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ABSTRACT

6-CH3-'H-Mitomycin C (MC) was used to identify MC-DNA adducts

formed in EMT6 mouse mammary tumor cells. DNA was isolated from
cells treated with 'II-M( . The DNA was enzymatically digested, and the
digest was analyzed for -'H-labeled adducts by high performance liquid

chromatography. All four major adducts previously isolated and charac
terized in cell-free systems were detected: two different monoadducts and
two bisadducts forming DNA-interstrand and DNA-intrastrand cross
links, respectively. No MC-DNA adducts other than the DNA interstrand
cross-link had been shown previously to be formed in living cells. A
MC-deoxyguanosine adduct of unknown structure was also detected in

DNA from EMT6 cells; this adduct was also formed with purified EMT6
DNA. High performance liquid chromatography analysis was further ap
plied to study the relationship between DNA adducts and cytotoxicity. The
number of adducts increased with the concentration of MC in both aerobic
and hypoxic cells. At a constant drug level, more adducts were observed in
cells treated under hypoxic conditions than in cells treated aerobically; at
2 /UMMC, 4.8 x 10~7 and 3.1 x 10~7 adducts/nucleotide were observed

under hypoxic and aerobic conditions, respectively. The increased adduct
frequency under hypoxia correlates with the known increased cytotoxicity
of MC to EMT6 cells under hypoxic conditions. In addition, a higher ratio
of cross-linked adducts to monoadducts was observed in hypoxic cells. The

high performance liquid chromatography techniques were also used to
examine the effects of dicumarol (DIC) on adduct patterns in cells treated
simultaneously with JH-MC. The MC-DNA adduct frequencies in DIC-

treated cells were increased 1.5-fold under hypoxia and decreased 1.6-fold

under aerobic conditions from those observed without DIC. This finding
correlates with the known DIC-induced increase and decrease in the cy

totoxicity of MC in hypoxic and aerobic EMT6 cells, respectively. The
monoadduct resulting from monofunctionally activated MC was sup
pressed by DIC under both hypoxic and aerobic conditions. In addition,
DIC induced the selective formation of an unknown DNA-associated ra-

diolabeled substance in hypoxic cells; this is hypothesized to be a cytotoxic
DNA lesion produced by a DlC-stimulated oxido-reductase. The method

ology developed to measure MC adduct patterns may be useful as an
indicator of distinct enzymatic activation processes for this drug.

INTRODUCTION

MC'1 is used in the treatment of a wide variety of solid tumors (1).
The antineoplastic effects of MC reflect its activity as a "bioreductive
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alkylating agent," which causes damage to DNA following reductive

activation of the prodrug to form DNA-reactive species (2-4). In most

cells, reductive activation of MC proceeds more readily in hypoxia;
hypoxic cells therefore are preferentially killed by MC (5). The most
conspicuous type of DNA damage caused by activated MC is the
formation of DNA interstrand cross-links; these occur both in cell-free
systems and in drug-treated cells (2). In general, DNA cross-links
represent highly lethal lesions, presumably because cross-links which

are caught unrepaired at a replication fork irreversibly halt the
progress of the fork, thereby causing cell death. Correlations between
cytotoxicity and DNA interstrand cross-links have been demonstrated
for several cross-linking agents, including MC and a number of its
analogues (2, 6-8).

Investigations of the reactions of MC in cell-free reductive activa

tion systems (enzymatic and chemical) have shown that the DNA
cross-links are accompanied by monofunctional alkylation products of
MC. An interstrand cross-link (9), an intrastrand cross-link (10), and
three monoadducts (11, 12) were isolated in the form of MC-deoxy-
nucleoside adducts from MC-treated DNA by nuclease digestion fol

lowed by separation using HPLC. The structures of the adducts were
determined by various microscale spectroscopic methods. These
structures (Fig. 1) indicate that alkylation of DNA by MC is exquis
itely specific: the sole detectable alkylation site is the N2 position of

guanine. Bisadduct 5 was rigorously shown to correspond to the
interstrand cross-link (13, 14), while bisadduct 2 is an intrastrand
cross-link formed by MC between two adjacent guanines in the same

strand (10).
Elucidation of the DNA adducts formed by cytotoxic agents in

cell-free systems is usually a prerequisite for the identification of the

DNA adducts formed in intact cells because the quantity of adduct that
can be isolated from intact cells is insufficient for determining struc
tures directly (15). However, of the complex set of adducts observed
for MC in cell-free systems (Fig. 1), only the interstrand cross-link

(adduct 5) had been identified previously in intact cells; this adduct
was identified in rat liver DNA by direct comparison with authentic 5
(9). Cross-linked DNA itself has been detected after MC treatment in

a wide range of cells and organisms by alkaline elution or related
methods (2, 16, 17), and there remains little doubt that detection of
cross-linked DNA is equivalent to detection of adduct 5 in these
systems. The monoadducts 3 and 4a and the intrastrand cross-link 2,
which together represent a large proportion of the total MC-induced
lesions in DNA in cell-free systems, had not been detected previously

in cell cultures, bacteria, or animals. Recently, DNA monoadducts and
a bisadduct of porfiromycin (Af-la-methyl-mitomycin; POR) were

identified in EMT6 mouse mammary tumor cells (18) and in P388
mouse leukemia cells (19). In both cases, cells were treated with
3H-POR, and 3H-labeled adducts were isolated and compared directly

with authentic POR-deoxyguanosine adducts.
3H-Labeled MC previously had not been available to carry out

analogous studies of the formation of MC adducts. High specific
activity 3H-MC was synthesized recently (20) and was used in the

present study along with the HPLC method for analyzing adducts
(15). All four major adducts of MC and DNA formed under reductive
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Fig. 1. Structures of mitomycin C (1) and its DNA adducts.

conditions in cell-free systems were found in EMT6 mouse mammary
tumor cells following treatment with 6-methyl-3H-MC. Three of the

four major MC-DNA adducts were identified for the first time in intact
cells; one of these is a DNA intrastrand cross-link recently discovered
in a cell-free system (10). These experiments also asked whether

manipulations which altered the cytotoxicity of MC also altered DNA
adduci patterns; in particular, the effects of hypoxia and treatment
with DIG were examined. The results indicate that MC adduci pattern
analysis can serve as an indicator of the intracellular enzymatic acti
vation of MC. Such processes are of great interest because they play
a critical role in MC antitumor selectivity and drug resistance (21).

MATERIALS AND METHODS

Chemicals

Bovine pancreatic RNase A (type Xll-a) (EC 3.1.27.5) and nuclease PI

(PÃ©nicillium citrinum) (EC 3.1.30.1) were purchased from Sigma Chemical
Co. (St. Louis, MO). Alkaline phosphatase (Escherichia coli) (EC 3.1.3.1) and
phosphodiesterase I (Snake venom diesterase; Crotalus adamanteus venom;
EC 3.1.4.1) were purchased from Worthington Biochemical Company (Free
hold, NJ). Sources for all other materials used were given in a previous

publication (18).

Drugs

6-CH3-3H-Mitomycin C (70.4 Ci/mmol), synthesized by the method of Arai

and Rasai (20), was donated by Kyowa Hakko Kogyo Co., Tokyo, Japan. The
material was supplied in ethanol solution (4.6 mCi/ml), to which unlabeled MC
in ethanol solution was added, to give a final solution of 20 mCi/^mol specific
activity and concentrations of 3.0 mCi/ml in radiolabel and 0.15 ^.mol/ml MC.
The radioactive purity of MC was approximately 90% as analyzed by reverse-
phase HPLC. The solution was stored at -20Â°C; it remained stable after 1 year.

Nonradioactive MC was supplied by Dr. D. M. Vyas, Bristol-Myers Squibb

Co., Wallingford, CT.

Cells

EMT6 mouse mammary tumor cells were maintained as exponentially
growing monolayers in Waymouth's medium supplemented with 15% fetal

bovine serum and antibiotics in a humidified atmosphere of 95% air/5% CO2
as detailed elsewhere (22). Cells for experiments were grown as monolayers in
T75 flasks in 25 ml of Waymouth's medium for 3 days. At the start of an

experiment, the medium was removed from 10-20 flasks and the cells were

washed, trypsinized, and pooled to form a single cell suspension.

Treatment of Cells

Cells from a single suspension were seeded into 250-ml spinner flasks at a
density of 5 X IO5 cells/ml in 100 ml of Waymouth's medium. Rubber stoppers

were placed on the arms of the flasks, and cultures were gassed for 2 h with
95% air/5% C02 through a 13-gauge needle that pierced the septum of a rubber

stopper. The gas flow was monitored by bubbling the outflow gas through
water. Cells were then gassed with 95% air/5% CO2 or 95% Nz/5% CO2 for an
additional 2 h before the start of the MC treatment. Cultures were treated with
0.2 /AM3H-MC (20 mCi/nmol), with 2 H.M3H-MC, or with 2 /IM 3H-MC plus

300 fin DIC for 1 h.

Isolation of DNA from Drug-treated Cells

The treated cells were washed with physiological saline, pelleted, and
resuspended in 20 ml of lysis buffer containing 1% sodium dodecyl sulfate and
2 mg/ml of proteinase K. Cells were lysed by vortexing followed by incubation
at room temperature overnight. After cell lysis, an initial two-step extraction of

protein was performed. The lysate was extracted twice with phenol which was
buffered with 10 HIM Tris-HCl-1 mM EDTA, pH 7.5, and stabilized with
8-hydroxyquinoline, and then extracted once with chloroform/isoamyl alcohol

(24:1, v:v). The DNA was then precipitated by the addition of 2 volumes of
ice-cold absolute ethanol, spooled onto the end of a pipet, rinsed with cold 70

and 100% ethanol, and partially dried with a hair drier. The dry DNA was
rehydrated in 10 HIMTris-HCl-l HIMEDTA buffer, pH 7.5, overnight at 4Â°C.

The DNA was then treated with 27 units of bovine pancreatic RNase A in 3.1
ml of 10 mM Tris-HCl-l HIMEDTA, pH 7.5, for 2 h at 40Â°Cfollowed by
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Table 1 Distribution of radioactivity in nucleosides anil MC-nucleoside adducts in DNA from EMT6 cells after malmeni with :H-MC under various conditions

Experiment "

(group)IabcdIIabIIIabcdef3H-MC

concentration,

conditions0.2

Â¿IM,acerbic2.0
IJLM,aerobic0.2
(J.M,hypoxic2.0
IJLM,hypoxic2.0

Â¡IM,aerobic +DIC2.0
/Â¿M,hypoxic +DIC2.0

IJLM,aerobicSame:
CsCl-purifiedDNA2.0

IJLM,hypoxicSame;
CsCl-purifiedDNA2.0

(Â¿M,aerobic +DIC2.0
;IM, hypoxic + DICcpm''-''

indi"'6101,640ND2,7503401,0505,1003,6601,7601.610310710cpm'''cin21451,1101202,5509903,8108409101,9001,5807203,060cpm*-"'in32201,5401102,0201,4904,3101,5001,0101,9401,3101,0804,960com*-''in4a12066030740NDND1,0208401,130860420540cpmh-cin52802,1701802,2801,0004.2203305307801,1401801,190cpmh-cinY2107301902,3705201,6701,1601.3401,6501,6105201,840cpm

''-'in
cpmh'c total adduci

in X (2 + 3 + 4a + 5 +Y)3,26015,2005202102,2401,5402,8602&6909606.2106309,9604,00014.0204.8404.6407,4006.5002.91011,580Frequency
of total

adducts/nucleotide1'5.4

X3.5
X3.5
X5.6
X2.2

X7.9
X2.7

X2.6
X4.2
X3.7
X1.6
X6.5

XIO'"io-7io-"io-7io-7io-7io-7io-7io-7io-7io-7io-7
" Experiments I, II, and HI represent three independent studies. Different groups within each experiment were treated and processed simultaneously.
''After subtraction of estimated average baseline cpm in HPLC plots, varying from 35 to 100 cpm in individual experiments.
'' Normalized to 6.5 A2bi>"nits (1 (imol) total DNA digested. The actual amount was 4 to 10 A2Hi DNA unless otherwise noted.

'' dT. deoxythymidine. ND. not detected.
*'Calculated as equal to:

jimol (^H-adducI) cpm X 2.5/2.22 X Id'1 dpm/^Ci/20 mCi/^mol

|o.mol DNA nucleotide 1 (Â¿mol

where 2.5 is the conversion factor of cpm to dpm. and 20 mCi/^imol is the specific activity of 3H-MC.

extraction of protein twice with 3 ml of a 1:1 solution of buffered
phenol:chloroform/isoamyl alcohol, and then once with 3 ml of chloroform/
Â¡soamylalcohol. Following this treatment, one-tenth volume of 3 M sodium

acetate, pH 5.2, was added, and the DNA was precipitated by addition of 2
volumes of ice-cold 95% ethanol.

The precipitate was resuspended in 2 ml of 20 HIMNH4HCO,, sheared by
forcing the suspension through an 18-gauge needle, purified on a Sephadcx
G-50 column (2.5 x 56 cm; eluant, 20 min NH4HCO3), and lyophilized. The
final yield of DNA was 35 to 45 A2M units/10" cells, as determined spectro-

photometrically. The specific radioactivity of the preparation varied from
490 to 3000 cpm/A2hl, unit, depending upon the conditions of drug treatment
(see "Results").

Further Purification of DNA by CsCI Density Gradient Centrifugaron

This was carried out only in two selected cases as noted. DNA from the
'H-MC treated cells (12 A2Â«,units) in 5 ml of 0.02 MTris-HCl-1 HIMEDTA

buffer, pH 7.4, was mixed with 10.45 g of CsCI and the final volume was
adjusted with water to give a density of 1.73 g/ml, as determined by weighing.
Centrifugation was carried out in a Beckman Model L8-70 ultracentrifuge

using a type 50 rotor at 44,000 rpm for 18 h. The tubes were pierced at the
bottom, 10-drop fractions were collected, and the A254 of the fractions was

automatically recorded. The DNA containing fractions, which formed a sym
metrical band, were pooled and passed through a Sephadex G-25 (fine) column
(2.5 X 56 cm; eluant, 0.02 MNH4HCO3). The DNA-containing fractions were

pooled and lyophilized.

Treatment of Purified EMT6 DNA with MC

Anaerobic Reductive Activating Conditions (Bifunctional Activation).
A solution of DNA [0.57 ITIMin mononucleotide units, based on E2M (molar
extinction coefficient at 260 nm) = 6500] and MC (0.57 HIM) in 15 mm
Tris-HCl buffer, pH 7.4, was deaerated by purging with argon. Na:S2O4 (21.3

ITIMin a fresh, deaerated buffer solution) was added to a final concentration of
0.85 ITIMin 5 portions at 5-min intervals, under purging with argon. The
MC-DNA complex was isolated as the void volume fraction upon chromatog-
raphy of the mixture on a Sephadex G-100 column (2.5 X 58 cm; eluant, 20

rriMNHjHCO,), followed by lyophilization (9).
Aerobic Reductive Activating Conditions (Monofunctional Activation).

A mixture of MC (0.57 ITIM)and DNA (0.57 HIMin mononucleotide units) in
15 ITIMTris-HCl buffer, pH 7.4, was treated with 0.85 ITIMNa2S2O4 under

continuous stirring, open to air, followed by isolation of the MC-DNA complex

as described above (23).

Enzymatic Digestion of the MC-DNA Complex to Nucleosides and
MC-Nucleoside Adducts

The lyophilized MC-DNA complex, prepared in vitro or isolated from

EMT6 cells as described above, was digested to the nucleoside level by the
following protocol: nuclcasc PI (1.0 unit//42Wiunits of complex) was added to
the complex in dilute aqueous acetic acid, pH 5.0 (2.5 AM, units/ml), followed
by incubation for 2 h at 55Â°C.The pH was adjusted to 8.2 and MgCl: was

added to a concentration of 0.9 ITIM.Addition of snake venom diesterase (4.5
units/,42M>units of complex) and a 1-h incubation at 37Â°Cwere followed by the

addition of alkaline phosphatase (1.6 units/A2hn unit of complex) and a 2-h
incubation at 37Â°C.After digestion, the samples containing unlaheled MC were

lyophilized and redissolved in varying volumes of water for HPLC analysis.
Samples from experiments with 'H-labeled MC were lyophilized and redis

solved in 300 (Â¿1of water containing unlabeled standards of known adducts for

HPLC.

HPLC Analysis of Adducts in Digests

A Beckman Model 322 HPLC system, equipped with a Model 427 integra
tor and Model 165A absorbance detector set at 254 nm, was used throughout,
using a Beckman ODS Ultrasphere column (4.6 x 250 mm) eluted with a
6-18% acetonitrile gradient in 30 HIMKH2PO4 at pH 5.0 for 40 min al a flow

rate of 1 ml/min. Samples from experiments with unlabeled MC were injected
and the UV absorbance of the cluatc was recorded continuously. In experi
ments using 3H-MC. an aliquot of the digest, corresponding usually to 6.5 A2hl,

units of original DNA (1.0 (Â¿mol),was injected; when a different amount was
injected, the results (Table 1) were normalized to 6.5 A2Hi units of DNA. The
UV absorbance of the cluate was recorded continuously. Fractions were col
lected, mixed with 4 ml of scintillation fluid (Fischer Scinti Verse LC), and
counted in a Beckman Model LS 6000 scintillation spectrometer. Fraction sizes
varied in different runs from 5-8 drops (approximately 0.6-0.9 ml). Radioac

tivity in cpm was plotted as a function of fraction number. The UV tracing of
the eluate (as function of elution time) had a mark for each fraction for
correlation with the cpm plots.7 A 20-40% loss of total radiolabel occurred

upon recovery in the fractions, as was observed previously in analogous
experiments (18). This loss appeared to be nonspecific and inherent in the
recovery of material from reverse-phase HPLC columns. No correction was

made for this loss.

7 Due to the complexity of their appearance, such double plots arc not shown here.
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Preparation of Authentic Standard MC-Nucleoside Adducts for
Identification of -'H-labeled Adducts in HPLC Fractions

Adducts resulting from bifunctional activation of MC (Fig. 1, adducts 2, 3,
and 5) were conveniently obtained by alkylation of commercially available
Microcuccus lÃºteas DNA, using the procedure described above. The adducts
from a larger scale digestion were separated and collected using a semiprcpara-

tive (1 x 25 cm) HPLC column, as described previously (10). Adducts of
monofunctionally activated MC (4a and 4b) were prepared using deoxygua-

nosine as substrate (24).

RESULTS

MC-DNA Adducts Formed with Isolated EMT6 DNA under

Aerobic and Anaerobic Reductive Activation by Na2S2O4. Aero
bic Na2S2Oj conditions which result in monofunctional activation of
MC yielded predominantly the isomerie monoadducts 4a and 4b (Fig.
2a), as observed previously using DNA from other sources (23, 25).
In contrast, anaerobic Na2S2O4 conditions yielded adducts 2, 3, and 5,
as well as a previously undetected substance marked Y (Fig. 2b). The
small peak eluting just before 2 is a bisulfite-containing artificial

adduci (26). The pattern is analogous to those obtained previously
with other DNAs under the same conditions (10).

Radiolabel in DNA Isolated from EMT6 Cells Treated with
â€¢¿�'H-MC.The purified DNA contained variable amounts of associated

radioactivity, depending upon the conditions of the treatment. How
ever, not all of this radioactivity was due to ^H-MC bound to DNA.

HPLC patterns indicated that radiolabeled peaks coincided with UV
peaks corresponding to deoxythymidine and, to a lesser extent, de-

oxycytidine, deoxyguanosine, deoxyadenosine, and adenine (Figs.
2-4; Table 1). The extent of this incorporation was greater under

aerobic conditions than under hypoxic conditions; DIC treatment sup
pressed incorporation into deoxynucleosides under both conditions
(Table 1).

Identification of Adducts in EMT6 DNA Isolated from -'H-MC-

treated Cells. The HPLC patterns of digested DNA from EMT6 cells
exposed to 3H-MC were compared with HPLC patterns of the known

adducts present in digests of EMT6 DNA-MC complexes formed in a
cell-free system (Fig. 2. a and b). Adducts 2, 3, 4a, and 5 were readily

identified by this comparison (Fig. 2, c and d). The identity of the
elution times of the radiolabeled peaks with those of the UV peaks of
known adducts was rigorously established in all experiments by add
ing a mixture of authentic standard adducts (2, 3, 4a, 4b, 5, or a
combination of several of these) to the digest before injection and
recording the /4254of the eluate during the HPLC run; the absorbance
plot was then correlated with the plot of radioactivity as described in
"Materials and Methods." It is to be noted that variations of fraction

number positions of individual adducts in Figs. 2-4 are due to differ

ences in the volumes of the fractions collected in the various experi
ments. The elution times of the internal standard adducts, which
formed the basis of peak identifications, varied only slightly within a
typical pattern, as illustrated, for example in Fig. 2, a and b.

A new adduci, marked Y, which had not been detected previously in
cell-free systems, was observed both in the cell-free system upon
bifunctional activation (Fig. 2b) and in DNA from 'H-MC-treated

cells (Fig. 2, c and d), as confirmed by the coelution method.
Several unidentified radiolabeled peaks were apparent in the adduci

elution region of the HPLC patterns (note the peak eluting immedi
ately before 2 and immediately after Y, in Figs. 2â€”4).These peaks

differed from the peaks of the identified adducts in that the radiolabel
consistently coincided with small but definite UV peaks. They were
therefore analogous to the "UV and radiolabeled" peaks correspond

ing to deoxythymidine and other nucleosides, described above. De-
lectabilily by UV implies that these substances are not MC-adducts,

20 40 60

FractionNo.
80 100

Fig. 2. Detection of MC-DNA adducls by HPLC: analysis of enzymatic digests of
DNA. a, digest of purified EMT6 DNA treated with MC in vitro. Activating conditions.
Na2S2O4, in air. b is the same as a. except that anaerobic conditions were used for the
activation of MC. c. digest of DNA from EMT6 cells treated with 2.0 /IM 3H-MC under

aerobic conditions. DNA was purified by CsCI density gradient centrifugation before
digestion. Insel, same DNA but CsCI purification step was omitted, d, digest of DNA from
EMT6 cells treated with 2.0 ftM 'H-MC under hypoxic conditions. DNA was purified by

CsCI density gradient centrifugation. Inset, same DNA but CsCI purification step was
omitted.

based upon the following considerations: given (a) the 5 X 10~3

absorbance sensitivity limit of the UV detector of the HPLC, (b) the
44.4 X 10y dpm//^mol specific radioactivity, and (c) approximately

20,000 as Â£254(molar extinction coefficient at 254 nm) of a 1:1
mitomycin-deoxyguanosine adduci, it can be estimated that a radio-

labeled adduci peak containing 1000 cpm (40% counting efficiency;
2500 dpm) would correspond to only 10~6 A2S4 units, more than

1000-fold below the detection limit of the UV detector at the setting

of highest sensitivity. Therefore, the radiolabeled peaks which are also
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40
FractionNo.

80

Fig. 3. Concentration dependence of MC adduci formation: HPLC analysis of en/y-
matic digests of DNA from cells treated with 0.2 /Â¿M'H-MC (a), and 2.0 (IM 'H-MC (b),

both under aerobic conditions.

detectable by their UV absorption are unlikely to be adducts. Instead,
they are likely to reflect secondary metabolic products of 3H-MC, like
deoxythymidine, in which the radiolabel has been "diluted" and which

have much lower specific radioactivities than the adducts.8 Appropri

ately, there were no UV peaks coinciding with the radiolabeled peaks
assigned as adducts 2-5, Y and X, except when UV standards were

added deliberately (data not shown).
A third unidentified peak of radioactivity, eluting between 5 and Y,

may also be a nonadduct artifact, because its intensity (i.e., total cpm)
varied inconsistently from hardly detectable (Fig. 2, c and d) to
prominent (Figs. 3, a and b, and 4b).

Additional purification of DNA from 'H-MC-treated cells by CsCl

density gradient centrifugation did not alter significantly either the
qualitative or quantitative pattern of radiolabel in the digests. This can
be seen by comparing the patterns in Fig. 2, c and <l,with those from
the same DNA prior to the CsCl purification step (Fig. 2, c and d,
insets). Quantitative comparisons of the normalized radioactivity of
individual adducts are given in Table 1, Experiment III, a, b, c, and <i',

these show good agreement between the adducts from unpurified and
CsCl purified DNA. It was concluded that CsCl purification was not
necessary, and this extra step was not utilized elsewhere.

Drug Concentration-dependence of DNA Adduct Formation in
3H-MC-treated Cells. DNA from aerobically grown cells treated
with 0.2 JXM3H-MC had a total of %() cpm in all adducts taken

together, while treatment with 2.0 JAMdrug gave 6210 total cpm
(6.4-fold more). DNA from cells grown under hypoxia and treated
with 0.2 JAM3H-MC and 2.0 /AM3H-MC had 630 and 9960 cpm

associated with adducts, respectively (approximately 15-fold more at
the 10-fold higher dose; Table 1, Experiment I). The HPLC patterns of

the aerobic pair Experiment I, a and b, are shown in Fig. 3. It is
apparent that the patterns of radioactivity are qualitatively similar but
show lower peak heights at the lower drug concentration. The hypoxic
pair gave similar results (data not shown).

Effects of Hypoxia on MC-DNA Adduct Patterns. Adducts
formed in aerobic and hypoxic cells treated with 2.0 /J.M3H-MC were

directly compared in two independent experiments. A comparative set
of patterns is seen in Fig. 2, c and d. The radioactivity of individual
adducts and total adducts were calculated from the patterns and were
normalized to give 6.5 cpm/A2M, unit (1 iimol) of DNA as described
in "Materials and Methods." These values are listed in Table 1 (Ex

periment I, b compared to d; Experiment III, a compared to c and b
compared to d. The average frequencies of total adducts/DNA nucleo-

tide were calculated from these two data sets and are presented in
Table 2. At 2 JAMdrug concentration, 1.5-times more adducts are

formed under hypoxia than under aerobic conditions. The single ex
periments using 0.2 /AMMC (Experiment I, a and c, Table 1), were not
taken into consideration in this analysis because of the inherent inac
curacy of the low cpm values of the adducts formed at 0.2 ÃŒIMMC.
The distributions of the adducts were also different for aerobic and
hypoxic cells: the intrastrand adduci, 2, the interstrand adduci, 5, and
the monoadduct, 3, were all increased under hypoxia, while monoad-

duct 4a remained constant (Fig. 2, b and c: Table 1, Experiment III, c
compared to a and d compared to b).

Differential Effects of Die on Adduct Patterns in EMT6 Cells
Exposed to JH-MC under Hypoxic and Aerobic Conditions. Two

independent groups of experiments examining adducts in DIC treated
cells show remarkable reproducibility (Table 1; compare Experiment
II, a and b, with Experiment III, e and /). Table 2 lists the average
frequencies of total adducts/DNA nucleotide. In the presence of DIC,
hypoxic cells produced 3.8 times more total adducts than did aerobic
cells. This hypoxic versus aerobic adduci differential is substantially
higher than the 1.5-fold differential observed in the absence of DIC.

The widened adduci differential originates from the opposing effects
of DIC in these two environments: suppression of adduci formation in
aerobic cells and enhancement of adduci formation in hypoxic cells
(Table 2). The yields of individual adducts correspond to the overall
differential, except for adduci 4a (the product of monofunctionally
activated MC), which is greatly suppressed by DIC under both aerobic
and hypoxic conditions (Table 1; Experiment II. a and b. and Experi
ment III. e and /).

Appearance of an Unknown Radiolabeled Substance, X, in Di
gests of DNA from Cells Treated with 3H-MC and DIC. In the

presence of DIC, DNA from both aerobic and hypoxic cells treated
with 3H-MC displays a peak of radiolabel (marked X on Figs. 2 and

4) at fraction numbers 75-80 (23-25 min elution time). This peak
surpassed all other radiolabeled peaks in its intensity (Fig. 4, a-c). No
UV-absorbing peak corresponding to this elution time was observed in
DNA treated with MC in cell-free systems (Fig. 2, a and b). The UV
tracing of the HPLC elution pattern of the digests from the MC-treated

cells did not show a UV peak above background at this elution time
(data not shown). Thus, substance X may be an adduci, rather than a
weakly radiolabeled metabolite originating from the metabolism of
'H-MC, as discussed above. The intensity of X is dramatically en

hanced in the DNA digests from hypoxic cells as compared to those
from aerobic cells (approximately 7-fold, as calculated from the data

in Table 3). Thus, DIC appears to induce the formation of substance
X preferentially in hypoxic cells treated with 'H-MC.

Table 2 Frequency of total adduct.'i/nucleoliile

Conditions2

JAMMC, aerobic
2 Â¿IMMC. hypoxic
2 JIM MC. aerobic + DIC
2 (IM MC. hypoxic + DICFrequency"3.1

XIfT74.8
xirr71.9
X IO"7

7.2 X 10~7

MThey may correspond to low-level contaminants of DNA which are released upon the

enzymatic digestion.

" Frequencies shown are means of 2 values, determined in independent experiments.

Individual values (shown on last column of Table 1) do not differ from means by more
than 20%. Values for CsCl-purified DNA were not included in this analysis.
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Fig. 4. HPLC analysis of enzymatic digests of DNA from EMT6 cells treated simul

taneously with 3H-MC and DIC. In a, 2.0 fist 'H-MC, 300 JIMDIC and aerobic conditions

were used, b is the same as a. except hypoxic conditions were used, c has (he same DNA
preparation as in b. hut it is digested in a separate experiment. The amount of digest
injected corresponded to SI A2*Â¡iunits of DNA (~10% of that injected in b).

The metabolic incorporation of 3H into deoxythymidine was greatly

suppressed by DIC in both aerobic and hypoxic cells (Tables 1 and 3).
Characterization of Unknown Adduct Y. Adduci Y was isolated

by HPLC from a digest of MC-M. lutcus DNA complex, prepared as
described in "Materials and Methods." This adduci coeluted with the

peak marked Y from the MC-EMT6 DNA complex (Fig. 26). The UV
speclrum (not shown) indicated that Y is a mitosene-deoxyguanosine

adduci, similar to all of the other known adducls 2, 3, 4a, 4b, and 5
(10-12).

DISCUSSION

The radiolabeling of an alkylating agent provides the most direct
method for the detection and identification of DNA adducts formed in
intact cells (15). The 3-P-postlabeling assay described by Randerath et

al. (27) may be advantageous, provided that it is calibrated by au
thentic standard adducts in the 5'-phosphate form and that the adducls

can be well separated. In the case of MC, the formation of 32P-

postlabeled adducts was demonstrated in DNA from both rat tissues
(28) and cancer patienls (29), but the adducts could not be identified
in eilher case, probably because of the lack of calibration wilh au
thentic adducts. Thus, this methodology has not yet lent itself to the
successful characterization of MC adducts.

Introduction of an 3H-label into the 6-methyl group of MC by a

complex series of chemical transformations by Arai and Kasai (20)
made radiolabeled MC of high specific activily available for the first
lime. This reagent enabled us to delineate the 3H-MC-DNA adducts

formed in inlact cells by HPLC assay, using ihe general procedure
described by Ludlum (15). We demonstrated that each of the four
major adducts (2, 3, 4a, and 5) previously observed in cell-free studies

with activaled MC was also formed in inlaci EMT6 mouse mammary
tumor cells upon trealment with MC. Of these adducts, only 5 had
been shown previously to be formed in intact cells (9). The similarity
of the adduci patterns observed for DNA reacting with MC intracel-
lularly and in cell-free activation systems (e.g., Fig. 2) is not unex

pected; such similarity has been noted for many alkylating agents and
bulky carcinogens (30).

The present results represent an important advancement over our
analogous study of POR adducts, which used N'^'-methyl-'H-POR

(18). The 1000-fold lower specific activity of POR (20 mCi/mmol)

required the use of very high drug concentrations (20 /XMand 100 JU.M.
under hypoxic and aerobic conditions, respectively) for the detection
of adducts. Despite the use of these very large concentrations of drug,
the POR analogues of several MC adducts, such as Y and the intra-
strand cross-link adduci 2, were not detected. The latter adduci was

probably missed because of Ihe use of a DNA digeslion protocol
which is now known to hydrolyze 2 to 5 (10).

The observed metabolic incorporation of ^H-label from 3H-MC into

normal DNA constituenls (and probably other cell components) is not
unexpected. Incorporation of 'H from the N'a-methyl group of POR

into Ihymidine in EMT6 cells (18) and into all four nucleosides in
CHO cells (31) was noted previously. Similar phenomena have been
reported by others using various radiolabeled drugs (e.g., see Ref. 28).
It was possible lo distinguish most of the products bearing such
secondary radioactivily because of differences in the specific radio
activities. It is apparent from the findings that the total amount of
radioactivity associated with DNA should not be used as a measure of
the quantity of bound 'H-MC.

The HPLC assay of â€¢¿�'H-labeledMC adducts was used to investigale

the relationship between DNA adducts and cytotoxicity. Firsl, adducls
formed under hypoxic or aerobic conditions were compared. MC is
preferentially toxic to EMT6 cells under hypoxia (Fig. 5). Comparison
of adduci yields showed that, overall, 1.5 times more adducts were
formed in hypoxic cells. Analogous results were obtained in previous
studies with POR (18, 19). The differential cytotoxicity of POR to
hypoxic versus aerobic cells is greater than thai of MC; in slriking
correlation, the POR-adducl yield also showed a grealer hypoxic
versus aerobic differential: 15-fold for POR (18), as compared to
1.5-fold for MC. Taken together, these results indicate thai tolal DNA

damage is increased under hypoxia; ihis is likely lo be a major factor
in the production of increased cytotoxicity by the drugs in hypoxia. An
analogous correlation was demonstrated previously between Ihe fre
quency of DNA inlerstrand cross-links delecled by alkaline elution
and the cytotoxicily of MC and POR (8, 16). The differenl MC-adduct
distributions in hypoxic and aerobic cells also deserves notice: mono-
adduct 4a, the signature of the monofunctionally activated9 MC (23),

was more predominant in aerobic cells than in hypoxic cells (Fig. 2,
b and c). This parallels ihe effecl of air on adduci dislribulions in
cell-free model syslems (Ref. 23; Fig. 2, a and b). Our earlier POR-

adduct sludy (18) also yielded analogous results. Accumulation of this
monoadduct, rather than the more lethal cross-link, may contribute to

the lower loxicily of MC and POR observed in aerobic cells.
Defining the mechanism by which hypoxic conditions lead to in

creased DNA adduci formation requires a knowledge of the intracellu-

lar enzymatic reduclion processes and the subsequent molecular
events leading to the DNA-alkylating species. There is evidence that
both one-eleclron and two-electron reduction of MC can occur in

" This term should not be confused with "monofunctional alkylalion of DNA." The

latter occurs with both monofunctionally and btfunctionally activated MC. as shown in
Fig. 1.
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Table 3 Effects of DIC on DNA of MC-treated cells

ConditionsAerobic,

2.0 (IM MC
Hypoxie, 2.0 Â¡ÃuMCIncorporation

of 3HintodT"Decreased

DecreasedFrequency

of total
adducts/nucleotidehDecreased

1.6-fold
Increased 1.5-foldAdduci

4a'Decreased

DecreasedYieldSubstance

XIncreased

5-fold d
Increased 12-fold ''

0 As seen from data in Table 1; "cpm in dT" column; dT, deoxythymidine.
b Calculated from data in Table 2.
c As seen from data in Table 1; "cpm in 4a" column.
''Calculated from data in Table 1; "cpm in X" column.
e Calculated from data in Table 1; "cpm in X" column.

IO'* -

1.0 zo
HOURS OF TREATMENT

Fig. 5. Effect of 100 H.MDIC on the survival of EMT6 cells treated with 1.5 Â»ÃŒMMC
under aerobic conditions (solid symbols) or hypoxic conditions (open symbols). O, â€¢¿�,MC
alone; C-, *, DIC + MC; A, A, vehicle or dicumarol under aerobic or hypoxic conditions.

Points are geometric means. SEMs are shown only for 2 h to simplify the figure; SEMs
for other points are smaller. Reprinted from Ref. 34, with permission.

mammalian cells and that both processes can lead to activation of MC
to DNA alkylating and DNA cross-linking species. However, O2 se
lectively inhibits adduci formation through the one-electron-induced
activation pathway by reoxidizing the initial semiquinone (21, 35-38).

A decrease in the level of DNA adducts under aerobic conditions, as
seen here, qualitatively supports this mechanism. However, it is still
unclear which reducÃaseenzymes are actually involved in the activa-

lion of MC in living cells, and it is probable thai different reductases
are dominant in different cell lines and under different conditions (21).

The relationship between DNA adduci patterns and cytotoxicily
was also invesligaled in DIC-lreated cells. DIC has been used lo
invesligale Ihe role of DT-diaphorase in the biological aclivily of MC
(33, 34, 38-43). DIC is a polent inhibitor of this obligate two-electron

quinone reducÃase. Il was shown previously lhal in the presence of
DIC, the cytotoxic effects of MC and POR in EMT6 cells were
decreased under aerobic conditions; in contrasl, cytoloxicily was po-

lenlialed in hypoxic cells (33, 34). In EMT6 cell sonicates, increased
formalion of reactive metabolites of MC was observed in the presence
of DIC under hypoxic conditions (39).

The present results provide experimenlal evidence lhal Ihe opposing
effecls of DIC on the cyloloxicity of MC to EMT6 cells under aerobic

and hypoxic condilions is related to differenlial effecls of DIC on Ihe
yield of DNA adducisi a 1.6-fold decrease under aerobic condilions
and a 1.5-fold increase under hypoxia (Tables 1 and 3).

The DIC-induced decrease in adduci yield in aerobic cells suggests
thai DT-diaphorase and/or NADH cylochrome b, reducÃase,bolh of
which can bioaclivale MC and are inhibiled by DIC (39, 44), con-
Iribule lo the reductive aclivalion of MC to a DNA-alkylating species
under aerobic condilions. However, MC can inactivate DT-diaphorase

at physiological pH (36, 38). Other enzymes which are not inhibited
by DIC must also be involved in the aerobic activalion of MC because
DNA adducls are siili observable under these conditions, albeit at a
diminished level, in the presence of DIC. Xanthine dehydrogenase
(43) may fil Ihe role of such an enzyme (see below).

The increased adduci yield in hypoxic cells upon Irealment wilh
DIC implies lhal a DIC-slimulaled enzyme(s) may conlribule signifi-

canlly lo Ihe aclivalion of MC under hypoxia. Recenlly, xanthine
dehydrogenase isolated from EMT6 cells was reported lo bioaclivate
MC under both aerobic and anaerobic conditions and this activation
was shown to be stimulaled 3^4-fold in Ihe presence of DIC (37, 43).

This makes xanlhine dehydrogenase an excellenl candidale for ihis
aclivily.

The dislribulion of the known adducts is also modulated by DIC.
Adduci 4a, which is the characterislic product of monofunctional
aclivalion9 of MC (23), is suppressed by DIC under bolh aerobic and

hypoxic condilions, suggesting lhal DT-diaphorase and/or NADH cy

lochrome b5 reducÃase is responsible for its production. The same
effecl was observed previously in Ihe analogous study of 3H-POR

adducts (18).
A more conspicuous effect of DIC on the adduci dislribution is the

formation of a new radiolabeled substance appearing as the predomi-

nanl component in DNA digests, marked X in the HPLC patterns (Fig.
4). Induction of X is considerably greater (approximately 7-fold)

under hypoxia than under aerobic conditions (Table 3). Il is possible,
based upon Ihe HPLC patterns, that X is also formed to a small exlenl
in Ihe absence of DIC (Figs. 2 and 3). Il is significanl that the
analogous study using 3H-POR (18) idenlified a similar subslance,

which was induced by DIC under the same conditions. The chemical
nature of X has noi been delermined. X is unlikely lo be a product of
the secondary biosynthetic incorporalion of 3H into a DNA constitu
ent, because formation of 3H-labeled deoxyihymidine was suppressed

by DIC, indicaling a lower biosynlhelic lurnover of Ihe radiolabel
from MC into DNA constiluents in the presence of DIC (Table 1).
Furthermore, the X peak is noi associaled with UV absorbance. Since
X apparently is not formed in cell-free syslems using naked DNA, it
may originate from a lernary prolein-MC-DNA complex. As anolher
possibilily, the lale HPLC elulion lime is consistent with a MC-

nucleolide phosphotriester adduci. Altempts to further characterize X
are in progress. It appears thai X is a DNA lesion lhal resulls in
toxicity. Our working hypothesis is thai this lesion is induced by a
specific reducÃase,possible xanlhine dehydrogenase, which is slimu-

laled by DIC.
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