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SUMMARY

The combination of doxorubicin and mitomycin C has been shown
previously to result in supra-additive tumor cell killing in vitro in both
murine and human breast cancer cells and in vivo against murine
breast cancer cells. Median effect analysis was used to determine the
significance and degree of interaction. The origin of this synergy was
sought by evaluating the contribution of membrane efflux pump
modulation, formaldehyde production, reactive oxygen species, DNA
cross-linking, and DNA double-strand breaks to this effect. The
interaction of mitomycin C and doxorubicin in vitro was found to be a
true synergy whose mechanism was efflux pump-independent. DNA
cross-links were only found to increase additively with co-administra-
tion of the drugs; however, a supra-additive increase in DNA double-
strand breaks was observed. The results suggest that poisoning of
topoisomerase Ilo by doxorubicin may interact with drug-induced
DNA cross-links to enhance the formation of DNA double-strand
breaks. This interaction, together with glutathione depletion and
mitomycin C-derived formaldehyde, may be the underlying mecha-
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nism(s) of the synergy observed between mitomycin C and
doxorubicin.
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INTRODUCTION

Drug combination therapy has been investigated extensively for
over 40 years to overcome the high failure rate of single agent
chemotherapy, thus improving this treatment modality and quality of
life of patients /1/. Chemotherapeutic cocktails have been explored in
the clinical setting, since: (1) combining two or more drugs may result
in additive tumor cell death with subadditive off-target toxicity due to
the lower dose of the individual agents involved; and (2) a tumor may
be sensitive to at least one drug in the combination if the drugs work
through different cytotoxic mechanisms /2/. Additionally, combining
drugs may improve pharmacodynamics. By including two or more
agents that have both exclusive toxic actions and the potential for a
toxic interaction, synergistic efficacy of the drugs can result. This
would further enhance on-target toxicity in the face of lowered indivi-
dual doses of the drugs and decreased off-target toxicity.

Doxorubicin (DOX) and mitomycin C (MMC) are chemo-
therapeutic agents whose efficacy is limited by severe toxicity, e.g. the
cardiotoxicity of DOX and the myelosuppression of MMC. Further-
more, they are susceptible to multidrug resistance (MDR) defenses of
cancer cells /3,4/. The MDR phenotype translates to low intracellular
concentrations of the drugs in the tumor and ineffective chemotherapy
even if high therapeutic doses are administered. Many efforts have
been made to circumvent MDR and the aforementioned problems of

Abbreviations: MMC = mitomycin C; DOX = doxorubicin; MEA = median effect
analysis; Tlla = topoisomerase Il a; DSB = double strand break; ROS = reactive
oxygen species; ABT = l-aminobenzotriazole; DIC = dicumarol; GSH = gluta-
thione; NQO! = NAD(P)H quinone oxidoreductase 1; CYP450 = cytochrome P450
reductase; N-AC = N-acetylcysteinc; BH — 1-bromoheptane: MDR = multidrug
resistance.
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breast cancer chemotherapy, including the use of MMC and DOX
combination. The cocktail of MMC and DOX has been tested
clinically against breast cancer, however with conflicting results.
While one group reported no increased efficacy of DOX and MMC
when co-administered over DOX alone /5/, the second group reported
that higher efficacy was observed /6/. These different results might be
explained by the inclusion of patients who had undergone previous
rounds of chemotherapy, and who displayed a decreased combined
drug efficacy in the first study but not in the second study. Moreover,
the combination dose and scheduling used for the trials may not have
been optimum.

To gain insight into the effects of DOX-MMC combinations and to
provide a rationale for the combination regimens, Cheung et al. /7,8/
conducted extensive investigation of various scheduling and dose
combinations. The results obtained in human and murine breast cancer
cell culture /7,8/, and in heterotopic murine breast tumor mouse
models /8/ have indicated that the combination of MMC and DOX
results in supra-additive antitumor efficacy. If in fact MMC and DOX
act in synergy, defining the parameters important to this interaction
could result in the enhancement of antitumor efficacy at lower doses
than currently used in the clinic, providing the patient with a more
tolerable, clinically useful chemotherapy regimen due to decreased
off-target toxicity. Hence one of the objectives of this study was to
determine the actual synergy of DOX and MMC.

Understanding the mechanism of DOX-MMC interaction is a
required first step in the rational design of their combination into an
effective anti-cancer regimen relevant to the clinical treatment of
breast cancer. Two common toxic endpoints in the individual path-
ways of metabolism of MMC /9,10/ and DOX /11-13/ have been
identified: (1) the generation of reactive oxygen species (ROS), and
(2) the generation of drug-DNA cross-links. Co-administration of
DOX with the formaldehyde releasing pro-drug, AN-9, showed
enhanced genotoxicity due to the formation of a DOX-formaldehyde
adduct, doxoform, which covalently binds DNA /14/. Based on this
finding it is proposed that the methanol lost from MMC during its
proximal metabolic steps may act as a source of formaldehyde for the
formation of doxoform, enhancing the number of drug-DNA cross-
links and increasing the toxicity of the combination therapy /15/. It is
possible that these cross-links may prove cytotoxic due to their
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interaction with DOX-topoisomerase [la-DNA complexes, which are
known to result in DNA double-strand breaks (DSBs) /16/.

In the present study, various experiments and analyses were
conducted to determine whether the supra-additive antitumor efficacy
observed previously is a true synergy of DOX-MMC and to test
whether there are changes in DNA cross-link frequency and DSBs
enabled by MMC metabolism, and whether these changes are
responsible for the interaction observed with the combination therapy
of DOX and MMC. Proof of this synergistic interaction may lead to
the development of clinically useful chemotherapeutic cocktails of
DOX and MMC.

MATERIALS AND METHOD
Materials

Dimedone, [-aminobenzotriazole (ABT), dicumarol, tormalde-
hyde, ammonium acetate, glacial acetic acid, iodoacetic acid, sodium
bicarbonate, f-NADH, B-NADPH, nitrotetrazolium blue, 2,4-dinitro-
fluorobenzene, N-acetylcysteine, 1-bromoheptane, phenazine metho-
sulfate, methylene blue, mitomycin C, and doxorubicin hydrochloride
and other chemicals were purchased from Sigma-Aldrich Canada
(Oakville, ON, Canada). Alkaline comet assay and TUNEL assay
(Titer TACS") materials were purchased from R&D Systems. Inc.
(Minneapolis, MN, USA). The BioRad" Protein Quantitation Kit was
purchased from Bio-Rad Laboratories Inc. (Mississauga, ON.
Canada). Wild type EMT6 murine breast .carcinoma cells were
obtained from Dr. I. Tannock at the Ontario Cancer Institute (Toronto.
ON. Canada). All cell-culture plastic ware was purchased from
Sarstedt (Montreal, QUE. Canada). Cell culture medium. a-modified
Minimal Essential Medium (a-MEM). was obtained from the Ontario
Cancer Institute (Toronto. ON. Canada). Fetal bovine serum (FBS)
and trypsin were respectively purchased from Cansera International
Inc. (Etobicoke. ON. Canada). and VWR International (Mississauga.
ON. Canada).
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Cell maintenance

EMT6 cells were grown in a-MEM supplemented with 10% FBS
(growth medium) at 37°C in a humidified incubator with 5% CO, as
monolayers in plastic flasks (VWR International, Mississauga, ON,
Canada). Cell doubling times were typically 24 hours. When cells
reached confluence, they were trypsinized and subcultured at 50-fold
dilution. Every three months, cultures were renewed by returning to
frozen stock cells.

Preparation of subcellular fractions

The cell fractions were prepared by differential centrifugation, as
previously described for cells taken from male Sprague-Dawley rats
/17/. Cytosolic, mitochondrial, and microsomal cell fractions were
aliquoted into microcentrifuge tubes, and stored at -70°C for future
use. The protein content of the fractions was determined with the
BioRad® Protein Quantitation Kit, as described by the manufacturer.

Measurement of formaldehyde

Formaldehyde was measured in subcellular factions using a
solution containing dimedone (5,5-dimethyl-1,3-cyclohexadione),
which results in the trapping of formaldehyde by dimedone and acetic
acid to form a fluorescent product /18/. Rat liver subcellular fraction
(100 pl of approximately 8 mg protein/ml) was added to 2.0 ml of 100
mM KH,PO, buffer at pH 7.40. To this, MMC and NAD(P)H were
added to final concentrations of 50 puM and 200 uM, respectively.
After 5, 15, and 30 minutes, 2 ml of dimedone working solution was
added, and the mixture was vortexed and immersed in boiling water
for 10 minutes. Dimedone working solution consisted of 25 g of
ammonium acetate, 0.40 ml glacial acetic acid, 0.3 g dimedone, and
100 ml distilled-deionized water (DDI water). After boiling, the
fluorescence intensity at excitation and emission wavelengths of 395
nm and 460 nm, respectively, was measured. For assays using the
inhibitors ABT or dicumarol, a final concentration of 1 mM ABT or 5
puM dicumarol was incubated with 20 pl subcellular fraction in
reaction buffer for 30 minutes at room temperature prior to the
addition of the other components of the assay.
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Measurement of total reactive oxygen species

Nitrotetrazolium blue, a non-specific free radical acceptor resulting
in the formation of the blue diformazan chromophore with the
addition of four electrons /19/, was used to detect total ROS evolved
from drug metabolism in rat liver subcellular fractions. To each well
of a 96-well plate (VWR International, Mississauga, ON, Canada)
containing 185 pl of 100 mM KH,PO4 buffer at pH 7.4, was added
150 uM nitrotetrazolium blue, 20 pl of subcellular fraction, and 10,
20, or 40 uM DOX or MMC. As a positive control, the subcellular
fraction and drug were omitted, and replaced by 50 uM phenazine
methosulphate. The reaction was initiated with the addition of 200 uM
NAD(P)H. After incubation at room temperature for 30 minutes
absorbance was measured at 560 nm. For assays using the inhibitors
ABT or dicumarol, 1 mM ABT or 5 uM dicumarol was incubated with
20 pl subcellular fraction in reaction buffer for 30 minutes at room
temperature prior to the addition of the other components of the assay.

Determination of intracellular glutathione

Intracellular GSH levels were determined in EMT6 cells as
previously described /20/. Cells were treated for 2 hours prior to cell
harvest with 2 mM N-acetylcysteine and 400 uM 1-bromoheptane to
increase and decrease GSH, respectively.

Alkaline comet assay

The extent of DNA cross-linking following drug treatment was
quantified using a modified alkaline comet assay as previously
described /21/. For all experiments, EMT6 cells were plated at 1x10°
cells/ml and incubated for 24 hours at 37°C in 5% CQO, atmosphere.
Following drug treatment, cells were harvested through trypsinization,
and exposed to 3.1 Gy of "**Co y-irradiation over 4 minutes, and kept
on ice within ten seconds of completion of irradiation to prevent DNA
repair. Comets were prepared as per the protocol of the manufacturer.
Slides were photographed under a Zeiss LSM510 deconvolusion
fluorescence microscope (Carl Zeiss Canada Ltd., Toronto, ON,
Canada) using AxioVision® software and a FITC filter. Once the
images were captured, the metric of tail moment was scored using
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CometScore® software (TriTek Corp., VA, USA), which employed the
following equation for tail moment:

Tail moment = (tail intensity)(total comet length — head diameter)

TUNEL assay

DNA double-strand breaks were detected by the R&D Systems
TiterTACS® colorimetric apoptosis detection kit. Prior to processing,
EMT6 cells were plated at 75x10* cells/well in a conical bottom 96-
well plate. The cells were incubated for 24 hours at 37°C in 5% CO,
atmosphere, after which time they were exposed to MMC or DOX
alone and in combination for 1 hour. -Cells were then processed as
recommended by the manufacturer without modification.

Drug accumulation assay

Drug uptake was studied in EMT6 cells in culture described
previously /22/. Briefly, 1x10° cells were plated in the wells of 24-
well microplates and incubated in growth medium for 24 hours. The
cells were then incubated with 2 pM DOX with and without 4 uM
MMC for different time periods, as indicated in results. Cells were
immediately washed twice with ice-cold PBS and detached with
trypsin, followed by pelleting and resuspension in 1 ml of a 1:1
mixture of ethanol:0.3 M HCI. Samples of each time point were
placed in a 96-well microplate and the amount of doxorubicin was
quantified with a spectrofluorimeter with excitation and emission
wavelengths of 475 nm and 533 nm, respectively.

Drug efflux assay

Drug efflux was monitored from cultured cells in situ, adapting a
UV spectrometry method described previously /23/. Briefly, 20x10°
cells were plated onto 1x4 cm glass coverslips and incubated in
supplemented PBS for 2 hours. Supplemented PBS contained all of
the amino acids in a-MEM, 5.5 mM glucose, 4 mM L-glutamine, 20
mM HEPES, and 10% FBS at pH 7.4. After two hours, the coverslips
were placed in 5 ml of supplemented PBS, and incubated for a further
24 hours. Half of the coverslips were then exposed to 1 uM DOX with
and without 2 uM MMC for 2 hours, while the other half remained as
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untreated controls. The cells were then washed twice with ice-cold
PBS, and transferred to cuvettes containing 3 ml of supplemented
PBS, pre-warmed to 37°C, such that each cuvette contained two
coverslips, each at opposing walls of the cuvette. Drug efflux was
monitored at 480 nm for 65 minutes at 37°C, after which time the
difference in A480 nm between the drug-loaded and control cells was
calculated.

Clonogenic assay

EMT6 cells were plated at 1x10" cells/ml and incubated for 24
hours at 37°C in 5% CO, atmosphere. After 1 hour incubation with
DOX and MMC as single agents or in combination, cells were washed
and detached by trypsinization. The cells were replated at 100 or 1,000
cells per dish. Cell cultures were then incubated for one week at 37°C
in a humidified incubator with a mixture of 95% air and 5% CO,,
allowing viable cells sufficient time to grow into macroscopic
colonies. The cells were fixed and stained with a 0.5% solution of
methylene blue in 70% ethanol. The number of colonies formed was
counted on a light table, from which plating efficiencies were
calculated. The control plating efficiency for EMT6 cells was found to
be 73 + 4%. Normalized surviving fractions were determined by
dividing the plating efficiency of the drug-treated cells by that of cells
without exposure to the drug (i.e. the control) /24/. For inhibitor
studies, cells were pre-incubated for 1 hour with 100 uM ABT or 100
uM dicumarol, or for 2 hours with 2 mM N-acetylcysteine or 400 uM
1-bromoheptane, prior to drug treatment.

Median effect analysis

Median effect analysis, a mathematical treatment of drug inter-
actions derived from the mass-action law, was employed to analyze
the results from the clonogenic assay /25,26/. As per the clonogenic
assay method, cells were treated with five concentrations of MMC,
five of DOX, and five of MMC and DOX in combination at a constant
molar ratio of 2:1, and assayed for colony forming ability. The median
effect plot of log[(f,)'-17" versus log[D] was generated, where f, is
the fraction of cells affected unable to form colonies, and D is the drug
concentration. From this plot, both the slope m, a measure of the
sigmoidicity of the dose-effect relationship, and Dy, (x-intercept), the
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median effect dose, were determined for each drug and for the
combination of drugs. The combination index plot was generated as
previously described /25/. The dose of agent 1, agent 2, and both
agents together that affect x% of the plated colonies, Dy, Dy2, Dy12,
respectively, was calculated from Equation 1:

_ fa z
Dx—Dn[l_ﬁ} (Eq. 1)

Finally, the combination index (CI) was calculated for mutually non-
exclusive drugs, using Equation 2 /25,26/:

Di D DD
===

Dy Dx2 DaDx2

Cl is the ratio of the expected effect (D) to the observed effect of the
drugs given in combination (D). The expected effect is calculated
under the assumption of an additive effect. The observed combined
efficacy (Dx) 2) is multiplied by the molar fraction of each drug in the
combination, where P and Q are the fractional concentrations of MMC
and DOX, respectively. The expected effect of each drug can be
calculated from Equations 3a and 3b /25,26/:

CI (Eq. 2)

P
D= Dxl,Z[ Py QJ (Eq. 3a)
D: = DXI'{P+Q} (Eq. 3b)

Statistical analyses

Data are presented as the means + SD for results obtained from
three independent trials. Statistical significance between two groups
was tested with Student’s t-test in MS Excel®. Significance between
three or more groups was determined using one-way, two-way, or
nested ANOVA, depending on the experiment, followed by a post hoc
Tukey’s Honestly Significant Difference test using Minitab v.12%.
Tukey’s test for non-additivity was performed with SPSS v.14°,
testing the hypothesis that there is no multiplicative effect of the
treatments in combination.
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RESULTS
Median effect analysis

The response of EMT6 cells to treatment with MMC and DOX
alone and in combination was quantified through measurements of cell
clonogenic potential. MMC was less effective on a molar basis
at preventing clonogenic expansion than was DOX (Fig. 1A). The
efficacy of tumor cell killing was significantly enhanced when the
chemotherapeutic agents were applied concurrently to the EMT6
monolayer.

The dose-response seen in Figure 1A was linearized into a median
effect plot (Fig. 1B). As outlined by Chou and Talalay /25/, non-
parallel curves in the median effect plot indicate that the two drugs act
non-exclusively in the cell, demonstrating that the toxic endpoints of
each drug are not the same, and the drugs do not compete for the same
targets. This provides evidence that the increased effect of the co-
application of MMC and DOX as seen from the dose-response curve
depends on the combined action of the drugs, and not just their
exclusive toxic mechanisms in the cancer cell. For this specific drug
co-therapy, the combination index analysis shows that MMC and
DOX interact synergistically in EMT6 cells (Fig. 1C).

The parameters of the drugs applied alone and in combination to
the cells are defined in Table 1. The parameter m is a measure of the
sigmoidicity of the dose-response curve. The correlation coefficient
(R%) determines whether the drugs obey the mass-action principle.
Since the value of R* for each treatment group is greater than 0.90, the
data used for the median effect analysis here obey the law of mass-
action. The median-effect dose, or Dy, is the dose required of the
specific drug treatment to kill 50% of the cells originally plated. As
expected from the dose-effect curve in Figure 1A, MMC has a Dy,
approximately 5-fold that of DOX. Unexpectedly, the Dy, of the
combined drug treatment is greater than that of DOX alone (Table 1).
Upon inspection of the median effect plot. the efficacy of the DOX
and MMC co-application becomes less than that of DOX at concen-
trations of DOX below 1 uM. where the combination curve crosses
the curve for DOX alone (Fig. 1B). However, at higher concentrations
of DOX, and at levels of cell death beyond 4% (X in Fig. 1B), there is
a significantly enhanced degree of tumor cell death with co-
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administration over single drug use. which is corroborated by the
combination index analysis at low fractional percent killing (Fig. 1C).

Drug accumulation and drug efflux

Efflux pump-mediated resistance to DOX and MMC is a well
known occurrence in breast tumor cells such that modulation of this
etflux action could account for the observed synergy /27/. The study of
the effect of a drug combination on drug efflux necessitates the
determination of the effect of that combination on drug accumulation,
as lowered efflux may in fact be a result of impaired drug uptake. Co-
incubation of cells with MMC and DOX resulted in a significant
reduction of DOX accumulation beyond 120 minutes (Fig. 2A).
However. MMC had no significant effect on the accumulation of
DOX in EMT6 cells up to 120 minutes, the incubation time chosen for
the drug efflux study. Therefore any change in drug efflux can be
attributed to the drug efflux process, and not to differences in drug
accumulation. Our results show that there is no significant difference
in DOX efflux from EMTG6 cells when the cells are incubated with
DOX or concurrently with DOX and MMC for up to 60 minutes
(Fig. 2B).

Reactive oxygen species

One of the biochemical parameters of toxicity that may contribute
to the observed synergy is the production of ROS by both MMC /28-
30/ and DOX /31/ following reductive metabolism. Both superoxide
and hydroxyl radicals were detected using the radical electron trapping
agent, nitrotetrazolium blue. Nitrotetrazolium blue itself was either
metabolized by the NAD(P)H-dependent bioreductive enzymes pre-
sent in the subcellular fractions, or was sensitive to the electron
transfers that occur between the cofactors and the active site metals of
the enzymes, resulting in a background level of formazan that was
produced during the metabolic studies. Based on the level of this
background. significant ROS were only detected when the levels of
formazan formed gave absorbance readings above 0.243 at 560 nm. It
was determined that any significant increase in ROS was only seen
when DOX was incubated with NADPH in the cytosolic and
microsomal fractions (data not shown). No significant ROS were
detected from MMC, or from DOX in the mitochondria plus or minus
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Fig. 1:

Combination Index

—
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Median effect analysis for the interaction of mitomycin C (MMC) and
doxorubicin (DOX) in EMT6 cells. A. Dose-effect curve for the ability of
EMT6 cells to expand clonogenically after treatment with MMC and
DOX, alone and in combination. The cells were treated for 1 hour with
MMC (@), DOX (®), and MMC and DOX at a 2:1 molar ratio (- -A- -).
Inset. A plot of the cell survival vs dose (uM) of drug applied. Data points
represent the mean + standard deviation of three independent trials.
B. Median effect plot for the interaction of MMC and DOX in EMTé6
cells, following 1 hour drug exposure. C. Combination index (CI) analysis
of the interaction of MMC and DOX in EMT6 cells following 1 hour of
treatment. Values of combination index greater than 1 indicate antagonism,
equal to 1 represent additivity, and less than 1 represent synergism.
@ indicates the efficacy of the actual drug combinations employed on the
generated CI curve.

TABLE 1

Summary table of the parameters of the action of mitomycin C
(MMC) and doxorubicin (DOX) alone and in combination, as
defined by the median effect analysis plot (Fig. 1B)

MMC DOX MMC + DOX
D., (uM) 3.17 0.67 0.75
m 2.64 2.17 2.73
Ré 0.965 0.997 0.962

D,, is the dose at which 50% of the cells are killed. m is a measure of the
sigmoidicity of the curve. The correlation coefficient (R”) must be greater
than 0.90 for the observations to conform to the law of mass action.
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1 standard deviation of three independent trials. * Statistically significant
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(p <0.05).
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NADH (data not shown). As a result, the contribution of ROS to the
synergy observed between DOX and MMC in the present study is at
best questionable, if present.

Formaldehyde

The dimedone method for formaldehyde trapping was chosen
based on the increased stability of the formed formaldehyde conjugate
relative to those formed through the use of the Nash reagent, and due
to the increased sensitivity afforded through fluorescence spectro-
photometry /18,32/. The dimedone method resulted in a linear
relationship between the concentration of formaldehyde and the
relative fluorescence intensity (relative fluorescence unit [RFU] = 86.9
[formaldehyde], R* = 0.993), and was found to reliably detect
formaldehyde as low as 0.05 pM (data not shown).

The evolution of formaldehyde from MMC was detected across all
subcellular fractions (Fig. 3A,B). In the microsomal fraction the total
concentration of formaldehyde produced was 2.4% and 1.8% of the
total MMC concentration, with NADPH (Fig. 3A) and NADH (Fig.
3B), respectively. The cytosol and mitochondria resulted in 1.2% and
0.6% fractional formaldehyde evolution with NADPH, and 1.7% and
0.4% fractional evolution of formaldehyde with NADH, respectively.
The low fractional evolution from MMC may be due to the high
capacity of mammalian cells to rapidly detoxify formaldehyde with
GSH-dependent aldehyde dehydrogenases /33/, due to its rapid forma-
tion of Schiff bases with protein amino groups /34/, or due to
decreased aerobic metabolism of MMC /28,29/.

The generation of formaldehyde was time-dependent and the
evidence indicated enzymatic involvement (Table 2). There was also a
significant difference in the amount of formaldehyde evolved between
the cell fractions, with the microsomal and cytosolic fractions being
the major producers (Fig. 3A,B, Table 2). However, there was no
significant difference in the evolution of formaldehyde between
NADPH and NADH, indicating that the enzyme responsible is capable
of using both cofactors with equal affinity. This finding provided
evidence for the role of NAD(P)H quinone oxidoreductase 1 (NQO1)
in the metabolism of MMC, as it is able to utilize both NADH and
NADPH in 2-electron reductions /35/. In all three subcellular
fractions, dicumarol reduced the level of formaldehyde produced to
below 20% of the uninhibited activity level, providing support for the
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(MMC) in microsomes (W), cytosol (#), and mitochondria (A) with (A)
NADPH and (B) NADH as the cofactor. The concentration of formalde-
hyde evolved was calculated from the fluorescence signal increase above
the background level. C. The enzymology of the evolution of formalde-
hyde from the metabolism of MMC in microsomes, cytosol, and
mitochondria. Dicumarol and NADH (grey) was used to inhibit NAD(P)H
quinone oxidoreductase 1 (NQOI), and 1-aminobenzotriazole (ABT) and
NADPH (black) was used to inhibit cytochrome P450 reductase. Data
represent the mean + standard deviation of three independent trials.
* Statistically significant increase in formaldehyde evolution relative to
other subcellular fractions at that time point (p <0.05). + Statistically
significant inhibition relative to uninhibited control (p <0.05).
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TABLE 2

Summary table for fixed factor, nested ANOVA of formaldehyde

concentration

Source df SS MS F p
Cell fraction 2 2.631 1315 10.30 <0.05
Cofactor on cell fraction 3 0379 0.126 0.86 >0.05
Incubation time on 12 1.758  0.147 5.51 <0.001
cofactor on cell fraction

Error 36 0.957  0.027

Total 53 5.727

Within the cell fraction, cofactor, and incubation time factors, there were 3, 2, and 3
levels, respectively. df = degrees of freedom; SS = sum of squared errors; MS =
mean of squared errors; F = F-ratio; p = probability value of F ratio.

217

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:11 AM



Vol. 22, No. 4, 2007 Synergistic Effect of Doxorubicin and Mitomycin C
Against Breast Cancer Cells

involvement of NQOI in formaldehyde production from MMC (Fig.
3C). The inhibition of cytochrome P450 reductase with ABT reduced
formaldehyde production in cytosolic and mitochondrial fractions only
(Fig. 3C). This suggests that in the microsomal fraction the sole
metabolizer of MMC is the soluble NQOI enzymes that exist within
the endoplasmic reticulum.

Metabolic analysis in whole cells

By using the NQOI specific inhibitor dicumarol and the cyto-
chrome P450 reductase-specific inhibitor ABT, the importance of
reductive activation of these drugs'in the synergistic mechanism of
interaction was investigated. Inhibition of CYP450 resulted in 20%
increase in cell survival (Fig. 4A). Similarly, treatment with dicumarol
resulted in 32% increase in cell survival. These results agree with the
subcellular formaldehyde data, providing further evidence that form-
aldehyde is potentially an important player in the mechanism of drug
synergy. Independent of formaldehyde, metabolic activation of the
drugs, especially by NQOI, is important for the observed drug
toxicity; however, the level of inhibition of bioreductive metabolism
achieved here with ABT and DIC does not completely abrogate the
toxicity of the drug combination. Important to the mechanism of
interaction, then, is a toxic endpoint that is independent of drug
activation.

Modulation of glutathione levels in whole cells

The toxicity of drug therapy was modulated through the alteration
of intracellular levels of GSH. GSH levels were enhanced by 61% and
depleted by 82% with 2 hours of incubation of EMT6 cells with N-
acetylcysteine and 1-bromoheptane, respectively (Fig. 4B). The resting
GSH level in EMT6 cells was found to be 27 + 0.06 nM/10° cells.
Previous measurements of resting intracellular GSH levels in Chinese
Hamster ovary /36/, small-cell lung cancer (GLC4) /37/, and human
colon cancer (HCT-116) /38/ cells have yielded values of 13-18 nM,
16 nM, and 14-21 nM, respectively. These values are of the same
order of magnitude as the intracellular GSH concentration found in
EMT®6 cells here. Enhancement of intracellular GSH levels prior to
drug treatment showed a marked enhancement of plating efficiency of
cells treated with DOX and MMC relative to cells without treatment

218

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:11 AM



A.J. Shuhendler et al. Drug Metabolism and Drug Interactions

with N-acetylcysteine (Fig. 4C). GSH depletion on its own was found
to be toxic to EMT6 cells, decreasing plating efficiency below 60%. 1-
Bromoheptane in conjunction with DOX and MMC significantly
decreased the plating efficiency of EMT6 cells. By increasing the GSH
levels in the cells treated with both MMC and DOX (Fig. 4C), the
plating efficiency of EMT6 cells was increased to a significantly
greater extent than it was by using enzyme inhibitors (Fig. 4A). This
result suggests that, in the combined effect of these chemotherapeutic
agents, the role of GSH and, perhaps more mechanistically important
here, GSH-reactive species, such as formaldehyde, is an important
one.

DNA cross-linking

Separately, both MMC /39,40/ and DOX /41/ have been shown to
form interstrand DNA cross-links, among other monofunctional and
bifunctional adducts, with the interstrand cross-links correlating well
with cytotoxicity /42/. As hypothesized, it is expected that co-
administration of the drugs would result in enhanced DNA cross-
linking through an increased population of DNA alkylating agents,
including the formation of the formaldehyde-conjugated, DNA-
reactive form of DOX, doxoform.

In order to quantify the extent of DNA cross-linking following
drug treatment the comet assay was used. The tail moment, a product
of the intensity of the comet tail and the length of the tail, was
calculated. The shorter the comet tail, the greater the size of the DNA
fragments produced following *2Co y-irradiation due to cross-links
between otherwise smaller fragments. Simultaneous treatment of
EMT6 cells in culture with MMC and DOX resulted in a significant
10-15% decrease in tail moments relative to solo treatment of cells
with either of these drugs (Fig. 5). When tested for additivity, the
hypothesis of no multiplicative effect of the combination drug treat-
ment on the percent tail moment decrease was unable to be rejected (p
= 0.131), and the effect was shown to be additive. This suggests that,
on its own, the summation of the bifunctional DNA adducts formed by

both of these drugs may not account for the synergy observed between
MMC and DOX in EMT6 cells.
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Fig. 4: Modulating cellular metabolic systems alters the efficacy of the co-
administration of mitomycin C (MMC) and doxorubicin (DOX). A. Cellu-
lar evidence for a significant role of cytochrome P450 reductase and
NAD(P)H quinone oxidoreductase I (NQO1) in the toxic action of 1.0
mM MMC and 0.5 mM DOX in EMT6 cells. Cells were pre-treated with
100 mM dicumarol (DIC) or 100 mM I-aminobenzotriazole (ABT) for |
hour. * Statistically significant increase relative to MMC and DOX alone
(p <0.05). B. The effect of the modulation of glutathione levels with N-
acetylcysteine (N-AC) and i-bromoheptane (BH) on EMTé6 cells. The
incubation of EMT6 cells with 2 mM N-AC or 400 uM BH for 2 hours
resulted in increased and decreased levels of intracellular glutathione,
respectively. C. The plating efficiency of EMT6 cells was measured in the
presence and absence of the combination of 1.0 pM MMC and 0.5 uM
DOX, with and without the modulation of glutathione, as described above.
Data represent the mean + standard deviation of three independent trials.
* Statistically significant decrease relative to control (p <0.05); ~
statistical‘ly significant increase relative to MMC+DOX treatment (p
<0.05); statistically significant decrease relative to MMC+DOX

treatment (p <0.05).
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Fig. 5: The effect of mitomycin C (MMC) and doxorubicin (DOX) alone or in
combination on the extent of DNA cross-linking from EMT6 cells as
determined by a modified comet assay. Bars represent the % decrease in
tail moment (TM) relative to untreated control. EMT6 cells were incubated
for 1 hour with drug treatments: MMC (grey = 4 uM, black = 8 uM, white
= 12 uM), DOX (grey = 2 uM, black = 4 uM, white = 6 uM); and a
combination of both MMC and DOX (grey = 4.2 uM, black = 8.4 uM,
white = 12.6 uM). Data represent the mean * standard deviation of three
independent trials. * Statistically significant decrease in tail moment
relative to single treatments (p <0.001).

DNA double-strand breaks

Previous reports of the ability of DOX to poison topoisomerase Ilo
and induce double-strand breaks necessitated investigation of this
endpoint in the elucidation of the mechanism of drug interaction. At
low doses (MMC: 4 uM, DOX: 2 uM) neither DOX nor MMC, alone
or in combination, produced any significantly detectable amounts of
DNA double-strand breaks above the untreated control (Fig. 6). At 8
pM MMC, DNA double-strand breaks were detected above the
untreated control, and even more significantly when combined with
4 uM DOX. Even at this mid-dose level, DOX on its own was not able
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Fig. 6: DNA double-strand breaks in EMT6 cells as determined by the TUNEL
assay. Bars represent the extent of double-strand break induction as a
result of the metabolism of TACS-Sapphire™ by double-strand break-
ligated horseradish peroxidase. EMT6 cells were incubated for | hour with
low, mid, and high dose treatments of mitomycin C (MMC) alone (grey),
doxorubicin (DOX) alone (black), or MMC and DOX in combination
(white). Data represent the mean + standard deviation of three independent
trials. * Statistically significant increase in double-strand break induction
relative to other drug treatments at the dose level (p <0.01). Y No
significant difference relative to drug-free control (p >0.05).

to produce a significant increase of double-strand breaks above the
control. When EMT6 cells were exposed to 12 pM MMC and 6 uM
DOX, both drugs produced significant levels of DNA double-strand
breaks above the control. In addition, the combination treatment
resulted in 112% increase in double-strand breaks relative to MMC on
its own.

To account for the observed synergistic suppression of EMT6
clonogenicity upon exposure of the cells to both MMC and DOX, the
specific toxic endpoint would be expected to have an effect, after
treatment with the combination of agents, that is greater than the sum
of the effect of each agent given alone. DNA double-strand breaks
show this greater than additive effect when EMT6 cells were exposed
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to both MMC and DOX (p <0.05). This provides evidence that the
institution of DNA double-strand breaks by the chemotherapeutic
cocktail in question may be responsible for the observed synergistic
effect of this combination.

DISCUSSION
Effects of drug dose

The present study has shown that the co-administration of MMC
and DOX to EMT®6 cells in vitro results in a synergistic enhancement
of cell killing relative to administration of either of these drugs alone
(Fig. 1B). However, the synergy appears to depend on whether the
drug dose is higher or lower than the DOX dose causing less than 4%
of tumor cell death when given alone. A lower combined efficacy of
DOX and MMC (Fig. 1A) resulted from a DOX dose less than this
threshold, while at this threshold, the combined effect was additive at
best, progressing to antagonism at lower fractional efficacy. This
result suggests that, in order to maintain clinical efficacy of this
combination chemotherapy, doses yielding cell kill fractions beyond
5% are required. This observation may be explained by acquired drug
resistance. At low doses of DOX, breast cancer cells acquire resistance
to subsequent DOX exposure at clinically effective levels, as well as a
cross-resistance to other drugs, such as MMC /43/.

Our study showed that the metabolism of MMC in subcellular
fractions did not result in significant ROS production, differing from
previous reports, and most likely due to drug dose differences. Briggs
and Pristos /24/ reported that the ROS produced from MMC, in
particular, in the microsomes and mitochondria, but not in the cytosol,
were involved in the consumption of molecular oxygen. However, in
these studies the concentration of MMC used was 300 pM, much
more than the therapeutic dosing regimen would allow. In the clinic,
the average dose of MMC and DOX applied, when used in iv.
combination therapy, is 10 mg/m2 and 40 mg/m?, respectively /44,45/,
and the blood levels of DOX and MMC seen in the clinic are 6.0 uM
/46/ and 10.4 uM /47/. In this work, 10-40 pM drug concentrations
were studied. Although these concentrations are above the levels
potentially reached in tumor cells, they are closer to the in vivo
situation with iv. drug administration than previous studies, and thus
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may be more relevant to clinical conditions.
Role of GSH in the synergy

The specific role of GSH in the synergy of DOX and MMC could
be explained by previously published findings. Lewandowicz et al.
/44/ found that decreasing GSH can make resistant cells sensitive to
DOX, even after exposure to previous failed rounds of DOX chemo-
therapy. This is probably because the acquired resistance of breast
tumor cells to MMC and DOX depends on the overexpression of
ATP-binding cassette efflux pumps /48,49/. These GSH-S-conjugate
pumps require the conjugation of the drug to GSH /50/. Both DOX
/51/ and MMC /52,53/ are capable of forming GSH-S adducts, and the
intracellular levels of DOX have been shown to be highly dependent
on the levels of intracellular GSH and the activity of the GSH-S
conjugate efflux pump /51/. However, the drug efflux data obtained
(Fig. 2) preclude any significant modulation of DOX efflux by MMC
such that a pump-mediated mechanism of interaction cannot account
for the synergy of the concurrent administration of these two drugs.

GSH plays an important role in the metabolism of MMC through
the efficient formation of GSH-formaldehyde conjugates that act to
non-enzymatically enhance the rate of bifunctional activation of MMC
to form leucoaziridinomitosene, the metabolite formed with the loss of
the MMC C,;-methoxy group /52,53/. This is associated with the
formation of a ternary DNA adduct involving a MMC-GSH conjugate,
as well as enhanced interstrand cross-linking over monoadduct
formation in cell-free systems. The importance of GSH in modulating
the toxic effects of DOX in human MCF-7 breast cancer cell lines has
also been previously demonstrated with a different GSH-depleting
system /54/. Using a combination of DOX and sodium butyrate,
known to deplete GSH, combination index analyses demonstrated that
when sodium butyrate and DOX were given concurrently or with a 24
h DOX pre-treatment, there was a significantly greater synergistic
effect on decreasing clonogenic potential than if sodium butyrate was
given 24 hours prior to DOX. Therefore, two different combinations
of drugs with DOX that resulted in decreased GSH levels produce
similar synergistic effects in two breast cancer cell lines from two
different species, enhancing the importance of the proposed synergy
between MMC and DOX.
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Genotoxicity and the synergy of MMC and DOX

DOX has been shown to covalently link Tllo to DNA, forming a
drug-protein-DNA ternary complex /41/. Consequently, the normally
transient DNA double-strand break induced by Tllo. becomes perma-
nent and, upon collision with DNA polymerase, results in cytolethal
protein-bound DNA double-strand breaks. DNA double-strand breaks
were detected in EMT6 cells treated with MMC and DOX (Fig. 6),
and the observed supra-additivity of DSBs upon combination treat-
ment provides a toxic endpoint that can explain the observed synergy.
DSBs have the potential to be incurred at increased frequency when
MMC and DOX are used in combination due to the increased number
of DNA adducts formed, and the increased activation of DNA repair
machinery that occurs with DNA-drug binding events /55/. Experi-
mental evidence obtained from ovarian cancer cell lines in which the
absence of mismatch repair proteins resulted in resistance to DOX /56/
further strengthens the mechanism of interaction proposed here.
Although in solo therapy, the toxicity of MMC correlates well with the
extent of DNA interstrand cross-linking /21/, with poisoned TIlo
stabilizing DNA DSBs, the monofunctional adducts of MMC could
become more cytotoxic. It has been shown that MMC induces DNA
repair within a few hours of the exposure of cells to the drug, and
repair capacity greatly modifies the efficacy of MMC action /57/. The
enhancement in toxicity of the chemotherapeutic cocktail can be
explained by the additive increase in DNA crosslinking and drug-
DNA adducts formed from MMC when combined with the cytolethal
effects of DOX on TIla functioning.

Proposed mechanism of interaction

Based on the findings from this study and in the literature, we
propose a model for the mechanism of synergy between DOX and
MMC as follows (Fig. 7). Formaldehyde is evolved from MMC during
bioreductive metabolism. This can act to bind GSH, preventing the
formation of GSH-S conjugates of DOX, resulting in its increased free
intracellular concentration. DOX can then proceed to the nucleus to
form the TIla-DOX-DNA ternary complex, effectively stalling the
enzyme on unwound DNA in the midst of strand scission. Alter-
natively, DOX can combine with the MMC-derived formaldehyde to
form the genotoxin doxoform -that can cross-link DNA. The bio-
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activated MMC can also cross-link DNA, or form monoadducts or a
GSH-DNA-MMC ternary complex. As a result, DNA repair machi-
nery is activated to a greater extent when these drugs are given in
combination than when they are given alone due to the significant
increase in DNA adducts, providing ample opportunity for collision of
DNA repair proteins with the stalled Tlla, leading to DNA double-
strand breaks.

Importance of the timing of drug exposure

Previous work by Cheung et al. /7/ has shown that in EMT6 cells,
synergy is greatest when MMC and DOX are given concurrently or
when DOX is given before MMC, but not when MMC is given as a
pretreatment to DOX. This result can be reconciled by the model
proposed above. Pretreatment of EMT6 cells with MMC can lead to
GSH depletion, as well as metabolism of MMC. It has been
demonstrated that EMT6 cells can recover from GSH depletion within
20 to 60 minutes, recovering to basal thiol levels /58/. Therefore the
GSH depletion to ensure the high intracellular concentration of active
DOX afforded by MMC will be lost with preincubations of MMC that
end more than 60 minutes before DOX exposure. As previously
mentioned, MMC-induced DNA lesions can also be repaired within
4 hours of exposure to the drug. Any exposure to DOX beyond
4 hours to that of MMC may not culminate in the collision of stalled
Tlloe with MMC-DNA adducts. Additionally, the cellular kinetics of
DOX uptake and efflux has been shown to result in a disproportionate
equilibrium concentration of the drug, with intracellular concentra-
tions being as much as 80-fold that of extracellular concentrations at
low doses of DOX /59/. 1t is possible, then, that in culture, DOX will
be maintained at toxic levels inside the cell while MMC depletes GSH
levels, even if DOX is applied before MMC. Thus, the current model
may be fitted to the observed dose interval-dependence of MMC and
DOX using the known kinetics of drug accumulation in the cell and
GSH regeneration.

CONCLUSION

This study has shown for the first time that the metabolism of
MMC results in the production of formaldehyde, in addition to other
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previously reported species. Specifically, it appears that NQOI is the
enzyme responsible for the majority of formaldehyde evolution from
MMC, adding further weight to the importance of the two-electron
reductive activation of this drug to its final toxic form. We have also
shown that the supra-additive efficacy of the combination of DOX and
MMC in breast cancer cells is in fact a true synergy. This synergy is
ultimately mediated through the combination of MMC-induced
initiation of DNA repair events with the DOX-mediated poisoning of
TIHlo, culminating in a synergistic amount of DNA double-strand
breaks. This synergy was shown to be modulated by both glutathione
levels and NQOI activity; however, the exact nature of these effects is
yet to be determined. The true synergy that exists between MMC and
DOX may translate to lower clinical doses of these agents while
maintaining high clinical efficacy for the treatment of breast cancer.
Future work will focus on the rational design of this chemotherapeutic
cocktail into an effective formulation of anti-cancer regimen relevant
to the treatment of breast cancer.
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