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otide repeat (FRAXA) located in the 5� untranslated re-
gion of the FMR1 gene gives rise to the fragile X syndrome,
an inherited disorder associated with mental retardation
(Fu et al. 1991; Verkerk et al. 1991). Distal to FMR1
(approximately 0.77Mb) is FMR2, which contains a GCC
triplet repeat (FRAXE) in the 5� untranslated region.
Full mutations (over 200 repeats) in FRAXE are rare
(Sutherland and Baker 1992) but appear to be associated
with nonsyndromic mental impairment (Knight et al.
1994).

Instability at FRAXA is thought to be due at least in part
to loss of an AGG interspersion from the CGG repeat,
resulting in slippage during replication (Eichler et al. 1994).
However, haplotype studies using microsatellites suggest
that other factors may also be important determinants of
risk for FRAXA expansion (Murray et al. 1997). Eichler et
al. (1996) proposed three independent mechanisms for re-
peat expansion: (1) loss of 3� stabilizing AGG interspersion
followed by rapid expansion to a pre- or full mutation, (2)
slow expansion from common to pre- and full mutation
without loss of an AGG interspersion, and (3) generalized
instability that affects other polymorphic microsatellite
markers. Instability at FRAXE usually appears to increase
with increasing repeat number. In contrast to FRAXA, the
repeat does not contain any interspersions, suggesting a
simple relationship between size of repeat and risk of ex-
pansion. However, work by Ennis et al. (2001) suggested
that, although triplet repeat size was a significant predispos-
ing factor for FRAXE expansion, there were other genetic
determinants involved. For example, they described a
significant association between unusual FRAXA and un-
usual FRAXE alleles. FRAXA repeat sizes of more than 50
were positively associated with FRAXE repeats of less than
11. Although these associations occurred on similar haplo-
type backgrounds, founder effects could not be confirmed
without looking at comparative data from different ethnic
backgrounds.

With the near completion of the human genome se-
quencing project, there has been much interest in the use of
single-nucleotide polymorphisms (SNPs) for studying ge-
netic factors associated with complex disease traits. SNPs
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Abstract Single-nucleotide polymorphisms (SNPs) are the
most common type of genetic variation within the human
genome, occurring approximately once every kilobase.
However, for association studies, SNPs are not as informa-
tive as microsatellite markers and a large number of SNPs
and substantial population sizes are required for linkage
and mapping studies. A SNP map was generated for the
FRAX region of the X chromosome, approximately 0.8Mb
proximal and 1.8Mb distal to the FRAXA repeat, at a
density of at least 1 SNP every 100kb. SNPs were identi-
fied in a population of 28 women with a FRAXA expan-
sion (including three women with a FRAXE expansion)
on a background of different DXS548, CA1 and CA2
haplotypes, and a normal X chromosome with a different
microsatellite haplotype. Fifty-four polymorphisms were
identified in a total of 52257bp distributed over 2.6Mb.
This represented about 1 SNP every 1024bp, which was
consistent with a nondesert region (1 : 1000bp). Because the
SNPs identified in this study have haplotype and frequency
data from an affected population, they should provide a
useful resource for researchers to investigate the genetic
mechanisms behind instability and expansion of both
FRAXA and FRAXE triplet repeats.

Key words Fragile X · FRAXA · FRAXE · Single-
nucleotide polymorphism · SNP map · dHPLC

Introduction

The FRAX region on Xq27–q28 contains two loci that are
subject to dynamic mutation, FRAXA and FRAXE. Ex-
pansion and subsequent methylation of a CGG trinucle-
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are the most common type of genetic variation within the
human genome, occurring approximately once every
kilobase (Wang et al. 1998). They have several advantages
over microsatellites: SNPs have low mutation rates and are
biallelic and hence, can more easily accommodate analysis
with statistical computer packages. However, for associa-
tion studies, SNPs are not as informative as microsatellite
markers. Therefore, a large number of SNPs and substantial
population sizes are required. Taillon-Miller and Kwok
(2000) developed a high-density SNP map for Xq25–q28
with an average distance between SNPs of about 100kb.
However, this map did not include the FRAX region at
Xq27.3–q28. Mathews et al. (2001) previously carried out a
SNP analysis within the FMR1 gene and concluded that
long contiguous regions must be studied to accurately
understand the phylogeny and evolutionary mechanisms
behind fragile X.

The present study aimed to generate a SNP map for the
FRAXA and FRAXE repeat region of the X chromosome
at a similar density to that of Taillon-Miller and Kwok
(2000). To look for possible cis-acting factors and to inves-
tigate the phylogeny and evolutionary mechanisms behind
fragile X, we have extended the region of the X chromo-
some analyzed to approximately 1Mb proximal and 2Mb
distal to the FRAXA repeat, which also included the genes
FMR2 and IDS.

Materials and methods

DNA samples

Individual genomic DNA samples were obtained from the
Wessex Regional Genetics Laboratory, Salisbury District
Hospital. Each individual DNA was genotyped for
FRAXA and FRAXE repeat size (Murray et al. 1996) and
the microsatellites DXS548, FRAXAC1, FRAXAC2
(Macpherson et al. 1994; Oudet et al. 1993; Jacobs et al.
1993). Primate (Pan troglodytes, PTR9 and Pan paniscus,
PPA2) DNA samples were obtained from Mariano Rocchi,
DAPEG-Sezione di Genetica, Bari, Italy. This study was
approved by the United Kingdom’s National Health
Service Regional and Multi-Centre Ethical Committees.

Target sequences

Target sequences for SNP detection were identified using
the Golden Path Working Draft Genome Browser
August 2001 freeze (http://genome.ucsc.edu/index.html),
which mapped the FMR1 gene sequence to a contig con-
taining 13 overlapping GenBank sequences (AC016897.4,
AL589669.10, AL137841.9, AL13742.9, AL096861.9,
AL592439.4, AL450484.1, AL009048.1, AC007538.5,
AL450486.1, AC016925.15, L29074.1, and AC006054.2) and
the FMR2 gene sequence to a contig containing 9 over-
lapping GenBank sequences (U40455.1, AC079462.2,
AC006399.6, AC002368.1, AC006516.10, AC0015552.12,
AC006522.5, AC005731.2, and AC002523.1). There still

remains a gap between the FRAXA and FRAXE contigs
of unknown size, which has been arbitrarily given a size
of 200kb. This gave a region of approximately 2.8Mb in
total. Sequences for polymerase chain reaction (PCR) pro-
duct amplification for denaturing high-pressure liquid
chromotography (dHPLC, WAVE) analysis were identified
at approximately every 100kb, 0.8 Mb proximal and 1.8Mb
distal to (avoiding repetitive elements for which sequence
data was available) the FRAXA triplet repeat. Before the
availability of computer software for repetitive element
screening, all primer sequences were blasted using the
National Centre for Biotechnology Information (NCBI)
BLAST facility on the World Wide Web (WWW). PCR
target sequences for direct sequencing, and chemical cleav-
age mismatch (CCM) were concentrated within 250 kb of
the FRAXA repeat. If no SNP was detected, a new tar-
get sequence was identified within 20 kb of the original
sequence until a SNP was confirmed.

Primers and PCR conditions

All primers were obtained from Interactiva (Ulm,
Germany). All amplimers were designed using Primer3
(Rozen and Skaletsky 1998). PCR reactions for dHPLC
heteroduplex analysis, CCM, and sequencing were carried
out using Amplitaq Gold Kit reagents (Applied Biosystems,
Warrington, UK) as per manufacturer’s guidelines. DNA
template final concentrations were 5 ng and primer concen-
trations were 0.1µM. All PCR reactions were carried out
using a MJ Research DNA Engine Tetrad Thermo Cycler
(Waltham, MA, USA) as follows: 95°C for 15min, 35 cycles
of 95°C for 30s, appropriate annealing temperature for
30s, and 72°C for 30s followed by 72°C for 10min and a 4°C
soak.

SNP detection

PCR amplification for CCM analysis was carried out using
biotinylated primers and fluorescent R6G 2�-deoxyuridine
5�-triphosphate (dUTP) from Applied Biosystems
(Warrington, UK). Heteroduplexes were prepared by
heating PCR products at 95°C for 5min followed by incuba-
tion overnight at 65°C. PCR fragments were then purified
using Streptavidin MagneSphere Paramagnetic Particles
from Promega (Southampton, UK), following the
manufacturer’s instructions. CCM was carried out as de-
scribed in Gogos et al. (1990), except the cleaved products
were analyzed using an ABI 377 and GeneScan software
according to the manufacturer’s guidelines. dHPLC was
carried out using the WAVE system from Transgenomics
(Crewe, UK) as per the manufacturer’s recommendations.
PCR products before analysis were denatured to allow
heteroduplex species to form. Appropriate temperature for
analysis was predicted using WaveMaker software. All se-
quencing reactions were carried out using the ABI Prism
BigDye Terminator Cycle Sequence Ready Reaction Kit
Applied Biosystems and an ABI 377 according to the
manufacturer’s guidelines.
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Results

Polymorphisms identified

PCR primers were designed to amplify approximately 600-
bp target sequences, and individual SNPs were detected
either by direct sequencing, CCM, or dHPLC heteroduplex
analysis (Table 1). Fifty-four polymorphisms (51 SNPs and
3 insertion/deletions) were identified as follows: 31 (57.5%)
A/G (and C/T) transversions; 10 (18.5%) A/C (and G/T), 7
(13%) G/C, and 3 (5.5%) A/T transitions, and 3 (5.5%)
deletions, ranging from 1bp to 31bp. Each polymorphism
was confirmed by sequencing, and its Golden Path August
2001 freeze locations and SNP allele status are shown in
Table 1. These findings were similar to those observed by
Taillon-Miller (2000), who estimated that the mutational
spectrum in humans and orangutans was A/G (and C/T,
63%), A/C (and G/T, 17%), C/G (8%), insertions/deletions
(8%), and A/T (4%). However, we found 5.5% fewer A/G
(C/T) transversions and 2.5% fewer deletion/insertions with
a corresponding increase in C/G (5.5%), A/C (T/G)(1.5%),
and A/T (1.5%) transitions within the Xq27.3–q28 region.
The ancestral allele status for each SNP was determined
by sequencing the appropriate DNA from either Pan
troglodytes or Pan paniscus (Table 1).

Forty-one of the polymorphisms identified were novel
and, of the 13 found in the NCBI SNP database, only one,
Rs544682, had any details on allele frequency (Table 1) or
study population. Approximately one third of the polymor-
phisms were found to be located in repetitive elements such
as long interspersed element (LINEs) or short interspersed
element (SINEs). To limit the possibility that the SNP
identified in a repetitive element was not due to the ampli-
fication of two or more of these elements from different
locations in the genome, we searched the primer sequences
of each of the amplimers used to amplify the SNP target
sequences against the GenBank sequence database using
the NCBI standard nucleotide–nucleotide BLAST [blastn]
WWW facility. If the primer pairs showed no significant

homology with the consensus repetitive element or flanking
regions, then the SNP was accepted as real. Two of the
deletions, WEX3 (T) and WEX27 (31bp), were located in
repetitive elements. However, WEX26 (6-bp deletion) was
in intron 5 of FMR2 and was identified in three different
women.

FRAXA and FRAXE triplet repeats are located in a
non-SNP desert region of the X chromosome

Fifty-four polymorphisms (51 SNPs) were identified in a
total of 52257bp distributed over 2.6Mb. This represented
about one polymorphism every 968bp and one SNP every
1024.6bp, slightly more common than other estimates of
SNP frequency by Taillon-Miller and Kwok (2000) in
flanking regions Xq25 (1 :1400bp) and Xq28 (1 :2600bp),
but consistent with a nondesert region (1 : 1000bp).

Because the average incidence of SNPs in the FRAX
region was one SNP per 1024bp and the average size of
PCR product screened was 600bp, the probability of identi-
fying one SNP in any 100-kb interval on the first attempt
was 600/1024.6 and on the second attempt about 1200/
1024.6. For this reason, any interval in which the SNP fre-
quency was greater than 1 :1500 nucleotides was designated
as a region of genomic DNA where it was relatively difficult
to find an SNP (Fig. 1 and Table 2). For example, intervals
1 (1 :2702), 2 (1 :1940), 16 (1 :2638), and 17 (1 :3990) were
located between 650 and 850kb upstream of FMR1 and
100kb proximal and distal to the start of FMR2. However,
SNPs in this region were still fairly common and thus it did
not correspond to an SNP desert (1 � 10000, Miller et al.
2001). For those intervals in which more than one SNP was
identified, the average number of nucleotides per SNP
was determined (Table 2). The SNPs identified in this study
had an SNP incidence of between 1 :338 (interval 25)
and 1: 3990 (interval 17), consistent with the genes FMR1
and FMR2 residing in a non-SNP desert region of the X
chromosome.

Fig. 1. Polymorphism incidence
across the FRAX region of the X
chromosome. The FRAX region
of the X chromosome (Golden
Path August Freeze 2001 loca-
tions 149.7Mb to 152.4 Mb) was
separated into 100-kb intervals
(1–27). The incidence of polymor-
phisms per 100-kb interval is
shown by the height of the col-
umns. The two arrows indicate the
length of the coding sequences of
FMR1 and FMR2. Interval 13 rep-
resents the arbitrary 200-kb gap
between the two contigs contain-
ing FMR1 and FMR2
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SNP frequency in a population of women with
FRAX expansions

To increase the probability of identifying SNPs associated
with FRAX mutations, we generated a panel of 28 female
genomic DNA samples in which each woman had either an
intermediate (I, 41–60 repeats), pre- (P, 61–200 repeats), or
full (F, over 200 repeats) FRAXA mutation on a back-
ground of different DXS548, CA1, and CA2 haplotypes,
together with a normal X chromosome (C, 11–40 repeats)
with a different microsatellite haplotype (Fig. 2). Three of
these women (sample numbers 4, 6, and 8) also had an
expansion at FRAXE and one woman (sample number 1)
had a minimal FRAXE size of nine repeats. A normal male
DNA sample was also included to act as a homoduplex
control for heteroduplex analysis.

SNPs were identified in female DNA samples on the
basis of heteroduplex formation generated by the PCR
amplification of both copies of the X chromosome. Hetero-
duplexes were detected by either sequencing, CCM, or
dHPLC. Individual SNPs were then confirmed by direct
sequencing of the heteroduplex PCR product. Figure 2
shows the frequency of heteroduplexes in the population of
28 women with FRAX expansions for each PCR product
containing a SNP analyzed by dHPLC. Within our panel, a
SNP with an allele sample frequency of 50 :50 would theo-

retically result in 14 heteroduplexes. Assuming Hardy-
Weinburg, of the 56 chromosomes, 28 would be allele A and
28 allele B, giving 14 � AB heterozygotes, and 7 � AA plus
7 � BB homozygotes. A frequency of heteroduplexes
greater than 14 may be indicative of an association with
expansion, whether due to founder effect or an association
with a cis element affecting triplet repeat instability. If only
one heteroduplex was observed, then the sample frequency
for that allele would be 1 in 56, i.e., 2 : 98. As the number of
heteroduplexes increases, the chance of a homoduplex for
both alleles increases, which would not be resolved by
dHPLC. For this reason, it is difficult to determine the exact
sample frequency for each SNP allele, and Fig. 2 represents
an underestimate of the allele frequency for each SNP.
Similarly, those PCR products identified as having more
than one SNP will be an overestimation of allele frequency.

Of the 43 SNPs identified by dHPLC, 29 were unique to
one PCR product, and six PCR products contained multiple
SNPs (Fig. 2). The number of heteroduplexes identified in a
individual PCR product ranged from 1 to 16. There ap-
peared to be no relationship between the incidence of poly-
morphisms in any 100-kb interval and the frequency of
heteroduplexes. For example, intervals 1, 2, 16, and 17 had
a relatively low polymorphism incidence (greater than
1 :1500), but the number of heterozygous women identified
for each individual polymorphism ranged from 2 to 16.

Table 2. Interval allocation and polymorphism incidence across the FRAX region of the X chromosome

Golden Path Distance from Number of Number of
100-kb location FRAXA repeat nucleotides polymorphisms Incidence of
Intervala (Mb) (100 kb) screened identified polymorphismsb

1 149.7–149.8 �753 to �853 2702 1 2702
2 149.8–149.9 �653 to �753 1940 1 1940
3 149.9–150.0 �553 to �653 1207 1 1207
4 150.0–150.1 �453 to �553 1489 1 1489
5 150.1–150.2 �353 to �453 2044 2 1022
6 150.2–150.3 �253 to �353 3408 4 852
7 150.3–150.4 �153 to �253 1136 1 1136
8 150.4–150.5 �53 to �153 1082 2 541
9 150.5–150.6 �53 to �53 6979 7 997

10 150.6–150.7 �53 to �153 2350 5 470
11 150.7–150.8 �153 to �253 1515 3 505
12 150.8–150.9 �253 to �353 1080 1 1080

Gap
14 151.0–151.1 �453 to �553 1590 1 1590
15 151.1–151.2 �553 to �653 1100 2 550
16 151.2–151.3 �653 to �753 2638 1 2638
17 151.3–151.4 �753 to �853 3990 1 3990
18 151.4–151.5 �853 to �953 1430 2 715
19 151.5–151.6 �953 to �1053 1678 1 1678
20 151.6–151.7 �1053 to �1153 3724 4 931
21 151.7–151.8 �1153 to �1253 874 2 437
22 151.8–151.9 �1253 to �1353 3234 2 1617
23 151.9–152.0 �1353 to �1453 1119 3 373
24 152.0–152.1 �1453 to �1553 1650 2 825
25 152.1–152.2 �1553 to �1653 676 2 338
26 152.2–152.3 �1653 to �1753 608 1 608
27 152.3–152.4 �1753 to �1853 1014 1 1014
Total 2.6 52257 54

�, Distance proximal to FMR1; �, distance distal to FMR1
a Golden Path August Freeze 2001 locations, 149.7Mb to 152.4Mb, separated into 100-kb intervals (1–27)
b Base pairs per polymorphism
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Similarly, for those 100-kb intervals in which it was rela-
tively easy to find polymorphisms (less than 1: 1000), the
number of heteroduplexes ranged from 1 to 16. However,
the distribution of heteroduplex frequency was not consis-
tent across the FRAX region (Fig. 2). For 100-kb intervals 1
to 17, the number of heteroduplexes for each PCR product
ranged from 1 to 16 and were fairly randomly distributed
among the female samples. In comparison, for intervals 18
to 24, the number of heteroduplexes only ranged from 1 to
6 and, of the 13 polymorphisms identified in this region, 8
appeared to be found in a subset of individuals. For ex-
ample, heteroduplexes for SNPs WEX35, 26, 41, and 23
were identified in individuals 1, 15, and 26 and for SNPs
WEX45, 37/49, and 39, heteroduplexes were found in indi-
viduals 2, 6, 16, 17, and 18. Although it was relatively easy to
find polymorhisms in the FRAX region between 100-kb
intervals 18 and 24, it would appear that the frequency and
distribution of the alleles in this region for our FRAX popu-
lation was restricted compared with intervals 1 to 17. This
observation does not appear to be haplotype related, be-
cause the heterozygous individuals have a range of different

Fig. 2. Haplotype status and single-nucleotide polymorphism (SNP)
frequency in a population of females with FRAX expansions deter-
mined by denaturing high-pressure liquid chromatography Light grey
squares represent a heteroduplex product. The dark grey column indi-
cates the location of the gap between the two contigs containing FMR1
and FMR2. The boxed region shows the location of the FMR2 coding
sequences. The total number of heteroduplexes for each female sample
is shown in the last column and the total number of heteroduplexes for
each SNP is shown in the penultimate row. AFRXA, FRAXA repeat

size on the expanded X chromosomeA; BFRXA, FRAXA repeat size
on the normal X chromosomeB; AFRXE, FRAXE repeat size on the
expanded X chromosomeA; BFRXE, FRAXE repeat size on the
normal X chromosomeB; AFRAXA, DXS548.CA1.CA2 microsatel-
lite haplotype for chromosomeA; BFRAXA, DXS548.CA1.CA2
microsatellite haplotype for chromosomeB. FRAXA repeat size is
indicated by: M, minimal, �10 repeats; C, common, 11–40 repeats; I,
intermediate, 41–60 repeats; P, premutation, 61–200 repeats; F, full
mutation, 200 repeats

DXS548, CA1, and CA2 haplotypes. The gap between the
two sequence contigs containing either FMR1 or FMR2 has
been given an arbitrary value of 200kb by Golden Path; this
makes any estimate of the distance between FRAXA and
FRAXE inaccurate. However, using Golden Path’s data,
FMR2 was located between 100-kb intervals 17 to 21, and
the boundary between the region of low incidence (intervals
18 to 24) and random incidence of heteroduplexes (intervals
1 to 17) occurs in intron 1 of FMR2. The region of low
incidence of heteroduplexes extends over a region of ap-
proximately 700kb, which includes the remaining coding
sequences of FMR2 plus another 300kb distal to FMR2.

Discussion

Evidence of cis-acting factors affecting triplet repeat stabil-
ity has been demonstrated by Cleary et al. (2002), who
looked at the effect of the location of an SV40 origin of
replication on (CTG)n/(CAG)n triplet repeat stability in
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primate cells. Cleary et al. (2002) showed that the repeat,
depending on the position of the SV40 origin proximal or
distal to the CAG/CTG repeat, either remained stable or
underwent an expansion, a deletion, or both. In addition,
cis-acting control elements have been identified over 100kb
away from the associated gene. For example, Pfeifer et al.
(1999) found several campomelic dysplasia translocation
and inversion cases mapping to �130kb proximal SOX9.
No evidence of other genes or transcripts was found in this
region, suggesting that chromosomal rearrangement had
removed one or more cis-regulatory elements from an ex-
tended SOX9 control region. The genetic mechanisms be-
hind triplet repeat expansions and the relationship between
FRAXA and FRAXE mutations are still not fully under-
stood, and more work is needed to investigate the effects of
cis- or trans-acting elements on repeat stability.

We have started to genotype a large population of men
from the Wessex region of the United Kingdom, with a
range of FRAXA and FRAXE (1 to �200) repeat sizes,
using four SNPs identified in this study (WEX1, WEX10,
WEX17, and WEX28) and two from the HGP SNP data-
base (ATL1 and FMRb) (Brightwell 2002). Each SNP cor-
related with a distinct haplogroup (A, B, C, D, and E),
previously identified by the microsatellite DXS548,
FRAXAC1, and FRAXAC2 repeat patterns (described in
Ennis et al. 2001). In our predominantly Caucasian popula-
tion, these haplogroups have been shown to be associated
with FRAXA repeat instability (Ennis et al. 2001). For
example, the majority of individuals in haplogroup C with
FRAXA mutations undergo a rapid expansion to a pre- or
full-sized (over 200 repeats) mutation with the loss of a 3�
stabilizing AGG interspersion from the CGG triplet repeat.
In contrast, individuals in group D usually undergo expan-
sion slowly without the associated loss of an AGG inter-
spersion. It is important to study populations from a
number of different ethnic backgrounds to dissect founder
effects from molecular causes of repeat instability. Because
the markers identified in this study are from an affected
population, they should provide a useful resource for re-
searchers to investigate the genetic mechanisms behind in-
stability and expansion of both FRAXA and FRAXE
triplet repeats.
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