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ABSTRACT This paper tests the hypothesis that cytosine
DNA methyltransferase (DNA MeTase) is a candidate target
for anticancer therapy. Several observations have suggested
recently that hyperactivation of DNA MeTase plays a critical
role in initiation and progression of cancer and that its
up-regulation is a component of the Ras oncogenic signaling
pathway. We show that a phosphorothioate-modified, anti-
sense oligodeoxynucleotide directed against the DNA MeTase
mRNA reduces the level of DNAMeTase mRNA, inhibits DNA
MeTase activity, and inhibits anchorage independent growth
of Y1 adrenocortical carcinoma cells ex vivo in a dose-
dependent manner. Injection of DNA MeTase antisense oli-
godeoxynucleotides i.p. inhibits the growth of Y1 tumors in
syngeneic LAF1 mice, reduces the level of DNA MeTase, and
induces demethylation of the adrenocortical-specific gene C21
and its expression in tumors in vivo. These results support the
hypothesis that an increase in DNAMeTase activity is critical
for tumorigenesis and is reversible by pharmacological inhi-
bition of DNA MeTase.

Modification of DNA by methylation is now recognized as an
important mechanism of epigenetic regulation of genomic func-
tions (1–3). Methylation of DNA is a postreplication event
catalyzed by theDNAmethyltransferase (DNAMeTase) enzyme
using S-adenosyl methionine as a methyl donor (4). Approxi-
mately 80% of cytosines located in the CpG dinucleotide se-
quence aremethylated in the genome ofmost vertebrate cells, but
the distribution of methylated sites is cell- and tissue-specific (5).
Patterns of methylation are generated during development by
enzymatic de novo methylation and demethylation processes
(1–7) and are maintained in somatic cells.
A number of observations have suggested that the pattern of

DNA methylation is disrupted in cancer cells (8, 9). Both hy-
pomethylation (9) and hypermethylation (10–12) of different
CpGsites in cancer cells and tissues relative to the cognate normal
tissue have been documented. Some of the sites that are hyper-
methylated in tumors are located in tumor–suppressor loci such
as p16 (13), retinoblastoma (14), von Hippel–Lindau (15), and
Wilms tumor (16), and, recently, a new candidate tumor–
suppressor gene was cloned by molecular analysis of the hyper-
methylated region in chromosome 17p13.3 (17). One possible
explanation that has been proposed to explain the changes in
DNAmethylation observed in cancer cells is that they are the end
result of a change in the enzymatic machinery controlling DNA
methylation in the cell (7, 12, 18–20). In accordance with this
hypothesis, cancer cell lines (21) and human tumors (22) have
been shown to express elevated levels of DNAMeTase. Recently,
Belinsky et al. (23) showed that increased DNA MeTase activity
is an early event in carcinogen-initiated lung cancer in the mouse.
Forced expression of DNA MeTase cDNA in murine NIH 3T3

cells leads to genomic hypermethylation and neoplastic transfor-
mation (24), and expression of an antisense mRNA to the DNA
MeTase leads to loss of tumorigenicity of the adrenocortical
carcinoma cell line Y1 (25).
Many stimuli may account for increasedDNAMeTase activity

in tumors. One possiblemolecularmechanism explanation of this
elevation of DNA MeTase in cancer cells is that the expression
of the DNA MeTase gene is regulated by oncogenic signaling
pathways such as the Ras–Jun signaling pathway (18, 19). Mod-
ulation of this pathway can alter DNA MeTase expression and
DNA methylation (26–28). Similarly, ectopic expression of Ha–
ras leads to induction of demethylation activity in P19 cells (29),
which can explain (18) the observed hypomethylation of some
CpG sites in cancer cells (8, 9).
If hyperactivity of DNA MeTase is a critical, downstream

component of oncogenic programs (25–28), it should be an
excellent target for anticancer therapy (19). To test this hypothesis
in an animal model, specific inhibitors of DNA MeTase are
required. The onlyDNAMeTase inhibitor that has been available
to date is the nucleoside analog 5-azadeoxycytidine (30). Al-
though 5-azadeoxycytidine is an effective inhibitor of DNA
methylation (30), it has many side effects that might compromise
the interpretation of the experimental data and limit its clinical
utility (19, 31, 32). The advent of antisense oligodeoxynucleotides
as specific inhibitors of protein expression in whole animal
systems offers new opportunities in approaching this hypothesis
(33).
Y1 cells offer a model to test our hypothesis. First, this line

[which was isolated from a naturally occurring adrenocortical
tumor in an LAF1 mouse (34)] bears a 30- to 60-fold ampli-
fication of the cellular proto oncogene c-Ki-ras (35). Second,
the molecular link between hyperactivation of Ras, DNA
MeTase hyperactivity, and DNA methylation and the state of
cellular transformation has been recently demonstrated (25,
28). Third, identification of effective antisense oligode-
oxynucleotide inhibitors requires screening of a number of
potential candidates. This can only be done effectively ex vivo.
Y1 cells can be grown and tested for tumorigenic character-
istics ex vivo as well as implanted in syngeneic LAF1 mice (25)
in vivo, thus enabling the study of the effects of inhibition of
DNA methylation in a whole animal system.

MATERIALS AND METHODS
Cell Culture, ex Vivo Oligodeoxynucleotide Treatment, and

Tumorigenicity Assays. Y1 cells were maintained as monolay-
ers in F-10 medium, which was supplemented with 7.25%
heat-inactivated horse serum and 2.5% heat-inactivated fetal
calf serum (Immunocorp, Montreal). The sequences of the
oligodeoxynucleotides used in this study were as follows:
antisense (HYB101584), 59-TCT ATT TGA GTC TGC CAT
TT-39 corresponding to bases 22 to 118 in the murine DNA
MeTase mRNA [relative to the putative translation initiation
site (9)]; the scrambled sequence corresponding to the anti-
sense sequence (HYB102277), 59-TGT GAT TCT CCT TAT
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TCG AT-39; and the reverse sequence (HYB101585), 59-TTT
ACC GTC TGA GTT TAT CT-39. Phosphorothioate oligode-
oxynucleotides were synthesized using phosphoramadite
chemistry on a Biosearch model 8700 automated synthesizer
and were purified by HPLC using a phenyl Sepharose column
followed by DEAE 5PW anion exchange chromatography. The
purity of all oligonucleotides was greater than 98% as deter-
mined by ion exchange chromatography. These experiments
were performed in the absence of any lipid carrier to avoid
nonspecific effects of the carrier in long term treatments and
to recapitulate the situation in vivo, in which no carrier was
used. This experimental paradigm required using oligode-
oxynucleotides at the micromolar concentration range, which
is higher than the concentrations required when lipid carriers
are used.
DNA and RNA Analyses.Genomic DNA was prepared from

pelleted nuclei, and total cellular RNA was prepared from
cytosolic fractions according to standard protocols (36–38).
Western Blot Analysis of DNA MeTase. Rabbit polyclonal

antibodies were raised (Pocono Rabbit Farm, Canadensis, PA)
against a peptide sequence consisting of amino acids 1107–
1125 of the mouse DNA MeTase (1101–1119 of the human
DNA MeTase). The specificity of the polyclonal serum was

tested by competition with the antigen peptide. Nuclear ex-
tracts (50 mg) were resolved on a 5% SDS/PAGE, transferred
onto poly(vinylidene difluoride) membrane (Amersham), and
subjected to immunodetection for the DNAMeTase according
to standard protocols using a 1:2000 dilution of primary
antibody and an enhanced chemiluminescence detection kit
(Amersham) (40).
Assay of DNAMeTase Activity.DNAMeTase activity (3 mg)

was assayed by incubating 3 mg of nuclear extract with a
synthetic, hemimethylated, double-stranded oligodeoxynucle-
otide (37) substrate and S-[methyl-3H]-S-adenosyl-L-
methionine (78.9 Ci/mmol; Amersham) as a methyl donor for
3 h at 378C as described (36).
Assay of C21 mRNA by Reverse Transcriptase–PCR. The

expression of the C21 gene was determined using our described
primers and amplification conditions (41).

RESULTS
Antisense Oligodeoxynucleotides to the Translation Initia-

tion Region of the Murine DNA MeTase Inhibit DNA MeTase
mRNA, DNA MeTase Activity, and Tumorigenesis ex Vivo. We
have shown that expression of a 600-bp fragment bearing se-
quences encoding the 59 domain of the DNAMeTase mRNA in

FIG. 1. DNAMeTase antisense oligodeoxynucleotides inhibit DNAMeTase mRNA, DNAMeTase activity, and anchorage independent growth
ex vivo. (A) RNase protection analysis of DNA MeTase mRNA in Y1 cells treated with control scrambled and antisense oligodeoxynucleotides.
Y1 cells were cultured in the presence of different concentrations of scrambled and antisense oligodeoxynucleotides (sequence shown in Materials
and Methods) as indicated for 48 h. RNA (3 mg) extracted from the cells was subjected to an RNase protection assay as described (26) using a 700-bp
riboprobe [probe A in Rouleau et al. (26)] encoding the DNA MeTase genomic sequence from 20.39 to 1318. The major bands representing the
two major initiation sites are indicated (92-, 90-bp, protected fragments) as well as the first exon, which gives a 99-bp, protected fragment. (B) Time
course of inhibition of DNA MeTase mRNA by antisense oligodeoxynucleotides. Y1 cells were incubated in the presence of 20 mM of either
antisense or scrambled oligodeoxynucleotides, and the medium was replaced with oligodeoxynucleotide-containing medium every 24 h. Cells were
harvested at the indicated time points, and RNA and nuclear extracts were prepared as described. RNA was subjected to RNase protection assay
as described in A. An autoradiogram similar to the one presented in A was scanned, and the amount of DNA MeTase mRNA at each point was
normalized to the signal obtained for 18s ribosomal RNA. (C) Nuclear extracts prepared from oligodeoxynucleotide-treated Y1 cells described
in B were assayed for DNA MeTase activity as described. The results represent an average of triplicate determination 6 SD. (D) Y1 cells were
treated with scrambled and antisense oligodeoxynucleotides as described inB and seeded onto soft agar for determination of anchorage-independent
growth as described. The results represent an average of triplicate determinations 6 SD.
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the antisense orientation can inhibit DNA methylation and
induce both cellular differentiation of 10T1⁄2 cells (43) and
reversal of transformation of Y1 cells (25). Antisense expression
vectors could not be used easily to study the function and
therapeutic potential of inhibiting DNA MeTase in vivo. We
therefore tested the possibility that shorter antisense oligode-
oxynucleotides directed against the same region of the mRNA
could recapitulate these effects. An antisense oligodeoxynucle-

otide [118 to 22 (sequence as in Materials and Methods) when
the translation initiation site is indicated, as in Bestor et al. (44)]
was found to be active in a preliminary screen, and we further
determined its mechanism of action.
One of the possible mechanisms of action of antisense

oligodeoxynucleotides is targeting RNase H activity to the
RNA–DNA duplex, resulting in degradation of the mRNA
(45). We first determined the dose–response relationship of

FIG. 2. DNAMeTase antisense oligodeoxynucleotide inhibits tumor growth in vivo. (A) Average weight of tumors isolated from LAF1 mice bearing
Y1 tumors that were injected with antisense, scrambled, or reverse oligodeoxynucleotide (5 mg/kg) every 48 h for 29 days. The results are presented as
an average 6 SEM. The statistical significance of the difference between the scrambled or reverse groups and the antisense group was determined by
a Student’s t test to be P, 0.001. There was no statistically significant difference between the two control groups (P. 0.5). (B) Average volume of tumors
determined as described at the indicated time points postimplantation [determined as described in Plumb et al. (42)]. (C) Photograph of the tumors
removed from the antisense, reverse, and scrambled oligodeoxynucleotide-treatedmice described above. (D) LAF1mice bearing Y1 tumors were injected
with 5 mg/kg scrambled (n5 4) or antisense (n5 5) oligodeoxynucleotides three times every 24 h s.c. Tumors were removed from each mouse (indicated
by serial numbers 1–4 for the scrambled group and 1–5 for the antisense group), and nuclear extracts prepared from the tumorswere subjected to aWestern
blot analysis as described. The band corresponding to theDNAMeTase is indicated by an arrow. The amount of signal corresponding to theDNAMeTase
(OD arbitrary units) was normalized to the level of total protein transferred onto the membrane as determined by Amido black staining and quantified
by scanning (OD arbitrary units). The values obtained (OD of DNAMeTase signal divided by OD of the total protein staining) for the tumors extracted
from each of the treated mice (serial number of mice in bold) were as follows: scrambled: 1, 2.2; 2, 3.1; 3, 2.7; and 4, 2.5: antisense: 1, 0.6; 2, 0.5; 3, 0.16;
4, 1.0; and 5, 2.9. (E) Average DNA MeTase level per group is plotted with the SEM. The difference between the scrambled and antisense groups was
determined by a Student’s t test to be statistically significant (P , 0.05).
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DNAMeTase mRNA abundance and DNAMeTase antisense
oligodeoxynucleotide concentration at one time point. Y1 cells
(106 cells) were treated with different concentrations (0, 10,
and 20 mM) of antisense oligodeoxynucleotides and scrambled
controls for 48 h. Cellular RNA was subjected to an RNase
protection assay as described in Materials and Methods. The
results presented in Fig. 1A demonstrate a sharp decrease in
abundance of DNA MeTase mRNA after incubation of the
cells with 20 mM of the DNA MeTase antisense oligode-
oxynucleotides, which was not observed after treatment with
scrambled oligodeoxynucleotides. We then defined the time
dependence of reduction in DNA MeTase activity at the
inhibitory concentration of the antisense oligodeoxynucleotide
(20 mM). The results presented in Fig. 1 B (RNA) and C
(MeTase activity) show that both DNA MeTase activity and
mRNA are reduced by 10- to 100-fold after 6 days of treatment.
Some fluctuations are observed in the levels of DNA MeTase
in Y1 cells treated with control oligodeoxynucleotides (2-fold)
as well as antisense oligodeoxynucleotides (such as the rela-
tively high levels of DNAMeTase at 4 days). These oscillations
in DNA MeTase mRNA expression might reflect changes in
the cell cycle kinetics of the cells at different time points
because DNA MeTase levels are regulated with the cell cycle
(35, 37). Alternatively, they might result from nonspecific
effects of oligodeoxynucleotides on different cellular param-
eters or reflect some inaccuracies in our measurements. How-
ever, an overall reduction in DNA MeTase activity was estab-
lished after 6 to 9 days of treatment with the antisense
oligodeoxynucleotides.
Can DNA MeTase antisense oligodeoxynucleotides induce a

dose-dependent inhibition of tumorigenicity ex vivo as measured
by anchorage-independent growth on soft agar? Y1 cells were
treatedwith a range of concentrations of antisense and scrambled
oligodeoxynucleotides (0–20 mM) for 13 days. The cells were
harvested and plated onto soft agar as described (39). The results
presented in Fig. 1D demonstrate a dose-dependent inhibition of
colony formation on soft agar in antisense-treated cells vs. the
scrambled control. The drop in the number of colonies formed on
soft agar between 10 and 20 mM corresponds to the precipitous
drop in DNA MeTase mRNA at this concentration of antisense
oligodeoxynucleotide (Fig. 1A).
Inhibition of anchorage-independent growth of antisense-

treated cells was observed even though the soft agar medium
was not supplemented with antisense oligodeoxynucleotides,
suggesting that the changes in the level of tumorigenicity of
antisense-treated cells were irreversible. This is consistent with
the hypothesis that, once DNA MeTase is inhibited, the cells
are reprogrammed to a less transformed state (18, 25). The
experiments described above demonstrated that antisense
oligodeoxynucleotides could inhibit DNA MeTase activity ex
vivo and that this inhibition corresponded to a dose-dependent
inhibition of tumorigenicity.
Inhibition of Tumor Growth and DNA MeTase in Vivo by a

DNA MeTase Antisense Oligodeoxynucleotide. To test the
hypothesis that inhibition of DNAMeTase in vivo can result in
inhibition of tumor growth and to determine the general toxic
effects of DNAMeTase antisense treatment, Y1 cells (13 106)
were implanted in the flank of the syngeneic mouse strain
LAF1 and were treated by i.p. injections every 48 h with PBS,
antisense oligodeoxynucleotide, or two control oligode-
oxynucleotides: a scrambled version of the antisense oligode-

oxynucleotide and a reverse sequence (see Materials and
Methods for sequence). Preliminary experiments with a small
number of animals per group (n 5 3) established a dose-
dependent relationship between oligodeoxynucleotide con-
centrations and tumor growth. No effects were observed at 0.5
mg/kg whereas inhibition of tumor appearance and growth was
observed in the 1- to 5-mg/kg range. At 20 mg/kg, nonspecific
effects were observed with the scrambled oligodeoxynucleo-
tides in two out of three experiments whereas a statistically
significant reduction in tumor growth with antisense oligode-
oxynucleotides vs. controls was observed in one experiment
(data not shown). Forty LAF1 mice were implanted with Y1
cells, randomized, and divided into color-coded groups of 10
mice each and were treated and evaluated as follows in a
double-blind fashion. Three days postimplantation, the mice
were injected i.p. with 100ml of PBS or PBS containing 5mg/kg
of either antisense, scrambled, or reverse oligodeoxynucleo-
tides. Injections were repeated every 48 h, and tumor diameter
measurements were taken at each time point. Thirty days
postinjection, the animals were killed, and tumors were excised
and weighed. The results described in Fig. 2 show that tumor
growth was inhibited by injection of DNA MeTase antisense
oligodeoxynucleotides relative to control oligodeoxynucleo-
tides as determined by the rate of increase in the average tumor
volume (Fig. 2B) as well as by the final weight and size of the
tumors (Fig. 2 A and C). The difference in the average tumor
volume between the antisense-treated group and either of the
different control groups (PBS, scrambled, and reverse) at 29
days was highly statistically significant, as determined by a
Student’s t test (P, 0.005) whereas the difference between the
different control oligodeoxynucleotide-treated groups and the
PBS-treated group was not statistically significant. Similarly,
the difference in average final tumor weight at 30 days between
the antisense- and control oligodeoxynucleotide-treated
groups was highly statistically significant (P , 0.001). One of
the antisense-treated animals did not develop tumors whereas
all of the members of the control groups developed tumors
(one mouse of the reverse group died with a heavy tumor load
before termination of the experiment).
We determined the general toxic effects of in vivo DNA

MeTase antisense oligodeoxynucleotide treatment vs. treat-
ment with the control oligodeoxynucleotides. Blood parame-
ters and weight loss of antisense-, reverse-, and scrambled-
injected (20 mg/kg) tumor-bearing LAF1 mice (n 5 5) were
assayed. As shown in Table 1, there were no significant
reductions in red blood cell count, hematocrit, or percentage
of hemoglobin in DNAMeTase antisense-treated animals vs.
controls. Similarly, platelet and white blood cell counts were
not increased but rather were decreased slightly in antisense-
treated animals (Table 1). There was no significant weight
loss even though tumor load was decreased significantly in
this experiment by DNAMeTase antisense oligodeoxynucle-
otides.
These experiments demonstrated that in vivo treatment of

tumor-bearing LAF1 mice with DNAMeTase antisense oligode-
oxynucleotides can inhibit tumor growth, supporting the hypoth-
esis that DNAMeTase is a critical component in maintaining the
transformed state and that in vivo treatment with an antisense-
based inhibitor of DNA MeTase can inhibit tumor growth.
DNA MeTase Antisense Oligodeoxynucleotide Inhibits

DNA MeTase Levels, Induces Limited Demethylation of the

Table 1. Hematological analysis of LAF1 mice treated with antisense or control oligodeoxynucleotides (20 mgykg) for 30
days (n 5 5).

Treatment Hematocrit % hemoglobin WBC RBC Platelets

Reverse 17.2 6 9.2 6.4 6 3.3 59.6 6 2.19 3.4 6 2.19 514 6 291
Scrambled 16.1 6 2.5 6.16 6 0.9 71.8 6 21.9 2.99 6 .45 503.2 6 104
Antisense 21.9 6 9.5 7.44 6 3.8 50.7 6 33 4.4 6 1.8 302 6 95

WBC, RBC, and hematocrit in gydcl. Numbers represent mean and SD.
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Adrenocortical-Specific C21 Gene, and Reactivates It. To
determine whether injection of DNA MeTase antisense oli-
godeoxynucleotide can inhibit DNA MeTase activity, we
treated tumor-bearing LAF1 mice for 3 days with either DNA
MeTase antisense oligodeoxynucleotide (n 5 5; 5 mg/kg) or
the scrambled oligodeoxynucleotide (n 5 4; 5 mg/kg) by s.c.
injection near the tumor (1 cm) for 3 days. To limit (as much
as possible) complicating, indirect factors that might have
clouded the interpretation of data, we did not look at DNA
methylation in tumors that were chronically treated. Tumors
were harvested, nuclear extracts were prepared, and DNA
MeTase levels in the nuclear extracts were determined by a
Western blot analysis as described. The results of such an
analysis are demonstrated in Fig. 2D, and the normalized
average levels of DNA MeTase in each of the treatment
groups plotted in Fig. 2E demonstrate a statistically signif-
icant reduction in DNA MeTase levels in antisense-treated
animals (P , 0.05). The level of inhibition varied, however,
from 90% inhibition in mouse number 3 in the group treated
with antisense (Fig. 2D, lane 3) to no detectable inhibition
in mouse number 5 (Fig. 2D, lane 5).
C21 is specifically expressed in the adrenal cortex, and the

enzyme encoded by this gene, steroid 21 hydroxylase, is
required for the synthesis of glucocorticoids, which is the main
normal function of this tissue. The gene is expressed at very
high levels in the adrenal cortex but is totally repressed and
heavily methylated in Y1 tumor cells (41). No C21 mRNA is
detected in Y1 cells even when the most sensitive assays, such
as reverse transcriptase–PCR, are used (41). We have not
observed any expression of C21 in Y1 cells in multiple Y1
cultures in the last decade under any conditions. We have
suggested that this is a consequence of the increase in de novo
DNAmethylation activity in these cancer cells (41). Reexpres-
sion of C21 could serve as a good marker of demethylation and
the reprogramming of Y1 cells to a nontransformed state.
To address this question, we performed a reverse tran-

scriptase–PCR analysis of C21 expression on RNA prepared
from the following samples: Y1 cells treated with either
antisense DNA MeTase or scrambled oligodeoxynucleotides
(20 mM) ex vivo; a tumor isolated from a mouse treated with
antisense oligodeoxynucleotides in vivo for 3 days (antisense 3
exhibited the highest reduction in DNA MeTase activity: 90%);
and Y1 cells transfected with hGAP [which attenuates the Ras
signaling pathway, resulting in inhibition ofDNAMeTase activity
and partial demethylation of the C21 gene (28)]. C21 expression
was induced under all of these conditions (Fig. 3A). This is the
first induction of C21 reexpression in Y1 cells under any condi-
tions observed in our laboratory. These results strongly support
the hypothesis that DNA MeTase antisense oligodeoxynucleo-
tides induce a partial demethylation and reprogramming of gene
expression in Y1 cells that is similar to that observed after
attenuation of the Ras signaling pathway.
To determine whether the 59 promoter region of the C21

gene was demethylated in tumor DNA after antisense treat-
ment, tumor DNA was subjected to MspI/HpaII restriction
enzyme analysis, Southern blotting, and hybridization with a 59
C21 probe [0.36-kb XbaI–BamHI fragment encoding the pro-
moter region of the C21 gene (41)]. Hypomethylation of the
two HpaII sites in the promoter region will result in a 0.36-kb
fragment. As shown in Fig. 3B, the Y1 tumor that was extracted
from a mouse (antisense 3) that was injected with antisense

FIG. 3. Expression and demethylation of the C21 gene in Y1
tumors isolated from LAF1 mice treated with antisense oligode-
oxynucleotides. (A) C21 expression was determined by reverse tran-
scriptase–PCR amplification with C21-specific primers of total RNA
isolated from Y1 cells, Y1GAP transfectants expressing hGAP (a
GTPase- activating protein), an attenuator of Ras activity (28), Y1
cells treated with 20 mM of either scrambled oligodeoxynucleotide or
DNA MeTase antisense oligodeoxynucleotides (ex vivo as indicated),
Y1 tumors from LAF1 mice injected with either 5 mg/kg of scrambled
or DNA MeTase antisense oligodeoxynucleotides (in vivo) as well as
adrenal RNA. C21 plasmid DNA encoding the C21 gene (46) was
included in the amplification reaction to control for nonspecific
inhibition of amplification. The expected genomic and C21 mRNA
amplification products are indicated by arrows. (B) DNA was ex-
tracted from Y1 tumors isolated from LAF1 mice injected with either
scrambled oligodeoxynucleotides (scrambled 4, indicated as s) or
antisense oligodeoxynucleotides (antisense 3, indicated as a) for 3 days
as described. The DNA was subjected toHindIII digestion followed by
eitherHpaII (H) (which cleaves the sequence CCGGwhen the internal
C is not3 methylated) orMspI (M) (which cleaves the sequence CCGG
even when the internal C is methylated) agarose gel fractionation
(2.5%), Southern blotting analysis, and hybridization with the indi-
cated probes. For the promoter region of the C21 gene, complete
digestion of the gene should result in a 0.36-kb fragment (46), as
indicated by the dark arrow. The partially methylated fragments are
indicated by shaded arrows. The partial cleavage with MspI is a
consequence of the fact that the MspI sites are nested within a HaeIII
site. These sites are highly resistant to cleavage by MspI when fully or
partially methylated, as described (47). For Thy-1, DNA prepared
from the tumors indicated was subjected to a similar HpaII–MspI
restriction enzyme analysis and hybridization with a 0.36 probe from
the 59 region of the thy-1 gene (48). The expected HpaII fragment is
indicated by a dark arrow. Partially methylated fragments are indicated
by shaded arrows. (Lower) Physical maps of the sequences analyzed for
their methylation state. The first exons of the three genes are shown

and are indicated as filled boxes, the probes used are indicated as thick
lines, and the thin line indicates the expected nonmethylated and
partially methylated HpaII fragments. (X, XbaI; B, BamHI). (C)
Relative abundance of the HpaII fragments was determined by
densitometry as described. The size in kilobases of the scanned
fragments is indicated. The results are presented as intensity of a
specific fragment as a percentage of the total intensity in all scanned
fragments per lane.
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oligodeoxynucleotides in vivo exhibits an increase in the abun-
dance (as determined by densitometric analysis; Fig. 3C) of the
0.36-kb HpaII fragment relative to the partially methylated
fragments at 1.9, 2.5, and 4 kb compared with the control
tumor. Demethylation of C21 is observed in other tumors
injected with antisense (data not shown).
CpG island-containing genes are de novo methylated in

tumor cells (13, 49–51). We therefore determined the state of
methylation of a generally expressed CpG island-containing
gene, thy-1, in mice treated with either antisense or control
oligodeoxynucleotides. There was an increase in the relative
abundance of the 600-bp HpaII fragment contained in the 59
thy-1 CpG island (48) (Fig. 3B) and a decrease in the relative
abundance of the partial HpaII fragments ('3–5.5 kb) in
tumors extracted from antisense-treated mice (labeled ‘‘a’’ in
Fig. 3B) relative to the pattern observed in the control tumor
(labeled ‘‘s’’ in Fig. 3B) (see Fig. 3C for quantification). These
experiments demonstrated limited hypomethylation in tumor
DNA in response to DNAMeTase antisense treatment in vivo.

DISCUSSION
The goal of this study was to test the hypothesis that tumor-
igenesis could be reversed by pharmacological inhibition of
DNA MeTase activity and to suggest that DNA MeTase
inhibitors could serve as potential anticancer agents. This
study demonstrated that an antisense oligodeoxynucleotide
directed against DNA MeTase mRNA can inhibit, in a dose-
dependent manner, DNA MeTase mRNA expression, DNA
MeTase activity, and tumorigenesis ex vivo and in vivo. Similar
effects were not observed when a scrambled sequence was
used. This is consistent with the hypothesis that the observed
effects are a result of reduction in the level of DNA MeTase.
The sequences used in our experiments did not bear the CG
sites or G quartets that have been shown to bear nonantisense-
related immunogenic and antitelomerase effects (52, 53).
Although it is clear that phosphorothioate oligodeoxynucle-
otides might exhibit nonspecific antitumorigenic effects, our
experiments revealed that the nonspecific and sequence-
specific effects could be differentiated. One interesting ques-
tion that was not addressed by this experiment is whether there
is a critical size or level of tumor organization that is not
treatable by DNAMeTase antisense inhibitors. Future studies
will directly address this question.
Why are elevated levels of DNA MeTase critical for main-

taining the cancer state? Three models have been suggested.
(i) Elevated levels of DNA MeTase might result in disruption
of the appropriate gene expression profile of a cell, leading to
inactivation of tumor suppressor genes (17) and other genes
that are characteristic of the differentiated state of the cell,
such as C21 in Y1 cells (41). (ii) High levels of DNA MeTase
might have a direct effect on origins of replication (18, 19). (iii)
Methylated cytosines are hot spots for mutation, and deami-
nation of methylated cytosines will result in C-T transition
mutations (54).
Although more data are required to determine which of

these mechanisms is involved in the genesis and maintenance
of cancer, two issues are critical for the pharmacological and
therapeutic application of DNA MeTase inhibitors. First, are
the changes caused by aberrant methylation in carcinogenesis
irreversible, as has been suggested (55), or are they reversible
by pharmacological intervention? Min mice bearing a muta-
tion in the homolog of the human repair-associated tumor
suppressor gene APC were protected from formation of ad-
enopolyps in the intestines when treated prophylactically with
5-azadeoxycytidine early after birth (55). The development of
polyps could not be reversed when 5-azadeoxycytidine was
applied later, suggesting an irreversible mechanism.
Second, is the aberrant methylation observed in cancer a

consequence of the enhanced levels of DNAMeTase and there-

fore reversible by reducing the level of DNA MeTase (18, 19)?
Although additional experiments will be required to demonstrate
that similar results to those reported here can be obtained with
cancers formed in the animal rather than in implanted tumors,
our results lend support to the hypothesis that the effects of DNA
MeTase induction are reversible and therefore suggest that DNA
MeTase be a target for anticancer intervention.
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