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ABSTRACT

BALB/c 3T3 and its derivative MO-5, isolated as a monensin-resistant
clone, showed a very low rate of spontaneous malignant transformation.
Treatment of BALB/c 3T3 cells with benzo(a)pyTene, 4-nitroquinoline-
/V-oxide, /V-methyl-yV'-nitro-A'-nitrosoguanidine, Ar-methyl-/V-nitrosou-

rea, or IV light irradiation significantly enhanced the rate of transfor
mation, whereas the treatment of MO-S cells with these carcinogens had
only a slight if any effect. Exposure of MO-5 as well as BALB/c 3T3 to
5 or 10 MM5-azacytidine for 3 to 7 days significantly increased the
number of transformation foci. The Luria-Delbruck fluctuation test
showed that spontaneous mutation frequency (mutants/cell/generation)
was 1.2 x IO-6 for BALB/c 3T3 and 7.1 x IO"7for MO-5, respectively,
when appearance of cadmium-resistant clones was tested. jV-Methyl-./V'-

nitro-yY-nitrosoguanidine enhanced induced mutation frequency of oua-
bain-resistant and cadmium-resistant mutants of BALB/3T3 but it only
slightly enhanced that of MO-5. Methylation status of DNA of MO-5
was compared with that of BALB/c 3T3 by comparing the cleavage
patterns generated by the isoschizomeric restriction enzymes Hpall and
Mspl. DNA of MO-5 was found to be more methylated than that of
BALB/c 3T3 in the vicinity of c-myc as well as the metallothionein-I
gene. Aberrant DNA methylation in MO-5 and the cellular sensitivity to
transformation by chemical carcinogens or 5-azacytidine are discussed.

INTRODUCTION

Transformation of BALB/c 3T3 and other cell lines is in
creased by chemical carcinogens ( 1) and by transforming growth
factors (2-4). Growth factors or their interaction with their
receptors may be directly involved in malignant transformation
(5). We have recently isolated a monensin-resistant clone, MO-
5, from the mouse BALB/c 3T3 (6-8) which, like its parental
nontransformed counterpart, shows contact-inhibited growth
and no anchorage-independent growth in soft agar; however, it
displays an altered response to TGF-/33 as well as EGF (9). A

number of epigenetic and genetic processes seem to be involved
in carcinogenesis and it seemed possible that monensin-resis-
tance might also be associated with effects on transformation
and some related processes. In particular, altered DNA meth
ylation has been recently postulated to be involved in carcino
genesis and tumor development (10-12). In this regard a well-
known inhibitor of DNA methylation, 5-AC can induce onco-
genic transformation of cultured C3H10T1/2 cells (13, 14),
CHEF 18 cells (15), and BHK cells (16). We have compared the
effects of 5-AC and carcinogens on the transformation of

Received 7/28/86; revised 1/12/87, 6/18/87; accepted 6/24/87.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported by a Grant-in-Aid for Cancer Research from the

Ministry of Education, Science and Culture of Japan.
1To whom requests for reprints should be addressed.
'The abbreviations used are: TGF-/S. transforming growth factor /3; EGF,

epidermal growth factor; BP, benzo(a)pyrene; 4NQO, 4-nitroquinoline-A'-oxide;
5-AC, 5-azacytidine; TPA, 12-O-tetradecanoylphorbol-l 3-acetate; UV, ultraviolet
light; MNNG, yV-methyl-Ar'-nitro-W-nitrosoguanidine; MNU, JV-methyl-/V-nitro-
sourea; PBS. phosphate-buffered saline; Cdr, cadmium-resistant colony; Oua',
ouabain-resistant colony; SDS, sodium dodecyl sulfate; SSC, standard saline
citrate (0.15 M sodium chloride:0.015 M sodium citrate, pH 7.4); MTI, mouse
metallothionein-I.

BALB/c 3T3 and MO-5 cells. Aberrant responses of MO-5 to
the inhibitor of DNA methylation and to carcinogens in relation
to transformation are reported.

MATERIALS AND METHODS

Cell Line and Culture Medium. Mouse BALB/c 3T3 cell line and its
monensin-resistant clone, MO-5 (6, 7), were grown in monolayer in
minimal essential medium containing 10% newborn calf serum (Flow
Laboratories, Alexandria, VA), 0.1% bactopeptone (Difco Laborato
ries, Detroit, MI), glutamine (0.292 mg/ml), and penicillin G (100 U/
ml) as described previously (6). Modal chromosome numbers for
BALB/c 3T3 and MO-5 were, respectively, 64 Â±6 and 63 Â±3.

Chemicals. 5-AC, TPA, MNNG, and ouabain were obtained from
Sigma Chemical Co., St. Louis, MO. MNU was from Nakarai Chemical
Co., Osaka, Japan. 4NQO and BP were donated by Dr. H. Yoshimura
(Kyushu University, Fukuoka, Japan).

Transformation Assays under Anchorage-dependent Growth Condi
tions. Exponentially growing BALB/c 3T3 and MO-5 cells (1 x IO6)
were plated in 100-min plastic dishes containing 10 inIculture medium,
incubated further on the following day for 18 h with various doses of
4NQO, BP, MNNG, or MNU up to doses reducing the cell survival to
10% of the initial cell number, and then washed twice with PBS.
Treatment with 5 or 10 MM5-AC was done by incubation for various
days of the cells. 5-AC was added once during the treatment time
period, and medium changes were not performed during the period.
The cell survival was determined by two independent assays: trypan-
blue dye exclusion method and colony formation in all trials. In the
latter assay, 500 cells were plated into 60-mm dishes after treatment
with drugs and the viability was assayed by scoring a number of colonies
appearing after one week of incubation. We usually tested viability by
the trypan-blue dye exclusion method before transformation assay.

To assay transformation focus, the cells were further plated into 60-
mm dishes at 10,000 viable cells/dish containing 5 ml of medium. To
assay the effect of TPA, TPA was added to dishes 4 days after the
inoculation of 10,000 viable cells (17). The dishes in the absence or
presence of TPA were further incubated for 3 weeks and medium
without or with drugs was changed twice a week during the incubation.
The dishes were fixed with Giemsa and transformed foci with a high
cell density and disoriented cell arrangement were scored (18, 19).
Transformation frequency was presented as transformation foci per
dish when 10,000 viable cells were inoculated in each dish and five to
10 plates were scored for each assay.

Transformation Assay after UV-Irradiation. Exponentially growing
BALB/c 3T3 and MO-5 cells were plated at 10,000 cells/60-mm dish,
and on the following day medium was changed with 5 ml of PBS.
Dishes were exposed to UV light at room temperature with a 15-W
germicida! lamp (Toshiba, GLI5), and the cells were reincubated in
fresh medium as described previously (20). Transformation foci were
examined 3 weeks after UV irradiation. To test cell survival, 500 cells
per 60-mm dish were irradiated, and incubation followed for one week
to score colonies.

Mutation Assay. Exponentially growing BALB/c 3T3 and MO-5
cells were plated at 2 x 10! per 100 mm dish and on the following day

dishes were incubated for one day without or with various doses of
MNNG up to 0.3 Mg/ml. MNNG at 0.3 Mg/ml decreased cell survival
of both cell lines to 30% of the untreated control. Dishes were washed
twice with PBS and the cells were reincubated in fresh medium for 3
days. Dishes were then trypsinized, and the cells were assayed for cell

4894

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/18/4894/2428514/cr0470184894.pdf by guest on 19 M

ay 2023



TRANSFORMATION BY 5-AZACYTIDINE

survival and mutation. Both cell lines at 2 x 10s cells/ 100-mm dish

were then treated either with 10 UMCdSO< or with 5 mM ouabain, and
Cd' or Oua' colonies were scored after 2-3 weeks incubation. Cell

survival was assayed by colony forming when 500 cells were plated per
60-niin dish and incubated for one week.

DNA Isolation and Southern Hybridization. Cultured cells were har
vested, lysed with 0.5% SDS and digested with protease K (200 Mg/ml)
in 10 mM Tris-10 mM EDTA (pH 7.5), then extracted twice with
phenol/chloroform. High molecular weight DNA was precipitated in
ethanol and dissolved in 1 mM Tris-1 mM EDTA (pH 7.5).

DNA (10 fig) was digested with restriction enzyme (Mspl or Hpall)
at 2-4 units/Mg DNA in low salt buffer (10 mM Tris-HCl, pH 7.5, 10
mM MgO2, 1 mM dithiothreitol) for more than 3 h. The digested DNA
was electrophoresed in 0.7 or 1% agarose, denatured by 0.5 M NaOH-
1.5 M NaCl, neutralized by 0.5 M Tris (pH 7.0)-3 M NaCl, and
transferred to nitrocellulose by the method of Southern (21). The filters
were hybridized with nick-translated plasmili pSV-v-myc (obtained
from K. Yokoyama, Riken, Tsukuba, Japan) and a 400-base pair EcoRl-
Hindlll insert of the Mil gene in plasmid mlpEH4 (22) (obtained
from R. Palmiter, Washington University, Seattle). The hybridization
was carried out in 35% formamide, SxSSC, lOx Denhardt's solution,
salmon sperm DNA (100 Â¿ig/ml),and 0.1% SDS at 43'C for 36 h, and
the specific activity of the probe was 7-10 x IO7cpm/^g DNA. After

hybridization, filters were washed twice in 2xSSC, 0.1% SDS at room
temperature for 15 min, and once in 0.4xSSC, 0.1% SDS at 50'C for

30 min. The filters were dried and exposed to Kodak XAR film at
â€”80Â°Cfor several days.

RESULTS

Effect of Chemical Carcinogens and 5-AC on Transformation.
MO-5 is a clone resistant to an ionophoric antibiotic monensin
isolated from nontransformed BALB/c 3T3 cells after muta-
genesis (6). MO-5 grows like parental BALB/c 3T3 with the
serum requirement, saturation density, and failure to grow in
soft agar that are characteristic of nontransformed cells (9).
However, MO-5 cells are defective in EGF-receptor binding (9)
and we report here that the altered response to a growth factor
in MO-5 is accompanied by modified responses to carcinogens.
The reduction of colony formation in response to two carcino
gens, BP and 4NQO, was similar in BALB/c 3T3 and MO-5
cells. D,o values, doses required to reduce surviving fraction to
10% of the control, were 2 ng/ml for 4NQO and 1000 ng/ml
for BP. 4NQO at 1 ng/ml or BP at 100 ng/ml decreased the
survival fraction of both BALB/c 3T3 and MO-5 to 50% of
control while both cells were indifferent to 4NQO (0.1 ng/ml)
or BP (10 ng/ml). In contrast, the parental and derivative cells
responded very differently in transformation assays. BALB/c
3T3 or MO-5 cells at 1 x IO6were treated for 18 h, either with

4NQO (1 ng/ml) or with BP (100 ng/ml). After treatment with
carcinogens, 10,000 viable cells were plated into 60-rnm plastic
dishes and culture medium changes were performed twice a
week for 4 weeks; the dishes were fixed and transformed foci
with a high cell density and disoriented arrangement were
counted (1). Table 1 shows that the number of transformation
foci in plastic dishes was increased in BALB/c 3T3 cells about
5- to 10-fold by 4NQO or BP. Addition of TP A further en
hanced transformation about 2-fold. In contrast, treatment of
MO-5 with 4NQO (0.1-1 ng/ml) or BP (10-100 ng/ml) failed
to induce transformation foci at all; nor did added TPA have
any effect.

We next examined whether MO-5 cells could be transformed
by a higher dose of carcinogens. MO-5 and BALB/c 3T3 cells
were treated with D,0 of 4NQO (2 ng/ml) or BP (1000 ng/ml).
Treatment of MO-5 cells with BP (1000 ng/ml) could induce
transformation foci at 3.6 Â±0.9/dish, whereas no transforma-

Table 1 Effect of chemical carcinogens and phorbol ester on transformation of
BALB/c 3T3 and MO-5

BALB/c 3T3 and MO-5 at 1 x 10* cells at subconfluent state of growth were

incubated for 18 h without or with various doses of 4NQO or BP. Effect of TPA
(100 ng/ml) was examined by adding to dishes 4 days after carcinogen treatment.
Transformation frequency was presented as number of transformation foci with
a high cell density and disoriented arrangement per 10,000 viable cells plated in
dish. Values, average Â±SD of nine to ten dishes.

Transformation: foci/dish

CarcinogensNone4NQOBP(ng/ml)TPA0+0.11+210100+1000BALB/c3T30.4

Â±0.21.0
Â±0.55.3

Â±2.211.5
Â±4.022.0

Â±7.013.7
Â±3.32.0
Â±1.55.5
Â±1.110.5

Â±2.530.5
Â±5.4MO-50000000003.6Â±0.9

Table 2 Effect of chemical carcinogens, MNNG and MNU, on transformation of
BALB/c 3T3 and MO-5

Transformation frequency was presented as number of transformation foci
with a high cell density and disoriented arrangement per 10,000 viable cells plated
in dish. Values, average Â±SD of five to six dishes.

Carcinogens
(Mg/ml)NoneOMNNG

0.1
0.3

MNU 10
20Transformation:

foci/dishBALB/c

3T3MO-50.5

Â±0.2 0
2.8 Â±0.5 0

35.2 Â±12.5 0
4.6 Â±0.7 0
6.3 Â±3.9 0

tion foci of MO-5 cells appeared after treatment with 4NQO
(2 ng/ml) (Table 1). The number of transformation foci was
further increased when BALB/c 3T3 cells were treated with BP
(1000 ng/ml) or 4NQO (2 ng/ml).

We also examined whether other chemical carcinogens,
MNNG and MNU, or UV irradiation could transform MO-5
cells. MO-5 and BALB/c 3T3 cells were treated with MNNG
or MNU and transformation foci were scored. The number of
transformation foci was significantly increased only when
BALB/c 3T3 cells were treated with the carcinogens (Table 2).
However, no transformation foci appeared when MO-5 cells
were treated with MNNG or MNU. Both BALB/c 3T3 and
MO-5 cell lines showed similar sensitivities to cytocidal action
of MNNG or MNU.

Fig. 1 shows the effect of UV irradiation on transformation
of BALB/c 3T3 and MO-5 cells. When BALB/c 3T3 and MO-
5 cells were exposed to doses of UV ranging from 5 to 30 ergs/
mm2, both cell lines showed similar sensitivities to cytocidal

action of UV (Fig. \A). BALB/c 3T3 produced an increased
number for transformation foci with the increased dose,
whereas MO-5 produced no transformation foci at this dose
range (Fig. IB).

The failure of transformation of MO-5 cells by various car
cinogens, TPA, and UV could result from a defect in initiation
and/or promotion. We therefore examined whether an "epige-
netic" modifier such as 5-AC can induce transformation of

MO-5 cells. The D,0 value for 5-AC was 15 Â±1 MM, again
similar in both BALB/c 3T3 and MO-5 cells. Three days of
treatment did not decrease survival; but 5-AC at 5 ^M for one
week reduced the surviving fraction of both cell lines to 80-
90% of control. 5-AC at 10 n\\ for 3 or 7 days reduced the
survival fraction of both cell lines to 80-90 and 50% of control,
respectively. In this case, treatment of both cell lines with 5-
AC resulted in production of a significant increase of transfor
mation foci in almost all dishes for MO-5 as well as BALB/c
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Fig. 1. Dose-response curves for cell survival (A) and transformation (B)
produced by UV irradiation. After BALB/c 3T3 (O) and MO-5 (â€¢)cells were
irradiated for various seconds with UV lamp, 10,000 cells were plated per 60-
IIIMIdish for transformation assay, and 500 cells were for colony formation assay
(cell survival). Values, average of five to six plates for transformation assay, and
three plates for cell survival.

Table 3 Effect of 5-AC on transformation of BALB/c 3T3 and MO-5
BALB/c 3T3 and MO-5 at 1 x IO6cells at subconfluent state of growth were

treated with or without various doses of 5-AC for 3 or 7 days, and then followed
incubation further for 3 weeks. Transformation frequency was presented as
number of transformation foci per 10,000 viable cells plated in dish. Values,
average Â±SD of five to six dishes.

5-AC Transformation: foci/dish"

Days37MM0

510

0
510BALB/c

3T302.6

Â±1.4
16.8 Â±5.9
0.2 Â±0.1

12.0 + 4.4
8.4 Â±2.3MO-50

2.0 Â±0.5
9.0 Â±1.4

0
10.0+2.2
12.0Â±2.7

" No statistical difference appears in the frequency of transformation foci
between BALB/c 3T3 and MO-5 when treated with 5-AC.

3T3. Treatment of MO-5 and BALB/c 3T3 with 5 or 10 MM5-
AC for 3 days was found to increase transformation frequency
of both cell lines significantly (Table 3). Three clones independ
ently isolated from transformation foci appearing after 5-AC
treatment of MO-5 were tested and showed anchorage-inde
pendent growth in 0.3% agar. They also produced tumors with
10-mm diameter within 2 weeks after incubation of 5 x IO6

cells/nude mouse and they were found to be progressive. By
contrast, no tumors appeared 4 weeks after incubation with
either 1 x IO7 BALB/c 3T3 or MO-5 cells.

Comparison of Spontaneous Mutation Frequency of BALB/c
3T3 and MO-5. Differences appeared in the frequency of trans
formation by chemical carcinogens of MO-5 and BALB/c 3T3.
One might argue whether mutation frequency of spontaneous
mutants differs among the two cell lines. A fluctuation test (23)
was performed to examine whether the spontaneous mutation
frequency of MO-5 is different from that of BALB/c 3T3. As
seen in Table 4, cadmium-resistant (Cdr) colonies appear ran
domly among BALB/c 3T3 and MO-5 cell populations when
selected in the presence of 3 /JM CdSO4. The ratio for the
variance to the mean number of Cdr colonies was greater than
1.0 for BALB/c 3T3 and MO-5. The mutation rate (mutants/

Table 4 Cell fluctuation analysis of cadmium resistance
In each fluctuation test, replicate cultures of BALB/c 3T3 and MO-5 cells

were grown in nonselective medium from inocula of 200 cells to 1.1-2.2 x 10*
cells. The entire population of each replicate culture was plated in medium
containing 3 n\i CdSO*.

No. of replicateculturesInitial
no. ofcells/culturesFinal

no. ofcells/culturesNo.
of replicate cultures withCd'colonies,

N=012345678910-1516-20>20Average

Cd'colonies/cultureVarianceRatio

(variance/mean)Mutation
rate (mutants/cell/gener

ation)Cd

resistanceBALB/c

3T3142002.2x10*

1.10100210115209.529.43.091.2

x 10-" 7.MO-5182001

x10s35321002000001.94.12.161

x IO'7

Table 5 Effect ofMNNC on mutation of BALB/c 3T3 and MO-5
Appearance of Cd' and Oua' colonies was compared between BALB/c 3T3

and MO-5 cells when treated without or with MNNG. Mutation rates are relative
rates of number of resistant colonies per number of surviving cells. Values,
average of five to six dishes.

or Oua'

MNNGO,g/ml) BALB/c 3T3 MO-5 BALB/c 3T3 MO-5

00.10.21.2 x10~58.8
x10-'1.3
x 10-"2.0

x10-Â«3.5
x10-'5.2
x IO"42.3

xIO"69.8
x10-'NTÂ°1.2

xIO-41.3
x10-'NT

' NT, not tested.

cell/generation) for the Cdr marker was estimated to be 1.2 x
IO-6 for BALB/c 3T3 and 7.1 x 1(T7 for MO-5 (Table 4).
Although Cdr mutation is caused by gene amplification (24)

rather than the classical mutation, in comparison with BALB/
e 3T3, the mutation rate was found to be about one-half in
MO-5.

We then examined whether a potent mutagen, MNNG, could
enhance the mutation frequency of BALB/c 3T3 and MO-5.
Induction of Ouar and Cdr mutations was compared between
BALB/c 3T3 and MO-5 after an expression time of 3 days
(Table 5). The spontaneous frequency of Cdr mutation in MO-
5 was found to be much lower than BALB/c 3T3. Cdr mutation

frequency (mutants/surviving cells) increased in BALB/c 3T3
when treated with MNNG, and the induced frequency increased
7- to 10-fold higher after treatment with MNNG (0.1 or 0.2
Mg/ml). The frequency of induced Cdr mutation in MO-5 cells
was increased only about 1.5-fold by MNNG treatment. As
seen in Table 5, the frequency of induced Ouar mutants was
also increased about 4-fold higher after treatment of BALB/c
3T3 with MNNG. However induction of the Ouar mutants was
not significantly increased when MO-5 cells were treated with
MNNG.

DNA Methylation of Metallothionein MT-I and c-myc Genes
in BALB/c 3T3 and MO-5. There appeared a difference in
spontaneous frequency of Cdr mutant colonies between BALB/
e 3T3 and MO-5. The mutation resistant to cadmium causes
amplification of MT-I gene (24) and DNA methylation controls
the inducibility of the mouse MT-I gene in a mouse cancer cell
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Fig. 2. Methylation status of metallothi-
onein-I gene (A) and c-myc gene (B). High
molecular weight DNA (10 fig/lane) from
BALB/c 3T3 (lanes 1 and 3) and MO-5 (lanes
2 and â€¢/)was digested with Mspl (lanes I and
2) or ///;Â«!!(lanes3 and 4) andelectrophoresed
on 1% for/1 and 0.7% for B agarose gel. blotted
onto nitrocellulose, and hybridized with nick-
translated 400-base pair EcoRl-Hindlll insert
of plasmid mlpEH4 (A) or pSV-v-myc (B). >,-
Phage DNA ///'Â»Â¿Ill-generated fragments

were used as molecular weight markers (in
kilobases).

' 3 4 3 4

4.4

2.3->

2.0-^

line (25). The methylation level in a specific region of DNA
can be analyzed by Southern blotting by use of the restriction
endonuclease isoschizomers, Mspl and Hpall. Mspl and Hpall
recognize the sequence of 5'-CCGG-3', but Hpall cannot cleave

it when the internal cytosine residue is methylated. The diges
tion with Mspl generated a single 1.6-kilobase fragment in both

cell lines with the same intensity (Fig. 2A, lanes 1 and 2). When
DNA of BALB/c 3T3 and MO-5 was digested with Hpall, a
major 3.3-kilobase fragment and a minor 3.5-kilobase fragment

were generated in BALB/c 3T3 (Fig. 2A, lane 3) and a major
3.3-kilobase and two minor 3.5- and 3.7-kilobase fragments
were generated in MO-5 (Fig. JA, lane 4). These results suggest
that DNA of MO-5 contains one more methylated CCGG site
in the MT-1 gene than that of BALB/c 3T3.

MO-5 was found to be resistant to transformation by chem
ical carcinogens but 5-AC induced transformation of MO-5 as
well as BALB/c 3T3. The relative content of 5-methylcytosine
in cancer-related genes of MO-5 DNA might be increased in

comparison with BALB/c 3T3 DNA. We thus determined if
DNA methylation of the c-myc gene was changed in MO-5
cells. When DNA of BALB/c 3T3 and MO-5 was digested with
Mspl, a single 6.3-kilobase fragment was generated in both cell
lines with the same intensity (Fig. "IB,lanes 1 and 2). However,

the digestion with Hpall generated different restriction frag
ments between the two cell lines. Digestion of BALB/c 3T3
DNA with Hpall generated a prominent 20-kilobase fragment
and other small fragments including 7.4- and 6.3-kilobase (Fig.
2B, lane 3). By contrast, digestion of MO-5 DNA with Hpall
generated a prominent 25-kilobase fragment and other frag
ments of 20, 16, and 7.4 kilobases (Fig. IB, lane 4). A 6.3-
kilobase fragment appearing in BALB/c 3T3 was not observed
in MO-5. These results suggest that MO-5 DNA might be more
methylated than BALB/c 3T3 DNA in the vicinity of c-myc

gene.

DISCUSSION

The probable multistep nature of carcinogenesis has been
widely discussed (26-28). However, it has not been clear
whether (a) a number of pathways can independently lead to
cancer; (b) a single complex sequential pathway can be entered
by lesion at any of a number of points; or (c) a number of
independent pathways converge to a final common sequence of
steps. The differential response of mutant MO-5 and parental
BALB/c 3T3 cells may be relevant to these discussions. All
proposed pathways to cancer include intermediate stages of cell
growth transformation. In BALB/c 3T3 cells, five agents,
4NQO, BP, MNNG, MNU, and 5-AC, all increased the pro
gression of cells to a transformed state, whereas in MO-5 only
5-AC was comparably effective. UV-irradiation besides chemi

cal carcinogens was also found to transform BALB/c 3T3, but
not MO-5. If one attempts to interpret all of the results in a
self-consistent explanation, this could indicate either that a
chemical transformation route is blocked in MO-5 leaving a
demethylation-dependent route open, or that earlier steps in a
proximal part of a pathway are prevented; but a later demeth
ylation-dependent step can still occur.

DNA methylation can be altered by a number of carcinogens
(29-32). For example, Wilson and Jones (33) have reported
that treatment of BALB/c 3T3 cells by BP results in a 12%
decrease in total 5-methylcytosine content of cellular DNA.
Transformation of MO-5 was resistant to BP as well as to
4NQO, but not of the parental BALB/c 3T3. The level of
methylation in responsive gene(s) in MO-5 might still be too
low to activate them even when the carcinogens are present.
We could however, observe one to two transformation foci per
60-mm dish when MO-5 cells were treated with high doses of
BP. The actual mechanism involved is especially hard to specify,
since the lesion in MO-5 is only partially understood. MO-5
shows pleiotropic alterations, including low density lipoprotein-
endocytosis (7), poor infection by enveloped viruses (6), and
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low EGF-receptor activity (9). These pleiotropic changes might
be due to a wide-ranging inactivation of the responsible genes,
possibly through hypermethylation. In agreement with this
supposition, hypermethylation of cytosine in DNA of the myc
gene (this study) or EGF-receptor gene4 was observed. Treat

ment of MO-5 cells with 5-AC makes the myc gene susceptible
to Hpall cleavage as in BALB/c 3T3 cells.5 On the other hand,
spontaneous frequency of Cdr clones of MO-5 is found to be
one-half that of BALB/c 3T3. Altered expression of the metal-
lothionein gene is supposed to be involved in mutation to Cd
resistance (24, 25). A related MT-1 gene is more methylated at
one Hpall site in MO-5 than in BALB/c 3T3, suggesting that
the hypermethylation might be correlated with the difference
of spontaneous mutation in both cell lines.

Bignami et al. (34) show temporal dissociation in the expo
sure times required for maximal induction of mutation and that
of transformation when BALB/c 3T3 cells were treated with
MNNG. Chemically induced neoplastic transformation is a
more complex phenomenon than is a single gene mutation (34-
36). Our present study indicates that MNNG is not sufficiently
effective to induce mutation of Ouar and Cdr as well as trans
formation in MO-5 cells. Although a single gene mutational
event is not sufficient for the full expression of neoplastic
transformation, there appears a common pathway for the
expression of both mutation and transformation which might
be altered in MO-5. Concerning failure of transformation by
BP, one might argue whether altered metabolism of BP in MO-
5 is responsible. This possibility is however less likely because
UV irradiation as well as other chemical carcinogens such as
4NQO, MNNG, and MNU are also not effective in causing
neoplastic transformation of MO-5 cells.

Others have already pointed out that, in malignant cells,
there are indications that DNA methylation patterns are altered
(37, 38). Hypomethylation of distinct genes is commonly found
in human cancers of the colon and lung (39). 5-AC affects
serum requirement and response to platelet-derived growth
factor in mouse hybrid cells (40). Christry and Scangos (41)
reported that DNA methylation at specific site(s) of bovine
papilloma virus alters its ability to transform mouse cells.

5-AC induces transformation of MO-5 as well as BALB/c

3T3 cells. In this study, we examined methylation status of a
cancer-related c-myc gene. Transcription of the c-myc gene is
regulated by mitogenic stimulation (42-44). More hypermethy
lation of c-myc gene is observed in MO-5 than in BALB/c 3T3.
One can argue whether the low sensitivity of MO-5 to transfor
mation by chemical carcinogens is somehow correlated with
the altered methylation of the c-myc gene. However, the hyper
methylation might not involve the resistance of transformation
by carcinogens. Northern blot analysis shows active transcrip
tion of c-myc gene in MO-5 as well as BALB/c 3T3.5 Our
recent study also shows that transfection of middle T-antigen
of polyoma virus could transform BALB/c 3T3 cells, but not
MO-5 cells.6 MO-5 and BALB/c 3T3 can be transiently trans
formed by TGF-/J alone when assayed by its ability to form
colonies in soft agar (9). MO-5 has no EGF-receptor activity,
but it appears to have TGF-0-receptor activity. The cellular
response to EGF is often discussed in its close correlation with
the malignant transformation (5). Defective response to EGF
might cause abortive expression of malignant transformation
of MO-5. However, this idea is highly speculative until further

4 Y. Kuralomi. M. Ono, and M. Kuwano. unpublished data.
5Y. (Curatomi and M. Ono, unpublished data.
' M. Ono and K. Segawa, unpublished data.

study clarifies some structural alteration of the responsible
genes involved in transformation of MO-5.
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