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Despite substantial progress in understanding the mechanism by which expanded CTG/CAG trinucleotide
repeats cause neurodegenerative diseases, little is known about the basis for repeat instability itself. By taking
advantage of a novel phenomenon, we have developed a selectable assay to detect contractions of CTG/CAG
triplets. When inserted into an intron in the APRT gene or the HPRT minigene, long tracts of CTG/CAG
repeats (more than about 33 repeat units) are efficiently incorporated into mRNA as a new exon, thereby
rendering the encoded protein nonfunctional, whereas short repeat tracts do not affect the phenotype. There-
fore, contractions of long repeats can be monitored in large cell populations, by selecting for HPRT� or APRT�

clones. Using this selectable system, we determined the frequency of spontaneous contractions and showed that
treatments with DNA-damaging agents stimulate repeat contractions. The selectable system that we have
developed provides a versatile tool for the analysis of CTG/CAG repeat instability in mammalian cells. We also
discuss how the effect of long CTG/CAG repeat tracts on splicing may contribute to the progression of
polyglutamine diseases.

A growing number of neurodegenerative diseases such as
myotonic dystrophy, Huntington’s disease, and spinocerebellar
ataxias have been found to result from expansion of CTG/
CAG trinucleotide repeats. Normal individuals generally have
fewer than 30 repeats at a disease locus, whereas affected
individuals may have from 30 to several thousand repeat units,
depending on the disease. The mechanism by which an ex-
panded repeat causes the characteristic features of a disease is
complex and depends on the orientation of the repeat within
the gene. In myotonic dystrophy, for example, the mRNA from
affected individuals carries an expanded CUG repeat in its 3�
untranslated region that may contribute to disease pathogen-
esis by binding CUG binding proteins, which can alter the
splicing of other, unrelated mRNAs (see reference 51 for a
review). Additional factors such as nuclear retention of the
CUG-containing transcripts (49) and hypermethylation of the
adjacent chromatin (48) may also contribute to the disease
phenotype. In Huntington’s disease and spinocerebellar atax-
ias 1, 2, 3, 6, and 7, a CAG trinucleotide repeat is expanded
within the coding region of the affected gene. The resulting
neurodegeneration has been linked to accumulation of aber-
rant polyglutamine-containing proteins, which induce neuronal
death (see reference 55 for a review).

The exact mechanism leading to expansion of trinucleotide
repeats is unknown. It is likely to be related to the ability of
repeat tracts to form unusual DNA secondary structures such
as hairpins and slipped-strand DNA duplexes, which can in-
terfere with aspects of DNA metabolism (see reference 52 for
a review). Both Escherichia coli and Saccharomyces cerevisiae

have been used as model systems to study the instability of
CTG/CAG repeats. Virtually every process that exposes single
strands of DNA destabilizes triplet repeats, including tran-
scription (2, 45), nucleotide excision repair (35, 38), mismatch
repair (21, 42, 44, 46), replication (17, 22, 30, 43), and recom-
bination (9, 18–20, 39, 40). CTG/CAG triplet repeats also
cause double-strand DNA breaks in yeast (9, 20). Similarly,
studies with mammalian cells have shown that DNA replica-
tion (6, 37), mismatch repair (23, 27, 53), and proximity to CpG
islands (4) contribute to destabilization of triplet repeats.
Based on these studies, several models of repeat expansion
have been proposed (reviewed in references 3 and 52). Small
changes in repeat length may be caused by the slippage of
DNA polymerases, while larger changes may result from errors
of DNA repair machinery. For example, if single- or double-
strand breaks are formed close to the repeat tract, flaps, hair-
pins, or other complex DNA structures could form at the ends,
leading to errors in DNA repair. Furthermore, alternative
DNA structures formed at the repeat locus might by them-
selves be recognized by DNA repair proteins (such as mis-
match repair machinery), which could lead to aberrant pro-
cessing and promote repeat expansions or contractions
(reviewed in reference 47).

Understanding the mechanisms that lead to expansion of
triplet repeats may allow development of approaches to pre-
vent the lengthening of repeat tracts or even to induce con-
tractions of the expanded repeats in order to stop the progres-
sion of neurodegenerative disorders. To search for genetic
factors or therapeutic treatments that affect repeat stability, it
is critical to use a sensitive assay. Assays based on inactivation
of a selectable reporter gene such as URA3 or chloramphen-
icol acetyltransferase have been developed for yeast (34, 41)
and E. coli (14). However, to achieve the ultimate goal of
finding a cure for triplet repeat diseases, it is essential to find
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treatments that are effective in mammalian cells. Presently,
trinucleotide repeat instability is assayed in mammalian cells
by methods such as small-pool PCR and GeneScan, which can
detect frequencies of repeat change in the range from 10�2 to
10�3, and thus lack the sensitivity of a selectable genetic assay.

In this report we describe a new genetic assay for trinucle-
otide repeat contractions in mammalian cells that is selective
and quantitative. The assay is based on the novel finding that
long CAG repeats cloned into an intron of a reporter gene
disrupt correct splicing and become incorporated into mRNA,
thereby inactivating the gene. Using this system, we demon-
strate that aphidicolin and hydroxyurea, which affect DNA
replication, and gamma irradiation, which induces DNA
breaks, destabilize long repeat tracts in mammalian cells. The
selectable system that we have developed provides a versatile
tool for the further analysis of CTG/CAG repeat instability.

MATERIALS AND METHODS

Construction of plasmids. The plasmids containing CTG/CAG repeats in the
APRT gene were constructed as follows: the CTG/CAG repeat tract that in-
cluded 19 nucleotides of 5� and 43 nucleotides of 3� flanking sequences from the
myotonic dystrophy locus was inserted into the polylinker in intron 2 of the
APRT gene (17). CTG/CAG repeat tracts in plasmids pRW3502, pRW3504, and
pRW3506 are 17, 98, and 175 repeats in length, respectively (17). The NotI sites
that flank the human sequences in these plasmids were used to clone the repeats
in both orientations into the NotI site in the polylinker with an adjacent FRT site
in the second intron of the APRT gene in plasmid pJHW1. This series of
plasmids carries an otherwise wild-type copy of the hamster APRT gene and an
adjacent bacterial GPT gene (Fig. 1).

In order to construct the plasmids containing CTG/CAG repeats of various
length in the HPRT minigene, the (CTG)98 tract was subcloned into pUC19 and
was propagated in E. coli to obtain length variants. The repeat tracts flanked by
NotI sites were then cloned into the XbaI site within the intron of the HPRT
minigene (13, 29) in pMHAd, which also contains the hygromycin resistance
gene. The pMHAd plasmid consists of the KpnI-BamHI fragment from pGKh-
prt-mini5 (kindly provided by A. Bradley) cloned into pINd-Hygro (Invitrogen).

Cell lines. For integration of CAG repeat tracts at the endogenous APRT
locus in CHO cells, the XhoI site in the third exon of the APRT gene in pJHW1
plasmids carrying (CAG)98 and (CAG)175 was cleaved, filled in, and ligated. FLP
recombinase-mediated site-specific integration at the FRT site in RMP34 cells,
which carry a wild-type APRT gene with an FRT site in the second intron (31),
was expected to generate an upstream APRT� gene that carried the XhoI site
mutation and a downstream gene that was APRT� by virtue of the CAG triplet

repeat. As described previously (31), this procedure generates apparent single-
step replacements at a frequency of about 25%. Two such single-step replace-
ments were isolated from transfections with (CAG)98 and (CAG)175 and were
shown by sequencing to carry (CAG)95 and (CAG)61, respectively, at the ex-
pected location in intron 2 in an otherwise wild-type APRT gene. The structure
of the integrated constructs was verified by Southern blotting. It is unclear at
what point the changes in repeat tract length occurred, but single colonies were
isolated and confirmed by DNA sequencing to contain (CAG)95 and (CAG)61.

APRT and HPRT selection assays. Cells were plated at 5 � 105 cells per
100-mm-diameter plate in the presence of ALASA selection (50 �M azaserine,
25 �M alanosine, and 100 �M adenine) to select for APRT� colonies or in the
presence of HAT selection (0.1 mM hypoxanthine, 0.4 �M aminopterine, and 16
�M thymidine) to select for gpt� or HPRT� colonies. Plate contents were
incubated undisturbed for 3 weeks. The colonies were then picked for analysis or
stained with 1% Coomassie blue for counting.

Northern blot analysis and reverse transcriptase-PCR (RT-PCR). Northern
blot analysis was performed by using the NorthernMax-Gly kit (Ambion) ac-
cording to the manufacturer’s instructions. The probes for Northern analysis of
APRT transcripts were two PCR products amplified from exons 2 and 3 of the
APRT gene, which were subsequently labeled by random priming in the presence
of [32P]dCTP.

For RT-PCR, total RNA was extracted from cells by using an RNA-Easy kit
(Qiagen) and was then reverse transcribed and amplified with a Titan Single
Tube RT-PCR kit (Roche). Primers that anneal within exons 2 (5�-ACCTTAA
GTCCACGCATGGCGGCAAGATCG) and 3 (5�-CTTCCCTCGCTTCCGGA
TGAGCACACAGCC) were used for the APRT gene transcript. The following
primers were used to amplify exon 2-exon 3 junctions from the human HPRT
minigene: 5�-CCTTGATTTATTTTGCATACCTAATCATTATGCT and 5�-A
CAATGTGATGGCCTCCCATCTCCTTCATC. These primers were designed
so that they do not amplify the hamster HPRT gene from CHO cells.

PCR amplification of CTG/CAG repeat tracts and sequencing. CTG/CAG
repeat tracts were amplified by using a GC-rich PCR amplification kit (Roche).
The following primer pairs that anneal within intron 2 of the APRT gene or
inside exons 2 and 3 were used to amplify and characterize contraction events:
primers immediately flanking the repeat tract (5�-CCTCTAGAGTCGTCCTTG
TAGCCGGGAATG and 5�-GCCTGGCCGAAAGAAAGAAATGGTCTGTG
ATCC); primers that anneal 100 bp away from the repeat tract (5�-GAAACA
CCCTAGGGTCGCTGAATGTCCACC and 5�-TAGCACATGTCAGGGCTA
CCGAATTCGCGG); primers that anneal 200 bp away from the repeat tract
(5�-TAGGAGTAGCACCTAAGATGAACTAGATGC and 5�-AGTTCAGGG
TATATGTCTGGGGTCACTTCC); and primers that anneal within the exons
flanking the repeat tract, i.e., exon 2 (5�-ACCTTAAGTCCACGCATGGCGG
CAAGATCG) and exon 3 (5�-CTTCCCTCGCTTCCGGATGAGCACACAG
CC). Following initial characterization of contracted repeats by PCR, the PCR
products were cloned by using a TOPO-2 PCR cloning kit (Invitrogen) and were
sequenced.

Mutagenic treatments. Actively dividing cells were treated with 1.7 Gy of
gamma irradiation or were incubated in the presence of 0.5 �g of aphidicolin/ml
or 0.5 mM hydroxyurea for 12 h. The cells were then allowed to recover for 3
days. For each treatment, 2 � 107 treated cells were plated at a density of 5 �
105 cells per 100-mm-diameter dish and were incubated in the presence of
APRT� selection (ALASA) for 3 weeks and were stained with Coomassie blue.
Aliquots of cells were plated on nonselective media to calculate survival and
plating efficiency. The rate of formation of APRT� clones was calculated by
dividing the number of APRT� clones by the survival rate (plated cells/surviving
cells) and dividing by the number of population doublings that the cells under-
went after treatment prior to applying APRT� selection.

RESULTS

Assay system. To examine the effect of CTG/CAG repeats
on gene expression, we cloned various lengths of CTG/CAG
repeats into a wild-type APRT gene as shown in Fig. 1. We
chose several different lengths of CTG/CAG repeats. (CTG/
CAG)17 and (CTG/CAG)25 are within the range of repeats in
normal individuals and do not show instability, (CTG/CAG)28

and (CTG/CAG)32 are considered premutational because they
lie on the borderline between the lengths found in normal and
affected individuals, and (CTG/CAG)67 and the longer repeats
are in the range found in affected individuals and are known to

FIG. 1. Reporter cassettes for detection of repeat instability. CTG-
CAG repeat tracts of various lengths were cloned in two orientations
into intron 2 of the hamster APRT gene or the single intron in the
human HPRT minigene, as described in Materials and Methods.
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be unstable (52). Plasmids in which the CTG/CAG repeat was
oriented so that the APRT transcript contained CUG se-
quences were designated CTG, and the plasmids expressing
CAG sequences in the APRT transcript were designated CAG.

Effects of repeat orientation on the APRT phenotype were
examined by transfection and by analysis of stable transfor-
mants. Plasmids carrying the modified APRT gene and an
adjacent GPT gene (Fig. 1) were transfected into CHO
RMP41 cells, which are APRT� (31), and the ratio of APRT�

to GPT� colonies was determined (Table 1). In some cases,
stable GPT� transformants were isolated and screened by
Southern blotting for single-copy integrants that carried the
adjacent APRT gene, and then the ratio of APRT� to GPT�

colonies was determined by plating the cells under appropriate
selection conditions (Table 1). In both assays, all lengths of
CTG repeat yielded approximately equal numbers of APRT�

and GPT� colonies, indicating that repeats in the CTG orien-
tation do not interfere with APRT expression, as expected
from our previous results (33). By contrast, the outcome with
repeats in the CAG orientation depended on the length of the
tract. Plasmids with 32 or fewer repeats gave equal numbers of
APRT� and GPT� colonies, whereas plasmids with (CAG)67,
(CAG)98, or (CAG)175 gave few if any APRT� colonies, indi-
cating that long CAG tracts in some way kill the activity of the
APRT gene.

To test whether the effects of long CAG repeat tracts on
gene activity were specific to the APRT gene or were a general
phenomenon, we cloned (CTG-CAG) repeats of various
lengths into the intron in the human HPRT minigene in a
plasmid that carries an adjacent hygromycin resistance gene
(Fig. 1). The effect of the repeat tracts on HPRT activity was
tested by transient transfection into HPRT� HT1080 human
fibrosarcoma cells. As was observed with the APRT gene, CTG
repeats and short CAG repeats did not interfere with HPRT
gene activity, whereas longer tracts of CAG repeats strongly
inhibited HPRT activity (data not shown). From these data we
conclude that CAG tracts longer than about 32 repeats disrupt
gene activity when inserted into an intron.

Thus, long CAG repeat tracts inserted into an intron of a
reporter gene such as APRT or HPRT can provide a conve-
nient selectable assay to monitor contractions of the repeat
tracts. To verify and characterize the selectable system and to
analyze treatments that affect CAG repeat stability, we in-
serted two different long tracts of CAG repeats—(CAG)61 and
(CAG)95—into the endogenous APRT gene in CHO cells, as
described in Materials and Methods. By making comparison at

a single, well-characterized chromosomal locus, we sought to
avoid potential difficulties in interpretation that might arise
due to chromosomal context effects. As described in detail
later in Results, when APRT� cells carrying (CAG)61 or
(CAG)95 were subjected to selection, the APRT� colonies that
arose all contained fewer CAG triplets, validating this selective
system as a tool for studying contraction of long CAG repeats.
Two APRT� colonies, which carried (CAG)24 and (CAG)31,
were isolated and used along with the parental APRT� cell
lines with (CAG)61 and (CAG)95 to investigate the mechanism
by which long CAG repeat tracts interfere with gene expres-
sion.

Long CAG repeat tracts interfere with correct splicing of
reporter genes. To determine the mechanism by which CAG
repeat tracts interfere with gene function in our system, we
analyzed mRNAs from the modified APRT and HPRT genes
by Northern blotting. The APRT(CAG)24, APRT(CAG)31,
APRT(CAG)61, and APRT(CAG)95 cell lines produced mRNAs
that increased in size with increasing repeat length (Fig. 2A).
The APRT� cell lines, APRT(CAG)24 and APRT(CAG)31,

FIG. 2. Northern blot analysis of mRNA transcribed from APRT
or HPRT genes. (A) Total RNA was extracted from an APRT� cell
line carrying a deletion of the APRT gene, from wild-type (wt) APRT�

CHO cells, and from the APRT(CAG)24, APRT(CAG)31, APRT
(CAG)61, and APRT(CAG)95 cell lines. (B) Total RNA was prepared
from HPRT� CHO cells and from CHO cells transiently transfected
with plasmids harboring the HPRT minigene alone or the HPRT
minigene with insertions of CAG repeat tracts of various lengths.
Equal amounts of total RNA were separated on agarose gels, trans-
ferred to a nylon membrane, and hybridized with probes to exon 2 and
exon 3 of the APRT gene or to exons 1 and 2 of the HPRT minigene.

TABLE 1. Effect of CAG and CTG repeats of different lengths on
APRT activity

n for
APRT(CAG)n

APRT�, %a

n for
APRT(CTG)n

APRT�, %a

Transient
transfection

Stable
integrants

Transient
transfection

Stable
integrants

17 91 � 2 98 � 10 17 93 � 5 84 � 10
25 105 � 10 NA 25 112 � 12 NA
32 91 � 4.5 NA 28 92 � 4.6 NA
67 11 � 11 NA 32 106 � 6.5 NA
98 12 � 10 �0.1 98 112 � 13 102 � 3.4

175 10 � 11 �0.1 175 91 � 7.5 97 � 9.6

a Percentage of APRT� clones from the total number of transfectants
(APRT� clones/gpt� clones) (100). Standard errors are indicated.
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contained an mRNA of the correct size, whereas the APRT�

cell lines, APRT(CAG)61 and APRT(CAG)95, produced only
an aberrant product. This corresponds well to the phenotype of
the cell lines, with APRT(CAG)24 and APRT(CAG)31 being
APRT�, and APRT(CAG)61 and APRT(CAG)95 being
APRT�. In addition, the amount of the APRT mRNA in
APRT(CAG)61 and APRT(CAG)95 cell lines was reduced ap-
proximately 10-fold from that in the wild-type APRT cell line.
Transiently transfected HPRT minigene constructs carrying
different lengths of CAG repeats showed the same trends (Fig.
2B).

The increase in mRNA size with increasing repeat length
suggested that the CAG repeats were incorporated into the
mRNA instead of being spliced out. To test this possibility, we
performed RT-PCR on mRNA from the APRT(CAG) cell
lines (Fig. 3A), and on mRNA extracted from CHO cells
transiently transfected with the HPRT(CAG) constructs (Fig.
3B). The products of RT-PCR showed increases in length

similar to those seen on the Northern blots. In addition to the
expanded product, all the samples yielded a second RT-PCR
product corresponding in size to the correctly spliced APRT or
HPRT mRNA. This normal-length mRNA was not detectable
by Northern blot in cell lines with long repeat tracts (Fig. 2).
We assume that efficient detection of the short RT-PCR prod-
uct is caused by preferential amplification of the short frag-
ment, because long CAG repeat tracts are difficult templates
for PCR. Whatever minute amount of correctly spliced APRT
mRNA is present in the cell lines with long repeats, it is not
sufficient to confer an APRT� phenotype. In contrast, in the
APRT� APRT(CAG)31 cell line, the correctly spliced product
is detectable by Northern analysis (Fig. 2) and comprises ap-
proximately 30% of the APRT transcript.

To determine the exact structure of the aberrant transcripts,
we cloned and sequenced RT-PCR products from the APRT
and HPRT mRNAs (Fig. 4). The majority of the products from
the lower bands contained a normal junction between the
adjacent exons, as expected (Table 2). Analysis of the products
from the upper, expanded RT-PCR band confirmed that the
CAG repeat was incorporated into the mRNA (Table 2). In
the majority of cases the “CAG exon” began with a CAG
triplet, extended through the repeat tract, and included 38
bases of 3� flanking sequences (Fig. 4A). In one case the CAG
exon had an alternative 3� end, which included eight bases of 3�
flanking sequences, and it was flanked by a short stretch of
nucleotides from the adjacent intron (Fig. 4B). Reasonable
matches to the splicing consensus sequences surround the
CAG exon (Fig. 4A). Because a small degree of variability is
introduced into the repeat length by propagation of the cell
lines and by PCR amplification (33), it is difficult to know the
exact 5� boundary of the CAG exon. We assume that one CAG
repeat provided the consensus AG that defines the 3� end of
the adjacent intron.

Among the RT-PCR products derived from cell lines with
long CAG repeats, we observed a small fraction of atypical
products (Table 2). These mRNAs carried small insertions
between the adjacent exons. In some cases an insertion was
accompanied by incorporation of the CAG tract, whereas the
other atypical products were obtained from the lower RT-PCR
band (Fig. 3) and did not contain the CAG tract. The se-
quences corresponding to the insertions can be found within
the intron either upstream or downstream of the CAG tract
and appear to be clustered (Fig. 4C). In the case of the APRT
gene, 8 out of 11 inserts began with GC, which is the dinucle-
otide immediately flanking exon 2. In these cases it may be that
the exon boundary has been shifted. Formation of such aber-
rant splicing products suggests that the presence of long CAG
repeat tracts in the gene may interfere with correct splicing,
even where the repeat tract itself is not included in the final
product.

In summary, Northern and RT-PCR analyses have demon-
strated that CAG repeat tracts are recognized as exons and are
incorporated into mRNA. The CAG exon shifts the reading
frame, preventing synthesis of functional APRT or HPRT en-
zymes. Stop codons in the new reading frame presumably trig-
ger nonsense-mediated decay, which may account for the low-
er-than-normal levels of mRNAs carrying the CAG exon (Fig.
2). The efficiency of splicing apparently depends on the length
of the CAG repeat tract, with short tracts of repeats generating

FIG. 3. RT-PCR analysis of APRT and HPRT mRNA. (A) Total
RNA was extracted from CHO cell lines carrying a deletion of the
APRT gene, the wild-type (wt) APRT, and APRT genes with inser-
tions of CAG repeats. (B) Total RNA was extracted from CHO cells
transiently transfected with the control plasmid, a plasmid containing
the intact human HPRT minigene, and a set of plasmids containing
CAG repeat tracts of various lengths cloned into the intron of the
HPRT minigene. Junctions between exons 2 and 3 of the hamster
APRT gene and junctions between exons 2 and 3 of the human HPRT
minigene were amplified by RT-PCR and were separated on agarose
gels. The lower band in each lane corresponds to the product expected
for correct splicing of exons 2 and 3. Upper bands correspond to
transcripts containing the CAG exon incorporated between exons 2
and 3. MW, molecular weight.
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sufficient normal mRNA to confer an APRT� or HPRT�

phenotype on cells.
Analysis of spontaneous contraction events recovered by

using the APRT� selection assay. To determine the frequency
of spontaneous contractions, we used the APRT(CAG)61 and

APRT(CAG)95 cell lines, which are APRT�. Cells were prop-
agated under APRT� selection conditions, which kill APRT�

cells, in order to eliminate preexisting contraction events from
the cell population. Then the cells were grown for 3 days
(approximately 2.5 population doublings) without selection,

FIG. 4. Sequence analysis of APRT(CAG)n and HPRT(CAG)n mRNAs. RT-PCR products from the APRT(CAG)n and HPRT(CAG)n genes
shown in Fig. 2 were cloned and sequenced. For each RT-PCR, the lower and upper bands were excised from a gel and were cloned individually.
Shaded boxes indicate sequences that are included in the mRNA. (A) A typical splicing product containing the CAG repeat tract incorporated into
APRT or HPRT mRNA is shown. Putative splicing signals for the CAG exon are indicated; capital letters indicate nucleotides that match the
consensus for the branch point, the pyrimidine tract, and the splice sites. (B) Splicing product containing a CAG exon with an atypical 3� splice
site and a short insertion upstream of the CAG exon. (C) A summary of various insertions incorporated between the exon borders in the atypical
splicing products. Each splicing product contained only one such insertion. For all the insertions, homology can be found within the intronic
sequences and the position of the homology is indicated. Insertions that are too short for homology to be uniquely defined are designated short
inserts and are shown in a separate box. In the APRT gene, most of the insertions begin with a GC dinucleotide, incorporation of which may have
been caused by a shift in the exon boundary. Insertions in the APRT mRNA that do not begin with GC are marked with an asterisk. The CCCGG
insert in APRT mRNA matches two sequences in the 3� flanking region of the CAG repeat tract (see panels A and B).
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plated under APRT� selection, and kept in the presence of
APRT� selection until visible APRT� colonies had formed.
The colonies were counted to determine the rate of formation
of APRT� cells. For the APRT(CAG)61 cell line, the rate of
reversion to APRT� was 3.1 � 10�6 � 0.9 � 10�6 per cell
division, and for the APRT(CAG)95 cell line the rate was 1.4 �
10�6 � 0.4 � 10�6 per cell division. To examine the nature of
the events that lead to the APRT� phenotype, we isolated
individual APRT� colonies, amplified the CAG region by
PCR, and sequenced across the repeat tract. The majority of
the colonies [18 of 18 from APRT(CAG)61 and 9 of 16 from
APRT(CAG)95] contained a contracted CAG repeat tract,
with no changes to the flanking sequences (Table 3). The CAG
repeat tracts in these colonies ranged from 4 to 33 repeats,
indicating that the maximum number of CAG repeats compat-
ible with APRT activity is 33.

Several colonies (7 of 16) derived from the APRT(CAG)95

cell line contained deletions that extended from the CAG

repeats into one or both flanking regions (Table 3). Three of
the deletions retained CAG repeat tracts longer than 33 re-
peats; they are presumably APRT� because they have deleted
sequences critical for splicing. Interestingly, no deletions were
recovered from the APRT(CAG)61 cell line, suggesting that
longer repeat tracts may have a higher tendency to induce
rearrangements of the adjacent DNA. These results demon-
strate that the selectable assay system that we have developed
can be effectively used to quantify repeat instability in mam-
malian cells.

Effect of gamma irradiation and DNA replication inhibitors
on CTG/CAG repeats. Studies with E. coli and yeast have
suggested that double-strand breaks and stalled replication
forks contribute to the instability of triplet repeats (9, 17, 20,
22, 30, 43). We have tested the effect of these factors on triplet
repeat stability in mammalian cells by using the APRT-
(CAG)61 and APRT(CAG)95 cell lines. Cells were treated with
1.7 Gy of gamma irradiation to induce double-strand breaks or
were incubated in the presence of 0.5 �g of aphidicolin/ml or
0.5 mM hydroxyurea for 12 h to disrupt replication forks.
Following these treatments, cells were allowed to recover for 3
days and were plated under APRT� selection, and the rates of
APRT� colony formation were determined (Fig. 5). Gamma
irradiation, aphidicolin, and hydroxyurea increased the rate of
APRT� colony formation by the APRT(CAG)95 cell line by
five- to sevenfold. In contrast, no stimulation of the rate was
observed with the APRT(CAG)61 cell line, suggesting that the
(CAG)61 repeat tract is not long enough to be destabilized
effectively by these treatments. Stimulation of repeat contrac-
tions in the APRT(CAG)95 cell line by gamma irradiation and
DNA replication inhibitors supports current models, which
assert that DNA breaks and stalled replication forks contribute
to repeat instability, and also shows that this cell line can be
used as a sensitive tool to search for potential therapeutic
agents for triplet repeat diseases in mammalian cells.

FIG. 5. Effect of hydroxyurea, aphidicolin, and gamma irradiation
on the rate of CAG repeat contractions in APRT(CAG)61 and APRT-
(CAG)95 cell lines. Cells were treated with hydroxyurea (HU), aphidi-
colin (APC), and gamma irradiation (�) as described in Materials and
Methods and were incubated in the presence of APRT� selection, and
the number of APRT� clones was scored. Approximately 107 cells
were used for each treatment. All the treatments were repeated at least
three times, and error bars represent the standard deviation.

TABLE 2. Analysis of RT-PCR products from APRT and
HPRT mRNA

Colony

Lower band results Upper band results

No.
analyzed

No.
typical

No.
atypical

No.
analyzed

No. with
CAG exon

No.
atypical

APRT 100 100 0
APRT(CAG)24 3 3 0 3 3 0
APRT(CAG)31 3 3 0 3 3 0
APRT(CAG)61 100 96 4 10 10 0
APRT(CAG)95 100 94 6 30 29 1

HPRT 100 100 0
HPRT(CAG)25 3 3 0 3 3 0
HPRT(CAG)32 3 3 0 3 3 0
HPRT(CAG)47 30 29 1 10 10 0
HPRT(CAG)51 30 29 1 10 10 0
HPRT(CAG)67 130 121 9 40 40 0

TABLE 3. Analysis of sequences around CAG repeats in APRT�

clones derived from APRT(CAG)61 and APRT(CAG)95 cell lines

APRT(CAG)61 values APRT(CAG)95 values

Clone
no.

5�
flanking
region

CAG
no.

3�
flanking
region

Clone
no.

5�
flanking
region

CAG
no.

3�
flanking
region

1 Intact 10 Intact 1 Intact 5 Intact
2 Intact 15 Intact 2 Intact 12 Intact
3 Intact 17 Intact 3 Intact 15 Intact
4 Intact 19 Intact 4 Intact 16 Intact
5 Intact 21 Intact 5 Intact 17 Intact
6 Intact 21 Intact 6 Intact 21 Intact
7 Intact 22 Intact 7 Intact 24 Intact
8 Intact 25 Intact 8 Intact 25 Intact
9 Intact 27 Intact 9 Intact 31 Intact
10 Intact 28 Intact 10 	106 0 	63
11 Intact 29 Intact 11 	9 4 Intact
12 Intact 30 Intact 12 	143 6 Intact
13 Intact 30 Intact 13 Intact 31 	133
14 Intact 30 Intact 14 Intact 44 	70
15 Intact 31 Intact 15 Intact 53 	62
16 Intact 32 Intact 16 Intact 64 	324
17 Intact 33 Intact
18 Intact 33 Intact
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DISCUSSION

Novel assay for repeat instability in mammalian cells. In
this paper, we describe the first selectable assay for monitoring
triplet repeat instability in mammalian cells. The reporter cas-
sette consists of a selectable gene, either APRT or HPRT
containing an insertion of CTG/CAG repeats in an intron.
Because long CAG tracts interfere with normal splicing, triplet
repeat contraction events can be monitored by the appearance
of APRT� or HPRT� colonies. The main advantage of this
selectable assay over the PCR-based assays such as small-pool
PCR and GeneScan is its high sensitivity. Using this assay, we
have detected contraction events that occurred at rates down
to 10�6, which is the rate of spontaneous contractions in our
cell lines, rather than the sensitivity limit of the assay. In
contrast, PCR-based assays provide reproducible results only
at frequencies down to 10�3, because rare events cannot be
reliably detected against the background of unchanged mole-
cules. The sensitivity of the selectable assay allows measure-
ment of small differences in repeat instability that may result
from the normal process of DNA replication, DNA repair, and
recombination or from genetic and environmental perturba-
tions.

We have demonstrated that our assay can be used with two
different selectable genes, APRT and HPRT, in two different
cell types: hamster CHO and HT1080 human fibrosarcoma
cells. This selection system offers the possibility of analyzing
triplet repeat stability in various cell types by using a common
assay in order to study and compare cell lines with specific
mutations or cell lines isolated from patients. The only require-
ment for a cell line is that it be either APRT� or HPRT�.
Because the HPRT gene is located on the X chromosome,
HPRT� variants can be readily selected from cell lines that
carry a single functional copy of the X chromosome.

We have used this assay at the APRT locus in CHO cells to
monitor contractions of repeat tracts from 95 or 61 repeats to
33 or fewer; that is, contractions of a minimum of 62 or 28
repeats, respectively. Since there seems to be a fairly sharp
cutoff at 33 repeats for the APRT� phenotype, it should be
possible to construct parental cell lines with shorter repeat
tracts in order to detect small contractions or with longer
repeat tracts to assay larger ones. Contractions of at least 30 or
more repeats, as detected by our present assay system, are
perhaps the most relevant for studies designed to search for
possible therapeutic agents. Only the treatments that induce
substantial repeat contractions offer the possibility of a cure for
patients whose genomes contain pathological expansions of
triplet repeats.

The present selection assay is designed to detect contrac-
tions of CAG repeats, which represent an important avenue of
research into treatment of triplet repeat diseases. Of equal
importance, however, are the processes that lead to expansion
of repeat tracts in the first place. Because APRT and HPRT
genes can be selected in either direction, it should be possible,
in principle, to design selection assays for expansion. For ex-
ample, it may be feasible to use the APRT(CAG)33 cell line,
which is APRT�, to select for expansions to longer repeat
tracts, which are APRT�. Fortuitously, the crossover point in
this assay—33 repeats—is at the upper range of normal in the

progression of the human disease and is perhaps ideally suited
for studying the initial instability that leads to the disease state.

Effect of CAG repeat tracts on splicing. We describe here a
novel property of CTG/CAG repeat tracts from the myotonic
dystrophy locus, which serves as the basis for our selectable
assay. The CTG/CAG repeat tracts in the CAG orientation
behave like exons, forcing themselves into the mRNA and
interfering with correct splicing. Many exons are known to
contain auxiliary splicing elements called exonic splicing en-
hancers (ESEs) (reviewed in reference 1). ESEs usually asso-
ciate with introns containing weak flanking splice sites, and
function to promote utilization of adjacent splice sites (re-
viewed in references 10 and 26). The majority of ESEs that
have been identified are purine-rich repeats. Remarkably, a
CA-rich motif has also been found to function as an ESE and
to promote splicing in vivo and in vitro (7, 11, 25, 50, 54). We
propose, therefore, that CAG repeat tracts can function as
ESEs and that the longer the repeat tract is, the stronger is the
ESE signal that it provides. The possibility that CAG repeat
tracts act as ESEs is supported by examination of the putative
splicing signals flanking the CAG exon. The putative 3� and 5�
splicing signals (Fig. 4A) are derived from the natural se-
quences at the myotonic dystrophy locus, although they are
oriented opposite to the direction of transcription. The 3�
splice site signal UGGUCUGUGAUCCCCCCAG2C resem-
bles the consensus (Y)
15NYAG2G, as does the 5� splice site
signal (GG2GUACCG versus the consensus AG2GURA
GU), but neither is a close match, and thus, they are likely to
be weak. Indeed an alternative, presumably weaker 5� splice
site, CG2GCTACA, was found among the RT-PCR products.
It is unclear what sequence is used for the branch point; how-
ever, the sequence CTCAGC, which resembles the branch
point consensus CTRAYY, would position the critical A resi-
due 40 nucleotides upstream of the 3� splice site, well within
the usual range for such signals (36). These observations are
consistent with the idea that tracts of CAG repeats can en-
hance splicing in the absence of canonical splice sites and
promote utilization of cryptic splice sites in the adjacent se-
quences. We do not know how the presence of long CAG tracts
leads to the appearance of spliced products with shifted exon
boundaries or extra nucleotides in addition to or in place of the
CAG tract itself (Fig. 4C). We can speculate that long CAG
repeat tracts disrupt the normal course of splicing, resulting in
various aberrant products.

The effect of CAG repeat tracts on splicing may contribute
to the etiology of trinucleotide repeat disorders. In the case of
the myotonic dystrophy gene, the repeat tract is in the CTG
orientation (52), which does not interfere with splicing. It is
possible, however, that the presence of the repeat may affect
the splicing of adjacent genes that are transcribed in the op-
posite direction. In the polyglutamine disorders, such as Hun-
tington’s disease and spinocerebellar ataxias 1, 2, 3, 6, and 7,
the CAG repeat is expanded within an exon (reviewed in
reference 55). Based on our results that a CAG tract can
interfere with normal splicing and recruit various cryptic se-
quences as splice sites, we speculate that an expanded CAG
tract within a functional exon may also promote utilization of
aberrant splice sites. Alterations in the splicing of the adjacent
downstream intron could lead to frameshifts and formation of
truncated proteins containing polyglutamine tracts. Indeed, for
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huntingtin, atrophin-1, and the androgen receptor, the neuro-
toxicity of the expanded CAG repeat has been attributed to the
formation of truncated polyglutamine-containing proteins (5,
15, 16, 24, 28, 32). The truncated versions of huntingtin and the
androgen receptor have been detected in cells containing ex-
panded CAG tracts but not in the normal cells (8, 12, 24, 32).
Furthermore, overexpression of full-length huntingtin, atro-
phin-1, and the androgen receptor in tissue culture cells re-
vealed that these proteins have predominantly cytoplasmic
and/or perinuclear localization with some propensity to aggre-
gate. In contrast, nuclear localization and aggregation, which
are the hallmarks of the toxicity of polyglutamine proteins,
have been observed only when truncated peptides harboring
the expanded polyglutamine tracts were overexpressed (5, 15,
16, 24, 28, 32). It has been suggested that some processing of
the full-length polyglutamine protein takes place in the cells,
which liberates the toxic peptide (55). Based on the results
presented here, we propose an alternative explanation: that the
toxic peptides are produced by aberrant splicing of CAG-con-
taining exons, which creates premature termination codons.

Mechanisms of repeat contraction. The rates of spontane-
ous repeat contractions leading to the APRT� phenotype were
3.1 � 10�6 � 0.9 � 10�6 and 1.4 � 10�6 � 0.4 � 10�6 per cell
generation for the (CAG)61 and (CAG)95 cell lines, respec-
tively. It is somewhat surprising that the longer repeat tract
appears to be more stable. In our system, however, in order to
convert to the APRT� phenotype, (CAG)61 has to contract by
28 repeats, while (CAG)95 has to contract by at least 62 re-
peats. Therefore, the lower rates of APRT� colony formation
in the (CAG)95 cell line may be due to a lower rate of large
contractions.

The difference in rates is paralleled by a difference in the
types of contraction events observed in the (CAG)61 and
(CAG)95 cell lines. While all the colonies obtained from the
(CAG)61 cell line were “clean” contractions involving only the
CAG repeats, about 44% of the events from the (CAG)95 cell
line carried deletions that extended into the DNA flanking the
repeat tract. This observation suggests that the longer contrac-
tions in the (CAG)95 cell line may be generated in part by a
mechanism different from the one that gives rise to the shorter
contractions in the (CAG)61 cell line. For example, it could be
that contraction of (CAG)61 repeats occurs mainly by forma-
tion of a hairpin followed by replication slippage, which leaves
the flanking regions intact. In addition to this mechanism, it
may be that larger hairpins formed by (CAG)95 repeats are
recognized by DNA repair enzymes and are resolved via some
kind of nonhomologous recombination event that involves
DNA breakage and promotes deletions in the flanking se-
quences. Whatever the mechanism, it is important to note that
both types of events—pure contractions and contractions with
flanking deletions—have been observed in human patients suf-
fering from triplet repeat diseases (see reference 33 for dis-
cussion).

Chemotherapeutic approaches to the treatment of triplet
repeat diseases. Treatments with aphidicolin, hydroxyurea,
and gamma irradiation induced contractions in (CAG)95 but
not in (CAG)61. As discussed above, repeat contractions in
(CAG)61 and (CAG)95 cell lines may occur, in part, by differ-
ent mechanisms, with longer contractions being dependent on
nonhomologous recombination events. It would be consistent,

therefore, that gamma irradiation-induced DNA breaks, which
are repaired via a recombination pathway, have stronger ef-
fects on large contractions in (CAG)95. Similarly, stalled rep-
lication forks induced by aphidicolin and hydroxyurea may be
likelier to resolve by a recombination event if they involve a
long hairpin in (CAG)95. In terms of chemotherapy, the ob-
servation that longer repeats show a greater increase in the
rate of contractions following mutagenic treatment is very
promising. The very long repeat tracts found in myotonic dys-
trophy, fragile X syndrome, and Friedreich ataxia may be es-
pecially sensitive to this kind of therapy.

The results presented in this report show that chemical
treatments can induce contractions of trinucleotide repeat
tracts, suggesting that chemotherapeutic approaches may be
applicable to trinucleotide repeat diseases. The five- to seven-
fold stimulation of repeat contractions that we observed with
aphidicolin, hydroxyurea, and gamma irradiation is still too low
to have any therapeutic significance. In addition, nonspecific
mutagens like the reagents used here are likely to induce
mutations in many other genomic sites. However, since trinu-
cleotide repeat tracts form unusual DNA structures, it seems
feasible that drugs can be found that specifically interact with
long repeat tracts and promote high rates of contraction
events. We believe that the selectable assay for triplet repeat
contractions, reported here, will greatly facilitate the search for
such drugs.
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