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tory (4, 31, 32), and in the laboratories of others (1, 8, 10, ii,
19). In all cases, morphological transformation is highly
correlated with the ability of transformed cells to produce
tumors in syngeneic hosts, which is the ultimate criterion of
these model systems.

Most mammalian cells contain microsomal enzymes that
are capable of metabolizing drugs and other xenobiotic
compounds (5, 6, 12, 18, 23, 28). It is these enzymes that
are responsible for both the formation and detoxification of
activated oncogenic intermediates derived from chemical
oncogens. In the case of some polycyclic aromatic hydmo
carbon oncogens, these activated 4ntermediates seem to be
epoxides (13, 16, 21, 22).

We have observed that fibmoblastic cell lines derived from
the C3H mouse have different qualitative and quantitative
responses to chemical oncogens with respect both to cyto
toxicity and to oncogenic transformation. These variations
may be the result of the inherent ability of each cell line to
metabolize these oncogens to more cytotoxic and onco
genic forms and/or detoxify these activated intermediates
to less harmful products. This investigation explores the
relationships between chemical oncogenesis in culture
(and cytotoxicity) and the activities of micmosomal enzymes
in 2 cell lines, both derived from the C3H mouse and both
exhibiting different responses (oncogenic and cytotoxic) to
polycyclic aromatic hydrocarbon oncogens.

MATERIALS AND METHODS

Chemicals. Stymene, cyclohexene, 1,2-dihydronaphthal
ene, stymeneoxide, cyclohexene oxide, 7,8-benzofbavone,
benzyl alcohol, dimethyl sulfoxide, and spectrogmade ace
tone were purchased from Aldrich Chemical Go. (Milwau
kee, Wis.), and 3-MG,3 benz(a)anthmacene, B(a)P, and 7,12-
d imethylbenz(a)anthracene were obtained from Sigma
Chemical Go. (St. Louis, Mo.). 1,2,3,4-Tetrahydmonaphthab
ene-1 2-oxide was prepared according to the procedure of
Straus and Rohrbachem (35). 3-MG-li 12-oxide and 3-MG
ii ,12-dihydmodiol were prepared by the method of Sims
(33). [3HJ-3-MGwas obtained from Amersham/Searle Corp.
(Arlington Heights, Ill.).

Cells. The mouse embryo line (C3H/iOTi/2CL8) used in

3 The abbreviations used are: 3-MC, 3-methylcholanthrene; B(a)P,

benzo(a)pyrene; 3-MC-11 12-oxide, 3-methylcholanthrene-li 12-oxide; 3-
MC-11,12-dihydrodiol, trans-il ,12-dihydro-11 ,12-dihydroxy-3-MC; AHH, aryl
hydrocarbon hydroxylase; EH, epoxide hydrase; SDS, sodium dodecyl sul
fate; T/C, ratio of activity in treated cells to control cells.
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SUMMARY

Two cell lines, both derived from the C3H mouse and
each having different responses (oncogenic and cytotoxic)
to polycyclic aromatic hydrocarbon oncogens, were studied
with respect to their drug-metabolizing enzymes. The 1OT1/
2CL8 cells (a C3H mouse embryo fibrobbastic cell line) were
much more effective in converting 3-methylcholanthrene (3-
MC) to 3-MC water-soluble metabolites, 3-MC phenols, and
3-MC-bound cellular macromolecules than were CVP3SC6
cells (a new line of C3H mouse adult ventral prostate fibro
blasts). Basal amyl hydrocarbon hydroxylase activity was
higher in 1OT1/2CL8 cells than in CVP3SC6 cells, while the
reverse was found for epoxide hydrase activity (using 3-
methylcholanthrene-li 12-oxide as substrate. 3-MC or
benz(a)anthmacene induced epoxide hydrase activity in both
cell lines to about the same extent. 3-MC did not induce aryl
hydrocarbon hydroxylase activity in CVP3SC6 cells. Aryl
hydrocarbon hydmoxylase activity was markedly induced in
both cell lines by benz(a)anthracene and was slightly in
duced in 1OT1/2CL8 cells by 3-MC. In a chemical oncogene
sis cell culture system, transformation of 1OT1/2CL8 cells
mediated by 3-MG could be increased two- to threefold by
treating the cell cultures with: either benz(a)anthracene,
styrene oxide, cycbohexene oxide, or 1,2,3,4-tetrahydrona
phthalene-1 2-oxide; or with cycbohexene or 1,2-dihydrona
phthalene, alkene precursors of cycbohexene oxide and
1,2,3,4-tetrahyd monaphthalene-1 2-oxide , respectively.
When 1OT1/2CL8 cells were treated with a combination of
benz(a)anthracene and cycbohexene , 3-MG-med iated trans
formation was increased 7.8-fold . CVP3SC6 cells that were
nottransformedby 3-MG or otherhydrocarbononcogens
were transformed by a combined treatment with
benz(a)anthmacene, 1,2-dihydronaphthalene, and 3-MG.

INTRODUCTION

Cell culture transformation systems provide useful tools
to study the mechanisms of chemical oncogenesis in
closely controlled environments (15, 24). Several systems,
using mammalian cells, have been developed in our laboma
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these experiments was derived from a C3H mouse by Rezni
koff et al. (31, 32) and has been previously described. The
prostate cell line (CVP3SC6) was derived from the ventral
prostate gland of an adult C3H mouse by Dr. Catherine A.
Reznikoff of the McAmdle Laboratory for Cancer Research,
Madison, Wis., using procedures similar to those used for
the derivation of 1OT1/2CL8 cells. The CVP3SC6 cell line is
a new cell line and, although similar in some respects, is not
to be confused with an earlier prostate cell line developed in
our laboratory by Chen and Heidebbenger (4). Cells used in
all the experiments were between the 5th and 15th pas
sages.

Culture Conditions. Cells were incubated in humidified
incubators (FommaScientific, Inc., Marietta, Ohio) with an
atmosphere of 5% CO2 in aim at 37Â°and were grown in
Eagle's basal medium supplemented with 10% heat-macti
vated fetal calf serum (Grand Island Biological Co. , Grand
Island, N. Y.). For the AHH and EH experiments, cells were
maintained in an atmosphere of 5% GO2 in air in seabed
roller bottles (BebIco Glass, Inc., Vineband, N. J.) at 37Â°and
rotated at 0.8 rpm.

Conversion of [3H]-3-MC to Water-soluble Metabolites.
Cells (50,000/dish) were plated onto 60-mm plastic Petni
dishes (Falcon, Oxnamd, Calif.), and 24 hr later they were
treated with [3H]-3-MC (i6 x 106 dpm/dish) dissolved in
0.5% dimethyl sulfoxide. Control dishes received [3H]-3-MC
but contained no cells. Dishes used for the determination of
cell number received nonradioactive 3-MG. The cells were
treated with [3H]-3-MC for the entire incubation period (12,
24, 36 hr, etc.). After incubation the medium was removed
and the dishes were treated with 5 ml of 1% SDS solution for
10 mm (17). The SDS solution was combined with the me
dium, and 3 ml were removed and extracted with 27 ml of
chborofomm:methanol (2:1). Duplicate samples (0.5 ml) were
removed fromtheSDS:medium, organic,and aqueous lay
emsand were dissolved in 10 ml of Scintisol (Isolab, Akron,
Ohio); radioactivity was determined by liquid scintillation
counting. Each experimental point was determined in dupli
cate, and the coefficient of variation (S.D. x 100/mean)
between dishes was 15%. The overall recovery was greaten
than 90%.@

Conversion of [â€˜H]-3-MCto Phenols. The initial part of the
procedure used in the determination of the conversion of
[:1H13MC to water-soluble metabobites was utilized in this
assay. After extraction of the medium:SDS solution with
chloroform:methanol, iO ml of the organic layer were
washed with an equal volume of water, and S ml of the
washed organic layer were extracted with 15 ml of 1 N
NaOH. Duplicate samples (0.5 ml) were removed, neutral
ized and dissolved in 10 ml of Scintisol, and the radioactivity
was determined.

Conversion of [3H]-3-MC to Hydrocarbon-bound Macro
molecules. Cells were plated (50,000) onto dishes and were

4 For comparative purposes, the results of the water soluble and phenol

metabolites are represented in pmoles. It is to be recognized that these are
not â€œabsoluteâ€•values as the specific activity of [3H]-3-MCwould be expected
to change upon metabolism. Nonetheless, unless there are dramatic cell
specific differences in the sites of metabolism on the 3-MC nucleus, one can
make relative comparisons between the rates of metabolism of different cell
lines. The specific activity of the [3H]-3-MC used in the following experiments
was 0.54 to 0.77 Ci/mmole.

treated with [:IH]3MG (2 @M:16 x iO6dpm/dish)24 hr later.
After 48 hm,the medium was removed, and the cells were
washed thoroughly with complete medium and then were
trypsinized and counted. Bovine serum albumin was added
(1 @g/ml),and the cells were bysed by freeze-thawing and
then were treated with cold trichbomoacetic acid for 30 mm.
The tnichbomoaceticacid precipitate was washed onto fiber
glass filters (Gelman Instrument Go., Ann Arbor, Mich.) and
washed with 3% trichlomoacetic acid, methanol, and ether
(20). The radioactivity was determined in toluene:PPO.

AHH and EH. Cells were plated onto roller bottles (1 to 2
x 106 cells/bottle), and 24 hr later the medium was removed

and fresh medium containing the inducer (in 0.5% acetone)
was added. All cells assayed were in logarithmic growth.
After incubation, the cells were washed with Ga2@-and
Mg2@-freeDulbecco's phosphate-buffered saline, pH 7.40,
scraped, counted, lysed by freeze-thawing, and then
assayed for AHH (EC 1.14.1 .1.) activity according to a mod i
fication of the fluomometnic method of Nebert and Gelboin
(25, 26). The fluonometer was calibrated with 3-hydmoxy
benzo(a)pynene, and, based on a fluorescence equivalent
to that of 3-hydnoxybenzo(a)pynene the activity is repre
sented as pmobesof hydnoxylated B(a)P formed per mm per
106cells. AHH activity was found to be linear with time up to
35 mm, and with cell number up to S x 106cells. EH activity
(3-MC-ii ,12-oxide) was determined by the conversion of
3-MG-li ,i2-oxide to 3-MG-li ,12-dihydrodiob by the high
pressure liquid chromatographic procedure of Nesnow and
Heidelbenger (27). Cellular homogenate (2 to 6 x 106cells)
in 400 @lof 0.1 M sodium phosphate buffer, pH 8.0, was
preincubated at 37Â°with shaking for 1 mm. 3-MG-il ,i2-
oxide (49.7 @gin 50 @lof dimethyl sulfoxide) was added
and the mixture was vortexed for 2 to 3 sec. Incubation was
continued for S mm, and the reaction was stopped by 2
extractions with cold dichbonomethane. The dichborometh
ane extracts were subjected to high-pressure liquid chmo
matognaphy (DuPont Model 830 liquid chromatogmaph with
a UV photometric detector operating at 254 nm; E. I.
DuPont de Nemouns & Co., Wilmington, Del.), using a
DuPont Zorbax column (0.25 m x 2.1 mm inside diameter),
and using an elution solvent of dichlomomethane:isopno
panol:acetic acid (97.5:2.0:0.5) at a flow nate of 0.36 mI/
mm. Quantitation was performed with benzyl alcohol (1.2S
mg/mI) as the internal standard (retention times, mm:
3-MC-ii ,i2-oxide, i .7; 3-MG-il ,12-dihydrodiol, 5.3; benzyb
alcohol, 2.9). Boiled (5 mm) enzyme blanks served as con
trols, and all values have been corrected for product me
covemy (85%). Activity is reported as pmoles 3-MG-il 12-
dihydrodiolformed per mm per 10@cells.Enzyme activity
from these cells was linear with respect to time (up to 6
mm) and cell number (up to 6 x 106cells).

Transformation Assay. Twenty-four hr after the cells
were plated onto dishes in 5 ml of medium (12 dishes/
experimental group), treatment was begun (31). Corn
pounds were dissolved in acetone or dimethyl sulfoxide and
added either directly to the cells or to fresh medium, which
was given to the cells. The final concentration of acetone or
dimethyl sulfoxide was 0.5%. In some experiments, cells
were given multiple treatments of chemicals; their times of
addition and lengths of treatment are described in Tables 3
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Effect of Modifiers on Oncogenesis in Mouse Cultures

to 5. At the end of the last treatment, the cells were given
fresh medium supplemented with penicillin (100 units/mI)
and streptomycin (50 j@g/ml) (Pfizer Inc., New York, N. V.).
Medium was changed twice weekly until the cells reached
confluence, then once weekly. At 6 weeks, the dishes were
washed with 0.9% NaGI solution, fixed with methanol,
stained with Giemsa, and then scored for oncogenic trans
formation. Three different morphological types of foci have
been described, upon treatment of 1OT1/2GL8 cells with
hydrocarbon oncogens (31). We have scored only type II
and type Ill foci in our tests, as these have been shown to
produce sarcomas in irradiated G3H mice (31).

Control cultures received only acetone and were handled
inthesame manner astreatedcells.Gytotoxicitytestswere
performed for each experimental group with the same pro
tocol as used in the transformation assay, except that each
dish was plated with 200 cells (3 dishes/experimental point)
and that the dishes were stained 7 to 10 days after plating.

RESULTS

Conversion of (3H]3MC to Water-soluble Metabolites.
The ability of our 2 cell lines to convert 3-MG into water
soluble metabolites was determined by the radioactive as
say of Huberman eta!. (17). Initial experiments revealed that
10@pmoles (2 j.tM) of 3-MG per dish were sufficient to give
maximal product(s) formation, and that themewas a linear
relationship between cell number (either at time of seeding
or at time of assay) and activity per dish (data not shown). It
was also found that cells at confluence converted more 3-
MG to water-soluble metabolites than did cells in log-phase
growth, a finding in accord with previously published data
(17). A time course was determined (Chart 1) for both cell
lines, and it was observed that 1OT1/2GL8 cells metabolized
[:lH]3@@MGto water-soluble metabolites to a greater extent
than did GVP3SG6 cells, more than 2-fold at 72 hr. The
addition of 7,8-benzoflavone, a potent inhibitor of mixed
function oxidase activity (7), to the cell cultures almost
completely blocked formation of water-soluble metabolites
in both 1OT1/2GL8 and GVP3SG6 cell lines.

Conversion of LH]@3@MCto Phenols. Chart 2 compares
the kinetics of formation of phenolic products by both cell
lines. At 72 hr, with a 2 @tM[â€˜H]-3-MGtreatment, the 1OT1/
2GL8 line produced 2 to 3 times more phenolic products
than did CVP3SG6 when measured on a per dish or per cell
basis.

Conversion of [:@HJ3MCto Hydrocarbon-bound Macro
molecules. The binding of [3H]3..MG to cellular macromole
cules was measured after 48 hr of incubation. The 1OT1/
2GL8 cells bound 17,400 Â±2,900 (S.D.) dpm acid-precipita
ble material per 48 hr per 106 cells, while GVP3SC6 cells
bound 10,300 Â±2000) dpm acid-precipitable material per 48
hr per 106cells.

AHH. The effects of benz(a)anthmaceneand 3-MG as in
ducemsof AHH activity in the 2 cell lines were determined at
3 time points (Table 1). Basal activities of GVP3SG6 cells
were one-half to one-third that of the 1OT1/2GL8 line. With
10 @M3-MG as inducer, a slight induction was observed at
48 hr in the 1OT1/2GL8 line (TIC = 1.4). Induction was not
observed at any time with 3-MG in the GVP3SG6 cells.

r'/2c18
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Chart 1. The kinetics of formation of [3H]-3-MCwater-soluble metabolites
by C3H mouse fibroblasts. Cells were treated in log-phase growth and each
value is normalized to 10 cells. â€”, cells treated with 2 @M[3H]-3-MC; - - -,
cells treated with 2 MM [3H]-3-MC and 10 @tM7,8-benzoflavone

U,
0
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.v
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Chart 2. The kinetics of formation of [3H]-3-MC phenols by C3H mouse
fibroblasts. Cells were treated in log-phase growth with 2 MM[3H]-3-MC.â€”.
pmoles 3-MC phenols per dish; -----, pmoles 3-MC phenols per 10@cells; each
value has been normalized to 10 cells. â€¢,1OT1/2CL8 cells; 0, CVP3SC6
cells.

Benz(a)anthracene (13 @M)was a potent inducer of AHH in
GVP3SG6 cells (TIC = 13.5), and was a far better inducer
than 3-MG in 1OT1/2GL8 cells (T/C = 4.8). The time course
of induction was also different. In 1OT1/2GL8 cells, 3-MG
produced significant induction on Day 2 but no induction
on Days 1 and 3, while benz(a)anthmacene increased AHH
activity 4-fold on Day 1, and this level remained through Day
3.
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AHHactivity'@in C3Hmouse cell lines at times after treatment with 10 @M3-MCor13 @MBA'@pmoles

of hydroxylated B(a)Pformed/min/10cells24hr48hr72hrCell

lineCon trolTreatedTreated
Con- Con

T/C trol 3-MC T/C BA T/CtrobTreated3-MCT/CBA3-MCTICBAT/C1OT1/2CL80.840.780.93

3.283.9 0.72 1.04 1.4Â° 3.44 4.8 0.800.841.13.684.6CVP3SC60.330.401
.2 3.009.1 0.31 0.32 1.0 4.20 13.5 0.340.391 .1 4.7514.0

Cell linepmobes

of3-MG-il,12-dihydrodiolformed/min/10cellsControlTreatedâ€•3-MGT/C

BAT/ClOTl/2CL828.0

Â±6â€•53.4 Â±121.9 58.1Â±102.1CVP3SC641.6
Â±8@82.8 Â±122.0 86.3 Â±122.1

S. Nesnow and C. Heidelberger

Table 1

a The coefficient of variation within samples is 20%.

b BA, benz(a)anthracene.

C Statistical analysis by t test indicates that this induction is significant; 0.025 < p < 0.05.

Table 2
EHactivity in C3Hmouse cell lines

a Cell cultures were treated with 10 @M 3-MC or 13 @.&MBA for 48 hr

b Mean Â± S.D.

C The difference between the basal levels is significant; p < 0.025.

I
U

I

EH (3-MC-11,12-oxide). Basal levels of EH (3-MG-il ,i2-
oxide) in CVP3SC6 cells were consistently higher than
those in 1OT1/2CL8 cells (Table 2). EH activity was induced
to about the same extent (T/C = 2) in both cell lines with 3-
MC on benz(a)anthracene.

Chemical Oncogenesis in Culture. The effect of inducems
and inhibitors of AHH and inhibitors of EH on oncogenic
transformation in culture was studied in iOTi/2GL8 cells
(Table 3). Pretreatment with benz(a)anthnacene at either 1
on 13 @Mfor 48 hr gave a 2-fold increase in 3-MG-mediated
transformation, while pretreatment with 25 j@M7,8-benzo
flavone completely inhibited 3-MC-mediated transforma
tion. Except for 25 j.@M7,8-benzoflavone, none of these
treatments significantly affected cytotoxicity. The effect of
inhibitors of EH activity on oncogenic transformation was
measured using styrene oxide, cycbohexene oxide, and
1,2,3,4-tetnahydnonaphthabene-i 2-oxide . Pretreatment for
24 hr before carcinogen addition had no effect, but simulta
neous treatment with 3-MG increased transformation 2.2- to
3.5-fold and markedly increased cytotoxicity.

Pretreatment of iOTi/2CL8 cells for 24 hr with styrene, a
compound that could be metabolically converted by the
cells to stynene oxide in situ, did not affect 3-MC-mediated
transformation on cytotoxicity at 10 or 50 @M.In a similar
fashion, pretreatment with cyclohexene or with 1,2-dihy
dronaphthalene at 10 or 50 @M,compounds that could be
metabolically converted to cycbohexene oxide and 12,3,4-
tetnahydnonaphthalene-i ,2-oxide in situ, respectively, in
creased 3-MC-mediated transformation 2- to 2.5-fold and
the 1,2-dihydmonaphthalene pretreatment significantly in
creased cytotoxicity. Treatment of iOTi/2CL8 cells with
benz(a)anthracene (i3 j.@M)and a precursor of an inhibitor
of EH activity, i ,2-dihydronaphthalene (50 MM), and 3-MG,

increased oncogenic transformation 3.3-fold (Table 4). Sim
ilarly, pretreatment of lOTi/2CL8 cells with benz(a)anthra
cene (i3 @M)and cyclohexene (iO @M)increased 3-MG
mediated transformation 7.8-fold.

CVP3SC6 cells were transformable neither with 3-MG at
concentrations ranging from 0.37 to 74 @Mnor with 7,12-
dimethylbenz(a)anthracene or B(a)P (data not shown). Pre
treatments of 3-MG-treated CVP3SC6 cells with benz(a)an
thnacene, stymene,cycbohexene, or 1,2-dihydronaphthalene
did not produce transformed foci (Table 5). On the other
hand, pretreatment of 3-MG-treated cells with benz(a)an
thnacene, 13 @M,and i,2-dihydmonaphthalene, 10 @M,did
produce transformation and a large increase in cytotoxicity.

DISCUSSION

Epoxides have been identified as microsomal intermedi
ates in the metabolism of several polycyclic aromatic hydro
carbons (28) and have been found to be more cytotoxic to
cells in culture than the parent hydrocarbons from which
they were formed (13, 16, 21, 22). Chart 3 describes the
metabolism of 3-MG at the K region. [3-MG is also metabo
lized at other sites (e.g. , Carbons 1 and 2) in rat liver
microsornes (33), fetal rat liver explants (3), and the intes
tinal tract of G3H mice (37).] The K-region epoxide (3-MG
ii ,12-oxide) has been shown to be more oncogenic than 3-
MG in 2 cell systems (16, 21, 22). In iOTi/2GL8 cells, a line
of contact-sensitive G3H mouse embryo fibroblasts, and in
CVP3SC6 cells, a line of adult G3H prostate fibroblasts
derived in a similar fashion as the iOTl/2GL8 cells, 3-MG
11,12-oxide, although very toxic (approximately 10 times
that of 3-MG) did not induce neoplastic transformation (un

i804 CANCER RESEARCH VOL. 36

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2397088/cr0360051801.pdf by guest on 19 M

ay 2023



1OT1/2CL8cells

Modifier3-MGGoncen

trationStart treat
Lengthof

treat
(MM)(@.tM)mentâ€•menr

% con
trol

Effect of Modifiers on Oncogenesis in Mouse Cultures

Table 3

Effect of modifiers of microsomal enzymes on 3-MC-mediated transformation and cytotoxicity in

Transfor
matiorr

0
3.4

% suM
PE@ valâ€•

30 100
30 100

0
3.7,

0
3.7
0
3.7
0
3.7

0
3.7
0
3.7
0
3.7

0
370

0
37
37

0
37
37

0
37
37

0
370

0
37
0

37

0
37
0

37

0
37
0

37

Benz(a)anthracene
â€”48
â€”48
â€”48
â€”48
â€”48
â€”48

7,8-Benzoflavone
1 â€”24
1 â€”24

10 â€”24
10 â€”24
25 â€”24
25 â€”24

Cyclohexeneoxide
50 0
50 0
50 â€”24

Styrene
10 â€”24
10 â€”24
50 â€”24
50 â€”24

Cyclohexene
10 â€”24
10 â€”24
50 â€”24
50 â€”24

13
13

100
100

48 29 95 0
48 27 90 6.9
48 27 90 0
48 25 83 6.7
48 28 97 0
48 30 100 3.9

96 30 100
96 30 100
96 25 80
96 22 73
96 21 70
96 20 67

24 100
24 100

100

203

197

115

115

9

0

0
3.9
0
0.3
0
0

48 22 92 0
48 10 42 9.4
72 21 88 3.1

48 19 79 0
48 11 46 15.1
72 19 79 5.5

18 75
14 58
18 75

21 100
20 95

72 13 65 0
72 12 60 8.1
72 12 60 0
72 9 45 7.2

72 17 85 0
72 16 80 18.0
72 22 110 0
72 19 95 15.0

21 100 0
14 70 8.9
16 80 0
8 40 18.9

0
4.2 100

Styrene oxide

50 0
50 0
50 â€”24

1,2,3,4-Tetrahydronaphthalene
1,2-oxide

50 0 48
50 0 48
50 â€”24 72

0
11.5
5.5

0
7.5

224
74

360
131

274
131

100

108

96

240

200

119

252

1,2-Dihydronaphthalene
10 â€”24 72
10 â€”24 72
50 â€”24 72
50 â€”24 72

a PE , percentage of the number of colony-forming cells, relative to the number of cells seeded.

b Percentage of the ratio of the treated to control PE.

C Expressed as the number of transformed foci per dish, adjusted for PE.

d Start treatment refers to the time (in hr) that the chemical was added to the cells relative to the

time of 3-MC addition (zero time); thus, cells treated at â€”48were treated 48 hr prior to 3-MG
addition.

e Length of treatment is the total time (in hr) that the cells were in contact with the chemical.

I Cells were treated with 3-MG for 72 hr.

U Cells were treated with 3-MC for 48 hr.
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3-MC
(SM)Modifiers (j.@M) (MM)PEa%

survi
valbTransformation'%control0

3717 17100 10006.01000

37Benz(a)anthracene
13
1315 1488 82011.81970

37Benz(a)anthracene

and
cyclohexene

13 10
13 1011 865 46047.17850

37Benz(a)anthracene

and 1,2-
dihydronaphthalene
13 50
13 5012 771 410 20.0333

3-MG
(MM)Modifiers (MM) (MM)PEâ€•% survivalâ€•Transformation@0

3723 15100 66000

37Benz(a)anthracene

and
styrene

13 10
13 1011 547 22000

37Benz(a)anthracene

and
cyclohexene

13 10
13 1012 952 39000

37Benz(a)anthracene

and 1,2-
dihydronaphthalene
13 10
13 1011 449 170 18

S. Nesnow and C. Heidelberger

Table 4

Effects of modifiers of microsomal enzymes on 3-MG-mediated transformation
and cytotoxicity in 1OT1/2CL8 cells

The protocol of this experiment is: 24 hr after plating, the cells are treated with
benz(a)anthracene;24 hr later they are treated with the 2nd modifier (cyclohexeneor 1,2-dihydro
naphthalene);after another 24 hr the cells are treated with 3-MG, and after another 48 hr the
chemicalsare removedfrom the cells.

a PE, percentage of the number of colony-forming cells, relative to the number of cells seeded.

b Percentage of the ratio of the treated to control PE.

C Expressed as the number of transformed foci per dish, adjusted for PE.

Table 5
Effects of modifiers of microsomal enzymeson 3-MG-mediatedtransformation and

cytotoxicity in CVP3SC6cells
The protocol of this experiment is: 24 hr after plating, the cells are treated with

benz(a)anthracene; 24 hr later they are treated with the 2nd modifier (cyclohexene, 12-
dihydronaphthalene,or styrene);after another 24 hr the cells are treated with 3-MG,and
after another 48 hr the chemicalsare removedfrom the cells.

a PE, percentage of the number of colony-forming cells, relative to the number of cells

seeded.
b Percentage of the ratio of the treated to control PE.

I. Expressed as the number of transformed foci per dish, adjusted for PE.

published data). In vivo, 3-MG-il,l2-oxide was not tumomi
genic when injected s.c. into newborn mice (14). 3-MG
ii ,i2-oxide is one of several possible oncogenic arene ox
ides that can be produced by the metabolism of 3-MG.
These arene oxides may also result from metabolism on
more than 1 site of the 3-MG molecule, as was found in the
case of 8,9-dihydro-8,9-dihydroxybenz(a)anthracene-1 0,11-
oxide. This diol:epoxide is formed by the metabolism of

benz(a)anthnacene at 2 sites and is thought to be the acti
vated metabobite that reacts with DNA (36). The fact that
some cell lines are susceptible to the oncogenic effects of 3-
MG-il 12-oxide while others are not may be due to factors
such as cellular susceptibility to the oncogen, transport of
the oncogens to the critical target(s) in the cell, and rates of
detoxification. Also, ameneoxides are labile and may react
with cellular nucleophiles or rearrange to phenols before
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of EH (3-MG-il 12-oxide), increased 3-MG-mediated trans
formation 2-fold, a result in agreement with similar expeni
ments performed in hamster embryo cells (9) and mouse
prostate cells (21). Pretreatment with 7,8-benzoflavone, a
potent inhibitor of AHH activity, completely inhibited 3-MG
mediated transformation. Similar results have been ob
served in mouse prostate cells (21) but not in hamster
embryo cells (9).

Another approach to altering the AHH:EH (3-MG-il 12-
oxide) ratio is to use inhibitors of EH (3-MG-il 12-oxide)
activity. The lOTl/2GL8 cells were treated with 3 hydnase
inhibitors: stymeneoxide, cycbohexene oxide, and 1,2,3,4-
tetmahydmonaphthabene-l,2-oxide (30, 34); all increased 3-
MG-mediated transformation 2- to 3-fold when given at the
same time as the oncogen. When these hydrase inhibitors
were given 24 hr prior to oncogen addition, no effect on
oncogenic transformation was observed. These epoxides
can react with cellular nucleophiles, and it is possible that
in 24 hr their concentration is so rapidly diminished that
they have no observable effect on chemical transformation.
It was also of interest to see whether these EH (3-MG-li 12-
oxide) inhibitors could be formed in situ by the cells and
thus increase oncogenic transformation. Oesch and Daly
(29) have shown that a tightly coupled mixed-function oxi
dase-EH system and a free EH enzyme exists in liver micro
somes, and that 3,3,3-tmichboropnopylene oxide, a potent
uncompetitive inhibitor of free EH activity, does not inhibit
the coupled EH enzyme(s). Possibly the inhibitor has little
effect on coupled EH activity because it cannot â€œenterâ€•the
coupled system. By forming the inhibitor in situ from the
precursor alkene, via the mixed-function oxidase, the cou
pled EH would be inhibited, and the 3-MG-li 12-oxide
formed subsequently would not be enzymaticalby hydro
Iyzed. Oncogenic transformation experiments revealed that
pretreatment of 1OTl /2CL8 cells with cycbohexene and 1,2-
dihydronaphthalene, precursors of cycbohexene oxide and
1,2,3,4-tetmahydronaphthalene-l ,2-oxide , respectively, in
creased 3-MG-mediated transformation about 2.5-fold.

Combination treatment of iOTl/2GL8 cells with
benz(a)anthmacene and a precursor of an inhibitor of EH (3-
MG-il 12-oxide), cycbohexene, gave the largest increase in
transformation measured in these experiments, 7.8-fold.

GVP3SG6 cells were not transformable with the hydrocam
bon oncogens 3-MG , 7,12-dimethylbenz(a)anthracene, or
B(a)P. In addition, these cells were not transformed by
combined treatments with 3-MG, benz(a)anthmacene, and
stymene, or with 3-MG, benz(a)anthmacene, and cycbohex
ene. GVP3SC6 cells were transformed by a combination
treatment of benz(a)anthracene, 1,2-dihydmonaphthabene,
and 3-MG.

It seems apparent, from the data presented, that a rela
tionship exists between the steady-state levels of oncogenic
epoxides (a result of the relative activities of epoxide-form
ing and epoxide-degmading enzymes), and oncogenic tmans
formation in culture. We find that in 1OT1/2GL8 cells, on
cogenic transformation can be altered by modifiers of micro
somal enzymes. This is also true to some extent in CVP3SC6
cells. In addition, we find that 1OT1/2GL8 cells, after treat
ment with 3-MG, produce higher activities of epoxide-form
ing enzymes and lower activities of epoxide-degrading en
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Chart 3. The K-region metabolism of 3-MC.

they are able to react with the critical targets inside the cell.
In fact, the half-life of 3-MG-il 12-oxide at 37Â°in the culture
medium in which lOTl/2GL8 cells are grown is 38 mm (J.
Keller, personal communication), which means that about
4.5 hr after treatment, less than 1% of the original dose is
present.

The epoxide once formed can undergo a number of reac
tions: conversion to a dihydrodiol (3-MC-ll,l2-dihydmodiol)
catalyzed by EH, conversion to a glutathione conjugate
catalyzed by the soluble @nzymeglutathione-S-epoxide
transfemase, rearrangement to phenol (28), reduction back
to the hydrocarbon catalyzed by epoxide reductase (2), and
reaction with other cellular nucleophiles. One measure of
the overall metabolizing activity of these cells is their ability
to form water-soluble metabobites from aromatic hydmocar
bons. These water-soluble compounds consist of sulfuric
and glucuronic acid esters of phenols (and perhaps dihy
drodiols),glutathioneand cysteineconjugates,theircorme
sponding mercaptumic acids, and hydrocarbon-bound cellu
bar macromolecules (28). The lOTl/2GL8 cells produced 2
times higher levels of these metabolites than did the
GVP3SG6 cells. They also produced higher levels of phe
nols and hydrocarbon-bound cellular macromolecules. This
indicates that lOTl/2GL8 cells have a greater capacity for
metabolizing aromatic hydrocarbons than do CVP3SG6
cells.

AHH and EH (3-MG-ll,12-oxide)activitiesweme induced in
1OT1/2GL8 cells using transforming concentrations of 3-MG
to levels 1.4 and 1.9 times the basal levels, respectively,
while the inducibilities in GVP3SC6 cells were 1.0 and 2.0.
The ratios of induced AHH to induced EH (3-MG-li 12-
oxide) activities (on a @Mbasis) are: 1OT1/2GL8, 0.0195;
CVP3SC6, 0.0039. These ratios were found to be consistent
when the cells were grown in the same fetal calf serum lots,
but varied among the lots. In all cases, the ratio in GVP3SG6
cells was always considerably less than the ratio in 1OT1/
2GL8 cells. This implies that lOTl/2GL8 cells can produce
and maintain higher steady-state levels of epoxide(s) than
do the GVP3SG6 cells.

One method of altering the AHH/EH (3-MG-li 12-oxide)
ratio in cells is to treat these cells with inducers and inhibi
tons of AHH. Pretreatment of 1OT1/2GL8 cells with
benz(a)anthmacene, a better inducer of AHH than an inducer
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zymes than do CVP3SC6 cells. These results suggest a
possible explanation for the difficulty observed in tnans
forming CVP3SC6 cells with hydrocarbon oncogens.

It has been reported (38) that cyclohexene oxide, and
3,3,3-tnichboropropylene oxide at mM concentrations can
inhibit AHH activity. Although one-hundredth the concen
tration needed for effective AHH inhibition has been used in
these experiments, there is a possibility that the mixed
function oxidase(s) responsible for the detoxification of 3-
MC (or its oxides) are selectively inhibited by these agents.
3,3,3-Tnichloropropylene oxide, cycbohexene oxide, styrene
oxide, and 1,2,3,4-tetrahydronaphthalene-i ,2-oxide can
react with glutathione (29), and could thus effectively in
crease the cellular levels of the oncogenic epoxides. The
effect of glutathione on chemical oncogenesis is currently
being investigated.
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