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SENCAR Mouse Skin Papillomas Induced by 6-Methylbenzo[a]pyrene
Carry H-ras Codon 52 (CTA™™ — CCA"™) and Codon 13 (GGC®" -

GTC"™) Mutations
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Abstract: Organic smoke contains various methylated polycyclic aromatic hydrocarbon (PAH) carcinogens. Among
these, 6-methylbenzo[a]pyrene (6-CH;BP) is a moderate carcinogen. In vitro, it can form both stable and depurinating ad-
ducts. Of these, only two depurinating adducts [BP-6-CH,-N7G and 6-CH,BP-(1&3)-N7G] have been detected in mouse
skin. We examined seven 6-CH;BP-induced SENCAR mouse skin papillomas for the presence of oncogenic H-ras muta-
tions. Two papillomas contained the codon 52 (CTA™™ — CCA™™) and a third contained the codon 13 (GGC®Y —
GTC"™) mutation. These results suggest that the H-ras codon 52 mutation is an oncogenic mutation.
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INTRODUCTION

Organic smoke, such as automobile exhaust, cigarette
and forest fire, has long been known to contain various
methylated polycyclic aromatic hydrocarbons [1-3]. Among
these pollutants, methylated derivatives of benzo[a]pyrene
(BP) may be important for cancer. Mono-methylated BP at
positions 7, 8, 9 or 10 did not show significant carcinogenic-
ity [4]. In contrast, 6-methyl BP (6-CH;BP) (Fig. 1) is
mutagenic [5, 6], teratogenic [7] and carcinogenic, although
it is a weaker carcinogen than BP [8-11]. In addition, 6-
CH;BP is produced by bioalkylation of BP with rat liver
cytosol and S-adenosyl methionine, and therefore, has been
suggested as a possible contributor in BP carcinogenesis [12,
13].

CH,
Fig. (1). Structure of 6-methylbenzo[a]pyrene.

To induce mutations, 6-CH3;BP needs to be metabolically
activated by cytochrome P,s-mediated reactions [6, 14].
Activation of 6-CH;BP by cytochrome P450 can generate a
number of DNA-reactive metabolites, including a dihy-
drodiolepoxide and a radical cation [8, 13, 15]. The resulting
stable DNA adducts have been analyzed by the >°P-
postlabeling assay, and the depurinating DNA adducts have
been analyzed by HPLC. Comparative studies of DNA ad-
duct formation in vitro and in mouse skin have identified the
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6-CH;BP radical cation as the major DNA-reactive metabo-
lite in mouse skin [15-21]. The 6-CH;BP radical cation re-
acts with DNA through its methyl carbon. /n vitro, the radi-
cal cation forms both stable (BP-6-CH2-N2dG and BP-6-
CH,-N3dT) and depurinating adducts [BP-6-CH,-N7G, 6-
CH,BP-(1&3)-N7G and BP-6-CH,-N7A]. In mouse skin,
however, only the depurinating Gua adducts have been posi-
tively identified [21].

No previous study has explored whether the 6-CH;BP-
DNA adducts are important for cancer. We have approached
this question by examining H-ras mutations in 6-CH;BP-
induced papillomas and sought to make a correlation be-
tween DNA adducts and mutations.

MATERIALS AND METHODS
Chemicals

BP was purchased from the Chemical Carcinogen Re-
pository of the National Cancer Institute and 6-CH;BP syn-
thesized in our laboratory as described previously [21].
These PAH are hazardous and handled according to NIH
guidelines [22].

Papillomas

Tumors were induced by the initiation-promotion proto-
col. To obtain these tumors, 8-wk-old female SENCAR mice
(National Cancer Institute-Frederick Cancer Center, Freder-
ick, MD) were treated on the back with 160 or 400 nmol 6-
CH;BP in 100 pL acetone and, beginning the second week,
promoted by twice weekly doses of 3 nmol 12-O-
tetradecanoyl phorbol 13-acetate (TPA) in 100 uL acetone,
until the papilloma induction was complete (7-9 wks). The
160 nmol 6-CH;BP treatment group yielded 5 papillomas in
30 mice and the 400 nmol 6-CH;BP treatment group yielded
4 papillomas in 29 mice. All tumors were stored frozen at -
80°C. Of these, seven papillomas were available for this
study.
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Analysis of H-ras Mutations

Chromosomal DNA from the papillomas was isolated as
previously described [23]. In the SENCAR mouse model, the
papillomas contain clonally expanded, oncogenic H-ras mu-
tations. For analyzing these mutations, a 550 bp-long seg-
ment spanning the exon 1-2 region was PCR amplified with
primers MRF and MRR and the products directly sequenced
forward and reverse primers as previously described [23].
Direct sequencing of PCR products can detect mutations that
exist in at least 10% of the DNA molecules [24]. Since clon-
ally expanded oncogenic H-ras mutations are typically pre-
sent in 14-47% of cells in PAH-induced papillomas [25],
direct sequencing of H-ras PCR products is an appropriate
method for identifying these mutations. The PCR products
were sequenced with primers described previously [23], and
the reaction products were resolved in a Beckman/Coulter
CEQ2000XL 8-capillary DNA sequencer (Genomics Core
Research Facility, University of Nebraska, Lincoln). The
clonal H-ras mutations in papillomas are heterozygous, and
the sequencing electropherogram detects them as overlapped
peaks corresponding to the mutant and wild-type bases.

RESULTS

We analyzed seven papillomas induced by 6-CH;BP.
One of these pg’pillomas (14%) contained the codon 13
GGC® to GTC"™ mutation, and another two (28%) con-
tained a codon 52 CTA™" to CCA™ mutation (Fig. 2). The
remaining four papillomas did not contain any clonal H-ras
mutations in the exon 1-2 region.
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Fig. (2). Direct sequencing of H-ras PCR products from 6-CH;BP-
induced papillomas. Sequencing reactions were conducted with
both forward (top) and reverse (bottom) primers as described previ-
ously [23]. The left panel shows typical results obtained for the
codon 13 region and the right panel shows those for the codon 52
region. Also shown are the codon numbers and wild-type se-
quences, along with the mutations (above).

Codon 52 is located in a highly conserved ras region
[26]. Deletion analyses have identified this region to be es-
sential for transforming activity [27]. We conducted a mo-
lecular modeling study (Sybyl v 6.0, Tripos Associates, Inc.,
St Louis, MO) using co-ordinates from the Protein Data
Bank (Brookhaven National Laboratory [28, 29]) to examine
whether the codon 52 Leu’” to Pro mutation induces a gross
structural change (Fig. 3). The analysis predicted that codon
52 is located in the expanded region of a -sheet (spanning
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from Glu* to Thr’®), and the Leu’” to Pro substitution would
not induce a major change in the three-dimensional structure
of the ras protein [30].

WT (Leu 52)

MUT (Pro 52)

Fig. (3). Predicted structure of wt and codon 52-mutated mouse H-
ras proteins.

DISCUSSION

6-CH;BP has been shown to revert S. typhimurium
strains TA98 (a -1 frameshift in a CGCGCGCG sequence in
the hisD gene) and TA100 (CTC*" — CCC™™ transition in
hisG46) [5, 6, 31, 32]. Therefore, 6-CH;BP can be expected
to induce frameshift mutations in CG repeat sequences, and
also form T.A — C.G mutations. We also observed a codon
52 (T.A — C.G) mutation in two 6-CH;BP-induced papillo-
mas. It is worth noting that this mutation may have been in-
duced as A.T — G.C, rather than as T. A — C.G. Our ex-
perimental protocol cannot distinguish between these muta-
tions. On the other hand, the codon 13 G.C — T.A mutation
found in one of the seven 6-CH;BP-induced papillomas indi-
cates that such mutations are also formed. However, these
experiments do not report the complete mutational specific-
ity of 6-CH;BP.

In 6-CH;BP-treated mouse skin, two depurinating ad-
ducts, BP-6-CH,-N7G and 6-CH,BP-(1&3)-N7G have been
identified [21]. Therefore, the H-ras codon 13 (GGC —
GTC"™) mutation may be correlated with these Gua-
depurinating adducts. At this time, the codon 52 (CTA™" —
CCA"™™) mutation cannot be readily correlated with a particu-
lar adduct. The depurinating BP-6-CH,-N7A adduct and the
stable BP-6-CH,-N3dT adduct are found among the in vitro
DNA adducts formed by 6-CH3;BP [15, 17,19-21]. If these
adducts are also formed in mouse skin, they could be the
source of the codon 52 mutations.

The codon 52 mutation was earlier found at elevated fre-
quencies during hyperplasia induced by dibenzo[a,/]pyrene
(DB[a,/]P) in SENCAR mouse skin (~5 days after exposure)
[33]. However, this mutation was not found in any DB[a,/]P-
induced papilloma [23, 34]. Since more than one 6-CH;BP-
induced papilloma contained the same clonally-amplified
codon 52 mutation, we propose that this mutation is onco-
genic, and it initiated and helped establish these two tumors.
This idea is consistent with previous finding that ras codon
52 is located in a region with transforming activity [27], and
that this mutation was not predicted to induce a major struc-
tural change in the H-ras protein, therefore, it should retain
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biological activity, and may be similar to other oncogenic
ras proteins.

As expected, 6-CH3BP produced a small number of skin
tumors (nine papillomas in fifty-nine mice) in SENCAR
mice. We analyzed seven of these nine papillomas, of which
three (42.8%) contained clonally-expanded H-ras mutations.
These numbers are significantly lower than those found with
strong PAH carcinogens such as BP, 7,12-dimethylbenz[a]
anthracene and dibenzo[a,/]pyrene, which show much higher
incidence (up to 100%) of clonally-expanded H-ras muta-
tions in papillomas [23, 34]. The small yield of tumors and
the absence of the near-quantitative incidence of H-ras muta-
tions in 6-CH;3;BP-induced papillomas do raise the possibility
that these mutations could be a consequence of the promot-
ing treatments by TPA, rather than initiated by this PAH.
Indeed, repetitive TPA treatments to SENCAR mouse skin
can generate papillomas in ~20% of the animals, and some
of these papillomas show H-ras codon 61 mutations (CAA
— CGA and CAA — CTA) [35, 36]. Since 6-CH;BP-
induced papillomas did not contain any codon 61 mutations,
it is more likely that the H-ras codon 13 and 52 mutations
found in papillomas of this study were induced by this PAH.

Since 6-CH;BP can be formed by BP bioalkylation, it has
been proposed to contribute to BP tumorigenesis [12,13]. A
comparison of H-ras mutations in BP- and 6-CH;BP-induced
papillomas provides a test of this idea at the level of initia-
tion. Our previous studies showed that in SENCAR mouse
skin, 73% BP-induced papillomas carried H-ras mutations,
of which 50% were at codon 13 (GGC® — GTC"™) and
23% were at codon 61 (CAA“™ — CTA™") [23, 34]. Since
no BP-induced papillomas showed the clonal codon 52
(CTA™" — CCA™™) mutation, the present results are not
consistent with the idea that 6-CH3;BP formation by BP
bioalkylation plays a major role in initiating BP-induced
tumors.

In conclusion, results indicate that 6-CH3;BP can induce
oncogenic H-ras codon 13 and 52 mutations to initiate
mouse skin papillomas. Although the limited current knowl-
edge of 6-CH3;BP-DNA adducts in mouse skin did not permit
strong stochastic relationships between DNA adducts and H-
ras mutations, previous studies indicate that 6-CH;BP can
induce mutations of similar specificity. To our knowledge,
this is the first time that a ras codon 52 mutation has been
described as a possible oncogenic mutation. These results
provide the scientific basis for studying the occurrence of
this mutation in human cancer.

ABBREVIATIONS
BP = Benzo[a]pyrene
6-CH;BP = 6-Methylbenzo[a]pyrene

PAH = Polycyclic aromatic hydrocarbons
ACKNOWLEDGEMENTS

We thank Dr. Leo Kirnarskiy and Oleg Shats of the Ep-
pley Institute Molecular Modeling Core Facility for assis-
tance with modeling with the H-ras protein. This research
was supported by US PHS grants P01 CA49210 from the
National Cancer Institute and P20 RR17675 from the Na-
tional Center for Research Resources. Core support at the

Chakravarti et al.

Eppley Institute was funded by NCI Laboratory Cancer Re-
search Support (Core) grant CA36727.

REFERENCES

[1] Gross GP. Fourth annual report on gasoline composition and vehi-
cle exhaust gas polynuclear aromatic content, Coordinating re-
search council of the air pollution research advisory committee,
New York, NY, 1973; 1-134.

[2] McMahon CK, Tsoukalas SN. Polynuclear aromatic hydrocarbons
in forest fire smoke. In: Carcinogenesis: A comprehensive survey,
Jones PW, Freudenthal RI, Eds. Raven Press, New York, 1978; 61-
73.

[3] Severson RF, Snook ME, Akin FJ, Chortyk OT. Correlation of
biological activity with polynuclear aromatic hydrocarbond content
of tobacco smoke fractions. In: Carcinogenesis: A comprehensive
survey, Jones PW, Freudenthal RI, Eds. Raven Press, New York,
1978; 115-30.

[4] Iyer RP, Lyga JW, Secrist 3rd JA, Daub GH, Slaga TJ. Compara-
tive tumor-initiating activity of methylated benzo[a]pyrene deriva-
tives in mouse skin. Cancer Res 1980; 40: 1073-76.

[5] Santella R, Kinoshita T, Jeffrey AM. Mutagenicity of some methy-
lated benzo[a]pyrene derivatives. Mutat Res 1982; 104: 209-13.

[6] Bayless JH, Jablonski JE, Roach SM, Sullivan PD. Inhibition of the
mutagenicity and metabolism of 6-methyl-benzo[a]pyrene and 6-
hydroxymethyl-benzo[a]pyrene. Biochem Pharmacol 1986; 35:
2313-22.

[7] Barbieri O, Ognio E, Rossi O, Astigiano S, Rossi L. Embryotoxic-
ity of benzo[a]pyrene and some of its synthetic derivatives in Swiss
mice. Cancer Res 1986; 46: 94-98.

[8] Cavalieri E, Roth R, Grandjean C, ef al. Carcinogenicity and meta-
bolic profiles of 6-substituted benzo[a]pyrene derivatives on mouse
skin. Chem Biol Interact 1978; 22: 53-67.

[9] Rossi L, Barbieri O, Sanguineti M, Staccione A, Santi LF, Santi L.
Carcinogenic activity of benzo[a]pyrene and some of its synthetic
derivatives by direct injection into the mouse fetus. Carcinogenesis
1983; 4: 153-6.

[10] Cavalieri E, Rogan E, Higginbotham S, Cremonesi P, Salmasi S.
Tumor-initiating activity in mouse skin and carcinogenicity in rat
mammary gland of fluorinated derivatives of benzo[a]pyrene and
3-methylcholanthrene. J Cancer Res Clin Oncol 1988; 114: 16-22.

[11] Cavalieri E, Rogan E, Sinha D. Carcinogenicity of aromatic hydro-
carbons directly applied to rat mammary gland. J Cancer Res Clin
Oncol 1988; 114: 3-9.

[12] Flesher JW, Myers SR, Stansbury KH. The site of substitution of
the methyl group in the bioalkylation of benzo[a]pyrene. Carcino-
genesis 1990; 11: 493-6.

[13] Myers SR, Ali MY, Wright T, Cunningham C. Benzo[a]pyrene
metabolism: role of bioalkylation. Polycyclic Aromatic Compd 27
(2007) 339-359.

[14] De Flora S, Bagnasco M, Vainio H. Modulation of genotoxic and
related effects by carotenoids and vitamin A in experimental mod-
els: mechanistic issues. Mutagenesis 1999; 14: 153-72.

[15] Todorovic R, Devanesan PD, Rogan EG, Cavalieri EL. **P-
postlabeling analysis of the DNA adducts of 6-fluorobenzo[a]
pyrene and 6-methylbenzo[a]pyrene formed in vitro. Chem Res
Toxicol 1993; 6: 530-4.

[16] Rogan EG, Katomski PA, Roth RW, Cavalieri EL. Horseradish
peroxidase/hydrogen peroxide-catalyzed binding of aromatic hy-
drocarbons to DNA. J Biol Chem 1979; 254: 7055-9.

[17] Rogan EG, Hakam A, Cavalieri EL. Structure elucidation of a 6-
methylbenzo[a]pyrene-DNA adduct formed by horseradish peroxi-
dase in vitro and mouse skin in vivo. Chem Biol Interact 1983; 47:
111-22.

[18] Cremonesi P, Cavalieri E, Rogan E. One electron oxidation of 6-
substituted benzo[a]pyrenes by manganic acetate. A model for
metabolic activation. J Org Chem 1989; 54: 3561-70.

[19] RamaKrishna NV, Li KM, Rogan EG, et al. Adducts of 6-
methylbenzo[a]pyrene and 6-fluorobenzo[a]pyrene formed by elec-
trochemical oxidation in the presence of deoxyribonucleosides.
Chem Res Toxicol 1993; 6: 837-45.

[20] Stack DE, Cremonesi P, Hanson A, Rogan EG, Cavalieri EL. Radi-
cal cations of benzo[a]pyrene and 6-substituted derivatives: reac-
tion with nucleophiles and DNA. Xenobiotica 1995; 25: 755-60.

[21] Hanson AA, Li KM, Lin CH, ef al. Synthesis and structure deter-
mination of 6-methylbenzo[a]pyrene-deoxyribonucleoside adducts



SENCAR Mouse Skin Papillomas

[26]
[27]

(28]

and their identification and quantitation in vitro and in mouse skin.
Chem Biol Interact 2000; 12: 865-90.

NIH Guidelines for the Laboratory Use of Chemical Carcinogens.
US Government Printing Office, Washington, DC, 1981.
Chakravarti D, Pelling JC, Cavalieri EL, Rogan EG. Relating aro-
matic hydrocarbon-induced DNA adducts and ¢-H-ras mutations in
mouse skin papillomas: the role of apurinic sites. Proc Natl Acad
SciU S A 1995; 92: 10422-6.

Sun Y, Hegamyer G, Cheng Y], ef al. An infrequent point mutation
of the p53 gene in human nasopharyngeal carcinoma. Proc Natl
Acad SciU S A 1992; 89: 6516-20.

Chakravarti D, Mailander P, Franzen J, Higginbotham S, Cavalieri
EL, Rogan EG. Detection of dibenzo[a,/]pyrene-induced H-ras
codon 61 mutant genes in preneoplastic SENCAR mouse skin us-
ing a new PCR-RFLP method, Oncogene 1998; 16: 3203-10.

Lowy DR, Willumsen BM. Function and regulation of ras. Annu
Rev Biochem 1993; 62: 851-91.

Willumsen BM, Papageorge AG, Kung HF, et al. Mutational
analysis of a ras catalytic domain. Mol Cell Biol 1986; 6: 2646-54.
Bernstein FC, Koetzle TF, Williams GJB, et al. The protein data
bank: a computer-based archival file for macromolecular structures.
J Mol Biol 1977; 112: 535-42.

Abola E, Bernstein FC, Bryant SH, Koetzle TF, Weng J. Protein
data bank in crystallographic databases-information content, soft-
ware systems, scientific applications. In: Data commission of the
international union of crystallography, Allen FH, Bergerhoff G,
Sievers R, Eds. Bonn, Cambridge, Chester, 1987; 107-32.

[33]

The Open Dermatology Journal, 2007, Volume 1 9

Pai EF, Krengel U, Petsko GA, Goody RS, Kabsch W, Witting-
hofer A. Refined crystal structure of the triphosphate conformation
of H-ras p21 at 1.35 angstroms resolution: implications for the
mechanism of GTP hydrolysis. EMBO J. 1990; 9: 2351-2359.
McCann J, Spingarn NE, Kobori J, Ames BN. Detection of car-
cinogens as mutagens: bacterial tester strains with R factor plas-
mids. Proc Natl Acad Sci USA 1975; 72: 979-83.

Maron DM, Ames BN. Revised methods for the Salmonella
mutagenicity test. Mutat Res 1983; 113: 173-215.

Chakravarti D, Mailander PC, Cavalieri EL, Rogan EG. Evidence
that error-prone DNA repair converts dibenzo[a,/]pyrene-induced
depurinating lesions into mutations: formation, clonal proliferation
and regression of initiated cells carrying H-ras oncogene mutations
in early preneoplasia, Mutat Res 2000; 456: 17-32.

Chakravarti D, Venugopal D, Mailander PC, et al. The role of
polycyclic aromatic hydrocarbon-DNA adducts in inducing muta-
tions in mouse skin. Mutat Res 2007 [cited 2007 September 7];
available from: http://dx.doi.org/10.1016/j.mrgentox.2007.08.007.
Pelling JC, Neades R, Strawhecker J. Epidermal papillomas and
carcinomas induced in uninitiated mouse skin by tumor promoters
alone contain a point mutation in the 61st codon of the Ha-ras on-
cogene, Carcinogenesis 1988; 9: 665-7.

Sutter C, Greenhalgh DA, Ueda M, et al. SENCAR mouse skin
tumors produced by promotion alone have A to G mutations in
codon 61 of the c-rasHa gene, Carcinogenesis 1994; 15: 1975-8.

Received: November 16, 2007

Revised: November 26, 2007

Accepted: November 28, 2007



