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Expansion of trinucleotide repeats is associated with a growing
number of human diseases. The mechanism and timing of expan-
sion of the repeat tract are poorly understood. In humans, trinu-
cleotide repeats show extreme meiotic instability, and expansion
of the repeat tract has been suggested to occur in the germ-line
mitotic divisions or postmeiotically during early divisions of the
embryo. Studies in model organisms have indicated that polymer-
ase slippage plays a major role in the repeat tract instability and
meiotic instability is severalfold higher than the mitotic instability.
We show here that meiotic instability of the CAGyCTG repeat tract
in yeast is associated with double-strand break (DSB) formation
within the repeated sequences, and that the DSB formation is
dependent on the meiotic recombination machinery. The DSB
repair results in both expansions and contractions of the CAG
repeat tract.

Expansion of trinucleotide repeats has been shown to be
associated with a growing number of human diseases (1).

Several of these genetic diseases are associated with alterations
of the CAGyCTG (hereafter CAG) repeat tract length. The
expansion mutation is highly dependent on the repeat tract
length: the longer the repeat tract, the greater the possibility for
expansion (2–4). Such mutational changes are dynamic, since the
mutated region can undergo further changes in subsequent
generations and during the lifespan of an individual.

Two mechanisms have been used to explain the expansion of
trinucleotide repeats: unequal genetic recombination and error
in DNA replication caused by polymerase slippage (5, 6). In the
recombination model, unequal crossing-over or gene conversion
between triplet repeats either on sister chromatids or on ho-
mologs results in an altered tract length. In the slippage model,
the replicating strand becomes dissociated, and then it misaligns
during reassociation. This misalignment causes the formation of
an unpaired sequence either on the template strand or on the
nascent strand. A failure to repair the unpaired sequence will
result in a DNA molecule containing a larger or smaller number
of repeats after the next round of DNA replication.

Several studies using model organisms indicate that replica-
tion slippage plays a major role in the repeat tract instability
(7–14). The latter model is also supported by the in vitro
observations that CAG repeats can form hairpin structures, with
the CTG hairpin being more stable than the CAG hairpin
(15–18). Recent studies with diploid yeast strains containing
heterozygous trinucleotide repeat-insertion mutations suggest
that trinucleotide repeats in single-stranded DNA are likely to
form hairpin structures in vivo (19). During DNA replication, the
hairpin formation on the template strand or on the newly
synthesized strand would produce a deletion or an expansion of
the repeat tract, respectively. This hypothesis is consistent with
the observation that CAG-repeat instability depends on the
direction in which the replication fork proceeds through the
repeat tract (8, 9, 13, 20).

The repeat tract instability is also higher in the rad27-deletion
mutant, which fails to process Okazaki fragments (12, 14, 21, 22).
A failure to process the Okazaki fragments may facilitate hairpin
formation on the newly synthesized strand. Unprocessed hairpin

structures would cause an alteration in the repeat tract length
after the next round of DNA replication. In addition, a double-
strand break (DSB) in the DNA can be generated by endonu-
cleolytic cleavage of the secondary structure (10, 23, 24). Alter-
natively, stalled or slowed DNA replication because of the
presence of unprocessed Okazaki fragments can give rise to
DSBs (25, 26). These DSBs can be repaired by homologous
recombination. Consistent with this proposal is the observation
that the replication fork is stalled by a long trinucleotide repeat
tract (27). Recently, Freudenreich et al. (21) have shown that
long CAG repeat tracts are often sites of chromosome breakage
in yeast when DNA replication is slowed.

Although replication-slippage appears to be a major contrib-
uting factor for repeat tract instability, the role of recombination
cannot be ruled out. The instability of minisatellites in humans
(28, 29) and the rDNA genes (30) and CUP1 repeats (31) in
Saccharomyces cerevisiae appear to be mediated by the recom-
bination mechanism. In bacteria, CAG repeat instability in a
two-plasmid system has been shown to require recombination
functions (32). Recently, Richard et al. (33) have demonstrated
that artificially induced DSBs in the repeated DNA increases the
rate of trinucleotide repeat tract instability.

Most experiments in model organisms were designed to
investigate the mitotic instability of the repeat tract. Little is
known about meiotic instability of the repeat tract. In humans,
trinucleotide repeats show extreme meiotic instability, and ex-
pansion of the repeat tract has been suggested to occur in the
germ-line mitotic divisions or postmeiotically during early divi-
sions of the embryo (34, 35). Recently, Cohen et al. (36) have
shown that instability of CAG repeats in yeast is severalfold
higher during meiosis compared with mitosis.

In the present study, we designed experiments to investigate
whether meiotic instability of trinucleotide repeats is due to DSB
formation. Our results indicate that meiotic instability of the
CAG repeat tract in yeast occurs by DSB formation within the
repeated sequences, and the DSB formation depends on the
meiotic recombination machinery. The repair of DSBs leads to
both expansion and contraction of the repeat tract. In addition,
tract alterations also occur as a postmeiotic event during early
divisions of the spore cell.

Materials and Methods
Yeast Strains. All yeast strains were derived from AS4 (a trp1-1
arg4-17 tyr7-1 ura3 ade6) and AS13 (a leu2-Bst ura3-52 ade6)
background (37). AS4 3 AS13 diploids show a high level of
meiotic recombination at the HIS4 locus (24, 37). The his4-79
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and his4-64 mutant alleles were introduced into AS13 and AS4
chromosomes, respectively, by a two-step transplacement pro-
cedure. The rad50S mutation was introduced into the chromo-
some by using the plasmid pNKY349 as described previously
(24). The spo11 deletion mutation was introduced by the one-
step transplacement procedure using the plasmid pGB518,
where the entire SPO11 coding region is replaced by the
hisG–URA3–hisG cassette. Haploid and diploid strains used in
this study were as follows: CJY39 (AS13, his4-79); CJY47 (AS4,
his4-64); DNY277 (AS13, his4-260); DNY115 (AS13, rad50S 3
AS4, rad50S); CJY42 (CJY39, rad50S 3 AS4, rad50S); CJY48
(CJY39 3 CJY47); CJY55 (CJY48 but homozygous for rad50S);
CJY68 (CJY42 but homozygous for spo11); and DNY278
(DNY277, rad50S 3 AS4, rad50S).

Media and Genetic Techniques. Standard genetic methods and
media were used (38). Diploid strains were sporulated in 1%
potassium acetate as described in ref. 24. All other media were
as described by Rose et al. (38).

Plasmids. All insertions were made at the SalI site within the
coding sequence of the HIS4 gene. The plasmid pCJ1, which
contained a portion of the S. cerevisiae HIS4 gene interrupted
with 80 CAG repeats at the SalI site, was constructed as follows:
a PCR product containing the CAG repeats was obtained from
genomic DNA of a mouse that is transgenic for a mutant exon
1 of the human Huntington’s disease (HD) gene carrying 116
CAG repeats, using primers TRP1 (59-CCGCTCGAGAT-
GAAGGCCTTCGAGTCCCTCAAGTCCTTC-39) and TRP2
(59-CCGCTCGAGGGCGGCTGAGGAAGCTGAGGA-39)
(39). Both primers had a XhoI linker at the 59 end. The PCR
product was digested with XhoI and ligated into SalI-digested
pDN9 (37). The plasmid pDN9 had an XhoI to BglII fragment
containing most of the HIS4 coding region ligated into BamHI-
and SalI-digested YIp5. The CAG repeat tract also had a CGG
triplet as the 15th repeat. AS13 and AS4 were transformed with
SnaBI-linearized pCJ1. The resulting strains, CJY39 and CJY47,
contained 79 and 64 CAG repeats at the HIS4 locus, respectively,
and the final sequence of the insertion at the his4-79 allele site
was 59-TCGAGATGAAGGCCTTCGAGTCCCTCAAGT-
CCTTC(CAG)14CGG(CAG)64CCGCCGCCGCCGCCGCCG-
CCGCCGCCGCCTCCTCAGCTTCCTCAGCCGCCCTCGA-39.
The change in the repeat number from 80 to 79 and 64 indicates
instability during the integration process. The control strain
DNY278 had a heterozygous 260-bp insertion of a nonrepeated
sequence at the SalI site of the HIS4 gene. The nonrepeated
sequence was obtained from the bacterial insertion element IS50
by using primers 59-CCGCTCGAGCAGAGGGTAGT-
GAAGCCATGCAGGA-39 (240–265 of the IS50L sequence)
and 59-TGGCCTCGAGCAAGAGAACGGAGTG-39 (479–
495 of IS50L).

PCR and Gel Electrophoresis of Spore Colony DNA. The his4-79y
his4-64 diploid strain was sporulated and tetrads were dissected
on YPD plates (yeast extractypeptoneydextrose; see ref. 38).
After 3 days of growth at 30°C, a portion of the spore colony was
used for PCR amplification using primers CJO3 (59-
CCAAAGGAGCGTGTTGTTGTGGAAGAG-39 1288 to
1314 in the HIS4 coding sequence) and CJO4 (59-GGCCAT-
TGCCAGAAGTTTCACCCTTGA-39 1583 to 1609 of HIS4),
which flank the SalI site in the HIS4 gene. Reactions were
carried out in 50 ml containing 50 pmol of each primer, 10%
(volyvol) DMSO, AM buffer [67 mM TriszHCl, pH 8.8y16.6 mM
(NH4)2SO4y2 mM MgCl2 and 0.17 mgyml BSA], 200 mM dNTPs,
and 2.5 units of Taq DNA polymerase (Perkin–Elmer). A small
amount of the spore colony was suspended in 10 ml of water and
denatured at 94°C for 5 min and then mixed with the remaining
reagents. PCR parameters were set at 94°C for 1 min, 59°C for

1 min, and 72°C for 2 min for 35 cycles. PCR products were
separated on 2.2% MetaPhor agarose gels (FMC BioProducts).

Physical Analysis of Meiotic DNA. Meiotic DNA was isolated as
described in ref. 24 and digested with PvuII. The resulting
fragments were separated on a 0.8% agarose gel. The DNA was
transferred to a nylon membrane, which was then hybridized
with a 32P-labeled probe. The amount of DNA was quantitated
by using a Molecular Dynamics PhosphorImager.

PCR Analysis of Mitotic Repeat Tract Instability. The repeat tract
length of isolated single colonies was determined by PCR
analysis as described for the spore colonies. A portion of the
colony was also inoculated into YPD for DNA isolation. DNA
was isolated after overnight growth at 30°C and analyzed by
Southern hybridization.

Results
Long CAG Repeat Tracts Induce DSBs During Meiosis. As mentioned
earlier, trinucleotide repeats, like inverted repeats, have been
shown to form hairpin structures in vitro, and in vivo results are
consistent with the in vitro studies (15–19). Hairpin structures are
substrates for several structure-specific nucleases, the action of
which may lead to DSB formation in DNA. In S. cerevisiae, long
palindromic sequences have been shown to form DSBs during
meiosis (24). Long inverted repeats may undergo cruciform
extrusion at a frequency higher than the short palindromes and
are then cleaved by structure-specific nucleases to generate
DSBs. Because expansion of trinucleotide repeats is also length
dependent (2–4), we examined whether long trinucleotide re-
peat tracts are able to induce DSBs in yeast. We constructed a
his4 mutant allele (his4-79) by inserting 79 copies of CAG
repeats within the HIS4 coding sequence. The diploid strain,
heterozygous for the his4-79 allele, was sporulated, and meiotic
DNA was analyzed physically and compared with that of the
HIS4yHIS4 diploid strain. Both of these strains were homozy-
gous for the rad50S mutation, which prevents processing of
DSBs.

DSBs are initiators of nearly all meiotic recombination in yeast
(40), and most meiotic recombination at the HIS4 locus occurs
because of DSBs at the HIS4 promoter (site I, Fig. 1A) (41). A
PvuII digestion of DNY115 (HIS4yHIS4 rad50Syrad50S) DNA
generates a 2.4-kb band that contains most of the HIS4 gene and
a portion of the BIK1 gene (Fig. 1 A). A similar digestion of
CJY42 (HIS4yhis4-79 rad50Syrad50S) DNA would produce
2.4-kb and '2.7-kb fragments (resulting from the wild-type and
the his4-79 chromosome, respectively). The results are shown in
Fig. 1B. Both DNY115 and CJY42 produced bands ('1.9 kb)
characteristic of the DSBs at the HIS4 promoter. CJY42 DNA
produced an extra band, and the size ('1.5 kb) of the band
suggests that breaks had occurred at the CAG repeats (Fig. 1B).
In addition, the band caused by DSBs at the triplet repeat was
broad, suggesting that breaks had occurred at multiple sites
within the repeats. DSBs at the CAG-insertion site are expected
to produce two fragments, '1.5 kb and '1.2 kb. Only the '1.5
kb was observed; the smaller fragment could not be observed
because of short homology with the probe and the smeary band
pattern.

Normally, trinucleotide repeat tracts are present at allelic
positions in a given pair of homologs. To mimic the natural
situation, a diploid strain was constructed in which one homolog
had 79 repeats and the other had 64 repeats. There were more
breaks in his4-79yhis4-64 cells compared with HIS4yhis4-79 cells
because breaks were occurring on both homologs (Fig. 1B and
Table 1). About 5.6–7.4% of total meiotic DNA had DSBs at the
CAG-insertion site (Table 1). The amount of DSBs at the
promoter was reduced because of competition between the two
recombination-initiation sites (42–44).
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DSBs Are Formed Within the CAG Repeats. To determine whether
the DSBs are formed within the trinucleotide repeats or outside
the CAG repeats, we digested the 24-hr sample of CJY55
(his4-79yhis-64 rad50Syrad50S) with PvuII and compared the
sizes of the fragments with those derived from the 0-hr sample
of DNY115 digested with PvuII and SalI. If the breaks had
occurred on one side of the CAG repeats, one of the two
fragments would be equal to or smaller than the control frag-
ments derived from DNY115 DNA. The results shown in Fig. 2
indicate that both fragments generated by the DSB were larger
than the control fragments, suggesting that DSBs are forming
within the trinucleotide repeat tract.

DSBs at the Insertion Site Are CAG-Repeat-Specific and SPO11-Depen-
dent. The HIS4 locus in our strain background has a high rate of
meiotic recombination. It is possible that the insertion of any
sequence at a site that is primed for recombination initiation would

create a DSB site. To eliminate this possibility, we inserted a 260-bp
nonrepeated DNA fragment at the same SalI site within the HIS4
coding sequence to create the his4-260 allele. The diploid strain
DNY278 (HIS4yhis4-260 rad50Syrad50S) was sporulated and the
meiotic DNA was analyzed physically, and the results are shown in
Fig. 1B. A PvuII digestion of the DNY278 DNA failed to exhibit
DSBs at the site of insertion, suggesting that DSBs observed in
CJY55 are CAG-repeat-specific.

To determine whether the CAG-repeat-induced DSBs depend
on the meiotic recombination machinery, we made a spo11 deriv-
ative (CJY68) of the HIS4yhis4-79 diploid strain. Spo11, a putative

Fig. 1. Physical analysis of DSB formation in wild-type and
in his4 insertion-mutant strains. (A) Partial restriction map
of the HIS4-BIK1 region. The boxes indicate the coding
regions and the arrows indicate the direction of transcrip-
tion. All insertions were made at the SalI site within the
HIS4 coding region. Abbreviations: Bg, BglII; H, HindIII; P,
PvuII; S, SalI; Sc, SacI; X, XhoI. (B) DSB formation in a HIS4y
HIS4 strain and in strains containing HIS4yhis4-79 heterozy-
gous or his4-79yhis4-64 homozygous CAG insertions. All
diploid strains were homozygous for the rad50S mutation.
DNA was isolated at different times (hours) after induction
of meiosis and digested with PvuII. The XhoI–BglII fragment
(probe right) was used as a probe. The number above each
lane indicates the time (in hours) of sample collection. Site
I represents the DSB site at the HIS4 promoter. Site II indi-
cates the DSB site at the CAG insertion. PvuII digestion of
meiotic DNA generates a 2428-bp fragment for DNY115,
2428- and 2751-bp fragments (from HIS4 and his4-79 chro-
mosome, respectively) for CJY42, and 2751- and 2706-bp
fragments (from his4-79 and his4-64 chromosome, respec-
tively) for CJY55. A similar digestion of DNY278 DNA pro-
duces 2428- and 2688-bp fragments.

Table 1. Amount of DSBs formed in different his4 mutants

Diploid genotype

Amount of DSBs,* % of total meiotic DNA

HIS4 promoter CAG-insertion site

HIS4/HIS4 2.5–4.6 0
HIS4/his4-79 1.4–1.6 1.8–2.6
his4-79/his4-64 1.2–1.7 5.6–7.4

*DNA was isolated at different times (hours) from cells undergoing meiosis.
The amount of DSBs was determined from the 24-hr sample. DSBs at the HIS4
promoter in the heterozygous diploid represent breaks only on the wild-type
chromosome. DSBs at the HIS4 promoter on the mutant chromosome could
not be seen because the band ran along with the wild-type parental frag-
ment. In a HIS4/HIS4 diploid strain, the amount of DSBs varies from 2% to 5%
of total meiotic DNA (41). The range of DSBs were taken from three inde-
pendent experiments.

Fig. 2. Physical mapping of DSB sites. Lane CL and lane CR had 0-hr DNY115
DNA digested with PvuII and SalI. Lanes 1 and 2 had PvuII-digested CJY55 DNA
collected at 24 hr. Lanes CL and 1 were probed with SacI-SalI fragment (probe
left, Fig. 1A), and lanes CR and 2 were probed with XhoI–BglII fragment (probe
right, Fig. 1A).
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topoisomerase II-like transesterase that remains attached to the 59
end of the DSB site, is believed to catalyze the DSB formation (40).
When CJY68 meiotic DNA was analyzed physically, no bands
characteristic of DSBs either at the HIS4 promoter or at the
CAG-insertion site could be detected (Fig. 1B).

DSB Repair Results in CAG-Repeat Tract Alterations. The observation
that CAG repeats induced DSBs prompted us to investigate
whether the repair of breaks leads to CAG-repeat tract alter-
ations in the his4-79yhis4-64 meiotic products. The his4-79y
his4-64 diploid strain (CJY48) was sporulated and the tetrads

were dissected. The CAG-repeat tract length in the spore
colonies was monitored by PCR analysis and the results are
shown in Table 2. The PCR results were confirmed by Southern
hybridization (Fig. 3). Trinucleotide repeats exhibited a high
level of meiotic instability. Both expansions and contractions
were observed. However, contractions were more frequent than
expansions. Among 103 unselected tetrads, 25% had a 41:42

segregation pattern (following the nomenclature of eight-spore-
producing organisms) and 75% had aberrant segregation pat-
terns. These aberrant events can be divided into five classes
(Table 2).

Class I tetrads include typical 61:22 and 21:62 (considering
his4-79 as the 1 allele and his4-64 as the 2 allele) gene
conversion events and were observed without any disparity. Two
tetrads in this class had four spores of original sizes, but one
spore colony had a mixture of parental and a different size
(79:79:79, 62:64 and 79:64:64:64, 68). These two tetrads repre-
sent a postmeiotic event in which the changes had occurred after
meiosis during early divisions of the spore cell. Postmeiotic
tetrads were observed in both normal and aberrant events. Such
events were also observed by Cohen et al. (36). Class II tetrads,
the major class among aberrants, had three spore colonies of the
parental sizes, and one had a nonparental size that resulted from
a single break in one of the four chromatids. Class III tetrads
represent double events in which DSBs have occurred on two
chromatids, the repair of which resulted in either contraction or
expansion. Class IV includes tetrads that had either multiple
meiotic events or a combination of both mitotic and meiotic
events. The last class simply represent 81:02 or 01:82 events.

In the class III tetrads, parental:n1:n1 events could arise
because of mitotic events. To monitor mitotic instabilities, we
performed PCR analysis of 84 colonies of his4-79yhis4-64 dip-
loid cells. PCR results were confirmed by Southern hybridization
(Fig. 4). A total of 3 colonies (3.5%) showed deletions in the
CAG tract length. These results also suggest that most meiotic
tract alterations observed in our system were caused by DSB
repair, and meiotic instability is severalfold higher than the
mitotic instability.

Discussion
Previous in vitro and in vivo studies have demonstrated that
single-stranded DNA containing disease-associated trinucle-
otide repeats can form hairpin structures (15–19). Hairpin and
cruciform or double-hairpin structures are substrates for several
structure-specific nucleases in vivo. Nag and Kurst (24) previ-
ously demonstrated that long inverted repeats, which also have
the potential to form hairpin structures in vivo, induce DSBs
during meiosis in yeast. We have examined whether trinucleotide

Table 2. Different types of trinucleotide repeat tract alterations

Class Segregation pattern* Number of repeats†

Class I (18) 79:79:79:64 (9)
79:64:64:64 (9)

Class II (25) 79:79:64:n1 (13) 79:79:64:45; 79:79:64:39
79:64:64:n1 (12) 79:64:64:37; 86:79:64:64

Class III (24) 79:64:n1:n2 (2) 79:64:45:40; 79:64:55:24
79:79:n1:n2 (2) 140:79:79:73
64:64:n1:n2 (1)
79:64:n1:n1 (3)
79:79:n1:n1 (3) 79:79:53:53; 79:79:47:47
64:64:n1:n1 (4) 64:64:27:27; 64:64:22:22
79:79:79:n1 (5) 79:79:79:44
64:64:64:n1 (4)

Class IV (8) 79:n1:n1:n2 (1)
64:n1:n1:n2 (4) 102:102:80:64; 64:35:35:29
79:n1:n2:n3 (1)
64:n1:n2:n3 (2) 109:103:80:64

Class V (2) 79:79:79:79 (1)
64:64:64:64 (1)

*Tract alterations were determined by PCR analysis of a portion of the spore
colony and DNA sequencing of the PCR product. The letter n represents an
altered repeat number. The largest expansion and contraction were from 64
repeats to 140 repeats and 79 repeats to 22 repeats, respectively. Postmeiotic
events were observed in all classes. Similar events were also observed by
Cohen et al. (36). Contraction events of intermediate sizes and most of the
postmeiotic events were not sequenced. The numbers in parentheses indi-
cate the number of events observed in each class.

†Not all PCR products were sequenced. Only the sequenced events are shown
here.

Fig. 3. Southern analysis of CAG re-
peat tract instability in the DNA from
spore colonies. Tetrads were dissected
on YPD plates, and the spore colony
was used for PCR analysis of a 640-bp
fragment that covers all of the CAG
repeats and a portion of the flanking
HIS4 sequence. Another portion was
inoculated into YPD broth for DNA
isolation. DNA from the spore colo-
nies was digested with XhoI and Hin-
dIII before running on a 0.8% agarose
gel. The DNA was then transferred
onto a nylon membrane and probed
with XhoI–HindIII fragment as a probe. Representative tetrads of different classes are shown here. P1 and P2 indicate parental his4-79 and his4-64 fragments,
respectively. Tetrad 1 indicates a 41:42 segregation, tetrads 2–5 are examples of aberrant segregation patterns, and tetrad 6 is an example of a postmeiotic event.
Tetrad 2 had a 2:6 event, tetrads 3 and 4 are examples of meiotic expansions, and tetrad 5 had a contraction. Expansions and contractions were observed with
approximately equal frequency among the postmeiotic events. Both expansions and contractions were confirmed by DNA sequencing. PCR analysis of the repeat
tract length identified only large expansions or contractions (changes involving more than 2–4 repeats). The tract length changes smaller than 2 repeats would
not be detected by our assay system.
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repeats, like inverted repeats, induce DSBs during meiosis. Our
results indicate the following: (i) CAG repeats induce DSBs
during meiosis. (ii) Meiotic DSBs are SPO11 dependent. (iii) The
rate of meiotic instability is much higher than that of the mitotic
instability. (iv) DSB repair results in both expansion and con-
traction of the repeat tract length.

Our results and those obtained by Moore et al. (19) suggest that
CAG-repeat-induced DSB formation depends on the length of the
trinucleotide repeat tract. A tract length consisting of 10 repeats
fails to induce DSBs (19), whereas 64 and 79 repeats induce DSBs.
The repeat tract sizes used in our system were well over the
threshold size (1). Consequently, tract length alterations were
expected if yeast and humans are to follow the same mechanism of
repeat instability. The trinucleotide expansion in humans occurs in
two stages (2, 3, 33). First, a moderate expansion increases the
repeat tract length to a premutation state in individuals who are not
affected by the disease. In the next step, a large jump from the
unstable premutation state to full mutation occurs in the affected
individuals. It is likely that the moderate increase in the allele size

in normal individuals occurs by a replication slippage mechanism,
and once a threshold size is achieved a large jump in allele size
occurs by DSB formation.

Trinucleotide-repeat-induced DSBs depend on the meiotic re-
combination machinery, as these breaks were SPO11 dependent.
Spo11-mediated meiotic DSBs usually occur at open chromatin
structures (45, 46). Although in vitro studies have suggested that
CAG repeats form stable chromatin structures (47), it is possible
that open chromatin structures are formed when they are present
at the HIS4 locus. An alternative explanation is that during meiosis,
a certain fraction of DNA containing CAG repeats is extruded into
cruciform conformation because of changes in the chromatin
structure (45, 46, 48). This cruciform structure is then cleaved by
Spo11-dependent structure-specific nucleases.

The repair of the DSBs leads to repeat tract length alterations
resulting in both expansions and contractions, although contrac-
tions were more frequent than expansions. The spectrum of
events observed in our experiments is very similar to that
observed by Cohen et al. (36). The 2:6 and 6:2 events might have

Fig. 5. DSB-induced contractions and
expansions of the trinucleotide repeat
tract. (A) Contraction of the repeat
tract can occur as an intramolecular
event. After DSB formation, exonu-
cleolytic cleavage of the 59-containing
strand leaves two complementary sin-
gle strands containing 39 ends. Anneal-
ing of these complementary strands
followed by DNA synthesis and ligation
will lead to a contraction event. (B) An
intermolecular event (as described in
the synthesis-dependent strand-an-
nealing model of ref. 52) may cause
either an expansion or a contraction of
the repeat tract, depending on the site
of strand invasion on the intact chro-
matid. Only the expansion is shown
here.

Fig. 4. Analysis of mitotic instability of the CAG-repeat tract. DNA samples derived from isolated single colonies were analyzed by Southern hybridization as
described in the legend of Fig. 3.
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occurred because of DSBs at the HIS4 promoter. The rest of the
aberrants are likely to be caused by DSBs within the CAG
repeats. Class III events are likely to be caused by two DSBs.
However, several of the class III tetrads (e.g., 79:64:n1:n2) could
also be explained by gene conversion associated with crossover
events. The 79:79:n1:n1 and 64:64:n1:n1 tetrads appear to be
caused by a mitotic event. Because mitotic instability in our strain
background was low (Fig. 4), we assume that the majority of
these events were caused by multiple DSBs. This conclusion is
also supported by 79:64:n1:n1 events. Class IV tetrads could
result from more than two breaks or are a result of both meiotic
and mitotic events.

Forty-nine tetrads had contraction events (deleting from 57 to
11 repeats; Table 2), including 4 postmeiotic events, and 11 had
expansions, including 7 postmeiotic events. The largest meiotic
expansion was from 64 copies to 140 copies (class III in Table 2).
Our results indicate that 27% of total spores had one conversion
event, assuming that class III and class V tetrads were due to
double events. About 82% of total breaks were at the CAG-
insertion site and 18% were at the HIS4 promoter (Table 1). On
the basis of 35% sporulation efficiency (49), we calculate that
7.7% and 1.7% of total meiotic DNA should have had breaks at
the CAG-insertion site and at the promoter region, respectively.
These values are close to the observed values (Table 1).

The DSB repair could occur with either the sister chromatid
or the homolog used as a template. However, the repair appears
to occur by a nonreciprocal gene conversion event, since there
was not a single tetrad that had the reciprocal products. In our
system, because of the lack of flanking markers, homolog gene
conversion associated with crossover events could not be mon-

itored. Note that the repeat tract length alterations in human
diseases do not appear to occur on crossover chromosomes (50).
About 10% of tract size alterations observed in our system were
expansions and the rest were contractions. Our results can be
explained as follows: most, if not all, contraction events are
caused by an intramolecular DSB-repair event (Fig. 5), whereas
expansion occurs when the homolog or the sister chromatid is
used as a template for the DSB repair. We favor this model
because DSB repair does not appear to involve crossover chro-
mosomes and, as a result, the tract size alterations occur on the
broken chromosomes. A similar mechanism for the trinucleotide
repeat instability was proposed by other investigators (6, 33, 51).

In summary, results presented here indicate that meiotic
instability of the CAG repeat tract occurs by the DSB repair
mechanism. In humans, trinucleotide repeat expansion has been
suggested to occur during germ-line mitotic divisions or post-
meiotically during early divisions of the embryo. We showed
here that most large expansions occur by DSB repair during
meiosis in yeast, which shares several features of gametogenesis
with higher eukaryotes. These results also explain why trans-
mission between generations is necessary to reach the mutation
stage in humans.
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