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example, numerous deleterious point mutations of mtDNA,
now amounting to more than 30, have been shown to be
associated with various types of human disorders involving
deficiencies in the mitochondrial oxidative phosphorylation
and electron transport apparatus. There have been many reports
of abnormal mitochondria, mitochondrial mutations, and
altered energy production in neoplastic cells (5). The levels of
mRNA of the mitochondrial genes for NADH dehydrogenase
(ND) 2, ND5, ND6, ATPase 6, ATPase 8§ and COIII have been
shown to be elevated in neoplastic cells, including cervical
carcinoma cells, a fibrosarcoma, and an Epstein-Barr virus-
transformed lymphomblastoid cell line (6). Mitochondria
appear to be more sensitive to the attack of some metals and
chemical carcinogens than nuclei. For example, mtDNA is
the primary site of attack by reactive metabolites of
procarcinogens such as benzo(a)pyrene, aflatoxin By, 7,12-
dimethyl(a)anthracene, and 3-methyl cholanthrene (7).

Estrogens undergo redox cycling by mitochondrial enzymes
(8,9). During the redox cycling of DES, semiquinones and
quinones are produced. /n vitro, these reactive intermediates
can bind to crucial cellular macromolecules of organelles,
including mtDNA (9). Whether DES is able to bind to mtDNA
in vivo is not clear. Therefore, we determined the in vivo
capability of stilbene estrogen to covalently bind to mtDNA
and the site and base specificity of DES attack on mtDNA.
We then examined the possible biological significance of
adduct formation by studying the effects of DES adducts on
the in vitro replication of a mitochondrial gene, COIIIL
Cytochrome c-oxidase or complex IV of the respiratory
chain, is a multiple polypeptide enzyme composed of thirteen
subunits. The three largest subunits (COI, COII, COIII) are
encoded by mtDNA and confer the catalytic and proton
pumping activities to the enzyme. The ten smaller subunits are
encoded by nDNA and are thought to provide tissue specificity
by adjusting the enzymatic activity to the metabolic demands
of the different tissues. We selected COIII gene as a template
for in vitro replication study, because of i) positive correlations
of abnormal mitochondria and changes in mitochondrial genes
associated with energy production in the neoplastic cells,
particularly with COIII, ii) insertion of the mtDNA sequence
encoding COIII into the 5' of exons 2 and 3 of the c-myc and
transcription of this chimeric gene, and iii) the dual genetic
make up of CO genes, i.e., encoded by both the mitochondrial
and the nuclear genomes. An understanding of the molecular
genetic mechanisms by which defects are produced in the
mitochondrial genome by DES will provide insights into the
etiology of possible defects in mitochondria and a possible
role in estrogen-induced cancer.

Materials and methods

Materials. The mitochondrial COIII gene was purchased from
ATCC, Rockville, MD. Sequenase II kit was purchased from
United States Biochemical Corporation, Cleveland, OH.
RNAzol was purchased from Tel Test Inc., Friendswood,
TX. Random priming DNA labeling system and RNA low
molecular weight standards were purchased from Gibco BRL
Life Technologies, Gaithesburg, MD. Radio-labeled *P-dCTP
(specific activity 10 mCi/ml) was purchased from Amersham
Life Sciences, Arlington Heights, IL. Carrier-free [#P]-
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phosphate (specific activity 285 Ci/mg at 100% isotopic
enrichment or 9120 Ci/mmol) in water was purchased from
ICN Radiochemical, Irvine, CA. Materials and chemicals
needed for 32P-postlabeling assays were obtained from the
sources described previously (2,10). DES Q was prepared as
described by Roy and Liehr (2). Agarose, acrylamide,
chloroform, formamide, formaldehyde, ethidium bromide
and other chemicals were purchased from Sigma Chemical
Co., St. Louis, MO.

Preparation of mitochondrial and nuclear DNA. Five male
hamsters were treated with 50 mg/kg of DES i.p. After 4 h,
the animals were sacrificed. The livers and kidneys were
removed and immediately homogenized in a buffer containing
sucrose 25 mM; EDTA 1 mM and Tris 10 mM pH 7.5. The
mitochondria and nuclei were isolated by differential
centrifugation. DNA was isolated from purified mitoplasts
and nuclei (8,9). The mitochondria were treated with 1.6%
digitonin and centrifuged to collect pure mitoplasts. The
mitoplasts and nuclei were resuspended in Tris pH 8.0; 10 mM
EDTA; 1%SDS and gently vortexed to release the nucleic
acids. The homogenate was incubated with RNAse A (10 pg/
ml) and RNAse T, (20 U/ml) at 37°C for 30 min then incubated
with protease K (500 pg/ml) for 1 h at 37°C. The solution was
extracted once with phenol:chloroform:isoamyl alcohol
(25:24:1 v/v) and three times with chloroform:isoamyl
alcohol (24:1 v/v). DNA was precipitated with 2 volumes ice
cold ethanol at -80°C for 15 min.

Chemical reactions between DES quinone and dGMP or COIll
gene. A bluescript plasmid containing the COIII gene was
grown in ampicillin resistant E. coli and harvested. Plasmid
DNA containing the COIII gene was extracted as described
previously (11). One mg of plasmid DNA containing the
COIII gene or dGMP (dissolved in 1.6 ml water) was reacted
with one mg DES quinone (dissolved in 0.6 ml) for 4 h at
25°C. Reaction mixtures were extracted four times with
chloroform and six times with water-saturated ethyl acetate.
The aqueous phase was precipitated with ice-cold 100%
ethanol. The DNA pellet was reconstituted in 10 mM citrate
buffer, pH 6.0, and concentration of DNA or dGMP was
estimated at 260 nm. The samples were stored at -70°C unless
used immediately for adduct analysis.

DNA adducts analysis by #P-postlabeling. Analysis of covalent
modification in DNA was carried out by the *?P-postlabeling
technique (10). DNA (10 pg) was digested with micrococcal
nuclease, spleen phosphodiesterase, and nuclease Pl as
described previously (10). The resolution of *P-postlabeled
adduct spots was carried out with unmodified nucleotides on
polyetheleneimine-cellulose TLC plates using the following
solvents: DI, 2.3 M sodium phosphate, pH 5.7; D3, 4.2 M
lithium formate and 6.8 M urea, pH 3.3; D4, 0.8 M sodium
phosphate, 0.5 M Tris and 8.5 M urea, pH 8.2; and D5, 1.7M
phosphate, pH 6.0. The ¥P-labeled adduct spots were detected
by autoradiography using Kodak X-Omat film. The spots
containing ¥P-postlabeled adducts were excised from TLC
plates, and levels of radioactivity were determined by Cerenkov
counting. The amount of adducts was calculated according to
the procedures described previously (10).
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hepatoma cells (19). In this study we observed that COIII was
upregulated in tumors compared to controls. The mechanism
of upregulation of COIII is not clear. Whether the over-
amplification of the COIII is the result of DES adduction to
COIII gene, a tumor cell phenotype, change in oxygen level,
or other unknown factor(s), can not be ruled out. Cancer
development is frequently accompanied by an increase of
energy expenditure. As one of the electron driven proton pumps
of oxidative phosphorylation, CO plays an important role in
energy homeostasis (20). To meet the demand of the high
energy requirement, cancer cells need a high respiration rate,
which could account for the elevated transcripts of some
respiratory mitochondial proteins in tumors, including COIII
as observed in this study.

Thus, the study presented here shows that mtDNA appear
more susceptible to formation of DES adducts than nuclear
DNA in vivo; the distribution of adduct is sequence dependent
and preferentially formed in G's surrounded by C's. It also
provides evidence that DES-mediated modifications in mtDNA
can arrest DNA polymerase progression. These reports of
modifications in vivo that have been correlated with arrest in
gene replication in vitro suggest that DES-induced DNA
polymerase arrest can play a significant role in the induction
of instability in mitochondrial genome. Additionally, this
observation may be of significant importance in providing
insight into the mechanism(s) of estrogen-induced carcino-
genesis. Studies are in progress to determine the structure of
the DES adducts derived from the reaction of DES quinone
with COIII gene.
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