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Summary

The fragile X syndrome is the second leading cause of
mental retardation after Down syndrome. Fragile X pre-
mutations are not associated with any clinical phenotype
but are at high risk of expanding to full mutations caus-
ing the disease when they are transmitted by a carrier
woman. There is no reliable estimate of the prevalence
of women who are carriers of fragile X premutations.
We have screened 10,624 unselected women by South-
ern blot for the presence of FMR1 premutation alleles
and have confirmed their size by PCR analysis. We
found 41 carriers of alleles with 55-101 CGG repeats,
a prevalence of 1/259 women (95% confidence interval
1/373-1/198). Thirty percent of these alleles carry an
inferred haplotype that corresponds to the most frequent
haplotype found in fragile X males and may indeed con-
stitute premutations associated with a significant risk
of expansion on transmission by carrier women. We
identified another inferred haplotype that is rare in both
normal and fragile X chromosomes but that is present
on 13 (57%) of 23 chromosomes carrying FMR1 alleles
with 53-64 CGG repeats. This suggests either (1) that
this haplotype may be stable or (2) that the associated
premutation-size alleles have not yet reached equilib-
rium in this population and that the incidence of fragile
X syndrome may increase in the future.

Introduction

The fragile X syndrome of mental retardation is a lead-
ing cause of mental retardation (Nussbaum and Ledbet-
ter 1989; Sherman 1991). It was the first disease shown
to be associated with unstable or “dynamic” mutations
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(Oberlé et al. 1991). The disease is associated with an
expansion of a CGG repeat (Oberlé et al. 1991; Verkerk
et al. 1991; Yu et al. 1991) located in the CpG island
(Heitz et al. 1991; Oberlé et al. 1991) of the FMR1 gene
(Verkerk et al. 1991). The CpG island shows abnormal
DNA methylation in all affected individuals (Heitz et al.
1991; Oberlé et al. 1991; Rousseau et al. 1991; Vincent
et al. 1991), which is associated with absence of expres-
sion of the FMR1 gene (Pieretti et al. 1991). Normal
alleles have a variable number of CGG repeats (range
6-54), with a mode of 29 (Fu et al. 1991). Fragile X
mutations are classified into premutations and full muta-
tions, on the basis of both their size and CpG-island
methylation on the active X chromosome (Oberlé et al.
1991; Rousseau et al. 1991). Fragile X premutations
have been defined as having a size of ~55-230 CGG
repeats and are not associated with any abnormal meth-
ylation (Oberlé et al. 1991). In fragile X families, they
are found in all normal transmitting males and in a
majority of unaffected carrier females. Premutations do
not seem to be associated with any abnormal phenotype
(Oberlé et al. 1991; Rousseau et al. 1991, 19944). When
transmitted by a carrier female, fragile X premutations
have an average risk of 80% (range 10%-100%), de-
pending on allele size (Fu et al. 1991; Heitz et al. 1992;
Yu et al. 1992), of expanding to full mutations, which
are defined as being >~230 CGGs and associated with
abnormal methylation of the FMR1 CpG island. In
males, fragile X full mutations are associated with men-
tal impairment in >99% of the cases, whereas only
~55% of female carriers of full mutations are affected
(Rousseau et al. 1991, 1994a). Up to 15% of carriers
of full mutations also have premutations in a proportion
of their cells; they have been termed “mosaics” and ap-
pear, in general, as affected as are carriers of only full
mutations (Rousseau et al. 19944). No single-step tran-
sition from a normal allele to a premutation or to a full
mutation has been reported. Given the multistep process
of transition from small premutations of most 54-60
trinucleotide repeats to full mutations (Oberlé et al.
1991), new mutations have not been observed in families
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ascertained through an affected individual, because they
are rare and/or because it has not been possible to study
more than three or four generations.

The incidence of the fragile X syndrome has been
reported to be roughly the same in several Caucasian
populations and is ~1/2,000 male births and ~1/4,000
female births (Sherman et al. 1985; Brown et al. 1986).
Linkage disequilibrium between fragile X mutations and
closely linked markers has been reported as evidence for
founder effect and, at the same time, multiple origins of
these mutations (e.g., see Richards et al. 1992; Oudet
et al. 19934, 1993b; Macpherson et al. 1994). Since
affected males and penetrant females have a reduced
reproductive fitness, the similar incidences of the disease
in various countries, combined with the evidence for
a limited number of initial mutations, suggest that the
mutation rate from normal alleles to premutation alleles
is very low and is followed by a rate of mutation increas-
ing with the size of the expansion but small enough
to generate a large pool of premutations (Oudet et al.
1993a).

Because fragile X premutations are not associated
with any abnormal phenotypic feature, carriers of pre-
mutations can only be detected by direct genotypic anal-
ysis (Oberlé et al. 1991; Rousseau et al. 1991). In fragile
X families, the prevalence of premutations is higher than
that of full mutations (Rousseau et al. 1991, 1994a4).
Occasionally, in fragile X families, spouses (who have
married in) have been found to be carriers of premuta-
tion-size alleles (Rousseau et al. 1991; Macpherson et
al. 1992). On the basis of this occasional finding, some
authors (Rousseau et al. 19944) have proposed that the
prevalence of women who would be carriers (premuta-
tion or full mutation) could be as high as 1/250. There
is significant variation in the estimates of the prevalence
of carriers of fragile X premutations: 1/163-1/1,538 (Fu
et al. 1991, Reiss et al. 1994; Rousseau et al. 19944).
Because of the small sample sizes, accurate estimates of
this prevalence have been difficult to obtain.

Models have been proposed to explain the transmis-
sion of fragile X mutations (e.g., see Pembrey et al. 1985;
Laird 1987), as well as to explain the linkage disequilib-
rium observed between fragile X mutations and specific
alleles of flanking markers (Morton and Macpherson
1992; Oudet et al. 19934; Kolehmainen 1994). One
model predicts a pool of premutated alleles that are
generated by a mutation rate, from normal to premu-
tated alleles, of ~2.5 X 107* and that mutate toward
larger premutations at a rate proportional to their size,
until they become full mutations (Oudet et al. 1993a).
With a nine-allele model (Kolehmainen 1994), an equi-
librium frequency of .00138 for alleles of 50-59 tri-
nucleotide repeats was predicted.

Direct DNA testing of the FMR1 locus (i.e., determi-
nation of both size of the expansion and methylation
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status of the CpG island) allows identification of carriers
of mutations in fragile X families (Rousseau et al. 1991;
Sutherland et al. 1991). Carriers can be offered genetic
counseling and, when appropriate, prenatal diagnosis
(Rousseau et al. 1991; Sutherland et al. 1991). Because
the fragile X syndrome has been estimated to have a
high incidence and is a major cause of mental retarda-
tion, some authors have considered screening for fragile
X premutation carriers in the general population or in
women of childbearing age (Bonthron and Strain 1993;
Bundey and Norman 1993; Howard-Peebles et al. 1993;
Palomaki and Haddow 1993; Rousseau 1994). How-
ever, most authors agree that accurate estimates of the
prevalence of fragile X mutations are required before
implementation of such programs is considered. Also,
there would be technical and cost considerations in im-
plementing such programs. For example, PCR-based
techniques may not be sensitive enough to detect all
premutations, full mutations, and mosaic cases; and
Southern-blot techniques have not been adapted for
cost-effective screening. However, PCR protocols have
been proposed for screening of fragile X mutations
(Brown et al. 1993); but they require both transfer of
the PCR products to a nylon membrane and hybridiza-
tion to a probe, to detect the very faint bands amplified.

We screened, by Southern blot, a large cohort of unse-
lected women to obtain a reliable estimate of the preva-
lence of fragile X premutation-size alleles in the general
population. We found a carrier prevalence of 1/259
women. We analyzed haplotypes of normal size alleles,
premutation-size alleles, and full mutations, to better
define the likelihood, in the next generation, that the
premutation-size alleles identified by screening will ex-
pand to full mutations.

Material and Methods

Samples

A total of 11,860 consecutive hemoglobin/hematocrit
or complete blood count (CBC) leftover samples from
female outpatients were collected from the hematology
laboratory of a general hospital in Quebec during a pe-
riod of 18 mo. Each sample was assigned a unique num-
ber and was handled in an unlinked anonymous proto-
col precluding the association of DNA results with
personal identifying information. Some 1,236 duplicates
were identified because of file-number matches prior to
DNA analysis, and the anonymous sample numbers of
the replicates were tagged as duplicates to be excluded
from the subsequent study. In this study, procedures for
sample and information collection and coding, analysis
of samples, and recording and reporting of results were
approved by the appropriate institutional ethical review
board.
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DNA Purification and Southern Blot Analysis

Samples were grouped sequentially in pools of five,
and 40 pl of whole blood was transferred to a 1.5-ml
Eppendorf tube for a total of 200 pl of whole blood per
pool. The remainder of the CBC sample was labeled
with the sample number and was kept frozen at —20°C
until further study. DNA was purified from the whole
blood pools by a miniprep method developed in our
laboratory (Rousseau et al. 1994b), was digested in the
same initial Eppendorf tube with the restriction endonu-
clease Bcll, as reported previously (Rousseau et al.
1992), was precipitated with ammonium acetate 7.5 M
and ethanol, was resuspended in loading buffer, and was
loaded on a 6% polyacrylamide gel (1:30 bis-acryl-
amide) in 1 X TBE (Tris-borate EDTA), followed by
migration for 16 h at 80 V, as described elsewhere
(Rousseau et al. 1994b). After an ethidium bromide
staining, the DNA was electroblotted on a Hybond N+
membrane (Amersham) at 80 mA for 4 h. The blot was
then hybridized to probe StB12XX according to stan-
dard protocols (Rousseau et al. 1992). After the washing
steps, the blot was exposed overnight and until slight
overexposure, before premutation-size bands were
searched for.

Screening Strategy

Positive pools were identified by the presence of a
Bcll band of FMR1 sequence that hybridized to probe
StB12XX and that was significantly larger than bands
of the other alleles in the pool (fig. 2). Practically, this
corresponded to a difference of migration of =3 mm
between the mean size of the other alleles and the outlier
band. Pools with discrete individual bands that were <3
mm from the bulk of the other alleles were classified as
containing “large” alleles. For pools where the presence
of a large or premutation-size band was suspected, the
five different samples were individually reanalyzed after
repurification of DNA according to the protocol de-
scribed above (fig. 2). DNA from true positive samples
was extracted for determination of the number of triplet
repeats and for haplotype analyses (see below). The sen-
sitivity of this screening strategy was estimated by reana-
lyzing individually 1,000 samples that constituted 200
negative pools. No premutation-size allele was found,
suggesting that few, if any, alleles in the premutation
range were missed.

Typing of the FMR| Repeats and Flanking Markers

The number of trinucleotide repeats at the FRAXA
locus was determined, for all positive samples, by PCR
according to the protocol of Fu et al. (1991) and by
blotting of the sequencing gel (6% polyacrylamide dena-
turing gel), followed by hybridization to probe StB12.5
(Oberlé et al. 1991) to reveal the PCR products. Sizing
of the trinucleotide repeat was done by comparison with
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a sequence ladder loaded on the gel. DXS548 (Verkerk
etal. 1991) and FRAXAC2 (Richards et al. 1992) micro-
satellites were analyzed according to published proto-
cols (Oudet et al. 1993a). Two other polymorphic mark-
ers were used, namely, FRAXACI (Richards et al. 1992)
and a polymorphic Banl site (Oberlé et al. 1991) ana-
lyzed by PCR using two novel primers (FMR1BanF: 5'
TAGCCAAACGTGTCCTGTCTG 3’ and FMR1BanR:
5’ GGCCGAAATCGGCGCTAAGTGACG 3'; Gen-
Bank accession no. G10729), followed by digestion with
Banl and agarose gel electrophoresis. The PCR product
contains also one constant Ba#l site, which is useful as
an internal control for completeness of digestion.

Allele Frequencies

The sample also included fragile X chromosomes ob-
served in 35 fragile X families and 232 non-fragile X,
independent chromosomes from 68 women selected ran-
domly from the sample of 10,624 women included in
the study and from 96 consecutive blood leftovers from
men who were not analyzed prior to their inclusion in
the control group. Linkage disequilibrium was tested by
analysis of allelic association between each marker locus
and CGG repeats coded into size classes as described
below. Marker-allele frequencies were estimated condi-
tional on the CGG-repeat-size class, by maximum likeli-
hood. Maximum-likelihood analysis was accomplished
by the EM algorithm (see below). The following CGG-
repeat-size classes based on the antimodes of the fre-
quency distribution of repeat alleles were used in the
maximum-likelihood estimation of conditional marker-
allele frequencies: (1) 0-26 triplet repeats, (2) 27-33
triplet repeats, (3) 34—40 triplet repeats, (4) 41-52 trip-
let repeats, (5) 53-64 triplet repeats, (6) 65-101 triplet
repeats, and (7) fragile X full mutations. Eleven alleles
were observed for DXS548, five for FRAXACI, two
for the Banl RFLP and, 13 for FRAXAC2. Maximum-
likelihood estimates of conditional allele frequencies
showed that for each of DXS548, FRAXACI, and
FRAXAC?2 there was a predominant allele in CGG-re-
peat-size class 5 (53—64 repeats), an allele that was not
the predominant allele in any of the other CGG-repeat-
size classes. Because of these observations and the sparse
distribution of alleles, we reanalyzed the data according
to the following scheme, where we chose the most fre-
quent allele at a given locus in the polymorphic normal
range, the most frequent allele in males with the fragile
X syndrome, and the most frequent allele in class 5 CGG
repeats and grouped together all other alleles as a single
allele. We estimated marker-allele frequencies for the
seven size classes of CGG repeats, assuming that allele
frequencies were either independent of the number of
CGG repeats or conditional on the number of repeats.
A test of linkage disequilibrium for a marker locus was
based on the likelihood-ratio test comparing the two
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hypotheses. Maximum-likelihood estimates of marker-
allele frequencies conditional on CGG-repeat-size class
were obtained by the EM algorithm (Dempster et al.
1977; Weir 1990). For maximum-likelihood estimation
using the EM algorithm, it was assumed that the combi-
nations of haplotypes of a phase-ambiguous genotype
were in relative multinomial proportions. Haplotypes
comprised alleles of a specific marker locus and size class
of CGG repeats. Under the model of linkage equilibrium
(i.e., no association), allele frequencies of a specific
marker locus are the same for each CGG-repeat-size
class. Estimation of the conditional marker-allele fre-
quencies was carried out iteratively until convergence to
a specified precision was reached.

The most frequent haplotype found in fragile X syn-
drome males in Quebec we call the “major” fragile X
haplotype. The alternative major haplotype inferred for
premutation carriers was determined as that comprising
the most frequent allele at each of four marker loci esti-
mated for FMR1 alleles with CGG repeats in the range
of 54-64.

Results

Screening for Premutation-Size FMR| Alleles

We screened 10,624 unselected women for premuta-
tion-size alleles in an unlinked-anonymous design. These
women came from a population of >600,000 individu-
als in the Quebec City metropolitan area. The design
and analysis of the samples, using a high-throughput
Southern-blot method (Rousseau et al. 1994b), are de-
picted in figure 1 and have been described above. Sam-
ples constituting positive pools were reanalyzed individ-
ually (fig. 2), and those with large alleles were typed by
PCR to determine the number of FMR1 CGG repeats
(Fu et al. 1991). We found 41 carriers of an allele with
>54 CGG repeats, i.e., in the fragile X premutation-
size range. Therefore, the estimate of the prevalence of
premutation carriers in the study population was 1/259
(95% confidence interval 1/373-1/198). The number of
CGG repeats of these alleles was 55-101 (appendix A).

Among individuals with no premutation-size alleles
(a random sample and samples from positive pools with
distinct bands on Southern blot), we observed 83 women
with 34-53 CGG repeats on one of their two FMR1
alleles. We do not consider that we ascertained all alleles
of 34-53 CGG repeats.

Strong Linkage Disequilibrium for Fragile X Syndrome
in Quebec

Linkage disequilibrium between fragile X syndrome
and flanking polymorphic markers has been reported in
several countries (e.g., see Richards et al. 1992; Oudet
etal. 19934, 1993b; Macpherson et al. 1994). We deter-
mined haplotypes of the fragile X chromosomes in 35
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large normal or premutation-size FMR1 alleles in the general popula-
tion (see text).

independent families in the Quebec population, using
four flanking or intragenic polymorphic markers. These
markers span a 160-kb region starting 150 kb 5’ of the
EMR1 gene and including the first 10 kb of the gene.
Their positions are as follows: DXS548 (Verkerk et al.
1991)-(140 kb)-FRAXACI (Richards et al. 1992)-(10
kb)-CGG repeats—(0.7 kb)—Banl RFLP (Oberlé et al.
1991)-(10 kb)-FRAXAC2 (Richards et al. 1992).

We found evidence for very strong linkage disequilib-
rium between marker haplotypes and fragile X muta-
tions in affected males in Quebec. A total of 16/35
(46%) of the fragile X chromosomes harbored the same
204-112-1-154 haplotype, compared with only 3/75
(4%) of control male chromosomes (appendixes B and
C) (x> = 29.1, P < .0001). The three chromosomes with
the major fragile X haplotype had >40 trinucleotide
repeats at the FMR1 locus (appendix C).

This is one of the strongest linkage disequilibria re-
ported for the fragile X syndrome and is consistent with
a founder effect in the Quebec population. Interestingly,
14 of the 16 fragile X males with the major fragile X
haplotype (204-112-1-154) were most probably of
French-Canadian descent, as determined by the names
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Figure 2 Southern blot of analysis of four pools of five samples
each (left) and individual samples of a positive pool (right), by Bcll
digestion followed by hybridization to probe StB12XX (see Material
and Methods). Individual sample P2-3 from pool P2 had an allele of
61 CGG repeats (or a A of 93 bp).

of both parents of the carrier mother. If the most distant
marker (DXS548) is not taken into account, then 23/
35 (66%) of the fragile X chromosomes have the same
haplotype (112-1-154). Only four of the mothers of
these males do not have French-Canadian family names
for both of their parents. Only in Finland has a stronger
founder effect been reported (Oudet et al. 1993b); there
19/26 (73%) of fragile X chromosomes harbored a par-
ticular DXS548-FRAXAC2 haplotype.

Allelic Association of FMRI Premutation-Size Alleles
Identified by Screening

If the premutation-size alleles identified by screening
have the same risk of expanding to full mutations as do
those in fragile X families, then we expect to find a
pattern of allelic association similar to that of fragile X
haplotypes. We estimated conditional allele frequencies
of the polymorphisms for various size classes of CGG
repeats. The sample comprised data from the following
individuals: a random sample of control females (7
= 68), control males (# = 96), carriers of premutation-
size alleles (n = 41 females and 1 male), fragile X males
(n = 35), carrier women of large normal alleles (35-54
CGG repeats; n = 44), and carrier women of alleles of
>35 repeats who were from analyzed pools (n = 73).
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We divided CGG-repeat alleles into seven size classes,
according to the antimodes observed in the allele distri-
bution of samples. Likelihood-ratio tests of linkage dis-
equilibrium between CGG-repeat size and DXS548,
FRAXACI1, and FRAXAC2 were all highly significant
(Ag. 3; LR statistic, df = 18, 165.7, 136.4, and 126.4,
respectively; all P < .0001), with the exception of the
Banl RFLP (data not shown; LR statistic, df = 6, 14.9;
P < .025).

The results of the analysis for the three most informa-
tive polymorphic markers (DXS548, FRAXACI, and
FRAXAC2) are shown in figure 3. The most frequent
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Figure 3  Conditional allele frequencies of three markers
(DXS548, FRAXACI1, and FRAXAC2) closely linked to the FMR1
locus for CGG-repeat-allele size classes. The relative frequencies of the
most common allele of each marker for the fragile X males (blackened
squares), the most common allele in control males and females (un-
blackened squares), the allele estimated to be most frequent in the
53-64-repeat-size class (black dots), and all other alleles combined
(unblackened circles) are given for each CGG-repeat-allele size class.
The sizes (in bp) of the three major alleles of each marker are indicated,
and the number of chromosomes in each size class is given in parenthe-
ses.
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allele of each marker in fragile X males is also the one
most frequently associated with FMR]1 alleles containing
65-101 CGG repeats in the 41 carriers of premutation-
size alleles. The conditional allele frequencies for the
65-101-repeat-size class are .75, .54, and .6 for
DXS548-204, FRAXAC1-112, and FRAXAC2-154, re-
spectively. Interestingly, the most frequent fragile X-
associated allele of each of these markers is also rela-
tively more frequent in the “grey zone” size class of 41—
52 CGG repeats. However, unexpectedly, this is not the
case for EMR1 alleles in the 53—-64-CGG-repeat class,
the lower range of premutation-size alleles. The most
frequent alleles in this size class are DXS$548-196,
FRAXAC1-106, and FRAXAC2-152, which have rela-
tive frequencies of .75, .58, and .74, respectively. These
alleles are neither those of the major fragile X haplotype
nor those of the most frequent haplotype of CGG-repeat
alleles in the normal size range. If the most common
haplotype in the lower-size class of premutation-size al-
leles (53-64 CGG repeats) is composed of the most
frequent alleles of each marker (196-106-152), then this
inferred alternative haplotype is rare (1/35) in fragile X
males as well as in control males (2/77) (appendixes
A-C).

It appears that 12/41 (29%) of premutation carriers
have the four alleles of the major fragile X haplotype
(204-112-1-154), whereas 15/41 (37%) have the four
alleles that might define an alternative major premuta-
tion haplotype (196-106-1-152) (appendix A). Interest-
ingly, there are only § of the total 12 possible carriers
of the major fragile X haplotype, compared with 13 of
the total 15 possible carriers of the inferred alternative
major haplotype, among the 23 women who carry a
premutation-size allele in the size class of 53-64 CGG
repeats. Therefore, the 18 women who are carriers of
larger premutation-size alleles (65-101 repeats) could
more likely be carrying the major fragile X haplotype
than the alternative haplotype. Among 78 fully geno-
typed women who carried an allele of 34-52 CGG re-
peats, the four marker alleles constituting the major
fragile X haplotype could be found in 13 individuals,
and the four marker alleles of the putative alternative
major haplotype could be found in 8 other individuals
(data not shown).

Discussion

We used an efficient screening design for large sample
sizes (Rousseau et al. 1994b). Pooling of five samples at
a time and the use of B¢/l restriction enzyme in Southern
blot analysis is adequate for premutation detection, but
it does not allow for a sensitive detection of those fragile
X full mutations that generate widespread smears
(Rousseau et al. 1992). The cost of this Southern blot
technique, including DNA purification and technician
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time, was ~$12 US for individual sample analyses
(Rousseau et al. 1994b). Other enzyme-probe combina-
tions should detect, with great sensitivity, premutations
as well as full mutations or mosaics and should allow
the determination of the methylation status of the FMR1
CpG island, an important parameter in the clinical ex-
pression of fragile X mutations (Rousseau et al. 1994a).

Prior to the present study, there were observations
suggesting that the prevalence of fragile X premutation
carriers could be relatively high, i.e., ~1/500 women
(Fu et al. 1991; Rousseau et al. 1991, 19944). However,
the estimates were not precise, because sample sizes were
small, resulting in very wide confidence intervals. Re-
cently, the finding of one premutation-size allele of 75
CGG repeats in a screening of 1,538 independent chro-
mosomes was reported (Reiss et al. 1994), and the inves-
tigators suggested that alleles of 46—54 CGG repeats
might also be meiotically unstable.

We undertook a population-based study to obtain a
reliable estimate of the prevalence of carriers of premu-
tation-size FMR1 alleles. Among the 10,624 women
who were initially screened by Southern blot, we found
41 carriers of premutation-size alleles in the 55-101
range of trinucleotide repeats. It was not possible to
analyze transmission of these premutation-size alleles,
because the samples were assessed in an unlinked-anon-
ymous design. The sample population was derived from
sequential samples that were left over after routine he-
matology laboratory analyses of outpatients of a general
hospital. No significant sampling bias of carriers of frag-
ile X premutations is expected. We have estimated that
1/259 women (95% confidence interval 1/373-1/198)
are carriers of an FMR1 allele of >54 CGG repeats. In
this sample, we observed that the prevalence of female
carriers of alleles of =46 CGG repeats was 1/177 (95%
confidence interval 1/237-1/141); but this may be an
underestimate, because we may not have identified all
samples with such allele sizes (because of limitations of
the Southern blot screening protocol).

In fragile X families, it has been shown (Fu et al. 1991;
Heitz et al. 1992; Yu et al. 1992) that the probability of
expansion to a full mutation increases with the size of
a premutation. For premutations of 54-71 CGG re-
peats, the probability of expansion to a full mutation
has been estimated to be ~10%, when a partial adjust-
ment for ascertainment through fragile X males is used
(Heitz et al. 1992). In the case of the premutation-size
alleles identified in the present study, the question re-
mains as to whether they have the same probability of
expansion to a full mutation on transmission as do pre-
mutations of the same size in fragile X families (see
below).

The current understanding of the sequence of events
leading from a normal size CGG-repeat array to fragile
X premutations and, subsequently, to full mutations
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suggests a limited number of initial mutations from nor-
mal alleles with ~30 repeats to slightly larger alleles
that become increasingly unstable on transmission to
the next generation as the trinucleotide-repeat allele in-
creases in size (Morton and Macpherson 1992; Oudet
et al. 19934). It has been shown that the instability is
correlated not only with the size of the repeat array
but also with the length of uninterrupted CGG repeats
(Eichler et al. 1994; Hirst et al. 1994; Kunst and Warren
1994; Snow et al. 1994). Linkage disequilibrium with
flanking markers would be the result of a very small
number of initial events leading to progressive instability
in the following generations. Whether this linkage dis-
equilibrium reflects the presence of a haplotype predis-
posing to instability or a few random mutational events
having generated slightly expanded alleles with intrinsic
instability remains to be determined. However, the latter
hypothesis appears to be favored by the analysis of the
CGG-repeat-array interruptions.

We have demonstrated strong linkage disequilibrium
between fragile X mutations and closely linked polymor-
phisms. Linkage disequilibrium for the fragile X syn-
drome has been reported in other populations (e.g., see
Richards et al. 1992; Jacobs et al. 1993; Oudet et al.
1993a, 1993b; Macpherson et al. 1994). In the present
study, there is also significant allelic association between
the CGG-repeat-size classes and the flanking polymor-
phic markers among chromosomes from the general
population. The 41 premutation-size alleles detected by
screening also show linkage disequilibrium with closely
linked markers when compared with normal size FMR1
alleles, and 30% of premutation-size alleles can be in-
ferred to be associated with the major fragile X haplo-
type found in Quebec fragile X males. This suggests
that their probability of expanding to full mutations
associated with the disease is similar to that of premuta-
tions of the same size that are found in fragile X families.

We can attempt to estimate the contribution of the
female carriers of premutation-size alleles to the fre-
quency of full mutations in the next generation of the
Quebec population, using (a) estimated probabilities of
expansion of a premutation to a full mutation condi-
tional on CGG-repeat size in fragile X families (Heitz et
al. 1992), with the assumption that these probabilities
apply to all FMR1 premutation-size alleles identified by
screening; and (b) the estimated prevalence of the carri-
ers of premutation-size alleles of different sizes, with
the assumprion that these carriers do not have reduced
fitness. With these assumptions, a frequency of 42 carri-
ers of fragile X full mutations (carriers born to women
who carry a premutation-size allele) per 100,000 births
would be predicted (table 1). Estimated incidences of
fragile X cases are 40/100,000-67/100,000 births (or
1/2,500-1/1,500). Since we do not have an accurate
estimate of the frequency of fragile X mental retardation
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in the Quebec population, we cannot determine with
precision (1) whether the predicted frequency of new
carriers of full mutations due to conversion of maternal
premutation-size alleles in the next generation is an over-
estimate and (2) what proportion of fragile X cases is
attributable to this source. Since all fragile X cases are
not born from mothers carrying a premutation—i.e.,
some are children of carriers of full mutations (Oberlé
et al. 1991; Rousseau et al. 1991) that were not detected
in this study—it is unlikely that all the premutation-size
alleles detected by population screening are at high risk
of expanding directly to a full mutation in the next gen-
eration.

On the basis of our study, there appear to exist in
the Quebec population three general classes of FMR1
premutation-size alleles: (1) alleles on the fragile X-as-
sociated haplotype (likely to be highly unstable), (2) al-
leles on the most frequent normal haplotype (which
might be, on average, more stable but that still account
for 10%-20% of the fragile X chromosomes), and (3)
alleles on a haplotype that is infrequent in both normal
and fragile X chromosomes, the origin and stability of
which merit further consideration.

The distributions of the marker alleles among the
CGG-repeat classes suggest the existence of an alterna-
tive major haplotype (196-106-1-152) in the 53-64-
repeat class. This haplotype (inferred from the condi-
tional allele frequencies in this class) could be found in,
at most, 13/23 (57%) of alleles in the 53-64-repeat
class; in, at most, 8/64 (13%) of women with large al-
leles (34-52 repeats); in none of 54 randomly selected
women (108 chromosomes); and in only 1/35 of fragile
X chromosomes. This suggests that there may be a pro-
portion of the premutation-size alleles that have a very
small risk of further expansion to fragile X mutations.
Alternatively, and by analogy with the hypothesis of
Kunst and Warren (1994), the CGG-repeat alleles of
this haplotype may be unstable but have not yet reached
equilibrium and may contribute to an increase in the
frequency of fragile X syndrome in future generations.
In our sample, we estimate the proportion of premuta-
tion-size alleles associated with the alternative haplotype
to be approximately one-third. Hence, the risks of
expansion of premutation-size alleles may be heteroge-
neous but likely could be recognized by either use of the
associated haplotype or, better, by AGG interspersion
analysis.

The origin of the alternative major haplotype associ-
ated with premutation-size alleles (196-106-1-152) is
presently unclear. However, after adjustment is made for
differences in marker-allele designations among labora-
tories, by matching allele frequencies in British (Macpher-
son et al. 1994), Australian (Richards et al. 1992), Ameri-
can (Richards et al. 1992), and French (Oudet et al.
1993a) populations, the alternative haplotype associated
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Expected Frequency of Fragile X Full Mutations from Premutation-Size Allele

Probability of
Expansion of

Expected No. of Carriers

No. of CGG Premutation Allele Prevalence/100,000 of a Full Mutation/
Repeats to Full Mutation (r)? Women (p)° 100,000 Births (pr/2)°
55-71 ........ 10 301 15
72-88 ........ 56 66 19
89-105 ...... 90 19 _8
Total ...... 386 42

2 SOURCE.—Heitz et al. (1992).
> SOURCE.—Present study.

¢ Calculated under the assumption that the risk of expansion of the CGG-repeat allele was the same as

that in fragile X families.

with premutation-size alleles in the Quebec population
may be seen to correspond to (1) the most frequent haplo-
type in Australian (FRAXAC1-106 and FRAXAC2-152;
38%) and British (DXS$548-196, FRAXAC1-106, and
FRAXAC2-152; 16%) fragile X families and (2) a hap-
lotype found in 11% of French (DXS$548-196 and
FRAXAC2-152) and in 34% of American (DXS548-196)
fragile X families. If the founder chromosome bearing the
major alternative haplotype in Quebec is the same as that
found in Australia, Europe, and the United States, then
its FMR1 CGG-repeat array appears to be more stable
in the Quebec population, since it is infrequent in fragile
X families. The Quebec population arose mostly from a
limited population of settlers (Charbonneau and Robert
1987), and it is possible that the founder alleles that corre-
spond to this subgroup of premutation-size alleles carried
a stabilizing AGG interspersion.

The frequency of the alternative major “premutation”
haplotype (196-106-1-152) can be determined by
screening for male carriers (authors’ unpublished data).
The study of additional fragile X families might provide
confirmation of the low frequency of this third haplo-
type among fragile X chromosomes in the Quebec popu-
lation.

The high frequency of premutation-size alleles found
by screening in this study, combined with the observa-
tion that approximately one-third of them are associated
with the major fragile X haplotype found in fragile X
patients, raises the question of the appropriateness of
population screening for carriers of FMR1 premutation-
size alleles. Because of the dynamics of FMR1 gene mu-
tation, the fragile X syndrome often appears in a family
with no prior history of mental retardation (Nussbaum
and Ledbetter 1989), which therefore limits the sensitiv-
ity of carrier detection by a proband-based approach. If
population screening was to be considered, the means
(population, strategy, and technique) would have to be
carefully studied and validated. The risk of being a car-

rier and of having an affected child would have to be
reliably determined for small premutation-size alleles,
and the support and genetic-counseling resources would
have to be available. A low-cost technique for detecting
all fragile X mutations (premutations, full mutations,
and mosaics) with high sensitivity and specificity is
needed to identify all unaffected carrier women, since
~45% of women with full mutations are asymptomatic
but have a high risk of having affected children (Rous-
seau et al. 1991). Current screening protocols that use
Southern blot analysis or CGG-repeat PCR analysis may
lack sensitivity to detect mosaic genotypes and full muta-
tions in females. Also needed would be a comparative
evaluation of a prospective population-based screening
approach and a proband-based strategy aimed at im-
proving ascertainment of fragile X syndrome cases, with
follow-up screening of the families of carrier females.
This latter approach would take advantage, in genetic
counseling, of the use of published rates of expansion
to full mutations and would be more economical. How-
ever, a proband-based approach would not be expected
to identify carriers in families with no prior history of
the disease; but these carriers may represent only a small
(yet unknown) proportion of the high-risk premutation
carriers. Furthermore, the effectiveness of this approach
would be reduced by difficulties in contacting all rela-
tives at risk, because of ethical considerations and lack
of communication within families.
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Appendix A
Genotypes of 41 Premutation-Size Alleles Identified by Screening
DXS548 FRAXAC1 No. of CGG Repeats Banl FRAXAC2
204/194 112/108 55/33 1”n 154/153
204/196 112/108 55/34 n 154/153
196/194 108/108 56/21 171 153/152
*196/194 *106/108 *56/31 *11 *152/155
*196/178 *106/108 *57/31 *11 *152/153
*196/194 *106/108 *57/33 *1/11 *152/153
196/196 Y A 58/24 R A 152/155
204/196 112/108 58/24 1”1 154/150
*196/196 *106/112 *58/22 *11 *152/150
*196/194 *106/108 *59/32 *11 *152/150
*196/196 *106/106 *59/34 *11 *152/149
*196/194 *106/108 *60/23 *1/2 *152/153
196/194 106/108 60/33 11 154/153
204/194 112/106 61/22 1/1 154/153
194/194 112/108 61/34 1/2 153/152
*196/194 *106/108 *61/22 *1/2 *152/150
*196/194 *106/108 *61/33 *1/1 *152/153
*196/194 *106/108 *61/34 *11 *152/153
*196/194 *106/108 *61/33 *11 *152/155
196/196 112/108 62/26 11 153/152
*196/194 *106/108 *62/33 *111 *152/153
204/194 112/108 63/34 1n 154/153
*196/194 *106/108 *63/31 *1/2 *152/150
204/196 112/108 66/36 mn 154/150
204/194 112/108 67/22 172 154/153
204/194 108/108 67/22 171 154/153
194/194 108/108 68/33 mn 153/153
204/204 112/108 70/31 1”n 154/149
204/204 108/106 70/34 1/1 153/149
204/204 112/108 71/20 1/2 154/149
204/196 112/106 71/36 11 154/152
204/194 108/108 71/32 1/1 154/153
204/194 112/108 72/24 12 154/152
196/194 112/108 74/33 171 153/151
204/196 108/106 74/30 11 154/152
204/194 108/106 76/36 11 154/153
*196/194 *106/112 *79/32 *11 *152/153
204/194 108/106 80/36 11 154/153
*196/204 *106/108 *86/33 *11 *152/153
196/194 112/106 99/15 11 153/151
204/194 112/108 101/35 1”n 154/153
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Underlining indicates a marker allele of the major fragile X haplotype in Quebec (this allele is on the left side of each

typing). These alleles constitute the inferred haplotype associated with the premutation-size trinucleotide-repeat alleles.
The alternative inferred haplotype predominant among 53-64 CGG-repeat alleles is denoted by an asterisk.

Appendix B

Genotype of 35 Independent Male Carriers of Fragile X Mutations

DXS548 FRAXAC1 EFMR1 Banl FRAXAC2 No. (Non-French Canadians)
206 112 FULL 1 154 1
204 112 FULL 1 154 16 (2)
194 112 FULL 1 154 5(2)
192 112 FULL 1 154 1
202 108 FULL 1 152 1
198 108 FULL 2 152 1
194 108 FULL 1 154 1
194 108 FULL 1 153 3(1)
194 108 FULL 2 153 1
202 106 FULL 1 150 1
198 106 FULL 1 152 2 (1)

*196 *106 *FULL *1 *152 1
194 106 FULL 1 149 1

Marker alleles of 35 carrier males from unrelated fragile X families in Quebec. Underlining indicates a marker
allele of the major fragile X haplotype in Quebec. The alternative inferred haplotype predominant among 53-64
CGG-repeat alleles is denoted by an asterisk. In addition to the 35 individuals indicated, a young carrier of a
premutation-size allele of 80 CGG repeats, who was referred for mental retardation, was also tested; this individual
was found to harbor the major fragile X haplotype.

Appendix C

Genotypes of 96 Independent Normal Males

DXS548 FRAXACI No. of CGG Repeats Banl FRAXAC2 No.
194 108 13 1 152 1
196 108 16 ... 153 1
194 108 16 1 153 1
194 108 18 1 153 3
204 108 20 1 153 1
194 108 20 1 153 2
194 108 20 2 152 1
196 106 20 1 150 1
.. 108 21 1 .. 1
194 108 21 1 154 1
196 108 22 1 151 1
194 108 22 2 153 1
204 108 23 1 152 1
196 108 23 1 . 1
194 108 23 2 152 1
194 106 24 1 155 1
202 112 27 1 154 1
194 108 27 2 . 1
194 106 27 1 149 2
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210 112 28 1 153 1
194 108 28 1 152 1
194 108 28 2 152 1
cee 106 28 1 149 1
*196 *106 *28 *1 *152 1
194 106 28 1 cen 1
206 112 29 1 154 1
196 112 29 1 154 1
206 110 29 1 cen 1
196 108 29 1 153 1
196 108 29 2 151 1
194 108 29 1 cen 1
194 108 29 1 153 2
194 108 29 2 151 1
206 112 30 1 1
204 112 30 1 - 1
194 110 30 1 153 1
194 108 30 1 155 1
194 108 30 1 154 2
194 108 30 1 153 A
194 108 30 1 152 3
196 106 30 1 149 1
206 112 31 1 cen 1
206 112 31 1 153 1
194 110 31 1 1
194 108 31 1 e 1
194 108 31 1 155 1
194 108 31 1 154 1
194 108 31 1 153 6
194 108 31 2 153 1
194 108 31 1 152 4
204 106 31 cee 149 1
196 106 31 1 154 1
196 106 31 1 151 1
196 106 31 1 150 1
194 108 32 1 cee 1
194 108 32 1 153 6
194 108 32 1 152 1
cen 108 33 1 153 1
194 108 33 1 cee 2
cee 106 33 1 149 1
196 106 33 1 cen 1
202 112 34 1 153 1
194 108 35 1 152 1
198 106 36 1 150 1
196 112 38 1 cen 1
196 108 39 2 152 1
204 12 42 1 154 2
*196 *106 *45 *1 *152 1
204 112 48 1 154 1

Underlining indicates a marker allele of the major fragile X haplotype in Quebec. Three of the four FMR1 alleles
with >40 CGG repeats have this haplotype. The alternative inferred haplotype predominant among 53-64 CGG-
repeat alleles is denoted by an asterisk.
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