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ABSTRACT

The hypomethylating chemotherapeutic drug 5-aza-2'-deoxycytidine

(SAzadC) has been shown to induce cell differentiation in some systems,
while promoting neoplastic transformation in others. Using both in vitro
and in vivo models, we have explored the relationship between oncogene
expression and the susceptibility of cells to malignant transformation by
SAzadC. The study involved several nontumorigenic subclones of
Nil H H fibroblasts, including cells transfected with deregulated r-mir.
as well as phenotypic revertants expressing v-Ki-nu or long terminal
repeat-activated i-I la-ras. Transient SAzadC treatment of the oncogene-

bearing cell lines was associated with a rapid and efficient neoplastic
transformation. In some cases, over 50% of the cell population exhibited
loss of contact inhibition of growth within 1 week of treatment. The
transformants were capable of forming s.c. tumors and experimental lung
mÃ©tastases in recipient nude mice. In contrast, SAzadC failed to induce
malignant properties in control 3T3 cultures transfected with the bacterial
neo' gene; rather, treatment of these cells was associated with differen

tiation into adipocytes and myotubes. The differential response to SAzadC
was also observed in vivo, in mice first inoculated s.c. with the premalig-

11:1111cells and then treated with SAzadC 24 h later. In agreement with
the in vitro model, tumor development in mice correlated with the
presence of cells with activated ras or myc oncogenes. Cytidine analogs
that do not inhibit DNA methylation (i.e., 6-azacytidine and l-^-n-

arabinofuranosyl cytosine) had no effect on cell phenotype. The results
indicate that exposure of cells to SAzadC can lead to tumor progression
both in vitro and in vivo and suggest that preexisting alterations in
oncogene expression may facilitate the evolution of cancerous growth
induced by hypomethylating agents.

INTRODUCTION

Heritable changes in gene expression and in resulting cell
phenotypes can derive from both genetic (e.g., mutations, gene
rearrangement or amplification) and epigenetic mechanisms
(e.g., alterations in DNA methylation at deoxycytosine resi
dues). The cytidine analogues SAzaC' and SAzadC, which are

nonmutagenic inhibitors of DNA methylation (1), have been
useful in studies of the role of DNA methylation in determining
cell phenotype. These analogues have been shown to induce
differentiation in a variety of eukaryotic cellular models, pre
sumably by reversing the methylation-mediated state of repres
sion of specific silent genes (2, 3). Evidence for differentiation
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of tumorigenic mouse and human cells by SAzaC has been a
basis for the use of this drug in the treatment of human
leukemias (4, 5). However, changes in DNA methylation pat
terns may also promote oncogenesis. Consistent with this hy
pothesis are findings with in vitro systems showing that SAzaC
or SAzadC can induce cell transformation and tumorigenecity
in primary and established rodent cell lines, modulate antigen
expression and immunogenicity, and alter the metastatic be
havior of tumor cells (6, 7). SAzaC has also been shown to be
a complete carcinogen in animals (8). Further evidence impli
cating DNA methylation in carcinogenesis is provided by the
fact that many known chemical and physical carcinogens are
potent inhibitors of DNA methylation (9, 10) and that hypo-
methylation distinguishes certain genes in human cancers from
their normal counterparts (11).

Previous studies using cell culture systems have indicated
that transformation by SAzadC occurs at a low frequency and
only after prolonged passage of the treated cells (12-14). In
contrast, we have observed that transient treatment with
SAzadC can efficiently and rapidly retransform nontumorigenic
revenant lines of LTR/c-Ha-ras-transformed NIH3T3 fibro

blasts, originally obtained following prolonged treatment with
interferon (15). No such changes were seen in treated parental
NIH3T3 cells. One explanation of these results could be that
the increased sensitivity to the tumor progression induced by
SAzadC is related to expression of the activated ras in the
revertan! cells. To test this hypothesis, we have now investigated
in more detail the effects of SAzadC on the interferon-induced
Ha-ras revertants and extended the analysis to include another
set of phenotypic revertants expressing the v-Ki-ras oncogene,
which were isolated following mutagen treatment of parental
DT cells (16). Although different in origin and in the specific
ras homologue, both types of revertants are nontumorigenic in
recipient athymic mice, in spite of elevated production of the
respective ras-encoded p21 protein (12, 13). In addition, and in

order to examine what role other oncogenes may play in the
predisposition of cells to transformation by hypomethylating
agents, the present studies also involved nontumorigenic
NIH3T3 cell lines transfected with an activated c-myc DNA.

The myc and raÃgenes are of particular interest since abnor
malities in their expression are frequently identified in prema-

lignant and malignant human tumors (17).
Using both in vitro and in vivo models, we found a correlation

between oncogene expression and cellular sensitivity to neo
plastic transformation induced by SAzadC. While SAzadC
treatment of control NIH3T3 cultures resulted in cell differ
entiation, treatment of cells harboring activated Ha-ras, Ki-ras,
or myc was associated with a highly efficient malignant trans
formation together with the acquisition of metastatic capability.
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MATERIALS AND METHODS

Cell Lines and DNA Transfer. The subclones of mouse NIH3T3
fibroblasts used in this study were: (a) 4C8-A10 and PR4N. subclones
of phenotypic revertan! cells (lines 4C8 and 4C3. respectively) (18)
originally isolated from LTC/c-Ha-rasl -transformed 3T3 cells after
long term treatment with murine a/ÃŸinterferon; PR4N cells have been
previously described ( 15); (b) C11 and F2b (a subclone of F2), mutagen-
induced revenants of v-Ki-ras transformed DT cells (16): and (e) M2
and M4, obtained by co-transfection of NIH3T3 cells with the plasmids
pSV2neo (19) and pLSVmyc, which contains the truncated form of the
c-myc gene from murine plasmacytoma under the control of the SV40
promoter. The M2 and M4 cells had a higher growth rate compared to
parental NIH3T3 cells and, although they reached higher saturation
densities, they did not form multilayers. Controls included the parental
NIH3T3 cells and 3T3N2, a subclone isolated after transfection with
pSV2neo alone. DNA transfection was by the calcium phosphate co-
precipitation method (20), and the neo' transformants were selected in

growth medium containing 400 ng/ml G418 (Geneticin; GIBCO).
Cultures were maintained in Dulbecco's modified Eagle's medium

supplemented with 10% heat-inactivated fetal calf serum (GIBCO) and
antibiotics, unless otherwise specified.

Treatments with Cytidine Analogues. SAzadC (Sigma), 6AzaC (P-L
Biochemicals, Inc.), and AraC (Sigma) were each dissolved in phos
phate-buffered saline and stored in aliquots at â€”20Â°Cuntil use (expo

sure to direct light was avoided at all times to prevent drug hydrolysis).
For treatment in culture, cells were plated at 1-2 x 10s cells in 100-

mm dishes and the drugs were added to the growth medium at 20 and
48 h after plating. The cells were subsequently subcultured in the
absence of the nucleoside analogues and observed for phenotypic alter
ations. To assess adipocyte conversion, cells were grown to confluency
and maintained for an additional 2-3 weeks, with regular changes of
medium. Due to the high metabolic rates of M2 and M4 cells, the
confluent cultures were refed with Dulbecco's modified Eagle's medium

containing 5% serum. Staining of adipocytes with Oil Red-O was as
described (21). For the cytotoxicity studies, cells were replated at clonal
densities (500-1500 cells in 100-mm dishes) 6-8 h following the second
SAzadC treatment, and the number of colonies was scored 2 weeks
later. For in vivo treatment with SAzadC, 4-5-week-old female athymic
nude mice (Division of Cancer Treatment, National Cancer Institute
Animal Program, Frederick Cancer Research Facility) were inoculated
s.c. with 0.5-1 x 10' cells. Twenty-four h later (unless otherwise
indicated), 400 ^igof freshly prepared SAzadC in 200 n\ of phosphate-
buffered saline were administered i.p. to each animal (approximately
20 mg/kg).

Tumorigenicity and Experimental Metastasis Assays in Mice. Exper
iments were performed with 4-5-week-old female athymic nude mice.
For the tumorigenicity assay, 1 x IO6cells were transplanted s.c. and

animals were observed for tumor growth at the site of injection. Rep
resentative tumor nodules were excised, fixed, and subjected to histo
lÃ³gica!examinations. For the experimental metastasis assay (22), 1.5
x 10s cells were inoculated into the lateral tail vein of nude mice. The

number of mÃ©tastaseswas determined 4 weeks later by visual exami
nation of lungs at autopsy, after fixation in Bouin solution (picric
acid:37% formaldehyde:glacial acetic acid, 15:5:1, v/v).

Measurement of DNA Methylation. To determine the 5-methylcyto-
sine content, samples of cultures were taken 24 h after the second
SAzadC treatment. The cell pellets were lysed in 0.5% sodium dodecyl
sulfate; 0.1 M NaCl, 10 mivi EDTA, pH 8.0, added with 400 ^g/ml
proteinase K (Boehringer Mannheim), and stored at -70Â°Cuntil DNA

isolation and analysis. The content of methylated/unmethylated cyto-
sine residues in the cellular DNA was measured by a 12P-postlabeling

technique, as previously described (23).
Northern Blot Analysis and DNA Probes. Cytoplasmic RNA was

extracted from exponentially growing cells and separated by electro-
phoresis in 1.2% agarose-formaldehyde gels. RNA preparation, blotting
onto nylon membranes (Schleicher and Schuell), hybridization with
radiolabeled DNA probes, and autoradiography were performed as
described (24). The DNA probes included a 6.2-kilobase Â£coRIfrag

ment of v-Ki-ras, a 2.9-kilobase Sac\ fragment of the human c-Ha-rasl
gene, and a Bamlil 4.5-kilobase fragment of the c-myc gene. Glycer-
aldehyde phosphate dehydrogenase cDNA (25) was provided by M. A.
Tainsky (University of Texas, Houston), and a mouse transin cDNA,
by G. T. Bowden (University of Arizona, Tucson). The cDNA probe
for mouse histocompatibility class I antigens was a gift from G. Jay
(NIH, Bethesda. MD). Radiolabeled probes were prepared with [ÃŒ2P\

dCTP (NEN), using a random primed DNA labeling kit (Boehringer
Mannheim, West Germany).

RESULTS

Effect of SAzadC on Cell Viability and DNA Methylation.
Transient treatment with 0.05-0.5 ^M SAzadC of NIH3T3 cells
containing v-Ki-ras (lines F2b and Cll) or LTR/c-Ha-ras
(PR4N and 4C8-A10) or of control 3T3N2 cultures resulted in
a dose-dependent cytotoxicity, with a 0.1 fi\i corresponding to
the 40-60% lethal dose. Surprisingly, the subclones with de
regulated myc (lines M2 and M4) were significantly more
resistant to the cytotoxic effect of SAzadC (Table 1). Analysis
of 5-methylcytosine content in representative lines showed a
significant decrease in DNA methylation only after cell treat
ment with cytotoxic doses of SAzadC (Table 1), a treatment
associated also with the induction of morphological alterations
(see below). Based on these results, all further in vitro experi
ments employed SAzadC at 0.1 n\i for the ras-containing and
control 3T3 cultures and at 5 #/M for the cells with activated
myc.

Induction of Cell Differentiation by SAzadC. Marked morpho
logical changes were observed in all the experimental cell lines
following treatment with SAzadC. In parental NIH3T3 and
control 3T3N2 cultures, treatment with 0.1 MMSAzadC was
followed by the appearance of differentiated phenotypes, as
previously observed with Swiss 3T3 and C3H 10T1/2 fibro
blasts (26, 27). Colonies of mature adipocytes with large intra-
cellular lipid droplets developed when the cells were kept at a
density-arrested state for 10-15 days (Fig. 1, /.and F). Adipo
cyte conversion, confirmed by positive staining with Oil Red-
O, was estimated to occur in about 1-10% of the cell popula
tion. In addition, the SAzadC-treated NIH3T3 cultures devel-

Table I Effect of SAzadC on cell viability and l).\A methylation
Cytotoxicity and methylation analyses were performed as described in "Ma

terials and Methods."

Cell lineOncogene3T3N2

ControlRevenantsPR4N

c-Ha-ros4C8A-10

c-Ha-iusF2b

v-Ki-rajC-ll

v-Ki-rosNontransformedM4

c-mycM

2 c-mycSAzadC

Cloning efficiency 5-Methylcytosine/
(JIM) (% of control) cytosine(%)00.100.100.100.100.100.15.000.15.01004610060too50100431003410010082100100561.85

Â±0.021
.46 Â±0.082.90

Â±0.172.48
Â±0.18ND"2.22

Â±0.061.04
Â±0.08ND3.64

Â±0.203.80
Â±0.142.71

Â±0.20N

n

Â°ND. not determined.
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TUMOR PROGRESSION BY A HVPOMETHVLATING DRUG

Fig. 1. Phenotypic changes induced by SAzadC. Cells were exposed to transient treatment with SAzadC and observed for changes in cell morphology. The cell
lines are: PR4N (A and B), F2b (C and D); and 3T3N2 (E, F, and G). A, C, and E. control untreated cultures. B. I). F. and G, cells treated with 0.1 UM SAzadC.
Pictures of SAzadC-treated revertants were taken after 6 days (PR4N) or after four weekly passages in culture (F2b). In contrast to the "flat" contact-inhibited control

cells, revertants treated with SAzadC developed refractile and spindly cells, which piled up to form multilayered cultures. For 3T3N2, differentiated adipocytescontaining large lipid droplets (/â€¢")and multinucleated myotubes (G) were photographed in 3-week-old cultures. Magnification: x 200 (A-E), x 250 (F and G), or x

400 (F, insert).

oped differentiated multinucleated myotubes (Fig. 1(7), at a low methylation, or with AraC (5 MM),which has been reported to
frequency of approximately 10~5. None of those phenotypes cause hypermethylation (27). Differentiated adipocytes were

was detected in untreated cultures or in those treated with also observed in cells with activated c-myc (M2 and M4) after
6AzaC (1-5 UM), a cytidine analogue that does not affect DNA treatment with 5 MMSAzadC, but the frequency was lower than
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in treated parental NIH3T3 cultures. In contrast, no differen
tiation by SAzadC was detected in any of the cultures containing
Ha- or Ki-ras.

Neoplastic Transformation by SAzadC.. Shortly after SAzadC
treatment in vitro (2-20 days), morphologically transformed
cells displaying a refractile spindly morphology and loss of
contact inhibition of growth emerged in the Ki- and Ha-ras

revenant cultures (resembling the parental DT and RS485
transformed cells) and in the wyc-transfected lines (Fig. 1, A-
D). No such changes were seen in the SAzadC-treated control
3T3N2 cultures. The efficiency and kinetics of neoplastic trans
formation by SAzadC varied depending on the cell line tested.
In the most sensitive line, PR4N, almost the entire culture
appeared transformed within 1 week of treatment. The other
cultures developed foci of transformed cells within 0-3 passages
after SAzadC treatment. In actively replicating cultures of M2
and M4, transformed cells could not be discerned based on
morphology but were readily detectable as multilayered dense
foci developing in cultures maintained after confluency. A more
precise estimate of the percentage of cells undergoing transfor
mation was obtained for the PR4N and Cl 1 lines by replating
the cells at clonal densities immediately after SAzadC treatment
and observing the morphology of individual colonies; the effi
ciency of neoplastic transformation was 50% and 42% for the
PR4N and Cll revertants, respectively. This highly efficient
phenotypic conversion by SAzadC rules out the possibility that
the results are due to selection of preexisting transformed cells
in the revertan! populations.

In contrast to the oncogene-bearing cells, no neoplastically
transformed foci were detected in SAzadC-treated parental
NIH3T3 or 3T3N2 cells examined for up to 16 weekly passages
after treatment. Therefore, sensitivity to neoplastic transfor
mation by SAzadC is associated with abnormalities in oncogene
expression and is not an artifact of the transfection procedure.
Treatment with 6AzaC or AraC (neither of which is known to
cause hypomethylation) had no detectable effect on cell phe-
notype, suggesting that DNA hypomethylation may play a role
in transformation by SAzadC.

Exhibition of Tumorigenic and Metastatic Properties by
SAzadC-induced Transformants. The in vitro neoplastic charac
teristics of the SAzadC-treated cells were confirmed by their
behavior following injection into nude mice. All the SAzadC-
treated cell lines containing Ha-ras, Ki-ras, or myc oncogenes
(but not control NIH3T3 with neo alone) were tumorigenic
when injected s.c. into recipient animals (Table 2), giving rise
to rapidly growing fibrosarcomas. The 4C8-A10 cells, tested as
early as 48 h after treatment in culture with SAzadC, developed
tumors in mice, indicating that neoplastic transformation may
have occurred very soon after treatment (Table 2).

The metastatic potential of the SAzadC-transformed cells
was determined by an experimental metastasis assay (22), which
mimics the later events in blood-borne tumor dissemination
(i.e., adherence to endothelial cells, extravasation, and subse
quent colonization). As shown in Table 2, the SAzadC-treated
Ha-ras-, Ki-ras-, or wye-containing cell lines had all acquired
the ability to form macroscopic lung tumors, with the ras-
transformed lines being more aggressive. It appears, therefore,
that exposure of the cells to SAzadC is associated with a rapid
progression from a nontumorigenic state to a most advanced
stage in malignant transformation.

In Vivo Tumor Progression Induced by SAzadC. To determine
the transforming potential of SAzadC under physiological con
ditions, studies were extended to include an animal model. This

Table 2 Malignant transformation of cells exposed to SAzadC in culture

Cells3T3N2PR4N4C8-A10F2bCMM4M2SAzadC(Mm)0

0.100.100.1

0.1"0

0.10

0.10

5.005.0s.c.

tumors"0/6

0/81/6

6/60/6

8/8
6/60/65/60/65/60/65/61/6

6/6PulmonaryIncidenceND'

ND0/3

3/3ND

3/3
ND0/3

3/3ND

ND0/4

3/4ND

NDmÃ©tastases*No.

of nodules0

17,20,277.9,

130

23, 26,310

0. 2. 6. 7

" Cells were treated in culture with SAzadC (see "Materials and Methods")
and tested for their behavior in nude mice 2-3 weeks later. In the tumorigenicity
assay, 1 x IO6 cells were injected s.c. into nude mice (two sites/animal). The
results, scored 5-6 weeks later, indicate the number of tumors/injected site. The
tumorigenicity data for M2 and 4C8-A10 cells treated with 6AzaC were essentially
the same as for untreated cells.

* Lung nodules were counted 4 weeks after i.v. transplantation of 1.5 x 10s

cells/mouse.
c ND, not determined.
d Cells were treated with SAzadC and transplanted s.c. into mice 48 h later.

Table 3 In vivo tumor progression by cytidine analogues
Cell were injected s.c. into nude mice (two sites/mouse: 0.5 x 10' cells/site for

4C8A10. F2b, and Cl I; 1 x 10' cells/site for 3T3N2, M2. and M4). Twenty-four

h later randomized groups of animals were given i.p. injections of SAzadC or
6AzaC (20 mg/kg). Mice carrying the 3T3N2, M2, and M4 cells received two
more injections of the drug at 8 and 16 days after the first treatment. The animals
were observed for tumor development at the sites of cell transplantation

Transplanted
cells4C8-AIOF2bÂ°Cll"M2M43T3N2AnimaltreatmentNone

SAzadC
6AzaCNone

SAzadCNone

SAzadCNone

SAzadCNoneSAzadCNone

SAzadCs.c.

tumors/
transplantationsite0/6

8/80/60/6

3/80/6

2/80/6

4/60/62/60/60/8

Â°Results observed at 16 weeks after treatment. In all other cases, data were
recorded at 6-7 weeks (spontaneous tumors developed thereafter in both treated
and untreated animals given injections of 3T3N2. M4, or M2 cells).

consisted of mice given s.c. injections of the nontumorigenic
3T3-derived cells expressing activated ras or myc. Treatment
of such mice with SAzadC (given i.p.) resulted in the develop
ment of tumors at the site of cell inoculum in cases involving
the ras or myc oncogenes, but not the control NIH3T3 cells
(Table 3). 6AzaC failed to induce tumor formation. These
results are in agreement with the in vitro data, supporting the
notion that cells with activated myc or ras oncogenes are
predisposed to tumor progression by the hypomethylating cy
tidine analog.

Effect of SAzadC on Gene Expression. In the 3T3-derived cell
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lines described here, expression of the exogenous myc or ras
oncogenes is apparently not sufficient for neoplastic transfor
mation. Transformation by SAzadC could be due to modulation
of expression of these oncogenes or of other genes involved in
neoplasia. Northern blot analyses (Fig. 2) showed no significant
effect of SAzadC on the expression of the endogenous myc and
ras or the foreign myc oncogenes (only a slight induction of
myc was observed in M4). SAzadC treatment was associated
with increased ras mRNA levels in some of the cell lines
harboring the activated ras oncogenes (i.e., 4C8-A10, F2b, and
Cl 1); this correlated with increased expression of the respective
LTR sequences (not shown), suggesting a direct effect of
SAzadC on a viral regulatory element. However, our previous
studies have indicated that, in both the Ha- and Ki-ras re-
vertants, changes in genes other than ras would be required for
retransformation (15, 16).

In testing for the expression of proteases implicated in tumor
invasion and metastasis, we have found that transin transcripts
(28), which were quite abundant in the v-Ki-ras parental DT
cells and reduced to undetectable levels in F-2b and C-l 1 cells,
were restored (and even markedly elevated in the case of F-2b)
in the SAzadC-retransformed cultures (Fig. 3). Transin tran
scripts were undetectable in the Ha-ras-carrying cells, both the
SAzadC-treated revenant lines and the parental RS485 cells
(not shown). Surprisingly, the expression of major histocom-
patibility class I antigens, which has been reported to be meth-

ylation dependent (29) and also modulated during malignant
transformation, was not significantly changed in the SAzadC

transformants, compared to control cells, except for PR4N
(Fig. 2).

DISCUSSION

A variety of physical and chemical agents (including radia
tion, chemical carcinogens, chemotherapeutic drugs, and some
dietary supplements) are known to affect DNA methylation, an
epigenetic mechanism involved in the control of gene expres
sion (2, 5, 6, 9, 10). A decrease in the content of 5-methylcy-
tosine in the DNA can lead to either cell differentiation or
neoplastic transformation; however, the factors that determine
the biological outcome of cell exposure to hypomethylating
agents are not known. We show here that expression of acti
vated ras or myc oncogenes is associated with increased cell
sensitivity to malignant conversion induced by the hypometh
ylating chemotherapeutic drug SAzadC. This was demonstrated
using both in vitro and in vivo models involving phenotypic
revenants of NIH3T3 fibroblasts that express LTR/c-Ha-ras
or v-Ki-rai, as well as cells expressing deregulated c-myc.
SAzadC treatment of the nontumorigenic oncogene-bearing
cells, but not of control NIH3T3, resulted in a very rapid and
efficient tumorigenicity, suggesting that both oncogene activa
tion and DNA hypomethylation are required for neoplastic
transformation. Indeed, there is now clinical evidence in sup
port of this hypothesis (30, 31). Remarkably, the SAzadC-
induced transformants not only were tumorigenic but also
showed an aggressive metastatic behavior, indicating that

3T3N2 M4
SAzadC r-

M2 PR4N 4C8
SAzadC r-

F2b C11

c-myc â€¢III Ha-ras
Â»

MM
â€¢
M

GAPDH

H-2

Ki-ras

GAPDH

H-2

Fig. 2. Modulation of gene expression. Northern blot analysis of cytoplasmic RNA (20 tig) isolated from the indicated cell lines was performed as described in
"Materials and Methods." The blot was hybridized sequentially with the indicated "P-labeled probes. Expression of glyceraldehyde phosphate dehydrogenase
(GAPDH) shows similar amounts of total RNA in each lane. All treatments with SAzadC were at 0.1 ^M, except for M2 and M4 (5.0 n\i). Control cultures (SAzaCâ€”)
were treated with 1 n\\ 6AzaC.
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DT F2b C11
SAzadC - ^

Transin

GAPDH

Fig. 3. Transin expression in SAzadC-treated Ki-raj revenants. Northern blot
analysis of cytoplasmic RNA from the cells indicated was performed as described
in the legend to Fig. 2. The blot was hybridized sequentially with "P-labeled

cDNA probes for transin and glyceraldehyde phosphate dehydrogenase (GAPDH).

SAzadC induced the progression of otherwise benign cells to a
most advanced stage in malignant transformation.

Induction of tumorigenicity in vitro by SAzadC or SAzaC has
been previously described in a variety of cell types (6, 7).
However, both the efficiency and rate of transformation re
ported were significantly lower than those observed for the
oncogene-bearing 3T3 lines used in our study. For example, in
C3H 10T1/2 mouse embryo fibroblasts (12, 13) or in primary
trachea! epithelial cells (14), neoplastic transformation by
SAzaC occurred in no more than 2% (typically in only 0.1-
0.5%) of the treated cell population. Furthermore, the treated
cells exhibited distinct transformation properties (e.g., forma
tion of dense foci and proliferation in semisolid agar or tumor
igenicity in recipient nude mice) only after prolonged serial
passage in culture (20-30 passages). As to the induction of
metastatic properties by the hypomethylating drug, this has
been shown only in cells that were already tumorigenic (6, 7).
In marked contrast, in the nontumorigenic revenants of 3T3
cells expressing activated Ha- or Ki-ras, SAzadC induced pro
found phenotypic changes, including tumorigenicity and metas
tasis. Moreover, neoplastic transformation in these cells in
volved approximately 50% of the cell population and was
evident within a few days after treatment. This unusually high
frequency of malignant conversion is likely to be the result of
an interaction between the activated oncogenes and additional
gene(s), the expression of which is modulated by SAzadC.

In contrast to the oncogene-bearing NIH3T3 cells, control
cultures did not acquire neoplastic properties following treat
ment with SAzadC but rather differentiated into adipocytes and
myotubes. Similar induction of differentiation by SAzaC has
been previously observed with other mouse embryonic mesen-
chymal cell lines (26, 27). Interestingly, in the 3T3 subclones
M2 and M4 transfected with a deregulated myc gene, SAzadC
treatment resulted in the concurrent differentiation of some
cells into adipocytes and acquisition of malignant properties in
others (although the neoplastic transformation appeared to be
less frequent than in the Ha- and Ki-ras revenant clones). The
adipocyte differentiation was somewhat unexpected, since der
egulated myc expression, like that of activated ras, has been

shown to inhibit differentiation in other cell systems (32-35).
While differentiation is usually accompanied by a decrease in
c-myc expression (33, 35), this was not seen in the SAzadC-

treated M2 or M4 cells. Modulation of myc may not be neces
sary for commitment to adipocyte conversion. It has been
reported recently that induction of myogenesis is not contingent
upon down-regulation of this oncogene (36). However, we
cannot exclude the possibility that myc transcripts are selec
tively reduced in the differentiated subpopulation, a change that
would not be detectable without prior isolation and direct
analysis of the adipocyte colonies. The results observed in the
NIH3T3 cell lines with deregulated myc expression reflect the
pleiotropic effects of SAzadC; the drug may activate, within the
same cellular system, genes involved in cell differentiation and
others required for malignant transformation. The fact that
SAzadC failed to induce differentiation in the raj-expressing
cells suggests that the ras oncogenes are more potent than myc
in blocking cell differentiation.

The effects of SAzadC on tumor progression were reproduced
in an animal model, where the drug was administered systemi-
cally to mice bearing inocula of the untreated nontumorigenic
cell lines. Tumor development in conjunction with SAzadC
treatment was seen in all cases involving cells with activated
Ha-ras, Ki-ras, or myc. The in vivo results, in agreement with
the in vitro findings, are further evidence for a link between
oncogenes, hypomethylation of cellular DNA, and tumor pro
gression. The relevance of these findings is substantiated by the
analysis of patient tumor biopsies indicating that multiple ge
netic alterations, including DNA hypomethylation and changes
in ras, are required for the development of colorectal carcino
mas (30, 31). Such data raise a concern regarding the potential
adverse effects of this and other DNA-hypomethylating agents
in the clinical setting. It is well documented that human tumors
are composed of heterogeneous cell populations (37) and that
premalignant lesions frequently exhibit abnormalities in myc
or ras expression (17, 38, 39). SAzadC, and possibly other
chemotherapeutic drugs with hypomethylating activities, could
promote tumor cell diversification and increase the risk of
evolution of cell subpopulations with metastatic capabilities
(40).

The molecular mechanisms of tumor progression induced by
SAzadC are not known. The phenotypic changes described here
could result, directly or indirectly, from inhibition of DNA
methylation, since other cytidine analogues that do not inhibit
DNA methylation (i.e., 6AzaC and AraC) (27) induced neither
malignant transformation nor cell differentiation. Changes in
the methylation pattern of DNA sequences are thought to affect
gene expression by altering chromatin configuration (41). Also,
changes in chromosome number and structure have been ob
served after treatment with hypomethylating agents (42, 43). It
should be noted, however, that the role of hypomethylation in
tumor progression induced by SAzadC is only speculative at
this time. Whatever the mechanisms of SAzadC action, com
parison of gene expression in the SAzadC-transformed cells
with that in their parental counterparts may help identify spe
cific molecular pathways in oncogene-mediated transformation.
Along these lines, we have observed that malignant conversion
was associated, in some cases, with increased expression of
transin, an enzyme implicated in tumor invasion and metastasis
(28).

The ras revenants employed in this study are of particular
interest, since they represent cells in which elevated oncogene
expression per se is not sufficient for neoplastic transformation.
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Besides high production of the ras-encoded p21 protein, both
the Ha- and Ki-ras revertant lines are resistant to retransfor-
mation by specific exogenous oncogenes (15, 16). These re-
vertants may have defects in cellular components ("effector"

molecules) that interact with these oncogenes to induce neo-
plastic transformation (44). If so, the slight increase in ras
expression observed following SAzadC treatment (possibly re
lated to an effect on the LTR control element; see Ref. 45)
would not be sufficient for retransformation. In inducing malig
nant conversion, SAzadC may have activated important effector
molecule(s) or inactivated suppressor function(s). The high
incidence of transformation in these cells suggests that only-

one or a few loci affected by SAzadC may ultimately be respon
sible for tumor progression and metastasis. This inducible
system could thus be used to identify such critical genes and to
help elucidate the mechanisms linking DNA methylation, reg
ulation of gene expression, and the control of cell growth.
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