with Non- Total
method IQ analysed fra(Xq27) Early informative Late informative % early
1 BrdU Normal 1588 67 (4%) 4 32 17 21 19
1 3HdTTP Normal 892 99 (11%) 19 11 69 88 22
2 BrdU Normal 468 20 (4%) 7 1 12 19 37
2 3HdTTP Normal 475 85 (18%) 21 27 37 58 36
3 3HdTTP Normal 306 91 (300%) 9 53 29 38 24
4 3HdTTP Normal 270 40 (15%) 7 26 7 14 50
5 BrdU MR 828 65 (8%) 16 32 7 23 70
5 3HdTTP MR 348 95 (13%) 45 20 30 75 60
6 BrdU MR 914 37 (4%) 13 13 11 24 54
6 3HdTTP MR 470 128 (27%) 29 75 24 53 55
7 BrdU MR 540 50 (90%) 11 17 22 33 33
8 BrdU MR 757 34 (4%) 16 9 9 25 64
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indicating that the use of BrdU does not introduce a

bias. However, treatment with BrdU caused a marked
reduction in the levels of fragile X detected in all
cases, whereas treatment with the very low concen-
trations of 3HdTTP required to differentiate the late
replicating X chromosome caused no significant
reduction in levels of fragile X.

It can be seen from table 1 that, after treatment
with either BrdU or 3H thymidine, three of the four
retarded heterozygotes had percentages of early or

active fragile X greater than 50% of the informative
mitoses. The exception, treated with BrdU only, had
33% of her informative fragile X early replicating. All
four of the normal carriers had levels of active fragile
X of 500/o or below.
We then compared our results with other published

studies but only considered those cases in which at
least 10 informative fragile X positive cells were

reported. Table 2 compares the percentages of active
and inactive fragile X chromosomes from 12 different
studies with respect to heterozygote IQ. In every case

the average value for the active fra(X) chromosome
was higher in the mentally retarded subjects than in
the normal carriers. While there were some outliers,
in most cases there was little or no overlap between
the ranges shown by the two types of carrier. The
'outliers' were mainly normal carriers who had a high
(>10%) level of fragile X in their lymphocytes.

In tables 3 and 4 the percentages of fra(X) present
in the lymphocytes of each subject have been multi-
plied by the percentage of either active or inactive
fragile X. This gives an actual proportion of fragile X
present in the active or the inactive state. The
proportion of active fragile X chromosomes calculated
in this way may be a better estimate of a non-

functional or mutated gene than a simple measurement
of the percentage of detectable fragile X without
considering whether it lies on an active or an inactive
X chromosome.

For each of 11 studies, the proportions of both
active and inactive fragile X present in the lympho-
cytes of retarded and normal carriers in the presence

Table 2 Percentages of active fra(X) wtth respect to IQ.

MR subjects Normal subjects Outliers (exceptions)

Active Active Mentally retarded Mentally normal
carriers with carriers with

Reference No Range Average No Range Average <500/o active fra(X) >500%o active fra(X)

7 7 13-81 (58) 2 22-37 (30) 2/7 0/2
17 9 25-94 (63) 5 16-86 (57) 3/9 3/5
10 7 73-96 (82) 7 25-80 (60) 0/7 4/7
8 2 71-78 (74) 2 31-51 (41) 0/2 0/2
18 5 71-95 (83) 5 16-69 (40) 0/5 1/5
9 1 82 (82) 2 22-51 (37) 0/1 0/2
14 4 85-96 (91) 3 44-100 (65) 0/4 1/3
15 7 57-100 (76) 2 70-76 (73) 0/7 2/2
16 4 58-100 (73) 0/4 -
12 7 29-81 (59) 3 8-19 (15) 2/7 0/3
13 3 50-86 (70) 4 30-42 (37) 0/3 0/4
This study (BrdU) 4 33-70 (55) 2 19-37 (27) 1/4 0/2
This study 2 55-60 (58) 4 22-50 (33) 0/2 0/4
(3H thymidine)

Table 3 Ranges of the proportions of active and inactive fragile X chronosomes in mentally retarded and normal heterozygotes.

Active Inactive

Proportion in the Proportion of total Proportion in the Proportion of total
presence of BrdU by extrapolation presence of BrdU by extrapolation

Reference MR Normal MR Normal MR Normal MR Normal

7 1-8-23-4 2-7-7-4 3-6-32-0 3-9-9-6 1-3-12-0 9-5-12-5 3-0-24-3 13-9-16-4
17 2-9-34-0 3-0-30-0 - - 2-0-7-9 2-0-16-0 - -
10 1-0-15-1 0-2-13-2 - - 0-2-2-3 0 3-3-8 - -
8 2-7-4-7 0-8-1-4 6-0-6-5 0-8-1-9 1*1-1*4 0-9-1*4 1*7-2-7 1*9
18 6-3-24-6 0 1-119 - - 05-43 07-54 - -
14 10-0-23-0 08-90 13-2-32-2 3-1-15-0 1-02-0 0-1*6 1*0-2-8 0-5-0
15 8-0-27-0 7-7-14-4 5-7-26-1 7-7-17-5 09-7 3-3-4-6 0-14-0 3 3-55
16 128-18-0 10-5 - - 0-11-9 35 - -
12 09-7-0 0-3-0-9 5-8-25-9 0-5-59 0-4-2-5 24-4-1 3-8-16-4 3-3-27-1
13 2-4-8-3 07-2 5 4-7-28-1 2-1-10-1 0-6-4-7 1 3-3-5 1-015-8 4-9-13-9
This study 2-2-5 6 0-81-5 9-6-16-8 1-9-9-6 1-4-6-0 2-5-3 2 5-8-20 4 8-1-16-4
This study 7-8-14-9 24-75 144-16-5 2-2-9-4 5-2-12-1 7 5-22-8 9-6-16-6 7-0-17-5
(3HdTTP)
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Table 4 Averaged proportions of active and inactive fragile X chromosomes in mentally retarded and normal heterozygotes.
Active Inactive

Proportion in the Proportion of total Proportion in the Proportion of total
presence of BrdU by extrapolation presence of BrdU by extrapolation

Reference MR Normal MR Normal MR Normal MR Normal

7 9-7 5 1 16-2 6-8 6-6 11-0 10-7 15-2
17 12-3 12-8 - - 50 9-1 - -
10 3-8 1-7 - - 0-7 0 9 - -
8 3-7 1*1 6-3 1*4 1*3 1*2 2-2 1-9

18 12-0 2-8 - - 2-1 2-1 - -
14 14-5 3-7 21-8 7-7 1-5 0 9 2-0 3 0
15 17-6 11*1 16-0 12-6 5 1 40 4-8 4-4
16 16-0 10-5 - - 70 3 5 - -
12 2-8 0-7 14-1 2-4 1*6 3-4 9 3 12-0
13 4-7 1-5 13-0 5 1 2-3 25 70 79
This study 3-3 1-2 13-2 5 8 2-9 2-9 10-2 12-3
This study 11-4 5 9 15-5 6-0 8-7 12-6 11-6 12-2
(3HdTTP)

of BrdU are shown and, where possible, these values
have been extrapolated to give the proportions of
active and inactive fra(X) present in cultures which
did not contain BrdU. Table 3 gives ranges of values,
showing that there is complete overlap between
mentally retarded and normal carriers in the proportion
of inactive fra(X) chromosomes. However, there is
almost no overlap at all between the proportions of
active fra(X) chromosomes in retarded and normal
subjects, the ranges for the retarded heterozygotes
being higher in every case. Levels of active fragile X
are thus higher in the mentally retarded than in the
normal carriers, but levels of inactive fragile X are the
same in both groups. These differences become more
obvious in table 4 where the values have been
averaged for each study. The average proportion of
inactive fra(X) is the same for both retarded and
normal heterozygotes, but in each study the proportion
of active fragile X is greater in mentally retarded than
in normal heterozygotes.

Discussion
Studies of the replication status of the fragile X
chromosome in female heterozygotes using both
BrdU and 3H thymidine confirmed the observation
that BrdU but not 3H thymidine markedly reduces
the number of cells showing the fragile site at Xq27. 13
The present study of eight unrelated heterozygotes for
the fragile X syndrome shows a direct relationship
between the percentage of fragile X that is active or
early replicating and mental status. Although the
number of uninformative cells was in some cases
disconcertingly high, there was no consistency in the
percentages observed either between normal and
retarded patients or between cultures treated with
3HdTTP or BrdU. The conclusions were therefore
not biased by the methodology. In general, hetero-
zygotes of normal intelligence have percentages of

active fragile X below 50% and mentally handicapped
heterozygotes a level of active fragile X above 50%.
This finding holds true whether the activation studies
use BrdU or 3H thymidine to differentiate between
the X chromosomes. Because the addition of BrdU to
the culture medium reduces levels of detectable
fragile X, there are very few studies on normal
carriers with low fra(X) levels. As these women are in
the majority, it is to be hoped that studies using 3H
thymidine may indicate whether this type of carrier
has less than 50% active fragile X chromosomes. It is
reasonable to assume that the phenotypic effect may
be related to the actual numbers of active fragile X
chromosomes present. Therefore the detectable levels
of fragile X in the culture must be taken into account
as well as the ratio of early/late replicating X
chromosomes. When this is done (tables 3 and 4)
there is an obvious difference between the proportion
of active fragile X chromosomes in the normal and
mentally retarded heterozygotes. In contrast, the
proportions of inactive fragile X are similar in all cases
regardless of IQ. This confirms the observation made
by Uchida et al'8 on eight retarded and six normal
heterozygotes.

It appears that in both normal and retarded
heterozygotes the status of the inactive X chromo-
some renders it less inducible to fra(X) expression.
The small proportion of mentally normal female
heterozygotes who have high levels of fra(X) positive
cells appear to be exceptional in that their fra(X) is
easily expressed. Our study is, of course, biased
towards these exceptional females. The majority of
normal heterozygotes have no or a very low level of
expression of fra(X) positive cells because their fragile
X cells are inactive and so less inducible to expression.

It is perhaps surprising that there should be a
relationship between fragile X expression in female
heterozygotes and the proportion of active fragile X
chromosomes in peripheral blood cells, as the level of
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mental ability is likely to be correlated with the
proportion of active fragile X chromosomes in neural
tissue rather than in lymphocytes. Our observations
suggest that the level of active fragile X chromosomes
seen in peripheral lymphocytes may reflect the
proportion in neural or other cells that are responsible
for mental development.
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