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Abstract
Trinucleotide repeat instability is intrinsic to a family of human neurodegenerative diseases. The
mechanism leading to repeat length variation is unclear. We previously showed that treatment with
the demethylating agent 5-aza-2′-deoxycytidine (5-aza-CdR) dramatically increases triplet repeat
instability in mammalian cells. Based on previous reports that demethylation increases homologous
recombination (HR), and our own observations that HR destabilizes triplet repeats, we hypothesized
that demethylation alters repeat stability by stimulating HR. Here, we test that hypothesis at the
Aprt (adenosine phosphoribosyl transferase) locus in CHO cells, where CpG demethylation and HR
have both been shown to increase CAG repeat instability. We find that the rate of HR at the Aprt
locus is not altered by demethylation. The spectrum of recombinants, however, was shifted from the
usual 6:1 ratio of conversions to crossovers to more equal proportions in 5-aza-CdR-treated cells.
The subtle influences of demethylation on HR at the Aprt locus are not sufficient to account for its
dramatic effects on repeat instability. We conclude that 5-aza-CdR promotes triplet repeat instability
independently of HR.

Keywords
Recombination; APRT; DNA methylation; genome stability; trinucleotide repeats

INTRODUCTION
Expanded tracts of trinucleotide repeats cause at least 18 human diseases [1,2]. These repeat
tracts are unstable and can further expand both in the germline, which causes more severe forms
of disease in subsequent generations, and in somatic tissues, which probably contributes to
disease progression and pathogenesis in the affected patient[1]. Defining the molecular
mechanisms responsible for triplet repeat instability will be critical for development of
therapies designed to restrict expansion or promote contraction. Studies in a variety of model
organisms have shown that virtually any process that exposes single-stranded DNA—including
DNA repair, replication, recombination, and transcription—allows triplet repeats to adopt
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aberrant secondary structures, which are often misprocessed, changing the length of the repeat
[3].

We recently showed that genome-wide demethylation, induced by treatment with 5-aza-2′-
deoxycytidine (5-aza-CdR), destabilized CAG triplet repeats in patient-derived cells, causing
expansions and contractions [4]. Using a selectable assay for CAG repeat contractions at the
Aprt (adenosine phosphoribosyl transferase) locus in CHO cells, we found that treatment with
5-aza-CdR, which leads to passive depletion of DNA methylation [5] and destruction of
DNMT1 [6], or with hydralazine, which induces demethylation by a different pathway [7],
increased repeat contractions by about 1000 and 50 fold, respectively [4]. Stimulation of repeat
contraction by two mechanistically distinct agents, in rough proportion to their ability to
decrease genome-wide methylation, argues for a causal link between CpG demethylation and
CAG repeat instability [4]. In a separate investigation into the interactions between CAG
repeats and homologous recombination (HR), we showed that HR significantly altered repeat
stability at the Aprt locus in CHO cells [8]. Among homologous recombinants, 5% had lost
large numbers of repeats, whereas no such changes were observed in more than 250 colonies
that had not undergone HR [8]. These repeat contractions were evenly distributed between the
two types of HR event—crossover and conversion—detected in our assay [8]. These two
studies, coupled with the observations summarized below, led us to propose that 5-aza-CdR
treatment destabilizes CAG repeats by stimulating HR [8]. Here, we test that hypothesis.

It has been suggested that a major role of DNA methylation—the addition of a methyl group
to cytosine within CpG dinucleotides—is to inhibit HR between repeated sequences [9-11].
Support for this idea is strongest in fungi where crossovers between direct repeats during
meiosis are inhibited more than 100-fold by CpG methylation [12]. In mammalian cells, the
links between DNA methylation and HR are less direct, and in some cases, contradictory.
Treatment with 5-aza-CdR, which induces demethylation, has been shown to stimulate sister-
chromatid exchange [5], increase HR within a transgene array [13], and promotes double-
minute chromosome dimerization [14]. In mouse ES cells, knockout of DNA methyltransferase
1 (DNMT1), the maintenance DNA methyltransferase, reduces CpG methylation and increases
loss of heterozygosity (LOH) at the Dnmt1 locus, which was attributed to elevated levels of
mitotic HR [15]. In the same study, knockout of Dnmt1 was also shown to increase genomic
rearrangements at the Hprt (hypoxanthine phosphoribosyl transferase) locus, suggesting that
CpG methylation may inhibit nonhomologous recombination, as well [15]. The view that CpG
methylation normally inhibits both kinds of recombination can account for several additional
observations: patients with mutations in Dnmt3a display increased rearrangements of
centromeric repeats [16]; ES cells that lack DNMT1 show an increased efficiency of gene
targeting [17]; and DNMT1-deficient human cancer cells have higher frequencies of
chromosomal rearrangements [18].

In contrast to these studies, which generally support a role for CpG methylation in genome
stability, other reports either failed to detect an effect, or showed that demethylation decreased
HR. CpG-methylated and unmethylated DNA constructs, when transfected into COS1 monkey
cells, gave identical frequencies of extrachromosomal recombination in an assay designed to
detect single-strand annealing, one kind of HR [19]. Similarly, 5-aza-CdR treatment of HeLa
human cells that were modified to carry a chromosomal recombination substrate designed to
detect conversion events did not increase the frequency of HR [20]. Finally, DNMT1 deficiency
in mouse ES cells, was shown to reduce the rate of loss of an array of selectable transgenes,
suggesting that mitotic HR was decreased by demethylation [21].

The lack of agreement among these studies could arise for several reasons: differences between
the cell lines, or the species from which they were derived; whether the recombination substrate
is extrachromosomal, randomly integrated, or targeted to a specific locus; and the particular
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kind of event the substrate is designed to detect—crossover, conversion, or rearrangement.
Because our original observations—5-aza-CdR treatment and HR destabilize repeats—were
made at the Aprt locus in CHO cells, we chose to measure the effects of 5-aza-CdR treatment
on HR at the same site, using a well-characterized recombination assay that can simultaneously
detect crossovers, conversions, rearrangements, and mutations (Figure 1A) [22]. In this way
we can measure the effects of 5-aza-CdR treatment on overall rates of recombination, as well
as determine the differential effects, if any, on individual types of events.

By determining whether 5-aza-CdR treatment stimulates HR, we can distinguish between two
alternatives for how genome-wide demethylation stimulates CAG repeat contraction. Because
5-aza-CdR treatment and HR each destabilize repeats, we proposed the hypothesis that they
operate as part of a common pathway—with 5-aza-CdR stimulating HR, which in turn
stimulates repeat contractions. A demonstration that 5-aza-CdR stimulates HR would cleanly
distinguish this possibility from the alternative: that 5-aza-CdR and HR have their effects via
independent pathways. Here we show that 5-aza-CdR treatment does not significantly alter the
rate of HR at the Aprt locus, although it does shift the spectrum of events. We conclude that
5-aza-CdR treatment destabilizes triplet repeats by a mechanism that does not proceed via
stimulation of HR.

MATERIALS AND METHODS
Cell lines and tissue culture conditions

Chinese hamster ovary (CHO) cells lines AT3-2, which contains a single copy of the wild type
Aprt gene, and GSAA5, which was derived from AT3-2 cells and carries a duplication at the
Aprt locus, have been described previously [23,24]. Both cell lines carry a functional Aprt gene
and are phenotypically APRT+. These cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (Gibco), nonessential amino acids, sodium
pyruvate, penicillin, and streptomycin. For these experiments, we derived cell populations from
individual colonies, and verified the genomic structure of the Aprt locus by Southern blotting
and PCR (data not shown). To minimize spontaneous APRT- cells in the starting APRT+ cell
populations, we propagated the parental cells at low density for 7 to 10 days in ALASA medium
(30μM alanosine, 10μM azaserine, 1mM adenine), which does not support the proliferation of
APRT- cells. Pre-selected populations of cells were frozen in aliquots, which were thawed at
the start each experiment.

Recombination assay
To determine the frequencies of APRT- cells, we plated the untreated and 5-aza-CdR-treated
cell populations at a density of 5×105 cells/100mm plates in complete medium supplemented
with 400 μM 8-azaadenine, which kills APRT+ cells. After two weeks, we counted the
APRT- colonies and used their frequencies to estimate rates, as described previously [4]. The
number of APRT- colonies was adjusted for cell survival [APRT- colonies/(surviving colonies/
plated cells)] and then divided by the number of population doublings that the cells underwent
prior to applying selection for APRT- cells.

The spectra of events that led to the APRT- cells were analyzed by picking individual colonies
from each independent treated (or untreated) cell population. Two colonies were initially
isolated per experiment; if the two clones were identical, only one was counted to ensure
independence. Southern blotting and PCR analysis were used to distinguish the four types of
event that can give rise to APRT- cells (Fig. 1). After digestion of genomic DNA with
BamH1, crossovers give rise to a single 4.1-kb band, whereas conversions and mutations give
a two-band pattern: a 12.5-kb band from the upstream APRT copy, and a 4.1-kb band from the
downstream copy. Rearrangements produce a pattern that is distinct from the above patterns;
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none were detected in the experiments in this paper. Conversions were distinguished from
mutations by the presence of the mutant EcoRV site in both copies of the Aprt gene.
Conversions gave a PCR product that was not cleaved by EcoRV, whereas the corresponding
PCR product from mutations was cleaved [22]. If the PCR product was cleaved, indicating
retention of the EcoRV site, the event was categorized as a mutation and was not analyzed
further.

5-aza-CdR treatment and methylation analysis
Pre-selected cells were thawed and allowed to recover for 24 hours before being propagated
at low density for 4 days. The exponentially growing cells were subsequently plated at densities
of 2×105, 6×105, and 8×105 per 100mm plate for treatment with 0, 0.5, or 1μM 5-aza-CdR
(Sigma), respectively. Higher numbers of cells were used in the treated plates to compensate
for 5-aza-CdR toxicity [4]. 5-aza-CdR was added to the growth media 24 hr after plating and
incubated for three days, with fresh media containing the drug substituted after 24 hrs. For the
recombination assay, treated cells were allowed to recover for three days and then they were
plated as described above. For global methylation analysis, the cells were harvested, genomic
DNA was isolated using GenomicPrep (Amersham), digested with either MspI (NEB) or
HpaII (NEB), and then subjected to electrophoresis on a 1% agarose gel. For analysis of
methylation at the Aprt locus, 5μg of BamHI-cleaved DNA was digested with either MspI or
HpaII, and the products were separated by electrophoresis on a 1% agarose gel and transferred
to a nylon membrane (Amersham). The membrane was hybridized to the 2.1-kb XhoI-BamHI
fragment from the 3′ end of Aprt, which was radiolabelled by random priming with alpha 32P-
dCTP. The positions of the bands were visualized by autoradiography.

Real-Time RT-PCR
Aprt mRNA levels were measured by real-time RT-PCR using the Quantitech Qiagen SYBR
green kit as described elsewhere [25]. Briefly, RNA was isolated using RNAeasy (Qiagen) and
Aprt mRNA was amplified with two different pairs of primers: oVIN-219F (5′-ttg cag gag aga
gaa gaa tgg) and oVIN-219R (5′-ggc cag aaa gtg gtt gtt gt), and oVIN-221F (5′-cga gag cat
agg agg ctg ac) and oVIN-221R (5′-tgg cca gtc acc tta agt cc). For each sample, the Aprt mRNA
levels were normalized to vimentin mRNA levels which were obtained using three different
pairs of primers: oVIN-222F (5′- ggg cga cct cta tga gga g) and oVIN-222R (5′-gct ctc cgc ttc
ctc tct ct), oVIN-223F (5′-aga gag agg aag cgg aga gc) and oVIN- 223R (5′-ctc ctg aat ctg ggc
ctg ta), and oVIN-224F (5′-ttc taa gcc cga cct cac tg) and oVIN-224R (5′-ctc att tga ctc ctg ctt
tgc).

Statistics
To compare APRT- rates, we used Student’s T-test. We used a Chi-square test with Yate’s
correction to probe the significance of changes in recombination types between crossovers and
conversions in treated versus untreated cells. Fisher’s exact test was used to obtain the
probability values for the distribution of DNA methylation in recombinants.

RESULTS
Experimental design

To assay for the effects of demethylation on HR, we used a well-characterized recombination
substrate that contains two direct repeats of the selectable Aprt gene at its endogenous locus
in GSAA5 CHO cells (Fig.1). The upstream copy of the gene is truncated at the 3′ end and has
a mutated EcoRV site in exon 2 [23]. The downstream copy is functional and contains the wild
type EcoRV site. Selection for APRT- cells allows us to detect four types of event—conversion,
crossover, rearrangement, and mutation—that inactivate the downstream copy (Fig. 1). As in
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our previous studies, these names refer to the products shown in Figure 1; they are not meant
to imply (or exclude) any specific mechanism. We can distinguish these events by Southern
blotting and PCR (see Materials and Methods). Spontaneous APRT- cells arise predominantly
by HR, with conversions and crossovers accounting for 95% of all APRT- colonies [22,26,
27]. To bring about CpG demethylation, we used the cytidine analog, 5-aza-CdR, which is
incorporated into DNA and traps DNA methyltransferases. This leads to a passive
demethylation of the genome during subsequent rounds of replication [5]. By comparing
APRT- colony formation in treated and untreated cells, and by analyzing the spectrum of events,
we can determine whether 5-aza-CdR treatment significantly affects HR, nonhomologous
recombination, or mutation.

5-aza-CdR treatment reduces CpG methylation
To confirm our previous findings that 5-aza-CdR treatment of CHO cells reduces DNA
methylation genome-wide [4], we grew GSAA5 cells for 3 days in the presence of 0 μM, 0.5
μM, or 1 μM of the drug. We tested 0.5 μM and 1 μM 5-aza-CdR because they had previously
been shown to stimulate triplet repeat contraction 100- to 1000-fold [4]. After drug treatment,
genomic DNA was isolated and digested with MspI, which cleaves unmethylated and
methylated CCGG sites, or with HpaII, which only cleaves unmethylated CCGG sites. The
digested DNA was displayed by electrophoresis on an agarose gel (Figure 2A). Consistent with
our previous findings, 5-aza-CdR treatment makes the genomic DNA much more sensitive to
HpaII digestion, indicating a substantial loss of CpG methylation. Similarly, we confirmed our
previous results [4] that a defined CCGG site at the 3′ end of the Aprt gene (Figure 2B), which
is 100% methylated in untreated cells, is only about 50% methylated in 5-aza-CdR-treated cells
(data not shown).

Effects of 5-aza-CdR treatment on HR
To test whether CpG demethylation stimulates HR, we treated GSAA5 cells with 0 μM, 0.5
μM, or 1 μM 5-aza-CdR, and measured the rates at which APRT- colonies arose. As shown in
Table 1, treated and untreated GSAA5 cells formed APRT- colonies at rates that were not
significantly different, suggesting that HR was not altered by CpG demethylation. To verify
this conclusion, we isolated several independent APRT- colonies to determine the spectrum of
events that produced them. In our previous studies of spontaneous events [22,26,27], which
are summarized in Table 2, we found that 95% of APRT- colonies arose by HR, with a 6:1
ratio of conversions to crossovers, 5% arose by mutation, and less than 0.5% arose by
rearrangement. The eight independent APRT- colonies isolated from untreated GSAA5 cells,
which were all conversions (Table 2), are consistent with the expected distribution of
spontaneous events (P=0.53). The 15 independent APRT- colonies isolated from 5-aza-CdR-
treated GSAA5 cells were also generated predominantly by HR (Table 2), but the spectrum of
events is significantly different from that of spontaneous events (P=0.0055) with only 47% of
the events being gene conversions and 40% crossovers. Thus, although 5-aza-CdR does not
seem to stimulate HR overall, it apparently promotes crossovers at the expense of conversions.

Methylation status of recombinants at the Aprt locus
Another way to assess the effects of 5-aza-CdR on HR is to determine whether the recombinants
arose preferentially from the unmethylated or the methylated subpopulation. We showed
previously that about 50% of 5-aza-CdR treated cells lose the methylation mark on the CCGG
site at the 3′ end of the Aprt gene (Figure 2B) [4]. Because DNA methylation patterns are
maintained during mitotic division, we can analyze the APRT- colonies to track the methylation
status of their genomes near the time they underwent recombination. Therefore, we performed
Southern blot analysis after digestion with BamHI, alone, and in combination with either
MspI or HpaII to determine whether the clones were methylated at the Aprt locus. Analyses
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of one unmethylated crossover and two methylated conversion events are shown in Figure 2C.
As expected, all eight recombinants from untreated cells were methylated. In contrast, nine of
twelve recombinants from 5-aza-CdR-treated cells were not methylated (Table 3). These
results confirm that the population of 5-aza-CdR-treated cells had in fact undergone
demethylation. More importantly, the 1:3 ratio of methylated to unmethylated genomes is not
significantly different (P=0.4) from the 6:6 ratio expected from the 50% 5-aza-CdR-induced
demethylation observed previously at this site [4]. These results support our conclusion that
5-aza-CdR treatment does not stimulate HR.

Mutagenesis of the APRT locus
In the spectrum of APRT- colonies that arose after 5-aza-CdR treatment, we observed more
mutations than we had expected (Table 2). Although the difference is small (and not statistically
significant), 5-aza-CdR is reported to be a weak mutagen [5]. Therefore, we asked whether 5-
aza-CdR treatment increases the rate of mutation at the Aprt locus in CHO cells. AT3-2 cells,
which carry a single wild type copy of Aprt [24], were treated with 0 μM, 0.5 μM, or 1 μM 5-
aza-CdR and APRT- colonies were selected. As shown in Table 1, 5-aza-CdR treatment had
no significant effect on mutation rates (P>0.05), consistent with our previous studies [4,28].

Transcription at the Aprt locus
Loss of DNA methylation can activate gene transcription [29], which has been shown to
destabilize triplet repeats [25,30]. To determine whether 5-aza-CdR treatment might stimulate
repeat contraction via effects on transcription, we examined Aprt mRNA levels using
quantitative RT-PCR. We found that Aprt mRNA levels were unchanged by 5-aza-CdR
treatment (Figure 2), suggesting that the drug does not induce repeat instability by increasing
transcription through the repeat tract.

DISCUSSION
In previous studies, we showed that both 5-aza-CdR treatment and HR stimulate contraction
of CAG repeat tract at the Aprt locus [4,8]. Because several observations in the literature
suggest that demethylation increases HR, we proposed that 5-aza-CdR treatment promotes
repeat instability via stimulation of HR [4]. As a critical test of this hypothesis, we measured
the effects of 5-aza-CdR treatment on HR, using a well-characterized recombination substrate
at the Aprt locus. We show here that 5-aza-CdR treatment does not alter the overall rate of HR.
These results disprove the hypothesis. We conclude that treatment of cells with 5-aza-CdR
increases contraction of CAG repeat tracts via a mechanism that does not involve HR. Thus,
demethylation and HR destabilize repeat tracts by independent pathways.

Although 5-aza-CdR treatment did not increase the rate of HR, it did alter the proportions of
conversions to crossovers, from the normal (spontaneous) 6:1 ratio to about a 1:1 ratio (Table
2). The increase in crossovers, which is likely to occur via the mechanism of single-strand
annealing (SSA) (ref Sargent NAR 28:3771, 2000, plus some others), is intriguing because
SSA within the CAG tract could readily generate repeat contractions. However, the magnitude
of change observed here—a few fold—is not adequate to account for the 1000-fold effect of
5-aza-CdR on CAG repeat instability observed previously [4]. Moreover, a selective effect of
5-aza-CdR on crossovers does not jibe with our previous observation that HR stimulates CAG
contractions about equally among crossovers and conversion events [8]. Thus, the subtle effects
of 5-aza-CdR on HR observed cannot account for the dramatic effect 5-aza-CdR has on CAG
repeat contraction [4].

Our results provide the first example of a bioactive molecule that changes the type of
recombination event, without affecting the overall rate. Mammalian somatic cells are thought
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to be biased toward conversion events because they permit the beneficial exchange of genetic
information during repair processes, without the potential for loss of heterozygosity (LOH)
that can accompany crossover events [31]. Little is known, however, about how the cell
imposes the preference for conversions over crossovers during HR. Our results, which indicate
that small molecules can affect the outcome, suggest that screening chemical libraries could
yield significant insights into this process.

This study also raises the possibility that DNA methylation may promote genome stability, not
by preventing HR between repetitive sequences as previously suggested [9-12], but rather by
helping to ensure that HR proceeds via conversion, which avoids several dangers: LOH by
mitotic HR between homologues, deletion of information by HR between repeats on the same
chromosome, and rearrangements by HR between repeats on different chromosomes. Previous
studies, which all used assays that were specific for a single type of recombination event, would
have missed the phenomenon reported here.

Demethylation-induced stimulation of crossovers at the expense of conversions could account
for most of the observations in studies that have investigated the role of DNA methylation in
chromosomal HR in mammalian cells. The one study that used conversion as an assay for HR
detected no increase in DNMT1-deficient ES cells [20]. By contrast, with one exception [21],
studies that used crossover as an assay detected a demethylation-induced stimulation of HR
[5,13,15,16]. DNA demethylation has also been reported to increase rearrangements [18,21];
however, in neither study were the rearrangements analyzed to determine whether they were
generated by HR between similar sequences or by nonhomologous recombination between
unrelated sequences. If they arose by HR, then they would represent additional examples of
crossover stimulation by demethylation.

Our studies do not define the mechanism of crossover stimulation by 5-aza-CdR treatment.
There are several possibilities. First, at the Aprt locus, double-strand breaks (DSBs), which
greatly increase overall HR frequencies, shift the bias from the 6:1 spontaneous ratio to about
3:1 [23]. Treatment with 5-aza-CdR, however, is unlikely to change the distribution of HR
events by inducing DSBs because overall HR frequencies are not affected (Table 1). Second,
5-aza-CdR could act on HR indirectly by altering CpG methylation at distant promoters,
thereby changing expression levels of genes such as Rad51 and Brca2, which are known to
influence the competition between conversion and crossover [32], or of other DNA repair genes
that might alter the ratio. Third, incorporation of 5-aza-CdR into the DNA at the Aprt locus,
or its covalent attachment to DNMT1, could have direct effects on HR. For example, if 5-aza-
CdR-modified DNA interfered with strand invasion or DNA synthesis primed by the invading
strand, it would preferentially reduce conversions relative to crossovers, which are thought to
occur predominantly by SSA and thus do not require strand invasion. Fourth, by sequestering
or destroying DNMT1, 5-aza-CdR could alter the amounts or properties of proteins that are
known to bind to DNMT1, including histone deacetylases 1 and 2 [33,34] and histone
methyltransferases G9a [35] and SUV39H1 [36], thereby potentially altering the proportion
of crossovers via effects on chromatin structure [37,38]. Fifth, local methylation changes at
Aprt could, in principle, alter recombination via effects on chromatin structure or by influencing
the formation or processing of recombination intermediates. It seems unlikely that the single
site we have assayed—the only methylated HpaII site in the vicinity of the gene—could have
such a profound effect, but there may be additional methylated CpG sites at the Aprt locus that
we have not detected.

Although our studies rule out an intermediary role of HR in the pathway of 5-aza-CdR-induced
stimulation of triplet-repeat instability, they do not further define the mechanism of
demethylation-induced repeat instability. Treatment of CHO cells with 5-aza-CdR can increase
contraction of a CAG repeat tract by more than 1000-fold, which is the largest effect on triplet-
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repeat instability observed to date [4]. Determining its mode of action, although challenging,
may be especially relevant for developing therapeutics designed to stimulate contraction of
triplet repeats. One well-defined effect of DNA methylation inhibitors, including 5-aza-CdR,
is to cause changes in transcription [39]. Since transcription itself destabilizes CAG repeats
[25,30], we analyzed transcription at the Aprt locus before and after treatment with 5-aza-CdR,
but observed no differences (Figure 2). Thus, it seems unlikely that 5-aza-CdR treatment
stimulates repeat instability via changes in transcription through the Aprt locus. It remains
possible that 5-aza-CdR alters the expression of other genes—DNA repair genes, in particular
—that modulate triplet repeat instability. Further experiments will be needed to define 5-aza-
CdR’s mode of action leading to triplet repeat instability.
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Figure 1.
Recombination substrate and products. A. The duplication at the Aprt locus in GSAA5 cells.
The upstream copy of Aprt contains a mutated EcoRV site (EV mut) in exon 2, as well as a
truncated exon 5, rendering it nonfunctional. The downstream copy contains the normal
EcoRV site (EV) and is functional, making GSAA5 cells APRT+. The herpes virus thymidine
kinase (TK) and the guanine phosphoribosyl transferase (gpt) genes served as additional
selective markers useful in generating the GSAA5 cell line and for characterizing the
recombination products. B. Illustrations of the types of APRT- colonies that arise in GSAA5
cells. After selection against APRT function, it is possible to recover clones that underwent HR
(conversions or crossovers), mutation of the wild-type copy of the Aprt gene (indicated by the
* above exon 3), or rearrangement of the Aprt gene (shown here as a deletion of a portion of
the Aprt gene). Each of these events can be distinguished by a combination of Southern blot
and PCR analysis (see Materials and Methods).
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Figure 2.
Methylation analysis of the Aprt locus. A. Analysis of global methylation in GSAA5 cells.
Genomic DNA was isolated from untreated cells and from cells treated with 5-aza-CdR,
digested with MspI (M) or its methyl-sensitive isoschizomer HpaII (H), and displayed by
electrophoresis on an agarose gel. Decreased methylation in treated cells is shown by the more
complete digestion of DNA by HpaII. A 1-kb marker ladder is shown on the left. B. Restriction
maps and probe used for analysis of methylation at the Aprt locus. The complete recombination
substrate is shown on top, with an expanded view of the 3′ copy of Aprt shown below. The
methylated HpaII (H) site, which is indicated by the filled circle in the downstream copy of
Aprt, is not present in the upstream copy. The probe hybridizes to the 12.5- and 4.0-kb BamHI
(B) fragments, which contain the upstream and downstream copies of Aprt, respectively. C.
Representative Southern blots showing the structure and methylation status of a crossover and
two conversions. All samples were digested with BamHI (B) alone or in combination with
MspI (M) or HpaII (H). Sizes of the digestion products (in kb) are shown on the right. D.
Relative Aprt mRNA levels after 0 and 0.5μM 5-aza-CdR treatment are shown. Error bars
represent one standard deviation.
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Table 1
Rates of APRT colony formation.

Cell lines 5-aza-CdR (μM) Rates of APRT- colony formation (10-7)a P value vs 0 μM P value vs 1 μM
GSAA5 0 48 ± 7 0.7

0.5 36 ± 2 0.15 0.4
1 62 ± 24 0.7

AT3-2 0 5.0 ± 0.5 0.8
0.5 3.5 ± 0.2 0.06 0.6
1 4.6 ± 2 0.8

a
Results represent at least three independent experiments. In each experiment, three to four different plates were treated in parallel and the mean rates for

each experiment were averaged. The standard error is shown.

DNA Repair (Amst). Author manuscript; available in PMC 2009 February 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Dion et al. Page 14
Ta

bl
e 

2
D

is
tri

bu
tio

n 
of

 e
ve

nt
s t

ha
t g

av
e 

ris
e 

to
 A

PR
T-  c

ol
on

ie
s.

C
el

l l
in

e
5-

az
a-

C
dR

 (μ
M

)
C

on
ve

rs
io

nb
C

ro
ss

ov
er

b
M

ut
at

io
nb

R
ea

rr
an

ge
m

en
t

T
ot

al
G

SA
A

5
0

8 
(1

00
)

0 
(0

)
0 

(0
)

0
8

G
SA

A
5

0.
5 

&
 1

7 
(4

7)
6 

(4
0)

2 
(1

3)
0

15
O

th
er

a
0

17
2 

(8
2)

28
 (2

8)
10

 (5
)

0
21

0
a Th

es
e 

nu
m

be
rs

 a
re

 th
e 

su
m

 o
f p

ub
lis

he
d 

da
ta

 fo
r a

 v
ar

ie
ty

 o
f o

th
er

 C
H

O
 c

el
l l

in
es

 (G
SB

2,
 G

SB
5,

 G
SC

4,
 G

SC
6,

 G
SE

1,
 G

SE
3,

 G
S2

1-
15

, a
nd

 A
K

20
9)

 th
at

 e
ac

h 
ca

rr
ie

s t
he

 d
up

lic
at

io
n 

su
bs

tra
te

 a
t

th
e 

Ap
rt

 lo
cu

s [
22

,2
6,

27
]. 

Th
es

e 
nu

m
be

rs
 d

ef
in

e 
th

e 
ex

pe
ct

ed
 d

is
tri

bu
tio

n 
fo

r s
po

nt
an

eo
us

 e
ve

nt
s a

t t
he

 d
up

lic
at

ed
 A

pr
t l

oc
us

.

b Th
e 

nu
m

be
r o

f A
PR

T-
 c

ol
on

ie
s i

de
nt

ifi
ed

 in
 e

ac
h 

ca
te

go
ry

 is
 sh

ow
n,

 w
ith

 th
e 

pe
rc

en
ta

ge
 o

f t
he

 to
ta

l i
nd

ic
at

ed
 in

 p
ar

en
th

es
es

.

DNA Repair (Amst). Author manuscript; available in PMC 2009 February 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Dion et al. Page 15
Ta

bl
e 

3
A

na
ly

si
s o

f m
et

hy
la

tio
n 

in
 re

co
m

bi
na

nt
s.

C
el

l l
in

e
5-

az
a-

C
dR

 (μ
M

)
C

on
ve

rs
io

na
C

ro
ss

ov
er

a
T

ot
al

a
M

et
U

nm
et

M
et

U
nm

et
M

et
U

nm
et

G
SA

A
5

0
8b

0
0

0
8

0
G

SA
A

5
0.

5 
&

 1
2

9
1

2
3

9
a A

PR
T-

 c
ol

on
ie

s t
ha

t a
ro

se
 b

y 
H

R
 w

er
e 

an
al

yz
ed

 b
y 

So
ut

he
rn

 b
lo

tti
ng

 (F
ig

ur
e 

2C
) t

o 
de

te
rm

in
e 

w
he

th
er

 th
e 

3′
 H

pa
II

 si
te

 (F
ig

ur
e 

2B
) w

as
 m

et
hy

la
te

d 
(M

et
) o

r u
nm

et
hy

la
te

d 
(U

nm
et

).

b O
ne

 c
lo

ne
 w

as
 fo

un
d 

to
 b

e 
m

et
hy

la
te

d 
at

 b
ot

h 
H

pa
II

 si
te

s s
ho

w
n 

in
 F

ig
ur

e 
2B

.

DNA Repair (Amst). Author manuscript; available in PMC 2009 February 1.


