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Cloned human FMR1 trinucleotide repeats exhibit a
length- and orientation-dependent instability suggestive
of in vivo lagging strand secondary structure
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ABSTRACT

The normal human FMRI1 gene contains a genetically
stable (CGG) ,, trinucleotide repeat which usually carries
interspersed AGG triplets. An increase in repeat
number and the loss of interspersions results in array
instability, predominantly expansion, leading to FMR1
gene silencing. Instability is directly related to the
length of the uninterrupted (CGG) , repeat and is widely
assumed to be related to an increased propensity to
form G-rich secondary structures which lead to
expansion through replication slippage. In order to
investigate this we have cloned human  FMRI1 arrays
with internal structures representing the normal,
intermediate and unstable states. In one replicative
orientation, arrays show a length-dependent instability,
deletions occurring in a polar manner. With longer
arrays these extend into the FMR1 5'-flanking DNA,
terminating at either of two short CGG triplet arrays. The
orientation-dependent  instability = suggests  that
secondary structure forms in the G-rich lagging strand
template, resolution of which results in intra-array
deletion. These data provide direct  in vivo evidence for
a G-rich lagging strand secondary structure which is
believed to be involved in the process of triplet
expansion in humans.

INTRODUCTION

frequently associated with small decreases in array length, whilst
female transmission usually results in expangl®). Generally,
when arrays exceed 200 repeats in lengthH-i&1 promoter
becomes extensively methylated (112), with concomitant loss

of gene expression (13,14)themugh several exceptional cases
have been identifiel5).

TheFMR1array in the normal size range has a periodic internal
structure which results from regularly spaced AGG triplets
positioned every 9 or 10 triplets (reviewed in 16). In contrast,
unstable arrays consist of either uninterrupted (G@&@E3ontain
long portions of (CGG@) at their 3-end (17-20). Expansion
occurs exclusively within this uninterrupted portion of the array
and transmission studies suggest that the degree of instability is
directly related to its lengtfi9,20). Therefore, theohger the
uninterrupted (CG@)portion the more unstable the array appears
to be. Expanded triplet arrays have been identified in many other
human disease genes, notably (CA@irays within the genes
causing Huntington’s disease, spinocerebellar ataxias types I-VII
and Kennedy'’s disease (see 21 and references therein); {GAA)
in the Friedrich’s ataxia gene (22) and (CJ @) the myotonic
dystrophy gené?3). In aldition, expanded (CG&arrays have
also been found at the FRAXE4), FRAXF (25), FRA16A (26)
and FRA11B (27) frgile sites. In most of these, array instability
is dependent upon array length and content, expansion occurring
in arrays with >35-40 uninterrupted tripl¢28).

This dependence upon array length suggests the involvement
of length-dependent formation of non-B form DNA secondary
structures in replicating DNA. Evidence for such structures has
come from studies showing that single-stranded triplet DNA can

The human fragile X syndrome is associated with dramatiassume unusual structures (29-32). They can also forpinhair

expansion of a (CGGlriplet repeat which lies within tHeMR1

like structures(33,34) as well as quadraplexes (35,36) or

promoter and is present in tHeumtranslated region of its mMRNA triplexes(37). Primer extensiorglies through triplet arrays also
(1-3). In the normal gpulation its length ranges from 6 to 52 provide indirect evidence for unusual structures which might
repeats (4). In fragile X families it is expanded in length and isause a block to replicatio(88,39). The formidon of a
genetically unstable, with a high rate of length changes, which adeamatically stable triplet-specific structure above a certain
almost exclusively expansions. Arrays longer than normal bigngth threshold might thus be occurring. Whilst it is not known
<200 repeats, termed ‘premutation’ alleles, are found in nomow formation of such unusual structures during replication
penetrant carrier individuals. These arrays are somatically stableguld lead to expansion, replication stalling might allow a
but exhibit instability upon genetic transmission in a parentakindow of opportunity for slipped strand mispairing in the newly
sex-specific manner, suggesting either an instability duringynthesized leading strand or perhaps through slippage of an
germline formation and meiosis or during a window of very earlyDkazaki fragment or the newly synthesized lagging strand (for a
embryonic developmen{5—9). Transmission from males is review see 40). Recently vivo replication studies on (CGg)
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arrays have provided more direct evidence that unusual DNRromega Corp. Southern blot transfer from agarose gels was

structures in the lagging strand template lead to replicatigmerformed with Hybond N (Amersham International) using

stalling (41). 0.4 M NaOH and filters were hybridized to the radiolabelled
As a first step toward a model system in which fragiler21-723 PCR product which had been random prime radio-

X-associated triplet array stability can be studied we haviabelled by standard techniques.

established a range of cloned hunf@iR1 arrays in bacteria.

Unlike previous studies, these inclug@@R1flanking DNA and  sequencing

incorporate a wide range of interrupted repeat structures found in

the human population, so that subsequent comparative instabilfjimers used for sequencing were either standard M13 or

studies can be performed. pBR322 vector primers designed to flank the cloning sites used
or the FMR1-specific primers 170 and 172 described below.

MATERIALS AND METHODS Sequencing was per_fqrmed vvﬁ?P-end-IabeIIed_ prir_ners using
the exonuclease-deficient Pfu polymerase cyclist kit (Stratagene)

PCR amplification of FMR1 arrays as described in Hirgt al. (17). Poducts were resolved on 5%

. . , denaturing polyacrylamide sequencing gels (USB) and visualized
PCR ampl|f|ca_1t|on was carried out on genomic DNA from se!ectegy autoradiographyFMRI-specific sequencing primers used
individuals with knownFMR1 array structures as describedyere 170 (5GGCGGTGACGGAGGCGCC, complementary to

previously (17). Amplification a@nditions were as follows: an 2678-2695) and 171 '(ECTGCTAGCGCCGGGAGC
initial denaturation at 9& for 5 min was followed by 35 cycles 2807-2824). ’

of 98°C for 30 s and 70C for 10 min. Each 2Qul reaction
contained 20 mM Tris—HCI, pH 8.8, 10 mM KCl, 1.5 mM MgClI RESULTS
10 uM (NH)2SOy, 0.1% Triton, 10Qug/ml BSA, 0.5uM each

oligonucleotide (721 and 723), 3pM each dNTP, 5% DMSO  Cjoning of FMR1 arrays

and 1 U native Pfu polymerase (Stratagene). Products were

purified through 2% LMP agarose and isolated after Gelagduman genomic DNA from individuals with previously
solubilization (Epicenter Technologies) with Wizard PCR PregharacterizedMR1 array structures were used in order to
reagents (Promega Corp.). FdMR1alleles longer than 50 repeats establish a panel of cloned arrays reflecting those occirring
the concentration of DMSO was increased to 10%, which gives afvo (Fig. 1a). The amplified region includes mosEbfR1exon
increased yield of full-length product. All oligonucleotide sequence and extends to cover 90 bp distal and 120 bp proximal of the
and their positions within thEMR1 gene are taken from the (CGG), array. Fragments were amplified using a protocol
HSFXDNA deposition in Genbank. Primers used were 72@stablished for direct sequence analysiBMR1 arrays which
(5-AGCCCCGCACTTCCACCACCAGCTCCTCCA, comple- Yields sufficient product for cloning into various vect¢t3).
mentary to 2617—-2647) and 723 CACTTCCGGTGGAGG- This protocol has been used extensivelyAbiR1 triplet array
GCCGCCTCTGAGC, 2876-2838). amplification and has a high degree of fide(ity,44—46). This
ensured that the arrays were amplified intact and could be
analysed in their naturally occurring DNA context. Inclusion of
FMR1 exon 1 DNA also facilitated further manipulation with
Gel-purified PCR products were cloned into various vectors amique flanking restriction sites. We had previously observed that
described in Results. The vectors used were pBlueScript KS(Epcherichia colistrain DH®-MCR permitted longer repeat
(Stratagene), pBR322 (42) and pLEMS, a yeast intiegreector  arrays to be propagated than several other common laboratory
derived from pBR322 carrying a fragment of 8sccharomyces strains tested and this strain was therefore used in all subsequent
cerevisiaeMAT gene (43). PCR pducts were phosphorylated studies.

using T4 PNK (NEB) and cloned either as blunt-ended fragmentsinitial experiments with the high copy number plasmid pBS
or after addition oEcaRl linkers. All plasmids were propagated (250-300 copies/cell) revealed that lIoRYIR1 arrays were

in standard laboratory strain DHOMCR [RecAl, mcrA, highly unstable in this vector. In order to assess the degree of
A(mrr-hscRMS-mciBC); Life Technologies]. Recombinant plas- instability we assayed the length of the cloned insert by restriction
mids were checked for integrity of the repeat array after eadnalysis using thecadRl (the cloning site) andhd andNarl sites

DNA preparation by restriction analysis, Southern blot hybridizatiopresent in the co-amplified human flanking DNA. Southern blot
and sequence analysis to confirm the structure of the repeat arfaybridization with a radiolabelled (CGgprobe was used to
Orientation with respect to the plasmid origin of replication wasletect deletion arrays and then direct sequence analysis was usec
determined by restriction analysis using the flanKitagl and to check for array integrity. Using these stringent criteria we
Xhd sites present in hum&MR1exon 1 and plasmid restriction found evidence for some orientation-dependent deletion in arrays
sites, notably th@vu site lying within the ampicillin resistance with as few as 13 uninterrupted triplets, even when they also
gene. For cloning of deletion arrafedRI-digested plasmid contained AGGs. In the (+) orientation the arrays (CGG)
DNAs were electrophoresed in 2% agarose and deleted fragmef@& Gy, 9A23, 9A9A19 and 10A9A7A9 [where numbers
purified and directly re-cloned into pBR322. Recombinantepresent the length of (CGGand an A represents an
plasmids were selected by resistance to both ampicillin andterspersed AGG repeat] exhibit a smear of deletion products
tetracycline to ensure that original plasmid DNAs were notipon Southern blot hybridization analysis (Fig. 1b). We
propagated. Deletion arrays, now re-cloned in the stableccasionally encountered plasmids which appeared to contain
replicative orientation, were sequenced as described below. Allable arrays but upon closer examination by sequence analysis
plasmid DNA preparations were performed using standarthese were found to have acquired interruptions in the array.
alkaline lysis techniques with reagents supplied by Qiagen @bviously, the presence of interrupting repeats and deletions

Cloning and insert analysis
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@ v/ In order to isolate recombinant premutation arrays, vectors
e carrying a lower copy number ColE1 unidirectional origin of
B replication were employed. These vectors, with a copy nhumber of
g only15-20 plasmids/cell, were found to stabilize longer repeat
o — — arrays considerably. Several vectors, including pBR322 and
P—a—m W) pLEMS, were used successfully to propagate these longer arrays,
i — - . suggesting that the critical factor is most likely the origin of
et ' — . replication or copy number, rather than any other additional DNA
Mo — element present. The orientation effect we had observed previously
r— PP— e —r was even more pronounced with these longer arrays, with the

proportion of full-length array present diminishing with increased
length. It proved impossible to obtain DNA preparations with
full-length cloned arrays in the (+) orientation (Fig. 1c). For
ib) 9A23 13 27 IDABATA9 9AIAIY example, with the (CG®) array, DNA preparations for the (+)
- + = = + - - + . . . . . )

bp orientation plasmids contain very little fqll-length_ array (F|g.' 1c,
tracks 3 and 4) compared with the opposite (—) orientation (Fig. 1c,
tracks 1 and 2). The same is true for the 9A48 (Fig. 1c, tracks 7 and

v 8) and 9A36 arrays (Fig. 1c, tracks 5 and 6). Using the combination

' :::: of low copy number vectors and the (-) orientation we successfully
- cloned stable full-length 9A39, 9A48, (CGG)and (CGG)4
g arrays. Sequence analysis of these arrays confirmed their integrity.

-‘ o < .- —250 Attempts to rescue longer arrays from the gel using the approach
of Shimizuet al. (47) were unsccessful. We did not detect any
significant expansion events as judged by this technique or by
extensive Southern blot analysis of plasmid DNA preparations in

fe) " 9A36 9A48 either orientation. In contrast to the problems encountered with
by i . bp FMR1 arrays, arrays of (CAG) and (CGTys were stably
propagated in pBS (data not shown). This highlights the unstable
nature of th&-MR1 (CGG}, arrays.

S06=
- - -
-0 . . e . .
06— 150 The structure of orientation-specific deletions in
- 5 p

=300

Wi < =250 premutation arrays

= - < For the 9A36 and 9A48 arrays, which represent intermediate and

small premutationFMR1 alleles, deletions appeared to be
intra-array events, as judged by retention of the flariMamyand
Figure 1. ClonedFMR1 triplet arrays. §) The cloned humaRMR1 arrays Xhd restriction sites. In contrast, deletions in the 71 and 74 repeat
ranging from 13 to 74 triplets in length are shown pictorially to highlight arrays frequently removed theNarl site (data not shown). In
important features of (CGg)ength (open boxes) and AGG (solid boxes) order to examine this further, deleted arrays from plasmids

interspersion pattern. The overall length of each array is shown in total trlpleg%i rrying (CGG)4 and 9A48 in the (+) orientation were isolated

number and the scale represents the status of these arrays with regard to fragi . . . S
X instability and mutation class. From the top the cloned arrays are (gGG) alter ECORI dlge_snon and re-cloned into pBR32_2. Plasmids in
(CGGY7, 10A11, (CGG)3 (CGGYs (CGGY7, (CGGYro, 10A9A9, 9A23, which the deletion array had been re-cloned in the stable (-)
10A9A6A9, 9A10A18, 9A36, 9A48, (CGGand (CGG)4 with the structure  grientation were then subjected to sequence analysis. The data
of the array being abbreviated such that numbers represent the Iengthqf(CGbetained from this are summarized in Figure 2. In both cases
and an A represents an interspersed AGG ref@&MR1array instability of . . '
normal length triplet arrays with respect to the origin of replication in pBS. Thedeletlons appear_ to occur in a pOIar manner. _FOI’ the 9A48 array,
two replicative orientations of the triplet array were nominally termed + or — Where the proximal AGG serves as an internal landmark,
Cloned inserts were releasecHnoRI digestion, resolved on 2.5% agarose gels deletions extend from thé-8nd of the array toward thé-énd,

and detected by hybr|d|zat|0n after Southern transfer. The DNA molecular Welghfrequently remOVIng the Interspers|on (14 out Of 22 cases;

ladder is in base pairs. Deletion products are highlighted by argviEvVIR1 - : - -
array instability of longer intermediate and premutation length triplet arrays inFIg' Za)' but extended into the flanklng DNA. Deletion events

both orientations with respect to the origin of replication in plasmid pLEMS, frequently gave products where the longest uninterrupted repeat
which carries a pBR322 origin of replication. Details as in (b) above. was between 8 and 12 triplets, with typically 40 and 50 repeats
being removed (16 out of 22). In the case of the (G@@peat
array the deletion product size range is similar, suggesting a
common mechanism or end-point to the process (Fig. 2b).
would have invalidated any subsequent experiments assesskhgwever, in contrast to 9A48, deletions were found to extend into
instability. Plasmids carrying the same arrays in the (-) orientatidghe 3-region ofFMR1exon 1 (3 out of 7 cases; Fig. 2c) with 5
showed no evidence of deletion. When the array contained >86d-points at positions 2649 and 2674 in the flankM&1exon
uninterrupted repeats in pBS it proved impossible to obtaih. At these points lie short arrays of (CG@hd (CGG] and the
plasmid DNA with arrays in either orientation which did not carrydeletion products appear as (C@fnd (CGG)3 fusion arrays.
a substantial proportion of deleted material. We therefore lookétthis suggests that they have been generated in a homology-
for a more stable system in which to isolate these longer arraydependent manner. Interestingly, these deletion end-poiots 5
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Figure 2. Structure of deleteBEMR1arrays.The structure of deleted arrays from the unstable (+) orientation are shown from various original plasmids. The original
array length is shown and below are the sequenced deleted arrays derived from each and the number of independent dobDetetinalyseiginating from the

9A48 array are shown i), whilst those inlf) are from the (CGG), array. In €) deletion of the (CGG), array into the flanking'&egion is shown. Nucleotide
numbering refers to the hum&MR1 sequence HSFXDNA deposited in GenBank.

the array are close to a deletion hot-spot found to occur in mosalie use of low copy humber vectors for cloningefR1arrays.

fragile X maleg48). The study of Shimizet al.(47) used a concatetian process to
generate arrays of up to 240 repeats in overall length, but these
DISCUSSION contain multiple interruptions and carry only (CGgas their

longest stretch of uninterrupted triplet repeat. Whilst these

We have successfully cloned a representative series of normaitificial arrays did exhibit the same orientation effect as reported
intermediate and small premutation hunftR1 triplet arrays.  in this study, their degree of instability is less pronounced. This
We found that in certain configurations they demonstrate i& most likely due to the interrupted nature of these arrays, which
pronounced length-, orientation- and interspersion-dependegieviously limits the value of any subsequent instability studies
instability, frequently giving rise to deletions. Whilst most arraysising them, as instability is known to be dependent upon the
tested show some degree of instability, those with uninterruptéength of the uninterrupted repeat. A more recent report by
lengths greater than (CG4{g)appear to be particularly unstable. Sandberg and Schallin@0) described the use of a (CGkg)
These observations confirm previous studies of both fragile X arairay isolated by PCR from a fragile X male, although no data
(CTG), arrays, which demonstrated a preferential stability in oneere included to establish the integrity of either the PCR product
replicative directior(47,49). These dataiggest that an unusual or the cloned array. The apparent stability of this array is almost
structure forms in the lagging strand template which interferegertainly an indication that it has undergone a stabilizing event,
with the normal process of replication and results in a plasmighost likely acquisition of interruptions (perhaps during PCR),
population carrying intra-array deletions. The polar manner aflthough we cannot rule out additional stabilizing bacterial host
these deletions suggests that this structure can form from as feell factors. Determining the integrity of clonBMR1 arrays
as 13 CGG triplets and is nucleated within the triplet arrayonger than 70-80 triplets is not a simple task. Sequence analysis
Furthermore, with longer arrays, flanking DNA regions appear tis difficult because repetitive G/C-rich arrays cause extensive
contribute to the stability of these structures. slippage during both template preparation and sequencing

Plasmid cloning experiments found that long®&R1 arrays reactions, which makes detection of interruptions extremely
are more stable in lower copy number plasmids. This idifficult.
presumably related to the number of replication events that anA major factor which determines cloned array stability is its
array undergoes during the multiple bacterial divisions requireatientation with respect to the direction of replication. This
for a standard DNA preparation, which for a high copy numbendicates that the G/C-rich strands behave differently as leading
vector such as pBS is 10-20 times greater than that in a low capyd lagging strand templates. For (CgtB)s is most pronounced
vector. In the simplest case, if the likelihood of a deletion eventhere replication proceeds through the triplet array from its
occurring in a full-length array is the same for each round &'-end. In this orientation the G-rich strand is the lagging strand
replication, then the frequency of deletion would be decreasedtemplate and is thus transiently single-stranded during replication
lower copy number vectors. Several other studies have reporigtg. 3a). Several studies have suggested that single-stranded
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Figure 3. Model of lagging strand secondary structure-induced instability in clBRERIL triplet arrays and the possible deletion mechanisms in the unstable (+)
orientation of the 9A4&MR1array. ) A stalled replication fork due to G-rich secondary strand structure can be resolbgdibypy-pass replication; (i) repair;

(iii) abortion of replication. After continued by-pass synthesis of the lagging strand (i), a deleted array could aliggeghegplicative repair (iv) or in the absence

of repair in the next round of replication (v). Aborted replication would most likely result in loss of the plasmid froputhggoo LDS, leading strand (grey line);
LGS, lagging strand (hatched line); open blocks represent (C&@)a solid box represents an AGG tripletNal site; X, Xhd site.

(CGG), arrays have a propensity to form unusual stable In the unstable (+) orientation, deletion of fREIR1 array
secondary structure@9-39). These wereuggested to be occurs in a polar manner. This is most likely a result of the
causing the stalled replication forks observed by Samadashwiljrection of replication in which they arise. At a stalled replication
etal.(41), but how right these lead to deletions in cloned arrays?ork the lagging strand template is transiently single-stranded in
In our model, replication through th&R1array fromits 5end  the region between Okazaki fragments, providing an opportunity
leads to a stalled replication fork-induced lagging strand templafier secondary structure to form (Fig. 3a). In the case of the (+)
secondary structure (Fig. 3a and b). If this cannot be resolvedpiientation this single-stranded region will often extend through
must either be (i) by-passed by the newly synthesized laggitige array and into thé-lanking DNA, allowing any secondary
strand or (i) removed by DNA repair, both cases allowingtructure to extend in this direction. As we observed frequent
replication to continue. In the latter case, generation of a deletddletions of the (CG@) array in homologous regions & the

array requires removal of DNA from the template strand, whichrray, this suggests that this secondary structure might become
is normally marked by hemi-methylation. This suggests thahore extensive with longer repeats, probably also involving
either the deletion event is independent of this discriminatinianking sequences. Additionally, this suggests that the resolution
marking of the template strand or that it occurs afteenovo event which removed the secondary structure in these cases did
methylation of the newly synthesized strand. In the alternative in a homology-dependent manner.

case of by-passed structures these might be either subsequentihe behaviour of cloneBIMR1triplet arrays is very different
repaired or will result in deleted arrays after the next round dfom what occurs in humans. However, these studies do tell us a
replication. A third possible fate of stalled templates which are ngteat deal about the basis of triplet instability. There is now
by-passed or repaired might be termination of replication and losgerwhelming evidence that replication through (GG@plet

from the plasmid population. The DNA yield from a standardrrays is problematical. Evidence presented in this study suggests
plasmid DNA preparation represents a population of closdtiat at least part of this is due to lagging strand template structure.
circular plasmids present after 20-25 bacterial divisions. (fGGHow might this be involved in the process of expansion? A
arrays are known to be difficult templates to replicate and tifavoured model to explain triplet expansion invokes replication
longer the array the greater that difficulty. Under constardtalling due to G-rich secondary structure, which allows an
antibiotic selection pressure replication of plasmids carryingpportunity for slippage of the lagging strad®). It has been
truncated arrays, with reduced replicative difficulty, would beshown in other studies that the C-rich strand is most likely to
favoured and propagation of expanded arrays strongly disfavoureckpand by slippagé38). This night result from either simple
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