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Abstract The human fragile-X syndrome is associated
with expansions of a (CGG), triplet repeat within the
FMR1 gene. Whilst normal FMR1 arrays consist of vari-
able numbers of (CGG),_;5 blocks punctuated with single
AGG triplets, unstable arrays contain longer blocks of un-
interrupted (CGG),,. The degree of instability, and subse-
guent risk of expansion to the fragile-X mutation, is de-
pendent upon the length of this uninterrupted repeat. De-
tailed analyses of normal FMR1 array structures suggest
that longer uninterrupted blocks of repeat could arise ei-
ther through a process of gradual slippage or a more dra-
matic loss of an intervening AGG triplet. Up to 15% of
Japanese and Chinese individuals have FMRL triplet ar-
rays centred on 36 repeats in length, a modal group not
found in Caucasians. As longer FMR1 arrays have been
associated with high-risk fragile-X haplotypes in some
populations, we investigated the nature of these larger ar-
rays. Sequence analysisreveaed that the unusual length is
due to the presence of anovel (CGG)g block within the ar-
ray. Several haplotypically related arrays contain blocks
of (CGG)44 or (CGG);5, consistent with the fusion of ad-
jacent (CGG)q and (CGG)g blocks after loss of the inter-
vening AGG triplet. This is compatible with inferences
from the Caucasian population that AGG loss is a mecha
nism by which long blocks of identical repeats are gener-
ated.
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Introduction

Fragile-X syndrome is the most common form of inher-
ited mental handicap after Down syndrome. It is caused
through a dramatic expansion of an unstable triplet repeat
(Fuetal. 1991; Oberléet al. 1991; Verkerk et al. 1991; Yu
et al. 1991) which results in loss of gene transcription
(Pierreti et al. 1991). The triplet array lies within the 5'-
untranslated portion of the FMR1 gene (Verkerk et al.
1991). Its length varies within the normal population from
6 to 52 copies and the distribution of array lengths is
multi-modal (Fu et al. 1991), a feature caused by the un-
derlying compound nature of the array. In most arrays,
two or three smaler (CGG),_;53 blocks are interspersed
with single AGG triplets, giving a symmetrical and highly
ordered modular structure with major modal group lengths
exhibiting a ten-repeat periodicity (Hirst et al. 1994;
Kunst and Warren 1994; Snow et a. 1994; Zhong et a.
1995). Allelic diversity results from the variable number
and length of these (CGG);_;5 blocks.

In contrast to normal, stable arrays, fragile-X premuta-
tion chromosomes carry arrays longer than 54 repeats
that are either entirely uninterrupted or have long por-
tions of (CGG), at their 3' end (Eichler et al. 1994; Hirst
et a. 1994; Snow et al. 1994; Zhong et al. 1995). Expan-
sion to fragile-X mutation length (> 200 repeats) appears
to occur exclusively within the uninterrupted repeat, and
the degree of array instability is related to itslength (Eich-
ler et al. 1994; Snow et al. 1994). Several unstable arrays,
not known to be associated with fragile-X syndrome, have
34 and 31 perfect CGG repeats, demonstrating that a low
level of instability exists below the length normally con-
sidered as a premutation (Eichler et al. 1994; Snow et al.
1994). Many other arrays within the normal size range
carry long portions of (CGG), at their 3' end, with over
10% having (CGG), 17 (Hirst 1995). The similarity in their
structure with unstable and premutation arrays and their
association with certain high-risk fragile-X haplotypes
has led to the suggestion that some of these may be pre-
cursors for recurrent expansion into the premutation range



(Hirst et al. 1994; Kunst and Warren 1994; Snow et al.
1994). Littleis actually known about how uninterrupted ar-
rays arise but, based upon the observation that arrays with
long 3' (CGG), blocks are often of modal repeat length, it
is assumed that the loss of an interrupting AGG triplet is
involved (Hirst et al. 1994). This is supported by larger
population studies of interspersion pattern and haplotype
analysis which confirm a strong 3' bias for the loss of the
AGG (Eichler et al. 1995). Thisis also supported by stud-
ies of the Bornean and Mandenka popul ations, where loss
of the most 3' AGGs from acommon progenitor allele has
occurred (Kunst et al. 1996). Further studies have sug-
gested that fragile-X alleles have arisen through two inde-
pendent pathways; one through loss of AGG from arrays
with an asymmetric AGG interspersion pattern and a sec-
ond in aleles carrying two AGG interspersions through a
more gradua slippage within the most 3' (CGG),, block
(Eichler et a. 1996).

Population and ethnic variations in length of FMR1 ar-
rays might provide insights into the origins of unstable ar-
rays and the mechanisms by which fragile-X mutations
arise. Whilst the distributions of FMR1 array lengths are
similar for most human ethnic groups studied (Fu et al.
1991; Kunst et al. 1996), the Japanese and Chinese popu-
lations are an exception (Arinami et al. 1993; Richards et
al. 1994; Zhong et al. 1994). Two major modal groups of
array lengths of 21 and 29-30 repeats exist in the Cau-
casian population. In the Japanese and Chinese popula
tions, the shorter length group is reduced in frequency and
the 29-30 group accounts for ailmost 70% of individuals.
In addition, a third modal group of 36 repeats (the 36-
modal group) is found in 7-15% of individuals. These
longer arrays are notably shifted from the ten-repeat peri-
odicity observed in the other major modal groups. Haplo-
type analysis of the Japanese fragile-X population has
shown evidence for founder chromosomes, but the associ-
ation iswith a different haplotype from that found in Cau-
casians (Richards et al. 1994). Whilst some association of
array lengths and haplotypes was found, alleles longer
than 31 repeats appear not to be uniquely associated with
the high-risk fragile-X haplotypes (Richards et al. 1994).
The Japanese and Chinese populations have avery low al-
lele diversity for the markers analysed, however, and an
association between certain FMR1 array lengths and high-
risk haplotypes might not have been detected. In order to
characterise these novel length FMRL1 alleles, we have se-
quenced 21 arrays from unrelated individuals in the
Japanese 36-modal group and find that most contain a
novel (CGG)g block of repeats. These data explain both
the shift from the common population modal lengths and
provide evidence of AGG lossin the generation of longer,
uninterrupted arrays.

Materials and methods

PCR and sequence analysis

Genomic DNASs from 21 normal unrelated individuals in the 36-
modal group were selected from the 24 identified in a previous
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study of 370 Japanese males (Arinami et al. 1993). PCR amplifi-
cation and sequencing were carried out essentially as described
previously, except that cycling conditions were modified for an MJ
Research thermal cycler (Hirst et al. 1994). Amplification condi-
tions were an initial denaturation at 104° C for 5 min, followed by
35 cycles of 104° C for 30 s and 70° C for 10 min. Each 20-pl re-
action contained 20 mM TRIS-HCI (pH 8.8), 10 mM KClI, 1.5 mM
MgCl,, 10 uM (NH,),SO,, 0.1% Triton X-100, 100 pg/ml BSA,
0.5 uM each oligonucleotide (721 and 723), 200 UM each dNTP,
5% DM SO and 1 U wild-type Pfu polymerase (Stratagene). Prod-
ucts were purified through 2% low melting point agarose and iso-
lated after Gelase solublisation (Epicenter Technologies) with
Wizard PCR Prep reagents (Promega). One-tenth of each product
was then sequenced with 32P end-labelled primers 172 and 170 us-
ing the exo~ Pfu cyclist kit (Stratagene) under conditions suitable
for an MJ Research thermal cycler (30 cycles of 104°C, 30 s de-
naturation; 70° C, 1 min annealing/elongation). The products were
resolved in 6% denaturing polyacrylamide gels (National Diagnos-
tics) and visualised by autoradiography. All oligonuclectide se-
quences and position numbers are taken from HSFXDNA (Gen-
bank):

721: 5-AGCCCCGCACTTCCACCACCAGCTCCTCCA (comple-
mentary to 2617-2647);

723: 5-TTCACTTCCGGTGGAGGGCCGCCTCTGAGC (2876~
2838);

170: 5'-GGCGGTGACGGAGGCGCC (2678-2695);

171; 5-CCTGCTAGCGCCGGGAGC (complementary to 2807—
2824).

Haplotype analysis
All€eles for the dinucleotide repeat FRAXAC1 were determined by

PCR amplification and denaturating gel electrophoresis as de-
scribed previously (Hirst et al. 1993).

Results
Sequence of the 36-modal group FMR1 arrays

The sequences of 21 FMR1 trinucleotide arrays from the
36-modal group of Japanese alleles were obtained by di-
rect sequence analysis of PCR amplification products (Fig.
1). A summary of the array lengths, internal structuresand
flanking haplotypesis shownin Table 1. The array lengths
in this analysis were found to be one triplet longer than
the original estimates of Arinami et al. (1993), which were
based upon studies by Fu et al. (1991). These have since
been adjusted by one additional triplet repeat (Kunst and
Warren 1994). All the arrays analysed in the 36-modal
group have a5 (CGG)q block and 15 of the 21 have an
identical structure consisting of (CGG),AGG(CGG),AGG
(CGG)sAGG(CGG)q (abbreviated to 9A9AB6A9). An in-
ternal (CGG)g block, plus an additional interspersed AGG
triplet, results in the 36-modal group being seven repeats
longer than the common 29-repeat alele. Six arrays con-
tained a block of repeats 15 or more in length, with 16 be-
ing the most common length. Four arrays have this longer
stretch of uninterrupted repeat in the middle of the array,
whilst two are at the 3' end including one (CGG), (Table
1).
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ACGTACGT ACGT

ACGT ACGTACGT
ACGT

Fig.1 Seguence analysis of seven FMR1 arrays. Arrays are
shown sequenced with the 172 primer from the 3' end of the ar-
ray; thus, the triplet repeat array is read as CCG and the inter-
spersed triplet as CCT. From left to right, arrays from the 36-
modal group are samples 6(9A9A6A9), 10 (9A9A6A9), 13
(9A9A6A9), 24 (9A16A9), 9 (9A16A9), 12 (9A9A16). One repeat
array of 27 repeats with a structure of 10A6A9 (sample 22) is
shown on the far right

Haplotype analysis

The flanking FRAXACL dinucleotide repeat was analysed
to determine the haplotypic background for this group of
arrays. With one exception, all the arrays analysed are
associated with the D allele, confirming that this group of
arrays are haplotypically related. This is in agreement
with previously published data (Arinami et al. 1993;
Richards et a. 1994).

The presence of (CGG)g in other arrays

To investigate the presence of the unusual (CGG)g block
in the Japanese population, we examined the possibility
that it might be present within other arrays. A ten-repeat
periodicity from the 36-modal group length would give
arrays with lengths of 26 or 46 repeats. The Japanese and
Chinese populations, however, show no modal groups of
these lengths. Only one array in either of these size ranges
(sample 22; 27 repeats) was available for investigation
and this was found to contain a (CGG)g block with a
structure of 10A6A9 (Table 1). FRAXACI typing of this
chromosome demonstrated that it was associated with the

Table 1 Summary of array lengths and structures and flanking
haplotypes of 21 FMRL trinucleotide arrays. FMR1 array structures
are abbreviated to represent the number of CGG triplets and the
position of the interspersed AGG. For example, 9A9AB6A9 repre-
sents an array with an internal structure 5'(CGG)q-(AGG)-(CGG),-
(AGG)-(CGG)s-(AGG)-(CGG)q

Sample Array length Array structure FRAXAC1
6 36 9A0A6A9 C
5 35 9A15A9 D
7 36 9A0A6A9 D
8 36 9A16A9 D
9 36 9A16A9 D

10 36 9A0A6A9 D

11 36 9A26 D

12 36 9A0A16 D

13 36 9A0A6A9 D

15 36 9A0ABA9 D

16 36 9A0A6A9 D

17 36 9A0%A6A9 D

18 36 9A0A6A9 D

19 36 9A0A6A9 D

20 36 9A0A6A9 D

21 36 9A0ABA9 D

23 36 9A0A6A9 D

24 36 9A16A9 D

25 36 9A0A6A9 D

26 36 9A0A6A9 D

27 36 9A0ABA9 D

22 27 10A6A9 C

C dlele. Interestingly, this aleleis strongly associated with
the 30-repeat arrray in the Japanese popul ation which com-
monly has the structure 10A9A9 (M. C. Hirst, unpublished
data). It is possible that this C-10A6A9 (FRAXACL/FMR1)
array configuration was generated by recombination between
a 36-repeat (D-9A9A6A9) and a 30-repeat (C-10A9A9)
array resulting in an array with the 5FRAXACI dlee
and a hybrid FRM1 triplet array structure.

Discussion

We have investigated the molecular structure of FMR1 ar-
rays belonging to the 36-repeat modal group of the Japanese
population. They contain a (CGG)g block, which accounts
for their unusual length and the shift from the common
modal length of 29 repeats. The occurrence of longer blocks
of 15 or 16 repeats within a group of haplotypically related
arrays normally carrying adjacent (CGG)g and (CGG)g is
strong evidence that they have arisen by mutation or dele-
tion of the intervening AGG triplet (see Fig.2). Further-
more, blocks of (CGG),4 are consistent with the fusion of
the adjacent (CGG)g and (CGG), blocks through mutation
of the intervening AGG to CGG, resulting in no overal
change in array length. The array with (CGG), could
have been generated through further mutation of a second
AGG triplet (Fig.2). The array carrying a (CGG),5 could
have arisen from a deletion of the intervening AGG triplet



Fig.2 The suggested relation-
ship between FMR1 triplet ar-
rays identified in the study of
the Japanese 36-modal group.
A progenitor 36-repeat array
could have been generated by
insertion of a AGG(CGG)g
block of repeats on a 29-repeat
D-9A9A9 array through repli-
cation slippage or an unequal
cross-over event. The loss of the
interspersed AGG triplet by (i)
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in a9A9A6A9 array. If deletion of the AGG were the pre-
dominant mechanism of loss, we would expect to observe
more arrays carrying (CGG);s. The numbers of allelesin
this study are too small to draw any firm conclusions re-
garding the relative frequency of these mutation events.

Interestingly, in this group of aleles, most longer
(CGG)4¢ are interna to the array, contrasting strongly
with the 3' polarity with which they occur in the Cau-
casian population (Hirst et al. 1994; Eichler et a. 1995).
This difference might be specifically influenced by the
presence of the (CGG)g block itself. Indeed, Eichler et a.
(1996) suggested that the asymmetry of AGG intersper-
sion within an array might predispose to its loss. Our data
on the 36-modal group support this conclusion and sug-
gest that loss of the proximal AGG might occur more fre-
guently than the distal AGG (Fig. 2). This might be influ-
enced by secondary structure formed within replication
intermediates or a failure to detect mispaired bases.

Small modal groups centred on 36 repeats have also re-
cently been found in the Bornean and Tibetan popul ations
and sequence analysisidentified a (CGG)g in some FMR1
aleles (Kunst et al. 1996). Thus the (CGG)q appears re-
stricted to Asian lineages, suggesting that it most likely
arose after divergence of these from the Caucasian lineage
150000-200000 years ago (Bowcock et al. 1994; Horai et
al. 1995). The association with the FRAXAC1-D dlele
and the presence of a 5'(CGG), strongly suggests that it
arose from the common 29-repeat D-9A9A9 allele found
in al lineages (Fig. 2). This might have occurred through
an unegual exchange or recombination event or through
replication slippage.

The significantly different haplotype frequencies be-
tween fragile-X and normal chromosomes suggest that
many fragile-X chromosomes have descended from a
small number of founder mutations, although this could
also reflect recurrent expansion from a pool of precursor
arrays (Richards et a. 1992; Hirst et al. 1993; Oudet et al.
1993). An association of longer-than-average FMR1 ar-
rays with high-risk haplotypes indicated that these founder
chromosomes might originate from normal arrays with a

9 A 16 A 9 9 A 9 A 16

| | |
A

26

higher repeat number (Richards et al. 1992; Jacobs et al.
1993; Oudet et al. 1993). Sequence data indicate that,
whilst overal length is an important factor, it is the length
of uninterrupted (CGG), that is a crucial factor in deter-
mining instability. Arrays with long 3 blocks of (CGG),
occur more frequently on chromosomes carrying high-
risk haplotypes (Hirst et al. 1994; Snow et al. 1994). Their
similarity with premutation arrays suggests that these
might represent precursor arrays that could progress to
longer stretches of uninterrupted repeat through slippage
or further loss of an AGG triplet. Thus, the generation of
these alleles carrying longer than average (CGG),, may in
itself represent a founder event. Almost 75% of arraysin
the 36-modal group have an internal AGG repeat and are
unlikely to carry any significant risk of expansion. This
confirms observations from haplotype anaysis, which
showed that when taken as a single grouping, arrays
longer than 31 repeats are not associated with the Japan-
ese high-risk fragile-X haplotypes (Richards et a. 1994).
However, one group of alleles with the FRAXACI1-D
haplotype was strongly associated with fragile-X syn-
dromein the Japanese population (Richards et al. 1994). It
is possible that this small subgroup could have arisen
from the 36-modal group. Further studies are currently
being performed with additiona markers, although the
level of alelic diversity in the Japanese and Chinese pop-
ulations at flanking dinucleotide markers could mask such
associations (Richards et al. 1994; Zhong et a. 1994).

In summary, we have shown that arrays within the
Asian-specific 36-modal group have a novel structure.
The presence of longer (CGG), blocks strongly suggests
that loss of the interspersed AGG triplet occurs relatively
frequently on these asymmetric aleles. This variation in
normal length arrays might reflect the mechanism where-
by longer founder fragile-X precursor chromosomes arose
by additional AGG loss or slippage. A more extensive in-
vestigation of haplotypes and FMR1 array structures in
the Japanese population, and of fragile-X arrays will be
necessary further to address this question.
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