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INTRODUCTION

Polycyclic hydrocarbons are widely distributed in the human environment. Some
members of this class of chemicals can induce malignant tumors in a vc'J'riefy. of experimental |
animals, fh_us suggesting a serious potem‘idl hazard for humans. Therefore carcinogenic
polycyclic hydrocarbons have been used extensively as investigative research tools for
understanding the mechanisms whereby chemicals induce malignancies. | It has previously
been shown that these hydrocarbons bind to DNA in cells derived from susceptigle animals,
and that fljere is a correlation between their. carcinogenic potency and the extent of this
binding (6, 28, 37). Such experiments suggésf that, in the process qf their interaction
with cellular DNA, carcinogenic polycyclic hydfécarbons may induce mutations, some of
which may involve genes that control malignancy (5, 25). Thus, medgenesis studies in
mammalian cells can be of vclue‘ in determining the mode of ovcfion of such chemical
caréinogens.

Many chemical carcinogens, including polycyclic hydrocarbons, have to be metabolized
by the mixed-function oxidases and related enzymes (43, 48) in order to exert such biological
properties as cytotoxicity (2, 14, 30), virus induction (22), transformation (15-17, 23, 39),
and mu’rogénesis (1,17, 20, 24, 26, 27). However, not all mammalian cells, .including
cell lines suitable for studies on mutagenesis, can metabolize these hydrocarbons (26, 30).
We have( therefore, developed a cell-mediated mutagenesis assay in which the mutagenic
effect of carci nogenic polycyclic hydrocarbons can be easily tested in mammcli‘cn cells
without having to isolate the chemically reactive mutageﬁic metabolites (3, 26). In this

assay, cells with the appropriate markers for mutagenesis are co-cultivated with lethally




irradiated cells that can metabolize [:')olgfcycfic- .hydrocm’oons. During co-cultivation, the
reactive metabolites appea?— fo. be' transmitted from the cells thaf' méfébolize the h}/drocarbons
and induce mufqrioné in the cells with the appropriate markers.. ‘

Using ’rhis‘c;ssoy, we were able to demonstrate a relczﬁ.or;shi‘p between the carcinogenic
potency of polycyclic hydrocarbons and their ability to induce rﬁufcﬁons in maﬁmalicn
cells (27) and to idenfi%y the rﬁufcgénic metabolifevs of benzo(a)pyrene (BP), oné of the mbsfl
 common of these compounds (27). In sfudying.mutcgenésis by the carcinogens, iit is impc.>r'ranff '
to measure the degree of mutability of'dffferenf genetic loci to determine whether carcinogens
mutate genes that control malignant transformation asAa result of a random hit; We have,.
fherefore,: tested the mutability by carcinogenic pply-cyclic hydrocarbons of three independgnf
genetic markers by means of the cell-mediated assay .(27). The genetic markers used affect '
the surfaeé membrane, nucleic acid synthesis, and profein synthesis, fespeci'iyely. The
membrane mufaﬁon was detected by resistance to OUOEain .(2),>the mutation for nucleic acid -
synthesis by resistance to 8-azaguanine (8), and the mutation for protein synthesis by
temperature resistance in cells with a temperature~-sensitive leucyl-tRNA synfhe.fase' (52).
In addition, by comparing transformation and mutation frequencies induced in normal diploid =
go‘den hamster embryo cells by BP and one of its metabolites, we were ablé’ to esﬁmafé fhe

genetic target size for cell transformation in vitro (24).



METHODS

Direct Mutagenesis Assay in Chinese Hamster V79 Cells

The direct mutagenesis assay was performed as-previously described (20, 21, 29)‘.j
The V79 cells (derived from a clone of V79-4 ceIIsAkindIy supplied by E. H. Y. Chu, .
University of Michigan, Ann Arbor) were seeded at 200 cells per 50-mm Petri dish to

4 and ]05 cells per 50-mm Petri dish for

determine cl.oning efficiencies, and at 2 X 10
‘selection of 8-azaguanine- and ouaboin—;esi stant mutants, respectively. The hydrocarbons
were added for 3 hr at 16~18 hr after cell seeding, and the medium with the .odde_d hydros~
carbons was then'replace'd by fl;esh medium without the hydrocarbon. For selection of
mutants, a final concentration of 0.2 mM 8-azaguanine or 1 mM ouabain (Sigma Chemicol
Co., St. Louis, Mo.) was ddd-ed 2 days after treatment with the hydrocarb‘ons.. In the

~ experiments with 8—azag.;uanine, the medium was replaced every 2 days with @ medium
containing fresh 0.2 mM 8-azaguanine, whereas ouabain was left in the original médium. ,

Colonies were counted, after staining with Giemsa, at 6—8 days for cloning efficiency,

12-14 days for 8-azaguanine resistance, and 1618 days for ouabain resistance.

Cell-Mediated Mutagenesis Assay

The cell-mediated assay y/c; performed as de;cribed (18, 26, 27). Chinese hamster
“ovary ts cells (derived from a clone isolated from fhe' ts-H1 cells kindly supplied by G. F.
Whifmore, Ontario Cancer Institute, Toronto, C;tndda) and \(79 cells were seeded at
3 X 105 cells in 4 ml of medium on a 5000-R-irradiated mo'nolAay'er of 2 X ]06 polycyclic¥”
hydrocarbon-metabolizing golden hamster embryo cells. The hydrocarbons were added 5 hr

later in 1 ml of medium. In some experiments, 7,8-benzoflavone at a final concentration



of 3 pg/ml or aminophylline (Sigma Chemical Co., St. Loui;, Mo.) at 0.1 mM were added
2 hr before treatment with the hydrocarbons. 'The tr_eqfed.V7'9.and ts cells Wel‘e'incubafed
" for 2 and 3 days, respectively. The cultures were then dissociated with 0.25% trypsin
solution and seeded on 50-n‘1m Petri dishes: 200 cells per dish for cloning efficiency,

2X 104 c;ells per dish for seiechon of 8—o£cguon|ne~re51 stant mu’rants, and 105 cells per
dish for selection of ouabain- or. temperature-resistant mutants. :Selection of the 8-azaguanine
and ouabain mutants was performed as in the direct mufcgenesfs assay. For the selection of
temperature-resistant mutants, the ts cells were shifted from 34° + 0.5°C to 30° % 0.5°C

3 days after cell seeding and were sta‘irjed with Giemsa 2-3 weeks later.

The mutation frequency for resistance to 8-azaguanine, ouabain, or femperature was
calculated per 106 survivors, based on the cloning efficiency and the number of cells seeded
for mutant selection. The co-cultivation of irrcdiatea no.rmal golden hamster cells with
V79 or ts cells did not change the spontaneous mutation frequency for these three genetic
markers. fhe heritability of the drug- and temperature-resistant colonies was shown from
éxperimentsvwifh 29 isolated ouabain-resistant colonies, 17 isolated 8—azaguanine~resisfqn‘t
colonies, and 10 temperature-resistant colonies, all of which remair;ed resisfcr;f to the drug

or temperature used for at least 1 month under nonselective conditions (20, 26, 27, 32).

Mutagenesis and Cell Transformation of Normal Cells

To test mutagenesis and cell transformation in normal cells, primary golden hamster
embryo cells were seeded at 1.5 X 106 cells in 8 ml of medium per 100-mm Petri dish and
were ireated a day later with BP or its (+)-trans-7,8~diol metabolite. After 3 days' treatment

with the hydrocarbons, the cultures were washed with fresh medium without the hydrocarbons,
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and the cells were dissociated with trypsin solution. The gells were seeded ;Jf 5 X 1.02 to
S5X1 O3 'Ce’l'AIs ona 50b0—R-‘irradidfed feederllcyer of 5 X ]04 rat~embryo éells per 60-m:m SR
* Petri dish to defe;'mine cloning efficiency and the r.1umber of transformed colonies, and at
105 cells per 50-mm Petri dish to determine the number of ouabain-resistant co‘lé'nies. ,
Cloning and transformation efficigncies were deferl;nined 10 days after cell seeding from
Giemsa—sfainéa Petri dishes as previously described (3, 25). Cells seeded fo;' mutant
selection were treated 2 days after seeding with a final concentration of 0.1 mM ouabain,
and the nur;nber of mutants was counted 18 days later afterl staining with Giemsa. The
heritability of ‘ouabain resistance was shown from experiments with five isolated ouabain¥’
resistant colonies, all of which remafned resistant to the drug after 10-12 aays' growth in
the absence of ouabain (24). |

The normal golden hamﬁter embryo cells and V79 cells were grown in Eagle's medium
with a fourfold concentration of amino acids and vitamins (H-21 Grand Island Biological Co.,
NY) and with 10% fetal calf serum; incubation was at 37° + 0.5°C. | The ts cells were
grown in NCTC 135 medium (Grand Island Biological Co.., NY) with 10% fetal serum aﬁa

were incubated at 34° + 0.5°C. All incubation was done in humidified incubators supplied

with a.constant flow of 10% CO2 i.n air,

RESULTS

Cell-Mediated Mutagenesis by Carcinogenic Polycyclic Hydrocarbons

Considerable progress has been made in developing models for the study of chemical -

. mufagenesis in mammalian cells (8, 34, 52). Various investigators (15, 20, 21, 23) obtained




positive correlations between mutagenicity and cell trqnsformofion with nitrosoguanidine,
N-acetoxy-N-2-fluorenylacetamide, and .;,omé ep;o*ides of polycyclic hyérocarbons by use
of resistance to 8-azaguanine as a marker (8). However, no such correlations were obtained
" with the polycyclic hydrocarbons themselves since the cell 'lines used in chemical mutagenesis
do not mefabolizé these carcinogens (26). To obtain better correlaiions, we developed a
" cell-mediated mutagenic assay with carcinogenic hydrocarbons in whicH Chinese hamster
cells, which are susceptible to mu%agenesis, 'are co-cultivated with lethally irradiated rodent
cells that can metabolize these compounds (18, 26, 27). During co—cultivafion; the reactive
metabolites are apparently transferred from the metabolizing cell to the cells used for testing .
mutagenesis, where they induce mutations.
To dgtermine the relationship between mutc’:genesis_Aand ca.rci nogenicity, a series of

11 polycyclic hydrocarbons with different degrees of cdrcinogenicity were tested in the
cell-mediated mutagenesis assay for fhe induction of oucgain—résisfanf‘mutcmfs (Table 1). @
After co-cultivation, four carcinogenic hydrocarbon.;,, 7,]2¥dimefhylbenz(g)onthracene,
benzo(a)pyrene, 3-methylcholanthrene, and 7-methylbenz(a)anthracene, induced ouabainY -
resistant mutants wheréas five noncarcinogenic hydrocarbons, benzo(e)pyrene, benz(a)anthracene,
phenanthrene, pyrene, and chrysene, were not mutagenic (Tablé I). Dibenz(g,Qanthracene
'_and dibenz(a, h)anthracene, which have been reporféd as noncarcinogenic in golden homsfer‘

(33, .45), showed a weak mutagenic effect. In the pres_eﬁce of amfnophylline, which

enhanced polycyclic hydrocarbon metabolism (26, 28, 31, 56), there was a two- to fourfold

increase in mutagenicity with BP and 3-methylcholanthrene. Dibenz(q, c)anthracene, which

showed a low degree of mutagenicity without aminophylline, showed a less than twofold




increase of mutagenicity with aminophylline. Dibenz(a, h)anthracene, which was similar to

dibenz(a, c)anthracene without aminophylline, showed atenfold increase in mutagenicity

with arﬁinophylline '(Tdble II).. 'Thége resQIfs indicate that there is a relationship Betweeﬁ '
mutagenesis and the degree of carcinogenicity of poiycyclic hyd‘rocarbons after treatment

with aminophyllirne.

In addition to ouébain resistance, mutagenesis was determined with two other genetic
markers: 8-azaguanine resistance and femperature resistance. in cells with a temperature’
sensitive leucyl-tRNA synthetase (Table III). The results indicate that the nonc;:rcinogenic
hydrocarbons pyrene and phenanthrene do not induce mufafion; while 3-methylcholanthrene :
and BP enhanced the mutation frequency by 60—-280 times over Background for the three
genetic markers tested. These results indicate that chemical carcinogens mutate different
genetic loci in mammalian cells and may, therefore, induce mutations of other genetic loci,

some of which may involve genes that control malignancy.

Identification of the Mutagenic Metabolite of Benzo(a)Pyrene

In view of the relationship between chemical carcinogenesis and mutagenesis, it is
important to identify the active metabolites that are mufagénic_for mammalian cells. In
these experiments, an aHempf' was made to identify the mutagenic metabolites of the
.ccrcinogenic hydrocarbon BP. In order }o fes-ffor mutagenicity without further me:tabolism
of the hydrocorBon, | BP and 23 of its derivatives were tested for mufcg.enesis fo ouabain
résisjohce with the V79 Chinese hamster cells, which do not metabolize polycyclic
“hydrocarbons.  The derivative; included the (:b)—_rl-gr_f—4:,5—, 7,'8-,.and 9,10-dihydrodiols;

‘fWo stereo isomers of trans-7,8-dihydrodiols; the 1-, 3-, 6-, 7-, 8-, and 9-mono-hydroxy



derivatfves; the 6-methyl and é-methoxy derivatives; the K-region epoxide (4,5-oxide);
- :.and two.isomeric diol-epc;xides——fhe (£)-r-7, t-8-dihydroxy-t-9,10-oxy-7, ,8 9 10-tetrahydro
denvcmve (diol-epoxide I) and the (:}:)—r—7 t-8-dihydroxy-c-9, 10—oxy -7,8,9,10- fetrohydro
derivative (diol-epoxide II, ref. 12), as well as 4 tetrols and 2 triols that are hydrolysis
. and reduction products of the two diol epoxides (57—-61). The results indicated that BP
and all the derivatives, with the exception of the epoxides, were ei;rher not -mufogenAic or.
' gave ‘mt:;ximally up to fourfold higher mutation trequencies than the Qntreated control. The
K-region epoxide, as in other experiménfs (17), and the diol-epoxides I and II were the
most dcfive mutagenic derivatives, and their rﬁufagenic responsé increased as a funcﬁon. of
. the hydrocarbon concentration (Fig. 1). At an equimolar concentration of 0.7 uM, the @
. 'di‘ol—epoxide I showed a mutation frequency that was obouf'Z'OOO-‘-fold higher than that
obtained with the K-region or diol=epoxide 1T (Fig. 1).

| In addition to the above experiments, BP and its derivatives, excluding the epoxides,
were tested in the cell-mediated assay. The results indi cateAfhcf in‘ this assay the 11_'_(315—7,8-“
~ dihydrodiols and BP were mutagenic (Fig. 2). The most active mutagenic hydrocarbon was @
(=)-trans-7,8-dihydrodiol, and acfi.vify decreased in the order (+)-trans-7, 8—dihydrodiol,
‘ (+)—IE£1_§—7, 8-dihydrodiol, and BP. All the other derivatives tested were .eithelr inactive
or gave up to about tHreebed higher mutation frequencies fhéh the uﬁfrecfed controls. | At
an equimolar concentration of 0.4 M, the (~)-trans-7, 8-dihydrodiol was about two-, six-,
and tenfold more than the (+ )-jﬁg___m-7, 8—diol,'(+)—m diol, and BP respectively,.and the
cell~mediated mutagenesis by the trans-7,8-diols was i’nhibi}ed by the mixed—fuﬁcﬁon

oxidase inhibitor 7,8-benzoflavone.: These results, and other studies, indicate that the




(-)-trans-7,8-dihydrodiol, a major metabolite of BP (47, 61), is further metabolized to a
‘diol-epoxide (49, 59) and that this diol-epoxide [diol-epoxide I (24, 29, 46)] is the major
mutagenic metabolite of BP

In vitro céll transformation studies in golden hamster cells‘(which are able to
metabolize polycyclic hydrocarbons) with some of the above metabolites indicated that,
on a dose basis, the most active transforming metabolite of BP was diol-epoxide I, followed -
in decreasing order by (i:)—ﬂgp_g—7,8~&ihydrodiol and BP (39;'41 ) This suggests that the

same metabolites are responsible for mutagenesis and transformation.

Relationship Between Mutagenesis and Transformation of Normal Cells by Benzo(a)Pyrene

and Its Derivative 7, 8-trans-dihydrodiol.

The previous results, as well as other experiments (3, 16), indicate that }here isa
relationship between the degree of carcinogenicity of polycyclic hydrocarbons and their
" ability to induce cell transformation and somatic mu;rants in mammalian cells. It seems also
that the same reactive metabolites of chemical carc‘inog‘ens are responsible fér both events.
In view of this, cell traﬁsforma’rion, which resﬁlfs frém ‘a one-hit event induced by the
cdrcinogen (10, 25), may result from a somatic mutation at one of the ;ame or different
geries that control the phenotypic éxpr_ession of the transformed state. In order fo estimate
the genetic target size for cell transformation, it is important to compare the frequency of
cell transformation to the frequency of a mutation at one locus under similar conditions.

We have carried out such an experiment to determine mutation and fransfo_r.maﬁon
frequencies in normal golden ham;fer embryo cells treated with the common carcinogen BP

and its derivative (+)-trans-7,8-dihydrodiol. The frequency of transformed colonies has
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been compared with the frequency of mutation for ouabain resistance, a mutation associated
with the surface membrane Na+/K+ ATPase (2). This mutation was chosen becc;use of its
low spontaneous frequency and the ease with which it can be detected in normal diploéd
cells.

The results have shown that BP and its 7,8-dihydrodiol derivative can induce both
cell transformation and mutagenesis for ouabain resistance in normal diploid cells, and the
ratio between both events is about 20:1 with both hydrocarboﬁs (Table 1V). = Studies @
reported by Ts'o et al. (53) indicated similar results, although with 2—4 times higher ratios.

Since ouabain fesis;fance is presumably due to m‘u’rcn‘ion. at one locus (2); it can be-
suggested that transformation, as measured by the appearance of colonies with a rcndoﬁx
pattern of cell growth, has a target equivcxlem‘-fo about 20 such genés. Theré may thus be
this number of the same or different genes, the mutation of any one of which is the single |
hit required for transformation. The number of génes involved in transformation may be
even smaller than about 20 if the genes for transformation are located at hot spots which

have a higher mutation frequency.

CONCLUSION

Treatment of experimental animals with chemical carcinogens, including some polycyclic
hydrocarbons, can result in the formation of malignant tumors.  The processA whereby some
chemicals induce malignancy is as yet unknown. " However, in a model system using
mammalian cells in culture, it was possible to show that the chemical carcinogens induce

- malignant transformation rather than select for pre-existing tumor cells (3, 16, 25, 44).




In the process of the in vitro cell transformation, the normal cells, which have an oriented

pattern of cell grow’rh, a limited life-span in vitro, and are not tumorigenic, are converted
into cells that Fave a heredifary random pattern of cell growth, the ability to grow continuousiy
‘in culture, and the ability to form tumors in vivo (3, 11, 16).
This stable heritable phenotype of the transformed cells is similar to that of cells
derived from spontaneous or experimentally induced fumors. Such stable heritable phenotype
changes may arise from alteration in gene expression due to a somatic mutation after interaction
of the carcinogén with cellular DNA (6, 43). In the present experiments we have shown ‘
that metabolically activated carcinogenic polycyclic hydrdcarbons which have been shown

to bind to cellular DNA (4, 6, 13, 28, 36, 49, 51, 54) induce somatic mutations at

there is a relationship between the degree of mutant induction and the degree of carcinogenicfty
of the different hydrocarbbns tested (18, 27, 42). Our results, and other studies, .have also
shown that the somatic mutations were induced by metabolites rather than the hydrocarbons
themselves (18, 27, 29, 32, 40, 42, 55), and in the case of BP a 7,8—dioi—9,10—oxide was
identified as the major mutagenic metabolite (29, 46). Other ekperi'mehfs have indicated
that this 'me’rcrubolife may also be respénsible for cell transformation (39, 41), ond presumably
for tumor formation by BP as well (7, 35, 38, 50).

Based on these studies, it was possible to estimate the genetic target size for
transformation by comparing in the same cells the frequency of cell transformation and
mutation for ouabain resistance (which is presumably due to a mutation at one locus) induced

|
different genetic loci in mammalian cells (17, 18, 26, 27, 29, 46, 51, 53, 55) and that -
by BP.and one of its maiqrvrﬁefabolifes (24). The results indicated that the target size for |
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transformation is 20 times larger than that determined for ouabain resistance. However,

if the genes that control.cell transformation are located at hot spots, this number may also

be lower. These results sugéest that cell transformation, as determined by a hereditary
pattern of cell growth, is due to a mutation, and that this mutation can occur in one out

of a small number éf the same or different genes. However, cell transformation ‘is presumably
‘only. an initial step in the process of chemical carcinogenesis. Thus, additional geﬁeﬁc

and epigenetic eveﬁ’rs may take place in the process of tumor formation in the whole animal

(19, 53).




13

REFERENCES
1. Ames, B. N., Durston, W. E., Yamasaki, E., and Lee, F. D. (1973). Carcinogens

are mutagens: A simple test system combining liver homogenates for activation and

bacteria for detection. Proc. Natl. Acad. Sci. U.S.A. 70, 2281.

© 2. Baker, R. M., Brunette, D. M., Mankovitz, R., Thompson, L. H., Whifm'ore, G. F.,
Siminovitch, L., and Till, J. E. (1974). Quabain-resistant mutants of mouse

and hamster cells in culture. Cell 1,9.

3. Berwald, Y., and Sachs, L. (1965). In vitro transformation of normal cells to tumor

cells by carcinogenic hydrocarbons. J. Natl. Cancer Inst. 35, 641.

4. Borgen, A., Darvey, H., Castagnoli, N., Crocker, T. T., Rasmussen, R. E., and
5o d : il L R T I 0o T T

Wang, i1:Y .. (1973). 1 Metabolic conversion of benzo(a)pyrene by Syrian hamster -

liver microsomes and binding of metabolites to deoxyribonucleic acid. J. Med.

T e L

Chem. 16, 502.



14

5. Bouck, N., and Di Mayorca, G. (1976). Somatic mutation as the basis for malignant

transformation of BHK cells by chemical carcinogens. Nature 264, 722.

6. Brookés-, P., and Lawley, P. D. (1964). Evidence for the binding of polynuclear -
aromatic hydrocarbons to the nucleic acids of mouse skin: Relation between

carcinogenic power of hydrocarbons and their binding to deoxyribonucleic acid.

Nature 202, 781.

7. Chouroulnikov, 1., Gentil, A., Grover, P. L., and Sims, P. (1976). Tumo,réinitioting

activities on mouse skin of dihydrodiols derived from benzo(a)pyrene. Br. J. Cancer,

34, 523.

8. Chu, E. H. Y., and Malling, H. V. (1968). Mammalian cell genetics. 1II. Chemical

induction of specific locus mutations in Chinese hamster cells in vitro.  Proc. Natl.

Acad. Sci. U.S.A. 61, 1306.

9. Diamond, L., and Gelboin, H. V. (1969). Alphanaphtoflavon. An inhibitor of

hydrocarbon cytotoxicity and microsomal hydroxylase. Science 166, 1023.




15

10. DiPaolo, J. A., Donovan, P. J., and Nelson, R. L. (1971a). In vitro transformation
of hamster cells by polycyclic hydrocarbons: Factors influencing the number of

" cells transformed.  Nature (New Biol.) 230, 240.

11. DiPaolo, J. A., Nelson, R. L., and Donovan, P. J. (1971b). Morphological,
oncogenic and karyological characteristics of Syrian hamster embryo cells transformed

in vitro by carcinogenic polycyclic hydrocarbons.  Cancer Res. 81, 1118.

12. Fletcher, J. H., Dermer, O. C., and Fox, R. B. (Eds.) (1974). Nomenclature
of organic compounds. American Chemical Society, Washington, D.C., No. 126,

ps.103.

13. Gelboin, H. V. (1968). A microsome—debéndent binding‘of benzo(a)pyrene to DNA.

Cancer Res. 29, 1272.

14. Gelboin, H. V., Huberman, E., and Sachs, L. (1969). Enzymatic hydroxy]ofion

of benzo(a)pyrene and its relationship to cytotoxicity. Proc. Natl. Acad. Sci. U.S.A.

. 64, 1138,




16

15. Grover, P. L., Sims, P., Hubeman, E., Marqudrdf, H., Kurdki, T., and Heidelberger,

C. (1971). Invitro transformation of rodent cells b)> K-region derivaﬁ?es of

polycyclic hydrocarboﬁs. Proc. Natl. Acad. Sci. U.S.A, 68, 1098.

16. Heidelberger, C. (1973). Chemical carcinogenesis in culture.. Advan. Cancer Res.

18, 317.

17. Huberman, E. (1975). Mammalian cell transformation and cell-mediated mutagenesis

by carcinoge.nic polycyclic hydrocarbons.” Mutat. Res. 29, 285.

18. Huberman, E. (1976). - Cell-mediated mutagenicity of different genetic loci in
mammalian cells by carcinogenic polycyclic hydrocarbons.  In: Screening Tests

in Chemical Carcinogenesis (R. Montesano, H. Barfch, and L. Tomatis, Eds.),

' IARC Scientific Publication No. 12, Lyon, 521.

19. Huberman, E. (1977). Viral antigen induction and mutability of different genetic

loci by metabolically activated carcinogenic polycyclic hydrocarbons in cultured




17

mammalian cells. In: The Origins of Human Cancer, Cold Spring Harbor Laboratory

Publications, Cold Spring Harbor, New York. In press.

20. Huberman, E., Aspiras, L., Heidlelberger, C., Grover, P. L., and Sims, P.  (1971).

Mutagenicity to mammalian cells of epoxides and other derivatives of polycyclic

hydrocarbons.  Proc. Natl. Acad. Sci. U.S.A, 68, 3195.

21. Huberman, E., Donovan, P. J., ond DiPaolo, J. A. (1972). Mutation and
transformation of cultured mammalian cells by N-acetoxy~N-2-fluoroenylacetamide.

J. Natl. Cancer Inst. 48, 837.

22. Huberman, E., and Fogel, M. (1975). Activation of carcinogenic polycyclic
hydroéarbons in polyoma-virus-transformed cells as a prerequisite for polyoma virus

induction. Int. J. Concer l§/ 21.

23. Huberman, E., Kuroki, T., Marquardt, H., Selkirk, J. K., Heidelberger, C.,

Grover, P. L., and Sims, P. (1972). Transformation of hamster cells by epoxides

and other derivatives of polycyclic hydrocarbons.  Cancer Res. 32, 1391.




A S AR A A e e s BT e

18

24. Huberman, E., Mager, R., and Sachs, L. (1976). Mutagenesis and transformation

of normal cells by chemical carcinogens. Nature 264, 360.

25. Huberman, E., and Sachs, L. (1966). Cell susceptibility to transformation and

cytotoxicity by the carcinogenic hydrocarbon benzo(a)pyrene. " Proc. Natl. Acad.

Sci. U.S.A. 56, 1123.

26. Huberman, E., and Sachs, L. (1974). Cell-mediated mutagenesis with chemical

carcinogens. Int. J. Cancer 13, 326.

27. Huberman, E., and Sachs, L. (1976). Murcbflify of different genetic loci in
mammalian cells by metabilically activated carcinogenic polycyclic hydrocarbons.

Proc. Natl. Acad. Sci. U.S.A. 731, 188.

28. Huberman, E., and Sachs, L. (1977). DNA binding and ifs'relai’ionship to-

cctrcinogenésis by different polycyclic hydrocarbons. Int. J. Cancer 19, 122.




19

29. Huberman, E., Sachs, L., Yang, S. K., and Gelvboin, H. V. (1976). Identification
of the mutagenic metabolites of benzo(a)pyrene in mammalian cells. Proc. Natl.

Acad. Sci. U.S.A. 73, 607.

30. Huberman, E., Selkirk, J. K., and Heidelberger, C. (1971). Metabolism of

polycyclic aromatic hydrocarbons in cell cultures. Cancer Res. 31, 2161.

31. Huberman, E., Yamasaki, H., and Sachs, L. (1974). Genetic control of the

regulation of cell susceptibility to carcinogenic polycyclic hydrocarbons by cyclic

AMP. Int. J. Cancer lﬁ, 789.

32. Huberman, E., Yang, S. K., McCourt, D. W., and Gelboin, H. V. (1977).
" Mutagenicity of (+) and (-) trans-7,8-dihydroxy-7,8-dihydro benzo(a)pyrenes and
the hydrolysis and reduction products of two stereoisomeric benzo(a)pyrene

7,8—dio|-9,]0-—epoxides. to mammalian cells in culture. Submitted to Int. J. Cancer.




33. IARC Monograph ((1973). Evaluation of Carcinogenic Risk of Chemicals to Man,

Vol. 3. International Agency for Research on Cancer, Lyon.

34. Kao, F., and Puck, T. T. (1968). Geneﬁcs of somatic mammalian cells. VII.
Induction and isolation of nutritional mutants in Chinese hamster cells. Proc. Natl.

Acad. Sci. U.S.A. 60, 1275.

435. Kapitulnik, 'J., Levin, W., Conney, A. H., Yagi, H., and Jerina, D. M. (1977).

- Benza(a)pyrene 7,8~dihydrodiol is more carcinogenic than benzo(a)pyrene in newborn

mice. Nature 266, 378.

36. King, H. W., Osborne, M. R., Beland, F. A., Harvey, R. G., and Brookes, P.
(1976).  (*)-70,8-Dihydroxy-93,10-epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene is
an intermediate in the metabolism and binding o DNA of benzo(a)pyrene. Proc.

" Natl. Acad. Sci. U.S.A. 73, 2679.




38.

39.

40.

- 37.

21

Kuroki, T., and Heidelberger, C. (1971). The binding of polycyclic aromatic
“hydrocarbons to the DNA, RNA and proteins of transformable cells in culture.

Cancer Res.:, 31, 2168.

Levin, W., Wood, A. W., Yagi, H., Jerina, D. M., and Conney, A. H. (1976).
(x)-trans-7,8-Dihydroxy-7, 8—dihydroberizo(;(_1_)pyre_ne: A potent skin carcinogen

when applied fopict’ﬁlly to mice. Proc. Natl. Acad. Sci. U.S.A. 73, 3867.

Mager, R., Huberman, E., Yang, S. K., Gelboin, H. V., and Sachs, L.  (1977).

Transformation of normal hamster cells by benzo(a)pyrene diol-epoxide. Int. J.

Cancer 19, 814.

Malaveille, C., Bartsch, M., Grover, P. L., and Sims, P. (1975). = Mutagenicity

- of non-K-region diols and diol-epoxides of benzo(a)anthracene and benzo(a)pyrene.

Biochem. Bioph);s. Res. Commun, 66, 693.




22

41. Marquardt, H., Grover, P. L., and Sims, P. (1976). In vitro malignant transformation
of mouse fibroblasts by non-K-region dihydrodiols derived from 7-methylbenz(a)?”
" anthracene, 7,12-dimethylbenz(a)anthracene, and benzo(a)pyrene. Cancer Res.

36, 2059.

42. McCann, J. B., and Ames, B. N. (1976). Detection of carcinogens as mutagens

in the Salmonella microsome test: Assay of 300 chemicals. Discussion. Proc.

Natl. Acad. Sci. U.S.A. 73, 950.

43. Miller, J. A. (1970). Carcinogenesis by chemicals: An overview. G. H. A.

Clowes Memorial Lecture. Cancer Res. 30, 554’.

44. Mondal, S., and Heidelberger, C. (1970). In vitro malignant transformation by

methyIcholanthrene of progeny of single cells derived from C3H mouse prostate,

Proc. Natl. Acad. Sci. U.S.A. 65, 219.

45. National Institutes of Health (1973). Survey of compounds which have been tested

for carcinogenic activity. NIH, Bethesda, Maryland.



46.

47.

49.

50.

23

Newbold, F. R., and Brookes, P. (1976). Exceptional mutagenicity of a

N\’\/

benzo(a)pyrene diol epoxide in cultured mammalian cells. Nature 261, 52.

Selkirk, J. K., Croy, R. G., and Gelboin, H. (1974). Benzo(_g_)pyrene metabolites:
Efficient and rapid separation by high-pressure liquid chromatography. Science

184, 169.

Sims, P., and Grover, P. L. (1974). Epoxides in polycyclic aromatic hydrocarbon

metabolism and carcinogenesis. Advan. Cancer Res. 20, 165. .

Sims, P., Grover, P. L., Swaisland, A., Pal, K., and Mewer, A. (1974). Metabolic

activation of benzo(a)pyrene proceeds by a diol epoxide. Nature 252, 326.

Slaga, T. J., Viaje, A., Berry, D. L., Bracken, W., Buty, S. G., and Scribner, J. D.
(1976).  Skin tumor initiating ability of benzo(g)pyrene 4,5-7,8- and 7,8-diol-9,10Y

epoxide§ and 7,8-diol. Cancer Lett. ~2, 115.




51.

52.

53.

54.

24

Thakker, D. R., Yagi, M., Lu, Y. M., Levin, W., Conney, A. M., and Jerina, D.
(1976).  Metabolism of benzo(a)pyrene: Conversion of (+) frans—7,8-dihydroxy{
' 7,8-dihydrobenzo(a)pyrene to highly mutagenic 7,8-diol-9,10-epoxides. Proc.

Natl. Acad. Sci. U.S.A. Zg, 3381.

Thompson, L. H., Harkins, J. L., and Stanners, C. P. (1973). A mammalian

cell mutant with a temperature-sensitive leucyl-transfer RNA synthetase. Proc.

Natl. Acad. Sci. U.S.A. 70, 3094.

Ts'o, P. O. P., Barrett, J. C., and Moyzis, R. (1977). The relationship between.
neoplastic transformation and the cellular genetic apparatus.  In: The Molecular
Biology of the Mammalian Genetic Apparatus (P. Ts'o, Ed.), Elsevier/North-Holland

Biomedical Press, Amsterdam/New York.

‘Weinsfei‘n, I. B., Jeffrey, A. M., ’Jlenne'rfe,‘ K. W., Blobstein, S. H., Hcrvey,A R. G.,

Harris, C., Autrup, H., Kasai, M., and Nakamishi, K. (1976). Benzo(a)pyrene




25

diol epoxides as intermediates in nucleic acid binding in vitro and in vivo. Science

193, 592.

55. Wood, A. W., Wislocki, P. G., Chang, R. L., Levin, W., Lu, A. Y. M., Yagi, M.,
Hernande, O., Jerina, D. M., and Conney, A. H. (1976). Mvutagenicity and

cytotoxicity of benzo(a)pyrene benzo-ring epoxides. Cancer Res. 36, 3358.

' 56. Yamasaki, H., Huberman, E., and Sachs, L. (1975). Regulation of aryl hydrocdrbon
(benzol alpyrene) hydroxylase activity in mammalian cells. Induction of hydroxylase

activity by dibutyryl-cyclic AMP and aminophylline. J. Biol. Chem. 250, 7766.

57. Yang, S. K., and Gelboin, H. V. (1976). 'Mi crosomal mixed-function oxidases and
epoxide hydratase convert benzo(a)pyrene stereospecifically fo optically active

dihydroxydihydrobenzo(a)pyrenes.-  Biochem. Pharmacol. 25, 2221.

58. Yang, S. K., and Gelboin, H. V. (1976). Nonenzymatic reduction of benzo(g)pyfene

diol-epoxides to trihydroxypentahydrobenzo(a)pyrenes by reduced nicotinamide adenine

dinucleotide phosphate. Cancer Res. gé, 4185.




26

59. Yang, S. K., McCourt, D. W., Roller, P. P., and Gelboin, H. V. (1976); Enzymatic
conversion of benzo(a)pyrene leading predominantly to the diol-epoxide r-7, -8
dihydroxy-t-9,1 0-oxy—7,8,9,]O—fefrahydroxybenzo(g)p’yrene'fhrough a singl'e

enantiomer of r-7,1-8-dihydroxy-7,8-dihydrobenzo(a)pyrene. Proc. Natl. Acad.

Sci. U.S.A, 73, 2594.

60. Yang, S. K., Gelboin, H. V., Weber, J. D., Sankaran, V., Fischer, D. L., and
Engel, J. F. (1977). Resolution of.opﬁcal isomers by high-pressure liquid

chromatography. The separation of benzo(a)pyrene trans-diol derivatives. Anal.

Biochem. 78, 520.

61. Yang, S. K., McCourt, D. W., Leniz, T. C., and Gelboin, H. V. (1977).
'Benzo(g)pyrene diol epoxides — Mechanism of enzymatic formation and ‘op"rically '

active intermediates. Science. In press.



27

TABLE I ‘
Induction of ouabain-resistant mutants in the cell-mediated assay

by different carcinogenic hydroccrbonsr(3

Number of
Concentration of ouabain-resistant
hydrocarbon mutants per 10°
Hydrocurbon (pg/ml) - survivors
Control : : 0 ' | 1
'.Benzo(g)pyrene 1 : ]
Phenanthrene o | ]
Pyrene A 1 | ) o 1
Benz(a)anthracene - 1 o | 2
Ch&sene ] 2
A l’)ibenz(g,_c_)chnfhrdcene ' ‘ | | ] | - 3
D;benz(g,b_)ar{fhmcéne | 1 T 4
7-Mefhylbenz(g)anfhracene A , 1 : | 24
| 3—Mefhy|;ho|amhrene | 1 108
Benzo(a)pyrene ] | ' ’]21‘
7,12-Dimethylbenz(a)anthracene 0.1 A | 4 - 66

SWith the exception of benzo(e)pyrene, the data are based on results from .

Huberman and Sachs (27).



TABLE I '
Induction of ouabain-resistant mutants in the cell-mediated assay by carcinogenic

polycyclic hydrocarbons after treatment with (+) or.without (-) omihophyllineg

_ Number of ouabain-resistant mutants

per 1 0% sufvi vors

Hydrocarbon - (—-) - - (+)

Control 1 ‘ : T 1
Pfrene : . 1 o | S
Phenanthrene ‘ 1 | | ' I
Dibenz(a,c)anthracene -3 . ' 5
Dibenz(a, hanthracene » 4 | - 46
‘3-Methylcholanthrene | 108 : S 413
~ Benzo(a)pyrene 121 . . 214

2 Cells were treated with 1 pg/ml of the polycyclic hydrocarbons and 0.1 mM

aminophylline. Data are based on results from Huberman and Sachs (27).
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TABLE 11T

Mutability of different genetic loci in the cell-mediated assay by carcinogenic hydroccxrbons’q

Number of mutants per 1 0° cells

Hydrocarbon Temperature-resistant  Quabain-resistant  8-Azaguanine-resi s"rant
Control S 0.6 1 60
Pyrene | o - 0.9 : 1 | 50
Phenanthrene | 0.7 1 - | 80
3-Methylcholanthrene : 125 108 ‘ 3660
Benzo(a)pyrene | 170 | | 121 ‘ ' 4250 '

Z Cells were treated with 1 pg/ml of the polycyclic hydrocarbons. Data are based on results

from Huberman and Sachs (27).
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TABLE 1V

Transformation and mutogenésis by benzo(a)pyrene and its 7,8-—c|i|1ydrodio|g

Number of
Cloning - - :Number of . ouabain-resistant
' Concentration  efficiency ~ transformed colonies colonies per
Hydrocarbon (ug/ml™1) (%) per 10° crC2 10° crC A/B
(A) (B)

None - | 12.5 - 0.04 -
Benzo(a)pyrene N : 1.2 4300 : 213 20
7,8-Dihydrodiol 0.1 2.6 4700 193 24
0.3 1.3 8200 451 : 18
1.0 0.9 - 6300 - 419 15

2 Data from Huberman et al. (24).

b

=CFC = colony-forming cells.
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Figure Legends

Fig. 1. Induction of ouabain-resistant mutants in the non-metabolizing V79 cells
by benzo(a)pyrene K-region epoxide and diol-epoxide derivatives. The figure is based on

results from Huberman et al., (29).

Fig. 2. Induction of ouabain-resistant mutants in the cell-mediated assay by
benzo(a)pyrene and the racemic and stereoisomers of trans—7,8—dihydrodiol.. The figure

is based on results from Huberman et al. (32). -
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