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The cytosine analog 5-azacytidine (5-AzaC) is a demethylating agent that is also known to induce mutagen-
esis in mammalian cells. In this study, the mutagenic potential of this drug was tested in the G10 and G12
transgenic Chinese hamster cell lines, which have a single bacterial gpt gene integrated into the genome at
different sites, with its expression driven by a simian virus 40 (SV40) promoter. We show that the mutation
frequencies following a 48-h exposure to different concentrations of 5-AzaC were 10 to 20 times higher than
those of any of the other numerous mutagens that have been tested in the G10-G12 system. Moreover, the
mutation frequencies were much higher in the G10 cell line than in the G12 cells. Detailed molecular analysis
of the 6-thioguanine (6-TG)-resistant variants demonstrated that transgene silencing by de novo DNA meth-
ylation and increased chromatin condensation in the SV40 promoter was the major factor responsible for this
high level of 6-TG resistance. As would be expected, exposure to 5-AzaC lowered the overall genomic DNA
methylation levels, but it unexpectedly caused hypermethylation and increased chromatin condensation of the
transgene in both the G10 and G12 cell lines. These results provide the first evidence that 5-AzaC may also
induce transgene-specific DNA methylation, a phenomenon that can further be used for the elucidation of the
mechanism that controls silencing of foreign DNA.

Transfection of exogenous marker genes into mammalian
cells and integration of those genes into the mammalian ge-
nome facilitate the study of factors affecting mutagenesis and
gene expression (25). G10 and G12 are two transgenic gpt1

hprt2 V79 cell lines that have been studied extensively and
represent an important set of mammalian cell lines for mu-
tagenesis studies (19, 20). The bacterial xanthine guanine
phosphoribosyltransferase enzyme is functionally analogous to
the endogenous mammalian hypoxanthine phosphoribosyl-
transferase. The G10 cell line is more susceptible to sponta-
neous and induced mutagenicity than is the G12 cell line. Most
of the spontaneous mutations and mutations induced by X ray
or bleomycin were characterized as deletions in the G10 cell
line (21). This was explained by the genomic mapping data that
showed partial duplication of gpt-flanking plasmid sequences in
G10 but not in G12 cells (21). These sequences could facilitate
homologous recombination, resulting in the observed high de-
letion frequencies (21). Additionally, it is known that a single
copy of the gpt gene was integrated into each of these cell lines
on different chromosomes (22). In the G12 cell line, the gpt
gene was integrated on chromosome 1, near the telomere and
adjacent to a dense region of heterochromatin, while in the
G10 cell line, the gpt gene was integrated on chromosome 6,
distant from any heterochromatin.

Unusual results were obtained for the highly carcinogenic
nickel compounds (22). Nickel subsulfide and crystalline nickel
sulfide were only weakly mutagenic in G10 cells (15), but they
induced extremely high (1023) frequencies of 6-thioguanine
(6-TG) resistance in the G12 cells (22). It was shown that the
mechanism of the 6-TG resistance involved chromatin conden-
sation and silencing of the gpt gene by de novo DNA methyl-

ation. The localization of the gpt sequence in the vicinity of a
dense heterochromatin area in G12 cells has been proposed to
explain the selective sensitivity of this sequence to nickel (22).
Similar DNA methylation silencing of transgenes have been
reported for gpt sequences in transfected human cell lines as a
result of UV or ethyl methanesulfonate treatment (7, 23).

For evaluation of the mutagenic and epigenetic potential of
other carcinogens, a combined G10-G12 screening may be infor-
mative. In this study, we used the G10 and G12 cell lines to
analyze the mutagenic effects of 5-azacytidine (5-AzaC). 5-AzaC
is a cytosine analog that when incorporated into DNA caused
extensive demethylation of 5-methylcytosine. This was due to
covalent binding of DNA methyltransferase to 5-AzaC in DNA
(14, 31) and a subsequent reduction of the enzyme activity in the
cell, as well as the incorporation of a nonmethylating site, such as
5-AzaC, in place of the normal base cytosine. The demethylation
activity of this drug induces muscle cell differentiation in CH3
10T1/2 or 3T3 cells (34). Treatment of mammalian cell lines with
5-AzaC or its deoxyribose congener 5-Aza-29-deoxycytidine has
resulted in a variety of altered phenotypes, including changes in
chromosome structure, gene expression, and cellular morphology
(29, 32), and in the induction of apoptosis (18). Numerous inves-
tigations have described the reactivation of de novo-methylated
silenced genes by 5-Aza-CR or 5-Aza-29-deoxycytidine. These
genes include loci on the inactive X chromosome (13), the VHL
gene (9), the E-cadherin gene (35), the estrogen receptor gene
(27), and the p16 gene (2). Silenced transgenes are also reacti-
vated after treatment with this drug (22, 23).

The adducts formed between DNA methyltransferase and
genomic DNA with a 5-Aza substitution (14) can sterically
inhibit DNA replication, transcription, and DNA repair and
may play a role in 5-Aza-induced mutagenesis in mammalian
cells (1, 3, 24). 5-AzaC is also known to be a mutagen in
Escherichia coli (6), Salmonella typhimurium (3, 30), and Sac-
charomyces cerevisiae (36).

Here we describe the molecular analysis of 6-TGr G10 and G12
variants induced by treatment with 5-AzaC and surprisingly show
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that in most cases the inactivation of the gpt gene was correlated
with higher DNA methylation levels of CpG islands and increased
chromatin condensation in the gpt regions in both cell lines.
Meanwhile, as expected, the overall genomic DNA methylation
levels in the variants were lower than those in the original un-
treated cells. This finding may allow new approaches for the
isolation and characterization of specific regulators that inhibit
transgene expression and point to the importance of DNA hyper-
methylation as a mechanism that silences foreign DNA.

MATERIALS AND METHODS

Cell culture conditions. The gpt1 (xanthine guanine phosphoribosyltransferase
gene) transgenic G10 and G12 cells were cultured in F-12 medium (Life Tech-
nologies, Inc., GIBCO BRL, Grand Island, N.Y.) supplemented with 5% fetal
bovine serum (GIBCO) and 1% penicillin-streptomycin (GIBCO) at 37°C in a
humid 5% CO2 atmosphere. In order to maintain a low spontaneous-mutation
frequency, G10 and G12 cultures were supplemented with hypoxanthine-ami-
nopterin-thymidine, and fresh cultures were defrosted every 6 weeks. One day
prior to the beginning of each mutagenesis experiment, the cells were removed
from hypoxanthine-aminopterin-thymidine selection.

5-AzaC mutagenesis assay. A total of 5 3 105 G10 or G12 cells were seeded
into 80-cm2 tissue culture flasks and after 4 to 6 h were exposed to various
concentrations of 5-AzaC for 2 days. After the treatment was removed, the cells
were rinsed with saline A twice and incubated in F-12 medium for a 7-day
expression period. Cytotoxicity was determined for each treatment by plating 400
cells in each of three 6-cm dishes and determining the clonal survival relative to
untreated controls. Following the expression period, 2 3 106 mutagenized cells
per treatment were reseeded at a maximum cell density of 2 3 105 cells/100-mm
dish into F-12 containing 10 mg of freshly prepared 6-TG per ml for 10 days. The
reseeding plating efficiency in nonselective medium (F-12) was determined for
mutation frequency calculations after 7 days of growth without selection. The num-
ber of mutant colonies growing in the selection medium following a correction for
the number of clonable cells was used to calculate the mutation frequency. Thus, the
mutation frequency refers to the number of cells that survived the 5-AzaC treatment.
Unstained mutant colonies were individually isolated and characterized.

Deletion screen by PCR amplification of coding sequences. The gpt gene was
amplified by the PCR method as previously described (22). The amplification
reaction mixtures (100 ml) contained 1 mg of genomic DNA (G10, G12, and
6-TGr clones), 100 pmol of amplification primers 59-AACACTTTTTAAGCCG
TAGATAAA and 59-TATTGTAACCCGCCTGAAGTTAAA (these primers
hybridize 18 bases before and 39 bases after the gpt coding region, respectively),
200 mM deoxynucleoside triphosphate, and 2.5 U of Taq polymerase in a 50 mM
KCl–10 mM Tris (pH 8.0; 1.5 mM MgCl2–0.01% [wt/vol] gelatin) buffer. Am-
plification (typically 30 cycles) was performed in Perkin-Elmer thermal cycler.
The resultant PCR products were then separated on 1.2% agarose gels to screen
for any tentative deletions.

Genomic methylation level. A modification of the methyl-accepting assay (17)
was used to determine the methylation level of DNA isolated from G10, G12,
and 6-TGr cells. DNA (200 ng) was incubated with 4 U of SssI methylases (New
England Biolabs) in the presence of 1.5 mM S-adenosyl-L-[methyl-3H]methionine
and 1.5 mM nonradioactive S-adenosylmethionine. The reaction mixtures (20
ml), in the manufacturer’s buffer containing 0.1 mg of RNase A, were incubated
at 37°C for 4 h. The reactions were terminated by adding 300 ml of stop solution
(1% sodium dodecyl sulfate, 2 mM EDTA, 5% 2-propanol, 125 mM NaCl, 1 mg
of proteinase K per ml, 0.25 mg of carrier DNA per ml) for 1 h at 37°C. The DNA
was extracted with phenol-chloroform and ethanol precipitated. The recovered
DNA was resuspended in 30 ml of 0.3 M NaOH and incubated for 30 min at 37°C.
DNA was spotted on Whatman GF/C filter discs, dried, and then washed five
times with 5% (wt/vol) trichloroacetic acid followed by 70% (vol/vol) ethanol.
Filters were placed in scintillation vials and incubated for 1 h at 60°C with 500 ml
of 0.5 M perchloric acid. Then 5 ml of scintillation cocktail was added and the 3H
incorporation was determined by a Beckman liquid scintillation counter. Higher
levels of [3H]methyl group incorporated into DNA indicated lower levels of
genomic DNA methylation, but when less [3H]methyl group was incorporated, a
higher level of genomic DNA methylation was indicated (17).

DNA methylation studies with methylation-sensitive restriction enzymes. Ten
micrograms of DNA from G10 and G12 cells and 6-TGr 5-AzaC G10 and G12
variants were first digested with the restriction endonuclease EcoRV (5 U/mg of
genomic DNA) and then extracted with phenol-chloroform and ethanol precip-
itated. This digestion released a 1.7-kb genomic fragment in G12 DNA and a
5.3-kb genomic fragment in G10 DNA. This DNA fragment was digested again
with 5 U of the methylation-sensitive restriction endonuclease HpaII (59-CCGG-
39; U.S. Biochemicals) or HaeII (59-PuGCGCPy-39; New England Biolabs) per
mg or with the insensitive isoschizomer MspI. The digested DNA was fraction-
ated on agarose gels, blotted onto nylon membranes (Nytran; Schleicher &
Schuell), and hybridized with an appropriate radiolabeled probe.

Bisulfite genomic sequencing for the detection of 5-methylcytosine. Bisulfite
genomic sequencing was performed as described by Clark et al. (5) with the
modifications described by Singal et al. (32). The primers for the PCR amplifi-

cation (59-ACATAAATCTACAACATATCCCAAATAACA/GATA and 59-AT
GTAAAGTATGTATTTTAATTAGTTAGTAATTA) were constructed after
the bisulfite conversion reaction had been taken into account. (The sequence of
the unmodified sense strand for which these primers were constructed is depicted
in Fig. 5.) Direct sequencing of PCR-amplified product (408 bp) was performed
with an automated DNA sequencer (Genomis Inc.).

DNase I sensitivity assay. The procedure for the isolation of nuclei was
reported previously (22). A total of 5 3 105 nuclei in DNase I buffer (10 mM
Tris-Cl [pH 7.4], 10 mM NaCl, 3 mM MgCl2, 100 mM CaCl2) were treated with
increasing amounts (0, 0.5, 1, 2, and 10 U) of DNase I (Boehringer) in a reaction
volume of 200 ml for 30 min at 25°C. The reactions were terminated by adding
equal volume of stop solution (1% sodium dodecyl sulfate, 0.1 M NaCl, 50 mM
Tris-Cl [pH 8.0], and 10 mM EDTA) containing 1 mg of proteinase K per ml and
incubated at 55°C for 2 h. The DNA was extracted with phenol-chloroform and
ethanol precipitated. The gpt gene was amplified by PCR (50 ng/reaction; 30
cycles) with the same primers that were described above for the deletion screen.
The PCR products were separated on 1.2% agarose gel and stained with
ethidium bromide (EtBr).

RESULTS

High mutation frequencies induced by 5-AzaC in G10 and
G12 cells. Dose-response studies for 5-AzaC were performed
on the G10 and G12 cell lines (Fig. 1). The cells were grown for
48 h in the presence of the drug, and then the survival rates and
mutation frequencies of the gpt gene (6-TGr) were determined
as described in Materials and Methods. The concentration of
5-AzaC necessary to inhibit growth by 50% was 2 mM for both
cell lines. The mutation frequencies were very high (approxi-
mately 10 to 20 times higher) compared to those of other
mutagens tested in the G10 and G12 cell lines (22); however,
there were dissimilarities between the two cell lines. The mu-
tation frequency in the G10 cell line was much higher than in
the G12 cell line. This level of mutagenesis (4 3 1022) is the
highest level ever reported for this cell line. The differences
between the cell lines may be explained by the different local-
izations of the gpt gene.

Northern and deletion analysis revealed no transcript but
intact transgene existence in most of the 6-TGr cell lines. We
examined gpt-specific mRNA levels and also gpt genomic se-
quences in several G10- and G12-derived cell lines (summa-
rized in Table 1). These and all mutant clones described here
were independently isolated from individually treated popula-
tions of cells. As clearly seen in the Northern blot (Fig. 2A),
only the wild-type G10 and G12 cells accumulate gpt transcript.
Note, however, that in two of the G10 variants very low levels
of expression of gpt transcripts were observed (variants A5 and
A6 [Fig. 2A]).

The results of the PCR analysis that was done in order to
determine the presence or absence of the gpt sequence are
shown in Fig. 3. The frequency of deletion mutants is very low
in both cell lines (Table 1). This resembled the low level of
deletion that was found for the 6-TGr G12-derived cell line in-
duced by nickel (22). However, the mutagenic spectrum found
in other studies showed that transgene deletions occurred in
20% of the spontaneous G12 mutants and in about 50% of the
X-ray- and bleomycin-induced G12 mutants (21). The levels
were even higher (up to 95%) in G10 mutant cells (21), which
were much more highly prone to gpt deletion than G12 cells.
The lower deletion level (less than the spontaneous frequency)
obtained with 5-AzaC demonstrated a unique mechanism ac-
tivated by this drug, which silences these transgenes.

Lower genomic methylation levels in the 5-AzaC-induced
variants. The overall methylation levels were checked for a
number of the 5-AzaC G12-derived variants and compared to
those of the original G12 cell line. The genomic methylation
levels, as expected, decreased as a result of the 5-AzaC treat-
ment (Table 2). These low genomic methylation levels were
maintained for many cell cycles because the cells were selected
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for 6-TGr before isolation and genomic DNA methylation pat-
terns were known to be inherited.

Evidence for DNA methylation in 5-AzaC-induced variants.
As shown in Table 1, 87% of all the 5-AzaC variants did not
accumulate gpt transcript despite having an intact transgene. In
order to check if the transgene expression had been silenced by
mechanisms involving DNA methylation, we performed two
different assays. Digestion of genomic DNA with a methyla-
tion-sensitive restriction enzyme followed by Southern analysis
of the gpt region is shown in Fig. 4. Figure 4A shows digestion
of genomic DNA from 6-TGr G12-derived cell lines with the
methylation-sensitive restriction enzyme HaeII. There is one
cutting site in the 59 flanking region of the integrated gpt target
sequence in the G12 cell line. When G12 genomic DNA was
digested with EcoRV and HaeII, a 1.2-kb fragment would have
been obtained if both enzymes cut, or a 1.7-kb fragment would
have appeared if the HaeII site was methylated, but only
EcoRV cut the DNA (Fig. 4D). The appearance of both bands
in almost all the cell lines examined (except A18 and A19)
demonstrated partial methylation of this site. The digestion of
control G12 DNA yielded the lower band only. The results for
the G10-derived cell lines, digested with the methylation-sen-
sitive enzyme HpaII and the enzyme EcoRV, are shown in Fig.
4B. There are three restriction sites for methylation-sensitive
HpaII restriction enzyme in this transgene sequence (Fig. 4D).
When the DNA was completely methylated, a 5.3-kb fragment
would have been observed. If the DNA was not methylated,
5.04- and 0.15-kb fragments (and also 0.07- and 0.04-kb frag-
ments that are not detected with the blotting conditions used)
would result from the double digest. Also in this case, the
appearance of intermediate bands (0.22 and 0.26 kb) together
with the lower band (for variants A2, A3, A4, A7, A8, A9, A10,
A11, and A12) indicated increased methylation. These inter-
mediate bands are not seen in the G10 control. In the A5 and
A6 variants, we could not detect intermediate bands. In these

same cell lines, low transcription levels were detected by the
Northern analysis (Fig. 2).

Figure 4C compares the digestion of the G10 and three G10
5-AzaC variants (A2, A3, and A7) with the methylation-sensi-
tive HpaII and the methylation-insensitive isoschizomer MspI.
(The DNA was first digested with EcoRV and HindIII, yielding
lower molecular weights than in Fig. 4B, in which the DNA was
cut with only EcoRV.) A darker 470-bp band in the HpaII cut
than that in the MspI cut indicated some partial methylation at
the first HpaII site in wild-type G10 (Fig. 4D). However, there
were additional differences in the 5-AzaC-induced variants of
G10 between MspI and HpaII cutting with respect to the pres-
ence of the 150-bp fragment in the MspI lane and not in the
HpaII lane in each variant, indicating more methylation in the
variants at the first and second HpaII sites (Fig. 4D). Addi-
tionally, there was less intensity of the 320-bp band in the vari-
ants cut with the HpaII than in the same DNA cut with MspI,
indicating more methylation at the first HpaII site (Fig. 4D).
There was also greater intensity of the 470- and 540-bp frag-
ments with HpaII cutting than with MspI cutting in the variants
(i.e., a 470-bp fragment would be present if the first HpaII site

FIG. 1. Mutation frequency and cytotoxicity of 5-AzaC in G10 and G12 cells. The cells were exposed to various concentrations of 5-AzaC for 48 h and then
incubated for a 7-day expression period. The selection for gpt2 cells was then done in a medium containing 6-TG (10 mg/ml) for 10 days. The data represent the median
values (for mutation frequencies) and the means 6 standard deviations (for survivals) of three to eight determinations. Filled symbols and open symbols represent the
mutation frequency and percent survival, respectively. The spontaneous mutation frequencies of the G10 (Œ) and G12 (F) cells were 100 and 30 per 106 surviving cells,
respectively.

TABLE 1. Summary of molecular characterization of
5-AzaC-induced 6-TGr variants of G10

and G12 cell lines

Cell line

No. (%) of variants

Tested Without
transcripts

With
transcripts

With deletions
of gpt

G10 23 20 (87) 1 (4.3) 2 (8.7)
G12 32 28 (87.6) 3 (9.3) 1 (3.1)

Total 55 48 (87.2) 4 (7.3) 3 (5.5)
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was methylated, a 540-bp fragment would be present if the sec-
ond HpaII site was methylated, and a 580-bp fragment would
be present if the third site was methylated [Fig. 4D]).

The second assay performed was methylation analysis of the
promoter region in different 6-TGr cells by the sodium bisulfite
sequencing method (5, 32). The region examined included 408
bp of the simian virus 40 (SV40) early promoter region, which
was located 59 to the E. coli gpt gene in these transgenic cell
lines. This region contained 18 CpG sites (Fig. 5). The results
for eight independent 6-TGr cell lines and two control cell lines
are summarized in Table 3. Since direct sequence of the PCR
product was performed, the data represent a population aver-
age (5). Table 3 shows that the amount of sites methylated in
the different cell lines varies. Note that many sites are only
partially methylated. However, almost all the cell lines had
some level of methylation in the specific region tested, exclud-
ing those with some gpt expression, A5 and A6 variants, and
the wild-type G12. The A5 and A6 cell lines showed either no
methylation or partially methylated sites, respectively. This
correlated with the low levels of transcription and undetectable
methylation after digestion with methylation-sensitive restric-
tion enzymes (Fig. 4).

The 10 common sites that were methylated or partially
methylated in five out of eight variants are marked on Fig. 5.
Each of these genomic methylation patterns resulted in trans-
gene silencing, and all were induced by the demethylation
drug, 5-AzaC.

Reversion assays with 3 mM 5-AzaC were performed in the

A3, A11, A13, and A21 cell lines, as described in detail previ-
ously (22), in order to check if the transgene was still poten-
tially functional and inactivated only by its epigenetic status.
The high reversion frequencies (6 3 1024, 10 3 1024, 60 3
1024, and 500 3 1024, respectively) further emphasized the
correlation between the methylation state and the silencing of
the transgene. The control cell lines that were used for these
assays were the N37 nickel-induced variant, which was shown
to be highly methylated in the gpt locus and gave high reversion
frequencies (6 3 1024), and the N126 cell line, in which the gpt
gene is mutated. In this cell line no reversion was observed

FIG. 2. Analysis of gpt transcription in several 6-TG-resistant G10 and G12 variants. (A) Northern blot analysis of gpt transcription. Fourteen micrograms of total
RNA per cell line was fractionated on 1% agarose gels and transferred to a nylon membrane. The membrane was hybridized with a 32P-labeled gpt probe that was
generated by random primer labeling of a 561-bp PCR product of the gpt coding region. The arrows indicate the expected size of the gpt transcript in the G10 (top
arrow) and G12 (bottom arrow) parental lines. (B) To control for gel-loading differences, the membranes were stripped and rehybridized with a GAPDH probe.

FIG. 3. Deletion screen by PCR amplification of the gpt coding sequence in
G12-derived (A) and G10-derived (B) 6-TG-resistant cell lines. PCR products
were separated on 1.2% agarose gels and stained with EtBr. The expected 561-bp
PCR product is clearly visible in the control G10 and G12 cell lines and most of
the examined variants. No products are shown in the negative control reaction
(no template DNA) (lane N). M, molecular weight markers.

TABLE 2. Genomic DNA methylation levels in 5-AzaC-induced
6-TGr variants of the G12 cell line

Cell line
Genomic DNA methyl-

ation level (% of
control)a

G12 (control) .................................................................. 100

G12 6-TGr

A13............................................................................... 59.4 6 4.7
A14............................................................................... 68.9 6 1.9
A15............................................................................... 80.10 6 2.5
A16............................................................................... 47.11 6 4
A18............................................................................... 50.4 6 2.6

a Methylation levels of genomic DNA were measured from duplicate samples
by a methyl-accepting assay with CpG methylase (SssI) and calculated as follows:
{1 1 [(control 2 treated)/control]} 3 100.
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with 5-AzaC treatment (22). The spontaneous reversion rates
for methylated variants in these experiments were on the order
of 3 3 1026.

Changes in chromatin structure in the gpt locus of the 5-
AzaC-induced variants. To study whether the observed changes
in DNA methylation were correlated with changes in the
chromatin structure in the gpt locus, DNase I sensitivity was
examined in isolated nuclei from different variant cell lines.
As shown in Fig. 6, the variant clones of both G12 and G10
exhibited marked resistance to increasing concentrations of
DNase I compared with that in the parental G10 and G12
cell lines. The N37 cell line was used as a positive control
(Table 3). These data indicated a more condensed chroma-
tin structure of the transgene, induced as a consequence of
5-AzaC treatment.

DISCUSSION

Our results showed that treatment of G10 and G12 trans-
genic cell lines with 5-AzaC resulted in an unusually high fre-
quency of 6-TG resistant variants (1.5 3 1022 to 4.5 3 1022).
Other studies (for examples, see references 24 and 33) showed
5-AzaC-induced 6-TG and TFT resistance in AS52 (33) and
L5178Y cell lines (24). In those studies the mutation frequency
levels were lower than the results presented here. This was
probably due to the shorter 5-AzaC treatment periods that
were used in the two mentioned studies (4 to 5 h compared to
48 h here). However, 5-AzaC is more effective at lowering DNA
methylation with longer treatment periods (i.e., at least one cell
cycle), and this is usually the way cells are treated with this drug.

Detailed molecular analysis of the variants demonstrated that

FIG. 4. Methylation of the gpt gene and its flanking sequence in G12 (A) and G10 (B and C) 5-AzaC-induced 6-TG-resistant cell lines. Ten micrograms of
EcoRV-digested DNA was further digested with the methylation-sensitive restriction enzyme HaeII (A) or HpaII (B). Lane C contains EcoRV-digested DNA not
subjected to digestion with the other enzymes. (C) Digestion of G10 and the A2, A3, and A7 5-AzaC variants with the methylation-sensitive enzyme HpaII and the
methylation-insensitive isoschizomer MspI. To better resolve the bands, the DNA was cut with both EcoRV and HindIII, and fragments were separated in a 1.7%
agarose gel (6 h at 55 V). The DNA was transferred to a membrane in 203 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate). (D) Restriction of the gpt gene
on the genomic map of G12 and G10 cell lines. The fragments were separated on agarose gels (1% [A], 1.7% [B], and 1.7% [C]), transferred to nylon membranes, and
then hybridized with a 32P-labeled gpt probe. The variants are identified as in Fig. 2. H1, H2, H3, and H4 are the first, second, third, and fourth HpaII sites, respectively.
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transgene silencing by de novo DNA methylation was the major
factor responsible for this high level of 6-TG resistance. Trans-
gene silencing is a well-known phenomenon (7, 28), but it was
unexpectedly observed after treatment with the classical demeth-
ylation agent, 5-AzaC. Transgenes are probably recognized in
cells by the specific bacterial or viral sequences that they contain
and their different structures in the chromosomal environment
(11, 28), and by some unknown mechanism, 5-AzaC caused
these transgenes to become silenced by inducing de novo DNA
methylation and increased chromatin condensation. It is im-
portant to emphasize that the variant cells were isolated after
drug selection. As a result of 5-AzaC treatment for 2 days, the
transgene was probably demethylated. Then the cells were
grown in regular medium for a 7-day expression period (10 to
14 cell divisions). After this period, the majority of the nuclei
did not contain 5-AzaC (12). When the cells were transferred
to the selection media (6-TG), the selection was toward cells
that could inactivate the transgene. It is possible that part of
the 6-TGr cell lines was a result of mutation (like the A5 and
A6 cell lines and also the A18 cell line), but the high frequency
of variants obtained supports a more general process of gene

inactivation by methylation of cytosines in DNA. An equiva-
lent model for silencing and reactivation of recombinant viral
genes has recently been suggested (4). According to this
model, a host protein or protein complex binds to viral se-
quences and recruits a histone deacetylase to the site. The
enzyme deacetylates histones H3 and H4, resulting in a more

FIG. 5. Map of 408 bp from the SV40 early promoter region flanking the gpt
coding region in G10 and G12 transgenic cell lines. CpG dinucleotides are
underlined. The numbers above the CpG sites correspond to the methylation
map data in Table 3. Bold numbers represent the sites that were methylated or
partially methylated in the genomes of five out of the eight variants that were
examined. The arrows indicate the sequences used for the primer design. (The
primers were constructed after the bisulfite conversion reaction had been taken
into account.)

FIG. 6. Resistance of 5-AzaC-induced 6TG-resistant clones to DNase I. Nuclei isolated from G12, N37, A13, A14, and A15 cells (A) and G10, A2, A6, and A7 cells
(B) were treated with 0, 0.5, 1, 2, and 10 U of DNase I. PCRs were performed on 50 ng of DNase I-digested DNA. PCR products were separated on 1.2% agarose
gels and stained with EtBr. The expected gpt product is 561 bp. M, molecular weight markers.

TABLE 3. CpG-methylated, nonmethylated, and partially
methylated sites in the SV40 early promoter region

of 5-AzaC-induced 6-TGr variants derived
from the G10 and G12 cell linesa

Site
no.b

Methylationc in:

G10 variants G12 variants
G12 N37d

A2 A3 A5 A6 A7 A14 A15 A23

1 2 1 2 ND 2 ND 2 2 2 2
2 2 6 2 ND 2 ND 2 2 2 2
3 6 1 2 2 6 2 2 6 6 6
4 1 1 2 2 6 2 2 6 2 6
5 1 1 2 2 1 2 6 1 2 1
6 6 1 2 2 6 2 1 6 2 6
7 1 1 2 2 6 6 6 6 2 1
8 6 6 2 2 2 2 2 6 2 6
9 6 6 2 2 2 2 2 6 2 6
10 1 1 2 2 6 2 6 1 2 1
11 6 6 2 2 2 2 2 2 2 1
12 6 6 2 2 2 2 2 6 2 1
13 6 1 2 2 6 2 6 1 2 1
14 1 1 2 2 6 2 1 1 2 1
15 1 1 2 2 1 6 1 1 2 1
16 1 6 2 2 6 2 6 1 ND 1
17 1 1 2 2 6 2 6 1 2 1
18 1 1 2 6 6 2 6 6 2 1

a Data were obtained by the sodium bisulfite genomic sequencing technique
(5, 32) of independent cell lines. Direct PCR sequencing was done with an
automated DNA sequencer to obtain a methylation map from the population
average. Partial methylation at any site was observed by the presence of both a
cytosine and a thymidine residue at the same sequencing position. Cytosines that
are not associated with CpG dinucleotides have been converted to thymidines in
all the samples.

b The sites in this table correspond to the CpG sites marked in Fig. 5.
c 1, methylation; 2, no methylation; 6, partial methylation.
d N37 is a nickel-induced 6-TGr G12 variant, which was shown to be highly

methylated in the gpt locus (22).
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condensed chromatin structure and inhibition of transgene
transcription. A direct relationship between DNA methylation
and histone deacetylation was shown by Nan et al. (26). It is
possible that the same events happened in our system, due to
the selection conditions, leading to DNA methylation and
chromatin condensation of the gpt locus (16).

The reason for the higher frequency of G10 variants, com-
pared to G12 variants, may be the different chromosomal lo-
calizations of the gpt gene. In the G10 cells it was localized in
a euchromatic region on chromosome 6, which might be more
susceptible to protein binding and modifying enzymes, such as
DNA methyltransferase, than the gpt locus in G12 cells, which
was located in close proximity to a condensed heterochromatic
region near the telomere on chromosome 1.

The methylation maps of the different variants are not equal,
but among the 18 tested sites, there were 10 sites (Table 3)
completely or partially methylated in five out of the eight cell
lines examined. It was already demonstrated that the discrim-
ination between methylated and unmethylated alleles may be
attributed to differences in methylation of a very short and
specific region (8, 10); thus, it is possible that methylation of
only a few critical sites was sufficient to silence the gpt gene. To
emphasize the relation between the transgene silencing and
methylation, reactivation of the transgene silenced by 5-AzaC
was performed with 5-AzaC again. The high reversion frequen-
cies suggested additional evidence for the epigenetic effect
induced by 5-AzaC.

The results we report here demonstrated that under specific
conditions 5-AzaC may induce transgene silencing by DNA
methylation and chromatin condensation. Isolation of the spe-
cific regulatory protein(s) that enhanced transgene silencing
and the elucidation of its expression pattern may be a useful
tool for a controlled transgene inactivation process. Further
study of this phenomenon may help treat disease involving
viral integration and assist us in designing better strategies for
gene therapy.
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