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Summary

We examined premutation-female transmissions and
premutation-male transmissions of the FMR1 CGG re-
peat to carrier offspring, to identify factors associated
with instability of the repeat. First we investigated as-
sociations between parental and offspring repeat size.
Premutation-female repeat size was positively correlated
with the risk of having full-mutation offspring, confirm-
ing previous reports. Similarly, premutation-male repeat
size was positively correlated with the daughter’s repeat
size. However, increasing paternal repeat size was as-
sociated also with both increased risk of contraction and
decreased magnitude of the repeat-size change passed to
the daughter. We hypothesized that the difference be-
tween the female and male transmissions was due simply
to selection against full-mutation sperm. To test this hy-
pothesis, we simulated selection against full-mutation
eggs, by only examining premutation-female transmis-
sions to their premutation offspring. Among this subset
of premutation-female transmissions, associations be-
tween maternal and offspring repeat size were similar to
those observed in premutation-male transmissions. This
suggests that the difference between female and male
transmissions may be due to selection against full-mu-
tation sperm. Increasing maternal age was associated
with increasing risk of expansion to the full mutation,
possibly because of selection for smaller alleles within
the offspring’s soma over time; a similar effect of in-
creasing paternal age may be due to the same selection
process. Last, we have evidence that the reported as-
sociation between offspring sex and risk of expansion
may be due to ascertainment bias. Thus, female and male
offspring are equally likely to inherit the full mutation.
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Introduction

Fragile X syndrome, a form of X-linked mental retar-
dation, is caused by unstable expansion of a CGG repeat
in the 5′ UTR of the FMR1 gene (Fu et al. 1991; Verkerk
et al. 1991). Under normal circumstances, this CGG re-
peat is polymorphic, with individuals possessing 6–54
copies of the repeat. The number of repeats usually is
inherited without change, from parent to child (Fu et al.
1991; Heitz et al. 1992; Yu et al. 1992; Brown et al.
1993; Snow et al. 1993). In families with fragile X syn-
drome, however, the repeat has a propensity to expand
in size, in each generation. Once the number of repeats
has expanded to x200, the CGG repeat and surround-
ing region become hypermethylated. This aberrant meth-
ylation of FMR1 causes transcriptional inactivation (Pi-
eretti et al. 1991; Sutcliffe et al. 1992; McConkie-Rosell
et al. 1993). Thus, individuals who possess 1200 copies
of the repeat are missing the gene product, an RNA-
binding protein called “FMRP,” and are at risk to de-
velop symptoms of fragile X syndrome (Ashley et al.
1993). These individuals are said to carry the full-mu-
tation form of the repeat. Other family members, who
carry 55–200 CGG repeats, are not at risk to develop
symptoms of the disorder, although their repeat exhibits
intergenerational instability. These family members are
said to carry the premutation form of the repeat.

The mechanism causing expansion of the CGG repeat
remains to be defined. It is known that the initial sus-
ceptibility to instability is related to the AGG interrup-
tion pattern within the repeat sequence. Normally, a sin-
gle AGG interrupts the repeat sequence every 10 or so
CGG repeats (Eichler et al. 1994; Hirst et al. 1994; Kunst
and Warren 1994; Snow et al. 1994; Zhong et al. 1995).
Thus, most normal alleles have one to three AGG in-
terruptions. In contrast, most premutation alleles have
either no AGG or only a single AGG interruption at the
5′ end of the repeat (Eichler et al. 1994; Snow et al.
1994; Zhong et al. 1995). Because of these observations,
it has been hypothesized that the length of uninterrupted
CGG repeats on the 3′ end of the repeat determines the
susceptibility to instability. It appears that this threshold
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for stability is ∼35 CGG repeats (Eichler et al. 1994).
Evidence for cis-acting factors involved in the suscepti-
bility to instability and/or for other characteristics of the
repeat sequence comes from association studies of the
repeat allele and markers flanking the repeat (for review,
see Morris et al. 1995). Results from those studies sug-
gest that there may be different mutational pathways
that cause normal alleles to become unstable and that
these pathways are associated with different haplotypes
(Eichler et al. 1996).

Once an allele is unstable and has a total repeat length
155, expansion of the repeat size is significant. The
mechanism(s) related to this massive expansion, or hy-
perexpansion, is also unknown. However, several factors
are known to influence that instability. First, the sex of
the carrier parent plays an important role. Expansion
from a premutation allele to a full-mutation allele occurs
only in female transmissions of the unstable gene, not
in male transmissions. Second, the parental repeat size
is associated with the magnitude of the expansion. In
females, the risk of expansion to the full mutation in the
next generation increases with increasing repeat size of
the maternal allele (Fu et al. 1991; Heitz et al. 1992; Yu
et al. 1992; Snow et al. 1993; Nolin et al. 1996; Sherman
et al. 1996). In contrast, in premutation males, increas-
ing paternal repeat size is associated with increasing
probability for contraction in repeat size in the next
generation (Nolin et al. 1996).

To better understand the underlying mechanisms of
hyperexpansion, other factors also have been examined.
First, increasing maternal age may be associated with
increased instability. One report has noted that, among
siblings with the full mutation, the younger sibling more
often inherited a larger expansion (Mornet et al. 1993).
The authors of that have suggested that this may be due
to a maternal age effect or to selection against the larger
allele within an individual over time. Second, there have
been two reports that suggest that the sex of the offspring
is associated with the risk of expansion. These reports
found that male offspring were more likely to receive
larger expansions from their premutation or full-muta-
tion mothers than were female offspring (Rousseau et
al. 1994; Loesch et al. 1995). Third, a familial factor(s),
independent of parental sex and repeat size, has been
identified that causes repeat sizes within sibships to be
more similar than those among sibships (Nolin et al.
1996). The nature of this familial factor has not yet been
defined. However, preliminary analyses indicate that it
does not seem to be due to the internal sequence of the
repeat (Nolin et al. 1996), nor to the haplotype back-
ground (Murray et al. 1997).

It is clear that a more in-depth analysis of the factors
that influence hyperexpansion of the repeat in the FMR1
gene would provide insight into that mechanism. Thus,
we have analyzed transmissions of the FMR1 CGG re-

peat of premutation females and premutation males to
their carrier offspring, to identify factors that may be
associated with the expansion mechanism.

Subjects and Methods

Information on repeat size, sex, birth date, and ped-
igree was collected for carrier parent–carrier offspring
pairs of 434 premutation mothers and 144 premutation
fathers. These data were collected through both pro-
spective and retrospective means. The “prospective”
cases (50 premutation mother transmissions) have been
described elsewhere and originated from data on pre-
natal and live-born pregnancy outcomes of known frag-
ile X carrier females (Sherman et al. 1996). Data for
each case included a pedigree and DNA results on repeat
size in both the mother and the offspring. Because of
the prospective collection, these cases were considered
to be free of ascertainment bias. These prospective cases
were kindly contributed by those investigators noted in
the Acknowledgments. The “retrospective” cases origi-
nated from families that had been clinically ascertained
through a proband with fragile X syndrome. Each trans-
mission was assessed to determine whether it was in-
volved in the ascertainment of the family. If so, the trans-
mission was excluded from analysis. Retrospective cases
were contributed from four centers. Hunter Genetics,
Newcastle, New South Wales (affiliation of H.R. and
G.T.) contributed 244 premutation mother transmis-
sions and 37 premutation father transmissions. The New
York State Institute for Basic Research, Staten Island
(affiliation of A.E.G., S.L.N., and W.T.B.) contributed
112 premutation mother transmissions and 85 premu-
tation father transmissions. The remaining cases (28 pre-
mutation mother transmissions and 22 premutation
father transmissions) were contributed by J. C. Self Re-
search Institute, Greenwood Genetics Center, Green-
wood, SC (affiliation of C.E.S.) and by the Department
of Genetics, Emory University, Atlanta (affiliation of
A.E.A.-K. and S.L.S.).

Molecular analyses of repeat size were performed at
the contributing center, by either PCR or restriction di-
gestion followed by Southern blotting. In general, small
premutation repeat sizes (!90 repeats) were estimated
by PCR, for greater accuracy. Larger premutation and
full-mutation repeat sizes were estimated by the less ac-
curate method of restriction digestion and Southern blot-
ting, because of the difficulty in amplification of these
larger repetitive alleles. Examples of the protocols for
the molecular analyses have been described by Brown
et al. (1993). Information on the size of a full mutation
usually was not available, for several reasons. First and
foremost, the size was not determined because of the
lack of clinical relevance. Second, an accurate estimate
of repeat size was difficult to determine because of both
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Figure 1 No. of premutation offspring (unblackened bars) and
full-mutation offspring (blackened bars) of premutation females, based
on maternal repeat size.

low resolution on Southern blots and the possible com-
plication of mosaicism. Therefore, for analyses that in-
cluded full-mutation cases, the repeat-size status was
treated as a binary variable (i.e., 0 � premutation, and
1 � full mutation).

The goal of the present study was to identify factors
involved in the variation of instability of the CGG re-
peat. Thus, with respect to premutation-female trans-
missions, only transmissions from mothers with X90
repeats were eligible for study, since mothers with 190
repeats have a 94%–100% risk of expansion to the full
mutation (Fu et al. 1991; Heitz et al. 1992; Yu et al.
1992; Snow et al. 1993; Nolin et al. 1996; Sherman et
al. 1996). All premutation-male transmissions were el-
igible for the study, since all their daughters carry a pre-
mutation allele. The premutation fathers had repeat sizes
in the range of 56–130 repeats.

To examine factors affecting offspring repeat size, lin-
ear regression was used. The dependent variable was
either offspring repeat size or the repeat-size difference
between parent and child. The independent variables
were parental repeat size, parental age, grandparental
origin of the mutation, and offspring sex. Logistic re-
gression was used to examine two factors: (1) the risk,
among the premutation-female transmissions, of expan-
sion to the full mutation and (2) the risk, among pre-
mutation-female transmissions and premutation-male
transmissions, to pass an expansion, versus a contraction
or no change in repeat size. Thus, the dependent variable
was either the mutational status (i.e., premutation or full
mutation) of the offspring or whether the parent had
passed an expansion to his or her offspring. The inde-
pendent variables were the same as those used in the
linear-regression analyses. Results of logistic regression
are reported as odds ratio (OR) with 95% confidence
interval (95% CI) and correspond to the probability of
either having a full-mutation child or passing an expan-
sion to the child, depending on the analysis. The reported
P values for logistic regression correspond to the hy-
pothesis that the coefficient of the independent variable
is different from 0. All statistical analyses, including
Pearson correlations, t-tests, and linear- and logistic-re-
gression analyses, were performed with Statistical Anal-
ysis System (SAS) software release 6.07.

Results

Premutation-Female Transmissions

Maternal Repeat Size.—As previous studies have
shown, examination of all the premutation-female trans-
missions revealed that the mother’s repeat size is an im-
portant predictor of the mutational status of her off-
spring (OR 1.09 [95% CI � 1.06–1.12]). The mean
repeat size in mothers of full-mutation offspring was

74.09, compared with 68.10 in mothers of premutation
offspring. Therefore, the risk of having a full-mutation
child increased as the mother’s repeat size increased, as
shown in figure 1. To identify additional risk factors, we
controlled for the effect of the mother’s repeat size in
the subsequent analyses, by including it as an indepen-
dent variable in the regression analyses.

Maternal Age.—Next, we examined whether maternal
age was associated with the mutational status of the
offspring. We found a significant age effect after ad-
justing for the mother’s repeat size (OR 1.07 [95% CI
� 1.03–1.12]). This observation could be either a true
maternal-age effect or due to selection against large al-
leles in the soma of the offspring over time; that is, since
most siblings are tested simultaneously for their carrier
status, older siblings could have smaller repeat sizes com-
pared with those in younger siblings, because of somatic
selection against larger alleles. Unfortunately, age-at-
testing data were not available for the retrospective
cases. However, we were able to compare retrospective
cases, in which the offspring were tested at various de-
velopmental time points, and prospective cases, in which
the offspring were tested at the same developmental time
point. We hypothesized that, if there is a true maternal-
age effect, it would be present in both the retrospective
and the prospective cases. In contrast, if selection is oc-
curring, the apparent maternal-age effect should be ob-
served only among the retrospective cases. Since the ret-
rospective cases were tested at various developmental
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Table 1

Association between Maternal Age and Risk for Expansion

TYPE OF CASE

MEAN AGE OF MOTHER OF

(years)

t-TESTP ODDS RATIO (CI)
Premutation

Offspring
Full-Mutation

Offspring

Retrospective 25.82 (n � 203) 27.17 (n � 132) .02 1.06 (1.02–1.11)
Prenatal 30.71 (n � 17) 31.3 (n � 20) .82 1.01 (.86–1.18)

time points, this would allow for the effects of selection
to mimic a maternal-age effect. In contrast, the prenatal
cases were tested at the same developmental time; thus,
all cases would have had an equal amount of time for
selection to occur, and no maternal-age effect should be
observed. Comparison of the mean maternal age of ret-
rospective cases versus that of prenatal cases shows that
the maternal-age effect was restricted to the retrospective
cases (table 1). This was confirmed by logistic regression,
with adjustment for maternal repeat size (table 1). These
results suggest that the observed maternal-age associa-
tion is due to selection against larger alleles over time
in the offspring.

Sex of Offspring.—Elsewhere it has been reported that
the male offspring of premutation or full-mutation
mothers receive a larger repeat size than do female off-
spring (Rousseau et al. 1994; Loesch et al. 1995). This
may be a true effect, or it may result from ascertainment
biases that spuriously increase the number of transmis-
sions from premutation mothers to premutation daugh-
ters. At least two such biases are obvious. The first relates
to who is tested within a sibship. Nonsymptomatic fe-
males are tested more often for carrier status than are
their male counterparts, since only females are at risk
of transmitting the full mutation to their offspring. Thus,
this bias may increase the number of transmissions to
premutation-female offspring, relative to the number of
transmissions to premutation-male offspring. The sec-
ond bias relates to the observed decreased fitness of
symptomatic full-mutation carrier females (Sherman et
al. 1984). Specifically, mothers of probands (i.e., females
who have reproduced) are more likely to be premutation
carriers than full-mutation carriers. Thus, inclusion of
transmissions from the carrier grandmother to the
mother of the proband may spuriously increase the num-
ber of premutation-female offspring, relative to the num-
ber of full-mutation female offspring. Given these po-
tential biases, we examined the association between the
sex of the offspring and his or her repeat size, under
three correction schemes. In the first scheme, we per-
formed the general correction as described in Subjects
and Methods: we excluded all transmissions involved in
the ascertainment of the family. Under the second sce-
nario, we excluded sibships in which not all offspring
had been tested. Last, we excluded all transmissions

from carrier grandmothers to mothers of probands. Ta-
ble 2 summarizes the number of cases and the results of
each analysis. The results indicate that the association
of sex of the offspring with the offspring’s mutational
status diminishes with correction of potential biases.

Premutation-Male Transmissions

Two factors that may influence the change in repeat
size in male transmissions were examined among the 144
father-daughter pairs: paternal repeat size and age.

Paternal Repeat Size.—The father’s repeat size was
positively correlated with the daughter’s repeat size
( , ) and explained ∼43% of the vari-r � .65 P � .0001
ance. To further understand this association, we ex-
amined both the magnitude of the intergenerational
change from father to daughter and the direction of the
change (i.e., expansion vs. either contraction or no
change). We found that the magnitude of the change
decreased as the father’s repeat size increased (r �
�.19, ). To examine the direction of the change,P � .025
logistic regression was performed with the dependent
variable indicating whether there was an expansion. This
analysis showed that the risk of expansion decreased
with increasing repeat size in the father (OR 0.96 [95%
CI � 0.94–0.99]). This association is depicted in figure
2.

This negative association between risk of expansion
and paternal repeat size could represent different mu-
tational mechanisms in males versus females. Alterna-
tively, the same mechanism may be occurring but there
may be strong selection against full-mutation alleles only
in sperm, not in eggs. This limited selection would ex-
plain why paternal transmissions of the full mutation
are not observed. To test this, we analyzed a subset of
female transmissions that would be observed if there
were a comparable selection against full-mutation trans-
missions in females; that is, we omitted those female
transmissions that expanded to the full mutation. As in
male transmissions, the risk of expansion decreased with
increasing maternal repeat size (OR 0.96 [95% CI �
0.93–0.99]). Mothers who passed an expansion to their
premutation offspring had an average repeat size of
67.23, compared with 70.32, the average repeat size in
mothers who did not pass an expansion to their pre-
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Figure 2 No. of premutation daughters of premutation males,
based on paternal repeat size and whether the daughter received an
expansion. Unblackened bars represent either a contraction or no re-
peat-size change, from father to daughter, and blackened bars represent
repeat-size expansions, from father to daughter.

Table 2

Association between Sex of Offspring and Risk of Expansion

ASCERTAINMENT SCHEME (NO. OF CASES)

PROPORTION OF

OFFSPRING WITH

FULL MUTATION

(%) P

Males Females t-Test
Logistic

Regression

Removal of cases associated with ascertainment (434) .46 .38 .06 .07
Removal of incompletely ascertained sibships (338) .48 .43 .38 .34
Removal of transmissions to proband’s mother (298) .48 .50 .63 .71

mutation offspring (fig. 3). However, the association be-
tween the magnitude of the change and the parental
repeat size was not observed among female transmis-
sions ( , ). This failure to observe anr � �.05 P � .45
association may be due to the smaller range of repeat
sizes among the mothers (52–90), compared with that
among the fathers (56–130).

Paternal Age.—Next we examined paternal age as a
risk factor after controlling for the effect of the father’s
repeat size. No association was observed between the
father’s age and the daughter’s repeat size ( ,r � .07

). However, there was a trend in that the mag-P � .49
nitude of change increased with the father’s age (r �

, ). Also, the direction of the change was as-.15 P � .12
sociated with paternal age: Older fathers were more
likely to pass on expansions, rather than contractions
or no change in repeat size, than were younger fathers
(OR 1.10 [95% CI � 1.03–1.18]). The average age
among fathers who passed on an expansion was 31.84
years, compared with 27.98 years, the average age
among fathers who passed on a contraction or no change
in repeat size (t-test ).P � .0034

Again we examined the subset of premutation-female-
to-premutation-offspring transmissions, to test the hy-
pothesis that the basis of the paternal-age effect was the
same as that of the maternal-age effect. As in the case
of the male transmissions, we did not detect an associ-
ation between the mother’s age and the offspring’s repeat
size ( , ). In contrast to male transmis-r � �.06 P � .38
sions, there was also no association between maternal
age and either the magnitude of the change (r �
�.004, ) or the direction of the change (OR 1.02P � .95
[95% CI � 0.97–1.07]). However, these analyses should
be interpreted with caution, since the different ranges of
parental repeat sizes—that is, 52–90 among the mothers,
versus 56–130 among the fathers—may have affected
the results.

Discussion

We have confirmed that increasing maternal repeat
size is significantly associated with the risk of having

full-mutation offspring, an association that has been well
documented by previous reports (Fu et al. 1991; Heitz
et al. 1992; Yu et al. 1992; Snow et al. 1993; Nolin et
al. 1996; Sherman et al. 1996). We also have shown that
the father’s repeat size is positively correlated with the
daughter’s repeat size. Moreover, examination of the
magnitude and direction of the intergenerational change
revealed a negative association with the father’s repeat
size, confirming previous results that the frequency of
contractions in male transmissions increases with in-
creasing paternal repeat size (Nolin et al. 1996). To
determine whether this observation represented a mech-
anistic difference between premutation-male transmis-
sions and premutation-female transmissions or was sim-
ply a function of selection against the full mutation in
sperm but not against full mutation in eggs, we examined
a subset of female transmissions that would be observed



Ashley-Koch et al.: Factors Associated with FMR1 781

Figure 3 No. of premutation offspring of premutation females,
based on maternal repeat size and whether offspring received an ex-
pansion. Unblackened bars represent either a contraction or no repeat-
size change, from mother to offspring, and blackened bars represent
repeat-size expansions, from mother to offspring.

if a similar selection had occurred in eggs; that is, we
examined premutation-female-to-premutation-offspring
transmissions. The results indicated a negative associa-
tion between the mother’s repeat size and the direction
of the intergenerational change, similar to that observed
in the paternal transmissions. This suggests that the dif-
ference between premutation-male transmissions and
premutation-female transmissions may be simply selec-
tion against the full mutation in sperm.

Thus far, the only definitive evidence supporting a se-
lective force in fragile X gametes is found in full-mu-
tation male carriers. Elsewhere it has been demonstrated
that full-mutation males have premutation sperm (Rey-
niers et al. 1993). However, at the time of that study, it
was not known whether this observation was due to the
gametes being spared from somatic expansion or to se-
lection against full-mutation sperm. Recently, Malter et
al. (1997) examined full-mutation male fetuses of var-
ious developmental stages and found evidence to support
the selection hypothesis. They observed that a full-mu-
tation male fetus of 13 wk gestation had full-mutation
pro-spermatogonia and no detectable premutation pro-
spermatogonia. In contrast, a full-mutation male fetus
of 17 wk gestation exhibited both full-mutation pro-
spermatogonia and premutation pro-spermatogonia.
These observations, taken with the observations by Rey-
niers et al. (1993), suggest that a selective process re-
moves full-mutation alleles in full-mutation males until
most, if not all, of the sperm carry a premutation allele.
Furthermore, Malter et al.’s (1997) examination of full-
mutation female fetuses at 16 and 17 wk gestation did

not detect the presence of premutation alleles in the ova-
ries, providing no evidence for selection against full-mu-
tation eggs. These data support the hypothesis that the
lack of expansion to the full mutation in male trans-
missions is due simply to differences in the stringency
of selection against full-mutation gametes, in males ver-
sus females. Interestingly, examination of the ratio of X-
bearing sperm to Y-bearing sperm in a premutation male
revealed no deviation from the expected ratio of 1.0 (H.
E. Malter, A. E. Ashley-Koch, S. L. Sherman, and S. T.
Warren, unpublished data). This may not be an unex-
pected result, since, because of incomplete cytokinesis
during mitosis and meiosis, the progeny of a spermat-
ogonial cell mature within a common syncytium and,
thus, the progeny can share gene products via cytoplas-
mic bridges (Braun et al. 1989). Therefore, if a sper-
matogonial cell is carrying a full mutation that is defi-
cient for the FMR1 gene product, FMRP, then all the
progeny, including both X-bearing sperm and Y-bearing
sperm, would be selected against. Moreover, since the
X chromosome normally is inactivated around the onset
of meiosis during sperm development (Ayoub et al.
1997), FMRP probably is expressed only prior to this.
Alternatively, the selection against full-mutation sperm
may not result from a lack of FMRP but, rather, may
occur during mitotic divisions of the spermatogonia, be-
cause of the inability to faithfully replicate or retain the
large number of CGG repeats in the full-mutation allele.
Both of these hypotheses suggest that selection against
full-mutation sperm occurs premeiotically. It should be
noted that, as well, other observations are consistent
with a selection process in females. Several investigators
have observed that premutation—but not full muta-
tion—carrier women have an increased risk of prema-
ture ovarian failure (POF) (Conway et al. 1995; Par-
tington et al. 1996; Vianna-Morgante et al. 1996),
although these observations have not always been rep-
licated by other investigators (Kenneson et al. 1997).
The underlying mechanism of this observed POF in these
premutation females is not clear. The POF may be due
to loss of eggs carrying mutated alleles. However, if this
is the case, then one would expect, as well, to observe
an increased risk of POF in full-mutation carrier women.
Alternatively, the POF may be due to an overall loss of
eggs, both those carrying mutated alleles and those car-
rying nonmutated alleles. The later hypothesis would be
consistent with a lack of selection against full-mutation
eggs.

In addition to selection in the gametes, our observa-
tions suggest that selection also occurs in somatic cells.
Elsewhere, a positive correlation between maternal age
and full-mutation–offspring repeat size has been ob-
served (Mornet et al. 1993). The investigators in that
study hypothesized that this observation could be due
to either a true maternal-age effect or selection against
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larger alleles in the soma of the offspring over time. To
test this hypothesis, we compared retrospectively ascer-
tained live-birth cases versus prenatally diagnosed cases.
The live-birth cases would have been tested at different
ages, whereas the prenatally diagnosed cases were tested
at the same developmental time point. A significant as-
sociation with maternal age was found among the live-
birth cases but not among the prenatally diagnosed
cases. This suggests that the association is due to selec-
tion against larger alleles within the soma of the off-
spring over time. Similarly, examination of paternal
transmissions identified an association between paternal
age and intergenerational changes in repeat size. As the
father ages, the risk that he will pass on an intergen-
erational expansion increases. This association, as well,
most likely is due to somatic selection; however, no pre-
natal paternal transmissions were available to allow us
to test this hypothesis.

Although these results suggest the presence of somatic
selection within the individual over time, there were lim-
itations to our analysis. First, the tissue sampled among
the retrospective cases was blood and was embryonic in
origin, whereas the tissue sampled among the prenatal
cases was either amniocyte or chorionic villus and was
extraembryonic in origin. If there are differing selection
mechanisms occurring among the different tissues, our
interpretation of the results may be incorrect. Further-
more, in most cases, repeat analysis was performed on
transformed cell lines of the samples. Selection mecha-
nisms affecting transformed cell lines may be quite dif-
ferent than those that affect tissues in vivo. Second, there
were only a small number of prenatal cases ( )n � 37
available for analysis. For these reasons, further analysis
of the association between parental age and offspring
repeat size is warranted, to confirm that the association
is due to somatic selection.

If somatic selection does occur, then somatic mosai-
cism of repeat size may be expected as a result. Mosa-
icism is not uncommon among individuals with the full
mutation (Rousseau et al. 1991a, Nolin et al. 1994), and
it also has been observed among premutation individuals
(Moutou et al. 1997). Moreover, Rousseau et al. (1991b)
observed that somatic mosaicism appeared to decrease
with increasing age in full-mutation females. These in-
vestigators observed that the patterns of full-mutation
alleles in older women (age 140 years) were more ho-
mogeneous than the patterns observed in younger
women. Although this trend was not statistically signif-
icant, it is consistent with the prediction of somatic
selection.

Data obtained from transgenic mouse models of tri-
nucleotide-repeat disorders conflict with the theory of
somatic selection. A mouse model of Huntington disease
(HD) has displayed both increasing somatic and inter-
generational instability with increasing age, in paternal

transmissions (Mangiarini et al. 1997). In addition, a
mouse model of spinocerebellar ataxia type 1 has dis-
played increasing intergenerational instability with in-
creasing age, in maternal transmissions (Kaytor et al.
1997). Both of these transgenic mouse models appear
to display true parental-age effects. Moreover, in the HD
mouse, somatic instability increased with age, which di-
rectly contradicts the observations by Rousseau et al.
(1991b). It is difficult to correlate the results from the
transgenic mice with those from humans, because the
effects of cis-acting factors in the transgenes, as well as
the integration positions of the transgenes within the
mouse genome, are not well understood. More data on
the transgenic mouse models need to be obtained before
we can extrapolate those results to humans.

We also have identified factors, specific to premuta-
tion-female transmissions, that are associated with a
woman’s risk of having a full-mutation child. First, in
myotonic dystrophy, another disorder caused by expan-
sion of a trinucleotide repeat, it has been well docu-
mented that there is a statistically significant excess of
transmitting grandfathers of individuals with the con-
genital form of the disorder (Harley et al. 1993; Lavedan
et al. 1993; Lopez de Munain et al. 1995). To determine
whether this association also is present in fragile X syn-
drome, the parental origin of the mother’s premutation
was examined. The results indicated that, similar to sit-
uation for myotonic dystrophy, women who inherited
the fragile X premutation from their fathers were more
likely to have a full-mutation child than were women
who inherited the mutation from their mothers. How-
ever, this observation was not statistically significant
and, thus, was only a trend (OR 1.44 [95% CI �
0.87–2.38]). This observation is consistent with the pre-
dictions from a previous model, which examined the
effects of expansion during meiosis and mitosis (Ashley
and Sherman 1995). This meiotic/mitotic model as-
sumed that maternally inherited somatic—but not ga-
metic—alleles were subjected to additional expansion,
whereas paternally inherited somatic alleles were not.
Thus, the model predicted that, when women with sim-
ilar somatic repeat sizes are compared, women who in-
herited the mutation from their father would be at
greater risk of having full-mutation offspring than would
women who inherited the mutation from their mother;
this is because women who inherited the mutation from
their father would have similar repeat sizes in their so-
matic and gametic cells, whereas women who inherited
the mutation from their mother would have smaller re-
peat sizes in their gametic cells, because the former group
of women had been spared the maternal somatic ex-
pansion process. However, the meiotic/mitotic model
cannot explain the observed association, because the as-
sumptions of the model, specifically those concerning
selection against full-mutation sperm, are incorrect.
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Thus, further data are needed, both to confirm an as-
sociation between parental origin of the mutation and
risk of having a full-mutation offspring and to determine
the cause of this association.

Second, examination of our data revealed that the
observed association of offspring sex and risk of expan-
sion probably was due to ascertainment problems. These
ascertainment problems stem from two sources. First,
nonsymptomatic females are more likely to be tested
than are nonsymptomatic males. Second, full-mutation
females are less likely to reproduce—and, therefore, are
less likely to have a proband offspring—than are pre-
mutation females. These sources of bias may be present
in the previous analyses, reporting that male offspring
receive larger expansions (Rousseau et al. 1994; Loesch
et al. 1995).

This study represents the collaboration of many cen-
ters conducting fragile X research. The advantage of this
collaborative approach is that large numbers of pre-
mutation-female transmissions and premutation-male
transmissions can be analyzed, providing greater statis-
tical power. The disadvantage of this approach is that
there is variation, in repeat-size estimation, among lab-
oratories—and that, therefore, the pooling of data can
introduce error. However, 82% of the premutation-fe-
male transmissions and 85% of the premutation-male
transmissions in this analysis were contributed by only
two centers, one in Australia and one in the United
States, which should greatly reduce the error that is due
to data pooling.

In conclusion, analyses of transmissions from pre-
mutation females and premutation males to their carrier
offspring suggest that the mechanism(s) of expansion in
premutation females and premutation males may be sim-
ilar and that selection against full-mutation alleles in
sperm is the basis for the lack of expansion to the full
mutation in male transmissions. More molecular data
are needed for definition of the mechanism of expansion,
but results from this study support analysis of familial
data as a valuable approach toward a better understand-
ing of the nature of the instability of the expansion of
FMR1 CGG repeats.
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