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An increasing number of human genetic disorders
are associated with the expansion of trinucleotide
repeats. The majority of these diseases are associ-
ated with CAG/CTG expansions, including Hunting-
ton’s disease, myotonic dystrophy and many of the
spinocerebellar ataxias. Recently, two new expanded
CAGI/CTG repeats have been identified that are not
associated with a phenotype. Expanded alleles at all
of these loci are unstable, with frequent length
changes during intergenerational transmission.
However, variation in the relative levels of instability,
and the size and direction of the length change muta-
tions observed, between the CAG/CTG loci is appar-
ent. We have quantified these differences, taking into
account effects of progenitor allele length, by calcu-
lating the relative expandability of each repeat. Since
the repeat motifs are the same, these differences
must be a result of flanking sequence modifiers. We
present data that indicate a strong correlation
between the relative expandability of these repeats
and the flanking GC content. Moreover, we demon-
strate that the most expandable loci are all located
within CpG islands. These data provide the first
insights into the molecular bases of  cis-acting flank-
ing sequences modifying the relative mutability of
dispersed expanded human triplet repeats.

INTRODUCTION

CAGI/CTG disease-associated repeat expansions occur in
translated regions of the gene and encode polyglutamine. The
SCA2 SCA3HD andSBMArepeats are found in the first exon,
whilst those at th&CA1 SCA7andDRPLAloci are located in

the eighth, third and fifth exons, respectively. Th¥ repeat
occurs in the 3'-untranslated region of the DM protein kinase
gene PMPK) and in the putative promoter of the DM-associ-
ated homeodomain genBNMAHP) (11). At all of these loci,

the repeats are polymorphic in length in the normal population,
with alleles up to ~35 CAGs. Disease-associated alleles are
expanded relative to those found in the normal population,
with array lengths from >35 up to hundreds, or even thousands
of repeats. Two further CAG/CTG expansions (>35 repeats),
not yet associated with a phenotype, have also been character-
ized. One of thes& TG18.1is located in an intron of the SL3-

3 enhancer factor 2 gen&SEFJ (12). It currently remains
unclear whether the other, expanded repeat domain CAG/CTG
(ERDAY), is associated with a gene, given the conflicting data
regarding transcription from the region (13,14).

All of these expanded CAG/CTG repeats have been described
as ‘dynamic mutations’, with repeat number changes frequent
during intergenerational transmission. Such intergenerational
length changes at the disease loci usually consist of an increase
in repeat number, providing a molecular basis for anticipation, in
which there is an increase in disease severity and a decrease in
age of onset in succeeding generations (15). Repeat number
changes are influenced by the sex of the transmitting parent, the
number of repeats and the presence of interruptions within the
repeat array (16). Usually germline mutations are more frequent
and larger when transmitted by a male, and larger alleles have a
higher mutation rate and undergo larger length change muta-

Expanded trinucleotide repeat sequences have been associdieds. In contrast, interruptions within the array are known to
with a growing number of inherited human disorders withstabilize repeat tracts. Normal alleles at 8@AlandSCAZloci
unusual genetics. The majority characterized so far involve theontain interruptions within the array, though expanded alleles
expansion of the trinucleotide sequence CAG/CTG, includingonsist of pure CAG tracts (17,18). TBEA3repeat is preceded
the spinocerebellar ataxias, type 1 (SCAL) (1), type 2 (SCA2py an 18 bp cryptic repeat (CAG CAG CAA AAG CAG CAA)

(2), type 3 (SCA3, also known as Machado—Joseph diseast)llowed by a pure CAG tract. The cryptic repeat is conserved in
(3), type 7 (SCA7) (4), dentatorubral-pallidoluysian atrophyexpanded alleles, but the expanded region comprises pure CAG
(DRPLA) (5), spino-bulbar muscular atrophy (SBMA) (6), repeats (3). Similarly, the HD repeat is followed by two cryptic
Huntington’s disease (HD) (7) and myotonic dystrophy (DM)repeats (CAA CAG); although occasional expanded alleles have
(8—10). With the exception of thBM repeat, all these other lost the CAA interruption, increasing the effective array length
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Table 1. CAG/CTG triplet repeat expatability, flarking sequence ahgses ad genonic locdizaton

Locus Accession no. %GC (100 b GC (500 bp Estimated expandability (95% confidence interval) ChromosomaRefd
flanking) flanking) Male Female Sperm location
DM X84813 and 100727  69.5 66 4.81 (3.46-7.22) 7.64 (5.16-10.87) 4.34 (4.17-4.50)  19q13.3 (21)
SCA7  AF032102 83.5 715 1.30 (0.80-1.65) 0.40 (0.27-0.56) 7.80 (7.52-7.98)  3p12-13 (41-43)
SCA2  AC004085 77 79 0.97 (0.65-1.33) 0.45 (0.25-0.64) nla 12q24.1 (18,44)
HD 768756 745 71 0.29 (0.21-0.43) 0.09 (0.00-0.17)  0.98 (0.84-1.0) 4p16.3 (22,45)
DRPLA U47924 63.5 66 0.19 (0.14-0.24) 0.04 (-0.05-0.14) nl/a 12p13.31 (46,47)
SCA1  AC002326 66 67.2 0.14 (0.00-0.24) 0.00 (-0.05-0.04) 0.26 (0.19-0.35)  6p22-23 (23)
SBMA X78592 and M27423 65 59 0.08 (0.00-0.22) 0.00 (0.00-0.00) 0.13(0.08-0.13) Xg11.2 (20,48)
SCA3  AJ000501 36.5 38% 0.07 (0.05-0.09) 0.02(0.01-0.03) n/a 14g32.1 (24)
ERDA1 AC004108 38.5 43 —-0.01 (-0.07-0.02) 0.00 (-0.03-0.05) n/a 17921.3
CTG18.1 U75701 45 n/a n/a n/a n/a 18g21.1

30nly 435 bp of sequence available on the 3' flank; n/a, not available.
bData from the references shown are those not found in the OMIM database, used to collate the expandability figures.

by two repeats, most expanded alleles comprise a pure CA@utation of a given transmission event as a proportion of the
expansion 5' of the cryptic repeat (19). The vast majority of norprogenitor allele length. However, given that 35 repeats is the
mal and expanded alleles at the remaining loci are thought tower boundary between stable normal alleles and unstable
comprise pure CAG tracts. Even taking into account effects oéxpanded alleles, we have assumed a basal average allele
allele length and repeat interruptions, the mutation rate and tHength change of 0 at 35 repeats. Thus, in order to quantify the
size and direction of the length change mutations observed alselative level of mutability at each locus independently of pro-
appear to vary between loci, with some apparently more mutabligenitor allele length effects, we have calculated the ‘relative
and liable to expand to greater lengths than others. We havength change per expanded progenitor repeat’ [i.e. length
studied published data and quantified the relative eXpandabi|ithange/(progenitor allele length — 35 repeats)]. This figure can
at each of the expanded CAG/CTG loci. As the loci share a conpe described more simply as the ‘expandability’, and reflects
mon repeat motif, possible correlations between the relativghe tendency of an above threshold repeat block to undergo fur-
expandability and the flanking DNA regions were investigated.ther expansion.

The median relative length change per expanded progenitor
RESULTS repeat at each locus was calculated for both male and female
transmissions (Table 1, Fig. 1). These data clearly demonstrate
that significant differences in the relative germline expandabil-
ity exist between many of the loci. In both sexd3M is
In order to quantify expanded (>35) repeat stability, male angevealed to be the most expandable locus, followeGBAT
female intergenerational transmissions, as determined by pedsCA2andHD. At the remaining loci, the median expandability
gree analysis and previously reported in the literature, wergaries between the sexes, wi#BBMA ERDAland SCA1lall
collated for nine of the CAG/CTG loci. Itis known that there is Showing a median |ength Change of zero in female transmis-
a strong correlation between progenitor allele length, andjons. Mutations at the same three loci in male transmissions
mutation rate and intergenerational length change, with largejhow a median increase of length chang&BMAandSCA1
alleles usually giving rise to more frequent and greater expargnd a decrease of repeat&SRDA1 With the exception obM
sions from one generation to the next (16). However, we noteghdERDA] the relative expandability is greater in male trans-
that for each locus, the progenitor allele length distributionsyssijons than in females. The sex-averaged values retain the
were non-uniform. For instance, progenitor allele lengthsame order as observed in the male transmissions (Fig. 1). At
ranged from 36 to 44 repeats at tBE€A2locus and from 6210 yresent, insufficient data are available to quantify the relative
73 repeats at thBCA3locus. Thus, in order to quantify the rel- oty of theCTG18.1locus. However, preliminary sperm
ative level of stability at each locus, we needed to calculate gn5)yses indicate that although small length change mutants
measure of mutability that was independent of progenitog e common, large length change mutations are rare, suggest-
allele length effects. Given the difference in allele length d|str|-Ing thatCTG18.1is one of the relatively less expandable loci

bution at each locus, a simple measure of the mutation rate- Id and D.G. Monckton. unoublish
would therefore not suffice. Since the loci appear to differ no:(%' - Goulld and D.G. Monckton, unpublished data).

only inthe rate of the length change_mutatlon events b_ut alsc_) 'ﬁepeat stability in sperm

their magnitude, we sought also to incorporate this dimension

of the mutation process into a quantitative relative measure dfor some of these loci, repeat length variation in the male
the mutability. In order to account for allele length effects, itgermline has also been assessed directly by sperm analysis
would seem reasonable to calculate the relative length chang20-24) (D.G. Monckton, manuscript in preparation). These

Locus-specific variation of repeat stability
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Figure 1. Median relative length change per expanded progenitor repeat. The median expandability in repeat transmissions (relative length changedger expand
progenitor repeat) at each locus was calculated as detailed in the text. The expandability (+95% confidence limits) at each locus was plottedlemwéhah e
number of transmissions analysed shown in parentheses.

data were analysed in the same way, with the progenitor sizaver 10 kb), similar to that of bulk genomic DNA (25). More-
being corrected and the median length changes calculateder, analysis of 92 kb oERDAL flanking DNA does not
(Table 1, Fig. 1). Relative levels of the CAG/CTG repeatreveal the presence of any known genes or homologies to any
expandability in sperm show a pattern similar to that seen imther coding sequences in the available databases (data not
male and female transmissions. The most expandable loci wesiiown). Although only a limited amount of sequence was
again SCA7 DM and HD, with SCAland SBMA showing available, it suggested th&@TG18.1andSCA3were located in
much lower levels of expandability. Interestingly, the spermsimilarly GC-poor and low Cpg...,regions. In contrast, the
data indicate thaBCA7appears to be more expandable in theDM repeat lies in an extremely GC- (63% over 10 kb) and
male germline than th®M repeat (D.G. Monckton, manu- gene-rich region of chromosome 19. Moreover, the Gp,
script in preparation). The reported data available for mutabilfrequency is also very high (0.56 over 10 kb), indicating that as
ity in sperm at theSCA3locus did not include analysis of reported previously (11), thBM repeat lies in a very large
individual sperm (24). It was therefore not possible to calculat€pG island (CGl). Similarly, thélD, SCA2andSCAT7repeats
a figure for the median relative length change per expandedlso lie within regions predicted to be CGlIs. Small islands
progenitor repeat. However, the data indicated that the repeatere also predicted in the sequences flankiigPLA SCA1L
associated witlbCA3resulted in a mean decrease in transmit-and SBMA but these did not include the CAG repeat. The
ted allele in the male germline, confirming it as the leastrepeats at th&RDAJ CTG18.1andSCA3loci do not lie in a
expandable of the loci assayed by direct sperm analysis. CGl, and none was predicted in the available flanking
sequence. In a more detailed analysis, we aligned the 100 bp
Analysis of flanking DNA sequences surrounding each repeat (data not shown). Although no con-

Having determined that significant differences in ex andabil-served sequence motifs were detected, the levels of %GC and
9 9 P CPGyperexpvaried greatly (Table 1).

ity, independent of repeat length, do indeed exist between thé
loci, we concluded that this variation must be associated wit . . - .
the surrounding DNA sequences. The genomic locations of thseor[leelﬁgggs between relative mutability and flanking
various repeat loci (Table 1) did not reveal any obvious pat- q
terns. Thus, we investigated the immediate flanking DNAHaving determined that the relative expandability and flanking
sequences to determine whether they may influence repe@C content of the loci differed, we sought to determine
mutability. Of the loci analysed5CA1 ERDAJ DRPLA HD  whether these variables might be associated. Notably, the four
andDM were at the time of the analyses located within reasonmost expandable loci were located within CGls, whilst the
ably well-defined genomic sequence contexts with >5 kb ofemainder were not, a highly significant associatiBrx(0.01,
sequence available on both flani&CA2andSBMAwere less  Fisher's exact test). Moreover, ranked correlations showed that
well characterized, with <5 kb available on the 3' flank.the %GC in the 100 bp of DNA flanking the repeats was posi-
CTG18.1 SCA7and SCA3were even less well characterized, tively associated with relative expandability (Fig. 3). These
with <2.2 kb of flanking sequence available in total. Analysiscorrelations were particularly high for male transmissions
of these flanking regions revealed considerable differences idetermined by pedigree analysib@g = 0.817,P <0.01,n=9)
%GC and CpGgey, (25) between the loci (Fig. 2). For and directly in spermrfio=0.9,P = 0.05,n =5). Indeed, if the
instance, theERDA1repeat is located in a region with rela- mean relative expandability for the sperm data were used, the
tively low %GC and CpGgey, (42% and 0.13, respectively, SCA3data could be included and the correlation was even
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CpG fstang calculating the expandability as a proportion of total allele
A g 15 Ben  |ength (i.e. length change/progenitor allele) (data not shown).
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expansion. No correlation between average progenitor allele
length and relative expandability was observed, indicating that
differences in the relative expandability of the loci did not arise
as artefacts of the allele length distributions. Using this
method, we have shown that significant differences between
these loci do indeed exist. In particular, tb# locus appeared
to be the most unstable repeat, with the largest length change
transmissions observed in pedigree analysis. However, direct
sperm DNA analysis suggests that ®€A7repeat is actually
more unstable than tH&M repeat during male germline trans-
mission. This phenomenon was not revealed by pedigree
analysis, probably due to strong negative selection against the
transmission of large repeats®CA7(D.G. Monckton, manu-
script in preparation). It is possible that some of the data from
the other polyglutamine repeat disorders have been underesti-
mated similarly by pedigree analysis. Indeed, it would appear
that data derived from sperm DNA analysis tend to record
slightly higher average length changes than those derived from
pedigree analysis. However, it remains unclear whether such
deviations arise as a result of phenotypic selection or an older
average age of sperm donors. Nonetheless, since dramatic
deviations from the expected pedigree structures have not been
SCA7 CTG18.1 SCA3 observed for these loci, it is likely that selection has not seri-
ously compromised these estimates.
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variations in relative mutability of tandem repeats have previ-
Figure 2. Flanking DNA analyses at the expanded CAG/CTG loci. Shown ar y P P

e . . .
diagrammatic representations of the %GC and gp&plots of the surround- OU_SIy been associated with Su_btl_e ﬂa_‘nkmg sequence polymor-
ing genomic DNA for each locus up to 5 kb (where available). The %GC isPhisms (24,26). However, no indications have yet emerged of
shown as a dashed line, the GpG,,as a solid line, and a faint line indicates what the cis-acting modifiers of inter-locus variation in
the position of 50% GC and 0.5 Cpf3.x, The 40 x CAG is shown as asmall humans might be. To this end, we have shown a correlation
black box, CGls are shown as black rectangles and th_e cI_osest exons to tB%tween the GC content flanking each repeat and their relative
repeat are shown as grey rectangles. Exon numbers are indicated, and an arrow o - .
below shows the direction of transcription. Exon 1500fIPK and exon A & mUtab'“ty; It is of interest _tha_‘t these ef_feCtS were IeSS_ ijO-
DMAHP are both shown at theM locus. nounced in female transmissions than in male transmission,
suggesting that the mutation process is less susceptible to
more dramaticrfio = 0.947,P < 0.01,n = 6) (data not shown). flanking sequence modifiers in females. Data from transgenic
The correlation between relative expandability during matermice with expanded CTG repeats have also indicated that this
nal transmission and flanking %GC levels was not as great, bubay be a more general phenomenon in mammalian gameto-
still significant fho = 0.717,P < 0.025,n = 9). Similar corre-  genesis (27).
lations were observed using the mean relative expandability Whether these correlations indicate a direct cause and effect
and/or the GC content in the 500 bp of flanking DNA andrelationship remains unclear at this point. It is possible that GC
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Figure 3. Relative expandability and flanking GC content correlations. Median expandability (Figure 1) at each locus was ranked from ong-&xisievith
DM the most unstable arfBRDA1the least, and correlated with the ranked %GC (Table 1) on either flank over 16@alsfs). Median expandabilities in sperm
were ranked and similarly correlated with their respective %GC levels. Spearman'’s coefficient of correfexjas ghown as is the probability} of these asso-
ciations arising by chance.

content and relative mutabilities of repeat sequences are boétlso occur in hypomethylated stretches of an otherwise densely
responding to some higher order effect of genomic organizamethylated genome (32). The five other repeats are not located
tion, such as location within different isochore subtypes (28)within CGls and are likely to be surrounded by methylated
For instance, it is likely that th®M, SCA7 SCA2andHD  DNA. Differences in methylation status might be associated
expanded repeats are located in GC-rich H3 isochores (29)ith differences in the complement of DNA-binding proteins,
Conversely, th&eRDAlrepeat exists in a very large GC-poor altered chromatin state and/or DNA conformation, which in
region of the genome (40% GC over 92 kb), which is likely toturn may affect the stability of the associated repeat. Mamma-
beinan L1 or L2 isochore (28). However, the correlation coeflian CGls are known sites for the initiation of transcription and
ficient is lower when relative mutabilities are compared withhave also been assigned putatively as replication origins (34).
the %GC in the 500 bp flanking each repeat as opposed to thdodification of triplet repeat instability has previously been
100 bp flanking the repeat, favouring a more localized effectassociated with both transcription and replication origin effects
Nonetheless, closer examination of the 100 bp on each flank model organisms (35-37).

revealed no conserved sequence motifs, only large variationsin summary, these data demonstrate that significant differ-
in %GC levels. GC content has been shown previously t@nces in the relative stability of the expanded CAG/CTG
affect the conformational properties of DNA (30), and it is pos-repeats exist, independent of allele length, indicating a role for
sible that flanking DNA structures modify repeat metabolism.flanking DNA sequences in modifying repeat stability. More-

It was noted previously that most (11/12) of the expandedver, we have revealed striking correlations between relative
triplet repeats then known were close to a CGl, implying thaexpandability and flanking GC content and proximity to CGls,
an association with a CGI might be critical for expansionproviding the first insights into the nature of glolzs-acting
beyond the normal range (31). However, more sequence datautational modifiers at human tandem repeat loci.
and more loci are now available which demonstrate that a
number of expanded repeats are not associated with CGI
These data indicate that proximity to a CGl is not absolutel
required in the primary amplification process, although it -
remains possible that this is still an important factor. Rather, if"2nsmission analyses
this study, we have shown that the most unstable expandétbr each locus, published references as listed in the relevant
CAG/CTG arrays are located within CGls, whereas thesections of the Online Mendelian Inheritance in Man database
remaining loci are not. Moreover, there are even more subtl@ere examined and data regarding intergenerational transmis-
correlations between the relative mutabilities of the repeats arglons of expanded repeats (progenitor alleles >35 repeats)
the GC content of the flanking DNA. extracted (OMIM, Center for Medical Genetics, Johns Hop-

Whether these associations reflect one and the same or tvkins University, Baltimore, MD and National Center for Bio-
different mechanisms is difficult to distinguish at this point, technology Information, National Library of Medicine,
since CGls are by definition regions with high GC contentBethesda, MD; http://www.ncbi.nlm.nih.gov/omim ). These
(25). Functional CGls frequently include the promoter, firstanalyses included all of the transmissions reported, including
exon and start of transcription of an associated gene, and ordéxpansions, contractions and zero length change transmis-
narily are free of methylation at all CpGs (32). Interestingly,sions. References not currently listed in OMIM are shown in
although the flanking GC content of the most unstable repeaf,able 1. The ‘relative length change per expanded progenitor
DM, is not as high as that of some of the other loci, it is locatedepeat’ was calculated as length change/(progenitor allele
in a very large (~3 kb) unmethylated CGI (33). As neitherlength — 35 repeats). In cases where transmission data did not
SCAT7HD or SCA2are X-linked, it is likely that these repeats include progenitor allele size, we used the average progenitor

ATERIALS AND METHODS
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allele length for that locus determined in other studies. The4.
median length change and 95% confidence intervals at each of
the loci were calculated using the Wilcoxon signed rank test
and MINITAB software. The sex-average figures represent the
mean of the male and female median figures. In the data cols.
lected for theDM locus, transmissions from progenitor alleles
of >100 repeats were not included. Transmissions from such
large alleles have only been observed ativlocus and they
appear to lie outside the linear range, frequently resulting in thes.
transmission of hundreds of extra repeats (38,39). ABBA3
locus, six repeats were subtracted from the reported allel
lengths so as not to include the six cryptic repeats at the begin-
ning of the array in the expandability calculations.

8.

Sequence analyses

Sequences were obtained from published references and using
the Blast facility at NCBI (40) (relevant accession numbers are
shown in Table 1). Sequences were first edited to standardize’
the repeat size at each (40 x CAG) before analysis using the
GCG9 program accessed through the HGMP database (http://
www.hgmp.mrc.ac.uk/ ). Each sequence was examined in the
5' to 3' orientation, with the top strand containing the 40 x
CAG repeat. Sequences were analysed to determine %GC angl
CpGypsrexptising ‘cpgplot’ with a moving window of 500 bp and
a step of 100 bp. The NIX program was used to define the posi-
tions of potential coding sequences [G.W. Williams, P.M.
Woollard and P. Hingamp, ‘NIX: A nucleotide identification 14
system at the HGMP-RC’ http://www.hgmp.mrc.ac.uk/NIX/ ]
and CGls, using an algorithm based on the definition by Gar-
diner-Gardner and Frommer (25). The immediate flanking
DNA was defined as that sequence immediately 5' and 3' of the
pure (CAG) tract, i.e. the six cryptic repeats were included asi2.
flanking DNA at theSCA3locus. The 100 bp sequences imme-
diately flanking the repeats were also examined for shared
sequence motifs and possible alignments using the Gene
Jockey program (Biosoft).

13.
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