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De novo methylation of CpG islands within the promoters of eukaryotic genes is often associated with their
transcriptional repression, yet the methylation of CpG islands located downstream of promoters does not block
transcription. We investigated the kinetics of mRNA induction, demethylation, and remethylation of the p16
promoter and second-exon CpG islands in T24 cells after 5-aza-2'-deoxycytidine (5-Aza-CdR) treatment to
explore the relationship between CpG island methylation and gene transcription. The rates of remethylation
of both CpG islands were associated with time but not with the rate of cell division, and remethylation of the
pl6 exon 2 CpG island occurred at a higher rate than that of the pl6 promoter. We also examined the
relationship between the remethylation of coding sequence CpG islands and gene transcription. The kinetics
of remethylation of the pl6 exon 2, PAX-6 exon 5, c-ABL exon 11, and MYF-3 exon 3 loci were examined
following 5-Aza-CdR treatment because these genes contain exonic CpG islands which are hypermethylated in
T24 cells. Remethylation occurred most rapidly in the p16, PAX-6, and c-ABL genes, shown to be transcribed
prior to drug treatment. These regions also exhibited higher levels of remethylation in single-cell clones and
subclones derived from 5-Aza-CdR-treated T24 cells. Our data suggest that de novo methylation is not
restricted to the S phase of the cell cycle and that transcription through CpG islands does not inhibit their

remethylation.

DNA methylation is essential for normal embryonic devel-
opment, possibly due to its roles in transcriptional silencing (7,
32, 45, 50), X-chromosome inactivation (41, 46), and genomic
imprinting (10, 31). Cytosine methylation normally occurs at
CpG dinucleotides, which are represented at lower-than-ex-
pected frequencies in the eukaryotic genome, with the excep-
tion of regions known as CpG islands, which have the statisti-
cally expected frequency of CpGs (12). Analyses of the spatial
relationship between CpG islands and eukaryotic genes have
shown that CpG islands often reside within gene promoters
and extend further downstream into transcribed regions (5);
however, they can also occur in regions remote from the pro-
moter (30). CpG islands normally remain unmethylated in the
germ line and rarely become methylated in somatic cells (1);
however, alterations in these methylation patterns are associ-
ated with many human cancers (2, 4, 23).

Numerous investigations suggest that hypermethylation of
promoter CpG islands correlates with transcriptional inhibi-
tion (7, 13, 17-19, 39, 44, 47, 53). On the other hand, additional
studies show that de novo methylation of CpG islands residing
within transcribed regions is permissive for gene expression
(22, 24, 54) and that methylation of exonic CpG islands does
not inhibit transcriptional elongation in mammalian cells (14).
Paradoxically, hypermethylation of promoter CpG islands is
often associated with transcriptional silencing, whereas in-
creased CpG island methylation downstream of transcription
initiation correlates with gene expression (24).

Additional evidence from our laboratory suggests that gene
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transcription does not block the de novo methylation of CpG
islands, though most studies in the field have concentrated on
the effects of promoter methylation on gene silencing. First,
genome-scanning techniques have led to the identification of
CpG islands within transcribed regions of genes which are
overexpressed and hypermethylated in tumor cells (33, 48);
second, hypermethylation of p/6 exon 2 has been observed in
primary tumors and tumor cell lines which express the gene
(13); and third, this report shows that remethylation of the p/6
exon 2 CpG island after 5-aza-2'-deoxycytidine (5-Aza-CdR)
treatment occurs more rapidly than that of the p/6 promoter
CpG island.

These observations led us to investigate the roles of cell
division and gene transcription in DNA methylation to further
clarify the association between gene transcription and the re-
methylation of CpG islands, including those within exonic se-
quences. First, we analyzed the kinetics of p/6 activation and
demethylation by 5-Aza-CdR in the T24 bladder carcinoma
cell line and observed that demethylation of the p/6 promoter
CpG island was directly associated with transcription of the
gene. Next, the rates of remethylation of the p76 gene follow-
ing this transient demethylation after 5-Aza-CdR treatment
were shown to depend on time but not on the rate of cell
division, and it was shown that p/6 exon 2 became remethyl-
ated at a higher rate than the promoter. We also explored how
gene transcription might influence remethylation of the coding
sequence CpG islands in PAX-6 exon 5, c-ABL exon 11, and
MYF-3 exon 3. Remethylation occurred most rapidly in the
actively transcribed regions of p16 exon 2, PAX-6 exon 5, and
c-ABL exon 11, whereas the MYF-3 gene, which is not tran-
scribed in T24 cells, exhibited a lower rate of remethylation
than the other loci examined. The transcribed CpG islands of
pl6 exon 2, PAX-6 exon 5, and c-ABL exon 11 also became
remethylated to greater degrees in clones and subclones de-
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TABLE 1. Oligonucleotide sequences

Assay and gene Sequence Direction
Bisulfite PCR
pl6 promoter 5'-GTAGGTGGGGAGGAGTTTAGTT-3’ Sense
5'-TCTAATAACCAACCAACCCCTCC-3’ Antisense
pl6 exon 2 5" -TTGATTATTTTGTTTTTTTTGGTAGGTT-3’ Sense
5'-CAAATTCTCAAATCATCAATCCTCACC-3’ Antisense
PAX-6 exon 5 5'-GGGAGGATTATTTGTAG-3’ Sense
5'-CTTTCCTCAAATCACAAC-3' Antisense
c-ABL exon 11 5'-GTTTTTGTAGGGAAGGTTGG-3’ Sense
5'-ACTAAACTAATAAAAATCCC-3’ Antisense
MYF-3 exon 3 5'-GAGTTTAGATTATTTGTTTAG-3’ Sense
5'-AAACATTTAAATTCAATCTTTTAAAC-3’ Antisense
Ms-SNuPE
pl6 promoter 5'-TTTGAGGGATAGGGT-3’
5'-TTTTAGGGGTGTTATATT-3'
5S'-TTTTTTTGTTTGGAAAGATAT-3’
pl6 exon 2 5'-GTTGGTGGTGTTGTAT-3’
5'-AGGTTATGATGATGGGTAG-3’
5'-TATTAGAGGTAGTAATTATGTT-3’
PAX-6 exon 5 5'-AGTTAGTTTTATAATTTTTTGT-3'
5'-GAGGATTATTTGTAGAATT-3'
5'-GTTGATAAAGATATTAT-3’
c-ABL exon 11 5'-GGAGGTAGTTTTGGG-3’
5'-TTTGGTTGATGTTGTGAA-3’
5'-GTAGAGGGTTTTAAAAAGTT-3’
MYF-3 exon 3 5'-TTTTGAGGGGGATGTGGT-3’
5'-AGGGAGAGAGTAG-3’
RT-PCR
pl6 5'-AGCCTTCGGCTGACTGGCTGG-3’ Sense
5'-CTGCCCATCATCATGACCTGGA-3’ Antisense
PAX-6 5'-CTAATGGGCCAGTGAGGAG-3' Sense
5'-TACTCACACATCCGTTGGACAC-3’ Antisense
c-ABL 5'-GGCTGCCCAGAGAAGGTCTA-3' Sense
5'-GAGCAATGGAGACACGGCAG-3’ Antisense
MYF-3 5'-TCCAAACCAGCGGTTGCCCAAG-3’ Sense
5'-TGGAGATGCGCTCCACGATGCT-3' Antisense

rived from T24 cells treated with 5-Aza-CdR, showing that the
increased levels of methylation observed were due to de novo
methylation of previously unmethylated sequences rather than
to the selection of cells which had been unaffected by treat-
ment with a demethylating agent. These results show that cell
division does not increase the rate of remethylation and that
the transcription of endogenous genes does not block remeth-
ylation of CpG islands.

MATERIALS AND METHODS

Cell lines. The J82 and T24 bladder transitional cell carcinoma cell lines were
obtained from the American Type Tissue Collection, Rockville, Md. T24 cells
were cultured in Dulbecco modified Eagle medium (DMEM) supplemented with
10% fetal calf serum (FCS) and 5% penicillin-streptomycin. J82 cells were
cultured in minimal essential medium supplemented with 10% FCS, 5% peni-
cillin-streptomycin, nonessential amino acids, and sodium pyruvate.

5-Aza-CdR treatments. Cells were plated (3 X 10° cells per 100-mm dish) and
treated 24 h later with 5-Aza-CdR (5 X 10”7 M). This dose was selected because
it exhibited the greatest effect on DNA demethylation with minimal cytotoxicity.
To increase the cell survival rate and facilitate the isolation of single-cell clones,
3 X 1077 M 5-Aza-CdR was utilized. The medium was changed 24 h after drug
treatment and every 3 days subsequently. RNA and DNA were isolated after
specific time periods following treatment, as described previously (13).

Analysis of the relationship between cell division and the de novo methylation
of CpG islands following 5-Aza-CdR treatment. T24 cells originally maintained
in DMEM containing 10% FCS and 5% penicillin-streptomycin were plated (3 X
10° per 100-mm dish) in DMEM containing 1% FCS and 5% penicillin-strep-
tomycin. Cells were treated 24 h later with 5-Aza-CdR (5 X 1077 M; Sigma
Chemical Co., St. Louis, Mo.). The drug was removed and the medium was
replaced 24 h after addition of the drug, with half the plates containing medium

supplemented with 1% FCS and the remaining half containing medium supple-
mented with 10% FCS. The media were subsequently changed every 3 days.
RNA and DNA were isolated after specific time periods following treatment, as
described previously (13). The total cell number was assessed at each time point
by using a Coulter Counter to determine the differences in doubling times
between cells grown in medium supplemented with 1% FCS and those grown in
10% FCS.

Generation of T24 single-cell clones and subclones. Cells were plated (10° per
75-cm? flask) and treated 24 h later with 5-Aza-CdR (3 X 1077 M). This lower
dose was selected (instead of 5 X 1077 M) to reduce the immediate cytotoxic
effects of the drug and increase the cell survival rate, thus facilitating the isolation
of individual cells. Clones 2, 3, 4, and 7 were isolated from single cells between
48 and 72 h after drug removal, as described previously (14). Conditioned
medium was used for the initial culturing of single-cell clones. One of these
clones (clone 4) was used for the repeated isolation of single-cell subclones
(designated 4:1, 4:2, 4:5, and 4:9). RNA and DNA were extracted from each
individual clone or subclone at least 20 cell population doublings after isolation.

Quantitation of methylation by Ms-SNuPE. Methylation of PAX-6 exon 5,
¢-ABL exon 11, MYF-3 exon 3, pI6 exon 2, and the pI6 promoter was measured
by the methylation-sensitive single nucleotide primer extension (Ms-SNuPE)
assay as described previously (15). T24 cells were treated with 5-Aza-CdR (5 X
1077 M), and DNA was harvested at various times after treatment (proteinase K
digestion, phenol-chloroform extraction, and ethanol precipitation). DNA was
also isolated from T24 single-cell subclones. Genomic DNA was treated with
sodium bisulfite (8, 11) to convert unmethylated cytosines to uracil, leaving
5-methylcytosine unchanged. The regions of interest were amplified with PCR
primers specific for bisulfite-converted DNA (Table 1). The PCR conditions
were as follows: for the p16 promoter, 95°C for 3 min, 37 cycles of 95°C for 50 s,
67°C for 50 s, and 72°C for 45 s, and 72°C for 2 min; for p16 exon 2, 95°C for 3
min, 38 cycles of 95°C for 50 s, 60°C for 50 s, and 72°C for 45 s, and 72°C for 2
min; for PAX-6 exon 5, 95°C for 3 min, 38 cycles of 95°C for 1 min, 50°C for 30's,
and 72°C for 1 min, and 72°C for 2 min; for ¢-ABL exon 11, 95°C for 3 min, 37
cycles of 95°C for 50 s, 47°C for 50 s, and 72°C for 45 s, and 72°C for 2 min; and
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for MYF-3 exon 3, 95°C for 3 min, 36 cycles of 95°C for 50 s, 49°C for 40 s, and
72°C for 45 s, and 72°C for 2 min. SNuPE was performed with primers internal
to the region amplified, with each primer terminating immediately 5" of the CpG
site to be assayed. The methylation status of individual CpG sites within the
amplified regions of interest was analyzed, and the average methylation value for
two or three sites within each region was obtained. Ms-SNuPE sequences specific
for each region are shown in Table 1. The conditions for primer extension were
as follows: for the p16 promoter and exon 2, 95°C for 2 min, 50°C for 1 min, and
72°C for 1 min; for PAX-6 exon 5, 95°C for 2 min, 60°C for 1 min, and 72°C for
1 min; for ¢-ABL exon 11, 95°C for 2 min, 47°C for 2 min, and 72°C for 1 min;
and for MYF-3 exon 3, 95°C for 2 min, 43°C for 1 min, and 72°C for 1 min.

RT-PCR. Total RNA was isolated from 2 X 10° cells lysed in 2 ml of buffer
containing guanidine isothiocyanate (4 M; Gibco BRL, Palo Alto, Calif.), N-
lauryl sarcosine (0.5%), sodium citrate (25 mM; Fisher Scientific, Fair Lawn,
N.J.), and 2-mercaptoethanol (0.1 M; Sigma Chemical Co.). RNA was precipi-
tated (1 h, —20°C) in 50% isopropanol-50% lysis buffer following standard
phenol-chloroform extraction of the cell lysate. After centrifugation (10 min,
10,000 X g), the supernatant was decanted and the RNA pellet was washed twice
in 70% ethanol prepared with diethylpyrocarbonate-treated double-distilled wa-
ter. The RNA pellet was dissolved in 100% diethylpyrocarbonate-treated water.
Two micrograms of total RNA was reverse transcribed with random hexamers,
deoxynucleoside triphosphates, and SuperScript 1I reverse transcriptase (Gibco
BRL) in a 25-pl reaction mixture, as described previously (13). cDNA was
amplified with primers specific for either PAX-6, c-ABL, MYF-3,p16, or GAPDH.
PCR primer sequences and conditions for p/6 and GAPDH were utilized as
described previously (13). The primer sequences for PAX-6, c-ABL, and MYF-3
expression analysis are listed in Table 1. The reverse transcription (RT)-PCR
conditions were as follows: for PAX-6, 95°C for 3 min, 30 cycles of 95°C for 1 min,
60°C for 30 s, and 72°C for 1 min, and 72°C for 2 min; for ¢-ABL, 95°C for 3
min, 28 cycles of 95°C for 50 s, 60°C for 50 s, and 72°C for 45 s, and 72°C for
2 min; and for MYF-3, 95°C for 3 min, 27 cycles of 95°C for 1 min, 58°C for 45 s,
and 72°C for 45 s, and 72°C for 2 min. PCRs were performed with cDNA
template concentrations equivalent to 100 ng of RNA. All reactions were ana-
lyzed in the linear range of amplification. PCR products were resolved on 2%
agarose gels and subsequently transferred to nylon membranes (Zetaprobe;
Bio-Rad, Richmond, Calif.) under alkaline conditions. All blots were hybridized
with digoxigenin-labeled oligonucleotide probes (Genius; Boehringer, Mann-
heim, Germany).

Determination of cytotoxicity. T24 cells (200 per 60-mm dish) were plated in
triplicate sets for a colony formation assay. Cells were treated with 1077, 5 X
1077, or 107® M 5-Aza-CdR 24 h later. Once cell colonies were visible (after 7
days), cells were fixed in 100% methanol and stained with 10% Giemsa stain. The
cell survival percentage was assessed by dividing the mean colony number on the
5-Aza-CdR-treated plates by the mean colony number on the untreated plates
and multiplying the quotient by 100. This number was subtracted from 100 to
determine the percent toxicity.

RESULTS

Kinetics of p16 mRNA induction and p16 promoter demeth-
ylation by 5-Aza-CdR in T24 cells. Members of our group have
previously shown that activation of the p16 gene by 5-Aza-CdR
in the T24 bladder carcinoma cell line is associated with sig-
nificant demethylation of the p/6 promoter CpG island (3, 14).
The kinetics of p/6 mRNA induction and pI16 promoter de-
methylation were studied with precision by the quantitative
Ms-SNuPE assay (15) to determine the relationship between
these two processes (Fig. 1a). Preliminary experiments (data
not shown) demonstrated that the concentration of 5-Aza-CdR
most effective at inducing p16 expression and at reducing p16
methylation with minimal toxicity was 5 X 10~7 M. p16 expres-
sion was detected beginning 36 h after treatment of T24 cells
with 5-Aza-CdR. The kinetics of demethylation within the pro-
posed critical region of the p/6 promoter (14) were investi-
gated in parallel by the quantitative Ms-SNuPE technique (Fig.
1b and c). Reduced methylation was first apparent after 36 h
(Fig. 1c). Maximal demethylation was detected between 48 and
72 h, with average methylation values of 36 and 35%, respec-
tively, and the average methylation value increased to 52% by
96 h after treatment (Fig. 1c). These results support recent
studies of the roles of critical CpG sites in the p16 promoter,
whose hypermethylation is associated with transcriptional si-
lencing (14), and they indicate that demethylation of this re-
gion by 5-Aza-CdR may play a direct role in drug-mediated
mRNA p16 induction. The data are also important for our
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FIG. 1. Kinetics of p/6 mRNA induction and promoter demethylation by
5-Aza-CdR. T24 cells were exposed to 5-Aza-CdR (5 X 10”7 M) for 24 h. DNA
and RNA were isolated at 12-h intervals after drug addition. (a) Levels of p16
mRNA expression at each time point were determined by RT-PCR analysis.
Relative levels of GAPDH mRNA expression were measured to control for
relative cDNA input. PCR products were resolved on 2% agarose, transferred to
a nylon membrane, and hybridized with an internal oligonucleotide probe spe-
cific for the cDNA sequence of either p/6 or GAPDH. (b) Schematic map of the
pl6 5’ CpG island. A 149-bp region (hatching) was amplified by PCR with
primers specific for bisulfite-converted DNA (raised horizontal bars), and three
CpG sites were analyzed by the Ms-SNuPE technique (sites A, B, and C). Each
tick mark represents an individual CpG dinucleotide, and the arrows show
putative transcription initiation sites. (c) Demethylation of the p/6 promoter by
5-Aza-CdR at each time point, quantitated by Ms-SNuPE. Ms-SNuPE reaction
mixtures were resolved on a 16% denaturing polyacrylamide gel and subse-
quently exposed by autoradiography, using purified bisulfite PCR products as the
templates for primer extension. The presence of a band indicates primer exten-
sion at a given CpG site. A band in the “C” lane indicates the detection of DNA
molecules which are methylated, and a band in the “T” lane indicates the
detection of unmethylated molecules.

future quantitative studies, which will describe the kinetics
of remethylation following maximal demethylation after
72 h.

Model for the mechanism of p16 promoter demethylation by
5-Aza-CdR. Figure 2 illustrates the kinetics of demethylation
expected to result from the incorporation of 5-Aza-CdR into
replicating, hypermethylated DNA. Hemimethylated duplex
DNAs prepared from cells treated with 5-Aza-CdR present
favorable substrates for DNA methyltransferase (27, 40, 51),
and the dose used (5 X 10”7 M) has been shown to inhibit
DNA methyltransferase almost completely and to deplete cells
of active enzyme upon incorporation into a CpG site opposite
a methylated CpG (26, 51). T24 cells would enter one or two S
phases during the 24-h treatment with 5-Aza-CdR because the
drug has no immediate effect on the cells’ division, and mem-
bers of our group confirmed a doubling time of 21 h in treated
and untreated cells, as previously described (3). The “active”
inhibitor of DNA methyltransferase is present in hemimethyl-
ated DNA up to 48 h after treatment, and maintenance meth-
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FIG. 2. Model for the mechanism of DNA demethylation by 5-Aza-CdR. Unsynchronized T24 cells in the log phase of growth have a doubling time of 21 h (3) and
were treated with 5-Aza-CdR (5 X 1077 M) for 24 h. DNA and RNA were isolated at 24-h intervals, p16 promoter methylation levels were quantitated by Ms-SNuPE,
and the presence of p/6 mRNA was determined by RT-PCR. Cell numbers were assessed at each time point to determine the cell population doubling time. Strand
breakage of 5-Aza-CdR-containing DNA after bisulfite treatment is likely because of the lability of the drug under alkaline conditions, which explains why the observed
and expected values for methylation differ. Methylated CpG sites are indicated by black circles, DNA strands containing incorporated 5-Aza-CdR are each indicated
by an outlined letter “Z,” and horizontal arrows show sites of hemimethylated DNA where maintenance methylation is expected to occur.

ylase activity is expected to methylate its hemimethylated sub-
strate after 72 h, assuming that recovery synthesis of the DNA
methyltransferase has occurred (51). Consistent with this
model, it has been demonstrated by bisulfite sequencing that
5-Aza-CdR incorporation into replicating DNA results in the
formation of individual DNA molecules in the p/6 promoter
containing patches of demethylation spanning 200 to 400 bp
(14).

The methylation values quantitated for the pl6 promoter
after 5-Aza-CdR treatment were higher than expected. One
explanation is that the Ms-SNuPE technique entails sodium
bisulfite treatments under alkaline conditions, which would
facilitate the rapid hydrolysis and breakage of 5-Aza-CdR-
containing DNA strands due to the analog’s lability in alkaline
solutions (9). The p/6 promoter methylation values were con-
sistent with a model for the activity of 5-Aza-CdR which as-
sumes that the 5-Aza-CdR-containing DNA molecules, frag-
mented upon exposure to sodium bisulfite, should not
contribute to the measured methylation levels. This technical
bias against measuring the methylation status of analog-con-
taining molecules becomes less significant during subsequent
rounds of DNA replication after drug removal.

Figure 2 further elucidates the association between drug-
induced p16 promoter demethylation and the reactivation of
pl6 mRNA expression. The data are consistent with previous
analyses of clones of T24 cells treated with 5-Aza-CdR, where
efficient p16 mRNA expression was observed in clones with
extensive demethylation of the p16 promoter (14). They also
suggest that p/6 transcription was not initiated from a hemi-
methylated promoter template, because no p/6 mRNA was
detected 24 h after treatment. It is likely that the sequence
must become demethylated on both DNA strands to facilitate
pl6 transcription; however, additional experiments must be
performed to address this issue.

Role of cell division in remethylation of p16. p/6 promoter
methylation is restored to original levels during passage in
culture following 5-Aza-CdR treatment, with complete remeth-
ylation after 21 population doublings associated with de-
creased p/6 mRNA expression and restoration of the doubling
time to the same as that of untreated cells (3). Thus, we
investigated whether remethylation of the promoter and exon
2 CpG islands followed similar kinetics and whether their rates
of remethylation would be influenced by the rate of cell divi-
sion. Figure 3 illustrates the relationship between time and the
remethylation of the two CpG islands of pI6 in T24 cells after
5-Aza-CdR treatment. Interestingly, cells grown in 1 and 10%
FCS exhibited nearly identical kinetics of p/6 remethylation,
although their growth characteristics differed significantly. The
CpG island in exon 2 also remethylated at a higher rate than
the promoter under both growth conditions, and the rate of
cell division after drug treatment had no effect on the rate of
remethylation of either CpG island. For example, the two
islands had become similarly remethylated 25 days after treat-
ment, even though cells grown in 1% FCS had undergone only
2.5 population doublings, versus 10 population doublings for
cells cultured in 10% FCS. The CpG island in exon 2 also
became completely remethylated over a 2-week period if
treated cells were arrested in G, by culturing them in medium
containing 0.1% serum immediately after treatment. This re-
sulted in an almost complete loss of histone H4 mRNA, whose
expression is restricted to S phase (data not shown). These
results suggest that the remethylation of CpG islands after
drug-induced demethylation is a time-dependent but not a cell
division-dependent process and can occur in the G, phase of
the cell cycle.

Kinetics of p16, PAX-6, c-ABL, and MYF-3 remethylation in
T24 cells after 5-Aza-CdR treatment. We further investigated
the effects of gene transcription on the remethylation of CpG
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FIG. 3. Investigation of the association between the rate of cell division and
the rate of remethylation. T24 cells treated with 5-Aza-CdR (5 X 1077 M) were
maintained in medium supplemented with either 1 or 10% FCS. DNA was
isolated at specific times after 5-Aza-CdR treatment and subsequently treated
with sodium bisulfite (8, 11). Methylation of the pI6 promoter (p16 Pro.) and
exon 2 (pI6 Ex. 2) CpG islands was determined by Ms-SNuPE (15) before and
after 5-Aza-CdR treatment to ascertain whether remethylation of these regions
was associated with the rate of cell division. Remethylation was determined as
the degree of recovery (compared to original levels) following maximal demeth-
ylation at 72 h. T24 cells grown in medium supplemented with 10% FCS were
analyzed as controls. If de novo methylation of p/6 is linked to the rate of cell
division, then cells maintained in 10% FCS would be expected to remethylate p16
more rapidly than cells dividing more slowly in 1% FCS.

islands downstream from the region of transcription initiation
to possibly explain why the p16 promoter became remethylated
more slowly than p/6 exon 2 (Fig. 3). The remethylation ki-
netics of the pl6 exon 2, PAX-6 exon 5, c-ABL exon 11, and
MYF-3 exon 3 CpG islands were examined because these is-
lands are hypermethylated in T24 cells, they reside within
coding sequences, and they become significantly demethylated
by 5-Aza-CdR in vitro (Fig. 4). Levels of demethylation were
measured beginning 72 h after drug addition because maximal
demethylation has been observed in most loci examined at this
time point. The levels of p16, PAX-6, c-ABL, and MYF-3 tran-
scription were determined by RT-PCR in the same cells. Tran-
scription of p16, PAX-6, and c-ABL was detected in T24 cells
both before and after 5-Aza-CdR treatment; however, MYF-3
was not transcribed in either case. The remethylation kinetics
of the p16 exon 2, PAX-6 exon 5, c-ABL exon 11, and MYF-3
exon 3 CpG islands were analyzed by Ms-SNuPE in T24 cells
treated with 5-Aza-CdR (Fig. 5). All the loci examined showed
significant remethylation between 3 and 7 days after 5-Aza-
CdR treatment; however, the methylation levels of the pl6
exon 2, PAX-6 exon 5, and ¢-ABL exon 11 CpG islands con-
tinued to increase for up to 27 days, whereas the methylation
levels of MYF-3 exon 3 remained constant. One explanation for
this observation is that the absence of MYF-3 transcription
somehow prevents remethylation of this gene. Alternatively,
these data are consistent with the hypothesis that transcription
does not block remethylation of endogenous genes because the
loci which were transcribed demonstrated higher rates of re-
methylation than the MYF-3 gene, which was not transcribed

(Fig. ).
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FIG. 4. Effects of 5-Aza-CdR on the demethylation and transcription of the
p16 promoter and exon 2, PAX-6 exon 5, c-ABL exon 11, and MYF-3 exon 3 in
T24 cells. Average methylation values for specific sites within the p/6, PAX-6,
c-ABL, and MYF-3 exonic CpG islands were measured in T24 cells prior to drug
treatment (black bars) and 72 h after treatment with 5 X 1077 M 5-Aza-CdR
(white bars). Error bars indicate the ranges of values obtained. Relative tran-
scription levels of each gene were also estimated by comparison of band inten-
sities (—, +, or ++) before and after drug treatment by RT-PCR analysis (data
not shown). The CpG and GC contents of these regions were also analyzed to
determine if these exonic sequences fulfilled the criteria of CpG islands in which
a DNA sequence of =200 bp must have a GC content of =0.50 and an observed/
expected CpG ratio of =0.60 (12). Fragments of 800 bp from each gene, all of
which fulfilled the established criteria for CpG islands, were analyzed. In un-
treated T24 cells, transcription through the pl6 promoter and exon 2 CpG
islands is not initiated from the p/6 promoter but is initiated from the upstream
pl14 promoter (38). Pro., promoter.

Relationship between gene transcription and the remethyl-
ation of downstream CpG islands in clones and subclones
derived from T24 cells. Methylation levels within p16, PAX-6,
c-ABL, and MYF-3 were quantitated in clones derived from

100 T
—J—=p16Exon 2
90 4+ —O— = PAX-6 Exon 5
—fA— = cABL Exon 11
—— = MYF-3Exon 3
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FIG. 5. Remethylation kinetics of CpG islands in T24 cells after 5-Aza-CdR
treatment. T24 cells were treated with 5-Aza-CdR (5 X 1077 M), and DNA was
harvested every 1 to 3 days for up to 27 days. The population doubling time
increased approximately 1.8-fold after 5-Aza-CdR treatment, as previously de-
scribed (3). Only eight cell population doublings were attained between days 3
and 27 because cells transiently entered lag phase each time they were split and
reseeded. Methylation of p16 exon 2, PAX-6 exon 5, c-ABL exon 11, and MYF-3
exon 3 was quantitated at each time point by the Ms-SNuPE technique, and the
degree of remethylation at each locus was determined as the degree of methyl-
ation compared to the original level in untreated cells at 72 h. Methylation
averages from three independent experiments are shown.
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FIG. 6. Remethylation of CpG islands after 5-Aza-CdR treatment in T24 clones and subclones. Clones 2, 3, 4, and 7 were isolated following treatment of parent
T24 cultures with 5-Aza-CdR (3 X 1077 M). This lower dose was utilized (instead of 5 X 1077 M) to increase the cell survival rate and to facilitate the isolation of
the clones. Clone 4 was used for the repeated isolation of single-cell subclones. DNA was isolated, and methylation of the p/6 promoter, p/6 exon 2, PAX-6 exon 5,
c-ABL exon 11, and MYF-3 exon 3 CpG islands was quantitated by Ms-SNuPE. Clones 2, 3, 4, and 7 completed approximately 20 cell population doublings at the time
DNA was harvested, whereas subclones derived from clone 4 (4:1, 4:2, 4:5, and 4:9) completed approximately 40 population doublings (data not shown). The degree
of remethylation at each locus was determined as the degree of methylation recovery (compared to original levels) following maximal demethylation at 72 h.

Methylation averages from three independent experiments are shown.

single T24 cells after 5-Aza-CdR treatment (clones 2, 3, 4, and
7) to determine whether the remethylation observed (Fig. 5)
resulted from de novo methylation or from the selection of
cells in which CpG islands had not become demethylated by
the drug (Fig. 6). Four additional subclones derived from clone
4 were also analyzed (subclones 4:1, 4:2, 4:5, and 4:9). The p16
promoter and exon 2 regions showed complete remethylation
in clone 2, which does not express p/6 (14). Remethylation of
both CpG islands was also more apparent in clone 2 (Fig. 6)
than in clones 3, 7, and 4, which expressed pI6 at increasing
levels (14). It is possible that clone 2 resulted from the selec-
tion of cells in which p/6 never became demethylated by
5-Aza-CdR. Clones 7 and 4 showed less remethylation of exon
2 than clone 3. This does not disprove the hypothesis that
transcription does not block de novo methylation, however,
because the p16 gene sequence is transcribed as part of the p74
gene transcript initiating from the upstream p/4 promoter (38)
in all eight clones and subclones (reference 15 and data not
shown). Another explanation is that p/6 exon 2 did not become
demethylated by 5-Aza-CdR in clone 3. The subclones derived
from clone 4 (4:1, 4:2, 4:5, and 4:9) showed complete remeth-
ylation of p16 exon 2, while evidence for de novo methylation
of the pI6 promoter was demonstrated in subclones 4:1, 4:5,
and 4:9. These clones and subclones were derived from indi-
vidual parental cells, and the methylation results clearly dem-
onstrated that de novo methylation rather than selection oc-
curred in these cells. Whether this methylation is due to

spreading of methylation from a few sites left unaffected by
5-Aza-CdR or is the same process as that responsible for de
novo methylation of completely unmodified sequences is not
clear.

All clones and subclones expressed c-ABL and PAX-6 (data
not shown). Complete remethylation of c-ABL exon 11 was
observed in all but subclone 4:9, and remethylation of PAX-6
exon 5 varied significantly (from 40 to 88%) among all eight
clones and subclones (Fig. 6). The MYF-3 exon 3 CpG island,
which was not transcribed in any of the clones or subclones
(data not shown), demonstrated significant remethylation only
in clone 3 and subclone 4:9. Increased methyltransferase ex-
pression in these two cases may be responsible for this clonal
variation in methylation levels. Alternatively, transcription may
facilitate but not be required for de novo methylation. Al-
together, these results have revealed (i) that de novo methyl-
ation of CpG islands occurs in T24 cells after 5-Aza-CdR
treatment, (ii) that the observed methylation patterns show
clonal variability, and (iii) that gene transcription may be as-
sociated with the remethylation of CpG islands within the
transcribed regions of genes.

DISCUSSION

CpG islands frequently reside within promoter regions and
extend downstream into the transcribed regions of genes (5,
30), and it has been widely documented that hypermethylation
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of promoter sequence CpG islands causes transcriptional re-
pression (7, 13, 17-19, 39, 44, 47, 53). We investigated the roles
of cell division and gene transcription in the remethylation of
CpG islands within the pl6 promoter, p/6 exon 2, and the
coding sequences of several additional genes. Our results show
that the rate of DNA remethylation is not associated with the
rate of cell division and that hypermethylation of CpG islands
downstream of promoter sequences does not block transcrip-
tion initiation and elongation.

Quantitative analyses showed that the kinetics of demethyl-
ation of the p/6 promoter were directly associated with the
activation of p/6 mRNA, consistent with previous investiga-
tions of critical CpGs in the p16 promoter, where hypermeth-
ylation is associated with transcriptional silencing (14). De-
methylation of the promoter may directly mediate p/6 mRNA
induction by 5-Aza-CdR; however, factors associated with de-
methylation could also include chromatin decondensation,
changes in protein-DNA interactions, or activation in trans.
The results also demonstrate the utility of the Ms-SNuPE
technique (15), with which minimal CpG demethylation within
the p16 promoter could be reliably measured. Thus, the sen-
sitivity of this assay allowed us to investigate remethylation of
pl6 as a function of time in more detail. The fact that the
kinetics of remethylation of the p/6 gene were not influenced
by the number of cell divisions after treatment was interesting
in view of the fact that levels of the DNA methyltransferase I
(Dnmt 1) mRNA are known to vary in the cycle and to be
increased in S-phase cells (49). It is therefore possible that the
remethylation observed may be catalyzed by one of the newly
isolated putative methyltransferase enzymes Dnmt 3a and 3b
(43), which may not show such cell cycle regulation.

Our results also showed that the pI6 exon 2 CpG island
became remethylated more rapidly than the p/6 promoter
CpG island after drug treatment. One explanation for this
observation is that protein-DNA interactions within the p/6
promoter but not exon 2 interfered with remethylation of this
region subsequent to drug treatment (see Fig. 7). This predic-
tion is consistent with studies by Macleod et al. (35, 36) and
Brandeis et al. (6), who showed that mutagenesis of Spl sites
within the CpG islands of the mouse and hamster aprt promot-
ers, respectively, resulted in the de novo methylation of these
sequences. Spl elements were therefore implicated in the pre-
vention of methylation spreading, and Macleod et al. (35, 36)
have proposed that the presence of a functional promoter at
the 5" end of a CpG island maintains its methylation-free
status. Alternatively, Brandeis et al. (6) suggested that protein-
occupied Spl1 sites in the hamster aprt promoter prevent meth-
ylation spreading by “protecting” CpGs from methylation.
With regard to this model, it is possible that transcription
factors associated with regions of the p/6 promoter protect it
from methylation following demethylation by 5-Aza-CdR. This
is indirectly supported by analyses of p/6 promoter methyl-
ation in single-cell T24 clones, which revealed a localized patch
of demethylation induced by 5-Aza-CdR within a region con-
taining putative transcription initiation sites (14). Additional
experiments must be performed to identify factors which pos-
sibly bind to this region, block methylation and prevent further
spreading of the patch.

The model in Fig. 7 illustrates how promoter and coding
sequence CpG islands of a growth-regulatory gene (like p16)
may become de novo methylated at different rates after 5-Aza-
CdR treatment in vitro. Following 5-Aza-CdR-mediated de-
methylation and transcriptional activation, remethylation may
first appear in CpG islands located downstream of promoter
sequences because transcription factors bound to a demethyl-
ated promoter protect it from methylation (6, 25). Cells which
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FIG. 7. Model for the remethylation of promoter and coding sequence CpG
islands of the p16 gene after 5-Aza-CdR treatment. Promoter and coding se-
quence CpG islands of growth-regulatory genes such as pI6 become remethyl-
ated at different rates after 5-Aza-CdR treatment. Following 5-Aza-CdR-medi-
ated demethylation and transcriptional activation, remethylation may first
appear in a CpG island downstream of the promoter, whereas transcription
factors (TF) associated with a demethylated promoter CpG island protect it from
remethylation. Patches of demethylation have been observed by bisulfite
genomic sequencing of the p/6 promoter in single-cell clones after 5-Aza-CdR
treatment, providing support for this interpretation (14). Cells which acquire
promoter methylation in one or more growth-regulatory genes may subsequently
exhibit selective growth advantages due to the obstruction of transcription factor
binding, leading to gene silencing. The protection of demethylated promoter
sequences by transcription factors may explain how exonic CpG islands can
become remethylated more rapidly than promoter islands after 5-Aza-CdR treat-
ment, as DNA-binding proteins may protect promoter sequences from methyl-
ation. Methylated CpG sites are depicted as filled circles; unmethylated sites are
shown as open circles.

do acquire promoter methylation may subsequently be se-
lected by the acquisition of a selective growth advantage due to
methylation-coupled “resilencing” of growth-regulatory genes
(3, 23).

The relative sizes and CpG densities of the p/6 promoter
and exon 2 CpG islands may also explain why transcription was
associated with the increased rate of remethylation of exon 2.
These characteristics of CpG islands have been proposed to
influence transcriptional repression more than their relative
positions within genes (20, 21). Based on this theory, hyper-
methylation of a smaller CpG island with fewer CpGs should
have a lesser effect on transcriptional repression than a larger
island with a higher CpG density. However, the higher rate of
remethylation of p/6 exon 2 associated with gene expression
was probably not due to a significantly smaller size and/or
fewer CpGs in pI6 exon 2, because the promoter and exon 2
CpG islands have similar CpG densities, with the p/6 exon 2
island spanning a region approximately 20% smaller than the
promoter CpG island (data not shown).

Recent studies by Wutz et al. (52) have demonstrated that
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methylation of the intronic CpG island of the maternal copy of
the mouse insulin-like growth factor 2 receptor gene (Igf2r)
was associated with its expression. This region, which serves as
a promoter for transcription in the opposite direction, was
unmethylated in the paternal copy, correlating with methyl-
ation of the upstream CpG island of Igf2r. Additionally, CpG
sites in the hypoxanthine phosphoribosyltransferase gene on
the active X chromosome are more methylated than those on
the inactive allele (34). These observations, in addition to our
studies of p16 exon 2, PAX-6 exon 5, and c-ABL exon 11, are
consistent with a role for transcription in the de novo methyl-
ation of CpG islands downstream of gene promoters. Never-
theless, transcription is probably not always required for meth-
ylation, because CpG islands within the coding sequences of
transcribed genes are often unmethylated in eukaryotic cells
(24). Transcription-coupled mechanisms which may facilitate
methylation of CpG islands include helical unwinding and/or
DNA strand separation by presenting DNA substrates more
accessible and favorable for de novo methylation. Additional
molecular processes or conditions which may further influence
de novo methylation include the following activities: protein-
DNA interactions (6, 35, 36), chromatin decondensation and
structural changes associated with replication (1, 25, 29), his-
tone deacetylation (28, 42), or the proximity of Alu sequences
to certain CpG islands (16, 37). Our studies raise the intriguing
question of whether there is a causal link between transcription
and the de novo methylation of CpG islands; thus, the associ-
ation between these processes requires further examination.
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