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The cellular metabolism of doxorubicin generates reactive oxygen species with significant

potential to damage DNA. Such DNA damage can result in mutations if not adequately

repaired by cellular DNA repair pathways. Secondary malignancies have been reported in

patients who have received doxorubicin-containing chemotherapeutic regimens; however,

the underlying molecular mechanism(s) to explain the development of these tumors remains

under active investigation. We have previously demonstrated the presence of DNA bases

modified by oxidation in the peripheral blood mononuclear cells of patients with breast cancer

following treatment with doxorubicin. In those studies, doxorubicin was administered by

continuous infusion over 96 h to minimize the risk of cardiac toxicity. To evaluate potential

mechanisms underlying doxorubicin-induced DNA base oxidation in non-malignant tissues,

MCF-10A breast epithelial cells were cultured for 96 h with the same doxorubicin concentra-

tion achieved in vivo (0.1 mM). During doxorubicin exposure, MCF-10A cells underwent growth

arrest and apoptosis, developed elevated levels of reactive oxygen species, and demonstrated

a time-dependent and significant increase in the levels of 11 oxidized DNA bases, as deter-

mined by gas chromatography/mass spectroscopy. Diminished expression of DNA repair

enzymes was also observed over the same time course. Thus, clinically achievable concen-

trations of doxorubicin induce a level of oxidative stress in MCF-10A cells that is capable of

oxidizing DNA bases and significantly altering cellular proliferation.
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1. Introduction

The anthracycline antibiotic doxorubicin (DOX) is widely used

in the treatment of adult and pediatric solid tumors and

hematologic malignancies, especially breast cancer and

lymphoma. Unfortunately, the cytotoxic effects of DOX,

although desirable in malignant cells, may also cause delayed

damage to normal tissues, such as the bone marrow.

Secondary malignancies, primarily acute myelogenous leu-

kemia (AML), have been reported 1–3 years following treat-

ment of primary tumors with DOX in combination with other

chemotherapeutic agents or radiotherapy [1–3].

DOX has long been recognized as a mutagen and carcino-

gen [4]. Possible mechanisms of DOX cytotoxicity for tumor

cells that may also be related to the mutagenic potential of the

drug include the formation of DNA-DOX-topoisomerase II

cleavable complexes, and DOX-related inhibition of DNA

helicases [4]. DOX is also subject to cycles of reduction and

oxidation by flavin dehydrogenases that, in the presence of

molecular oxygen and transition metals (particularly iron),

lead to the formation of reactive oxygen species (ROS) [5–7].

ROS (including the superoxide anion, O2
��; hydrogen peroxide,

H2O2; and hydroxyl radical, �OH) are also generated endogen-

ously as a by-product of normal cellular metabolism [8];

however, DOX exposure can dramatically enhance intracel-

lular reactive oxygen formation [4].

The more pathological aspects of ROS production are

related to their ability to cause oxidative damage to nuclear

and mitochondrial DNA [9]. Hydroxyl radicals can either

abstract a hydrogen atom from DNA bases or sugars or

undergo addition to double bonds of DNA bases. Unstable

intermediates formed in this way produce a number of stable,

modified DNA bases after consecutive molecular transforma-

tions. DNA base radicals formed by the attack of the hydroxyl

radical may also react with amino acids of neighboring

proteins to form covalent DNA–protein crosslinks [10].

Efficient and accurate repair of such DNA damage is critical

to the prevention of mutations that may initiate carcinogen-

esis. Non-malignant tissues utilize an extensive system of

antioxidant molecules, ROS catalytic enzymes, and DNA

repair enzymes to limit the DNA damage caused by ROS [11].

In prior experiments, we used gas chromatography/mass

spectrometry (GC/MS) to demonstrate that redox cycling of

DOX catalyzed by NADH dehydrogenase resulted in signifi-

cantly elevated levels of 12 promutagenic oxidized DNA bases

in isolated human chromatin [12]. Each of these 12 oxidized

bases had been identified previously as products formed by

the interaction of ionizing radiation-generated free radicals

with DNA bases [13]. More recently, we observed elevated

levels of nine oxidized DNA bases in the peripheral blood

mononuclear cells (PBMCs) of patients with breast cancer

following a 96-h intravenous infusion of DOX as the first agent

of a multi-agent chemotherapy regimen [14]. The steady-state

plasma level of DOX achieved in these patients, who received a

total DOX dose of 165 mg/m2, was 0.1 mM. DOX was adminis-

tered over this extended period to minimize the risk of cardiac

toxicity, a potentially life-threatening toxicity associated with

DOX treatment [15].

Based on these results and the association of DOX therapy

with the development of secondary malignancies, we sought
to determine in the current study whether DOX exposure

produced DNA base oxidation in non-malignant cells, and, if

products of DNA base oxidation were observed, to gain

insights into the mechanism(s) of base damage production.

We found that immortalized, non-transformed MCF-10A

breast epithelial cells cultured for 96 h in clinically achievable

concentrations of DOX did not proliferate and contained both

elevated amounts of ROS and of 11 modified DNA bases.

Furthermore, the expression of several DNA base excision

repair (BER) enzymes was diminished in DOX-exposed cells at

the same time that oxidized DNA bases were measurable.

These results demonstrate that treatment with pharmacolo-

gically relevant concentrations of DOX leads to the formation

of ROS in normal breast epithelial cells, as well as DNA damage

typical of ROS exposure, suggesting an important potential

mechanism of DOX-mediated mutagenesis and cell death.
2. Materials and methods

2.1. Reagents

Pure samples of 5-hydroxy-5-methylhydantoin (5-OH-5-

MeHyd), 5-hydroxyuracil (5-OH-Ura), 5-hydroxycytosine (5-

OH-Cyt), thymine glycol (ThyGly), 5,6-dihydroxyuracil

(5,6diOH-Ura), 4,6-diamino-5-formamidopyrimidine

(FapyAde), 8-hydroxyadenine (8-OH-Ade), xanthine (Xan),

and 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy-

Gua) were kindly provided by Dr. Miral Dizdaroglu from the

National Institute of Standards and Technology, Gaithersburg,

MD. 2-Amino-6, 8-dihydroxyguanine (8-OH-Gua) was pur-

chased from Sigma Chemical Co. (St. Louis, MO). 2-Hydroxy-6-

aminopurine (2-OH-Ade) was purchased from ACROS Organic

(Fairlawn, NJ). N,O-Bis (trimethylsilyl) trifluoroacetamide

(BSTFA) and acetonitrile were purchased from Pierce (Rock-

ford, IL). Thymine-alfa1,alfa2,alfa3,6-d4 was obtained from

MSD Isotopes, Merck Chemical Division (St. Louis, MO) and

alfa-32P-uridine 50-triphosphate (10 mCi/mL) was obtained

from Perkin-Elmer Life Sciences (Boston, MA). Non-itemized

chemicals were all of the highest possible quality. Only de-

ionized, glass-distilled water was used in this study. Unless

specified, antibodies were obtained from Novus Biologicals

Inc. (Littleton, CO). Anti-actin polyclonal antibody and HRP-

conjugated anti-goat IgG were obtained from Santa Cruz

Biotechnology, Inc. (Santa Cruz, CA).

2.2. Cell culture for DNA preparation and flow cytometry

MCF-10A cells were obtained from ATCC (Manassas, VA). The

cells form an adherent monolayer when cultured in DMEM/F-

12 medium enriched with 5% equine serum and supplemented

with antibiotics (penicillin, streptomycin, and amphotericin),

epidermal growth factor, cholera toxin, insulin, and hydro-

cortisone. The doubling time of the cells is approximately 48 h.

Cell synchronization in the G0/G1 phase was achieved by

culturing cells to 100% confluence for 1–3 days in the same

medium and was confirmed by flow cytometric analysis.

Synchronized cells were subsequently trypsinized and split

into T-75 flasks. All cells remained sub-confluent during the

subsequent culture period. Split cells were cultured for 2–3 h
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until attached, trypsinized again, collected by centrifugation

at 1000 � g, rinsed once with phosphate buffered saline (PBS),

and centrifuged again. Nuclear lysis buffer (NLB) was added

(NLB: 10 mM Tris–HCl, pH 8.0, 2 mM EDTA, 0.4 M NaCl; 0.6 mL

of NLB for each 3 � 106 cells), and the samples were kept at

�80 8C until further processing. Culture medium containing

unattached cells was divided into normal medium or normal

medium supplemented with 0.1 mM DOX. At the indicated

time intervals, control and DOX-treated cells were collected as

described and stored at �80 8C until use. For flow cytometric

analysis, at each time point 1 � 106 trypsinized cells were

collected by centrifugation for 6 min at 200 � g, resuspended

in 5 mL PBS, and centrifuged again. Cells were resuspended in

0.5 mL PBS and stored in 70% ethanol at 4 8C until use.

2.3. Flow cytometric analysis

All flow cytometric analyses were performed using a MoFlo

MLS flow cytometer with Summit software (DakoCytomation,

Fort Collins, CO). Data were acquired using dual laser

excitation. Light scatter signals were acquired after excitation

from a HeNe laser (Melles Griot, Carlsbad, CA). Filters were

purchased from Omega Optical (Brattleboro, VT). Cell pellets

were suspended in 1 mL propidium iodide (PI) staining

solution (10 mL of 0.1% (v/v) Triton X-100 in PBS with 2 mg

DNase-free RNase A, 200 mL of 1 mg/mL PI). Fluorescent

excitation was performed at 488 nm with an Innova-90 Argon

laser (Coherent, Santa Clara, CA) at 500 mW. The PI signal was

collected with a 640LP filter.

2.4. Detection of DOX-induced intracellular ROS in
MCF-10A cells

Oxidative products represented by free 20,70-dichlorofluores-

cein (DCF) fluorescence were measured by flow cytometry [16].

G0/G1 phase-synchronized control cells and DOX-treated cells,

each cultured for 24, 48, 72, and 96 h, were harvested and

washed once with Ringers’ solution (137 mM NaCl, 2.68 mM

KCl, 1.84 mM CaCl, 1.03 mM MgCl2, 5.55 mM dextrose,

11.91 mM NaHCO3, 0.44 mM NaH2PO4). Cell pellets were

resuspended in 2 mL of Ringers’ solution and then divided

into two 1-mL aliquots. Ten microliters of 1 mM 5-(and -6)-

chloromethyl-20,70-dichlorodihydrofluorescin diacetate and

mixed isomers (DCF-DA; Molecular Probes, Eugene, OR) in

DMSO was added to one aliquot. All samples were kept at

room temperature for 60 min; fluorescence of the samples

without DCF-DA probe was also measured. DCF emission was

measured through a 530DF30 filter.

2.5. DNA preparation

The procedure for DNA preparation without exposure to

phenol was adapted from Cheng et al. [17]. Briefly, control and

DOX-treated cells stored in NLB were thawed and mixed with

40 mL of 10% SDS and 100 mL of 2 mg/mL proteinase K, freshly

prepared in 1% SDS and 2 mM EDTA (amounts for 3 � 106

cells), and then digested overnight at 37 8C with gentle

shaking. Solubilized nuclei were incubated with boiled RNase

(final concentration 0.27 mg/mL) at 50 8C for 2 h. Proteins were

precipitated by adding 6 M NaCl (saturated solution) to a final
concentration of 1.5 M. Samples were shaken vigorously for

30 s and then centrifuged at 10,000 � g for 10 min at room

temperature. DNA was precipitated in ethanol, dried, and

resuspended in water at room temperature.

2.6. Measurement of oxidative DNA base modifications by
GC/MS

DNA was prepared for modified base analysis according to a

well-described GC/MS protocol [18]. Each set of cell samples

contained the same amount of DNA by OD260 estimation. To

establish the amount of DNA in each sample, a known amount

of thymine-d4 (T-d4) was added before hydrolysis. The relative

molecular response factor (RMRF) for thymine using T-d4 as

internal standard was determined, and then the amount of

thymine (nanomoles) in each hydrolyzed sample was calcu-

lated as described [14]. A known amount of azaT was also

added to each sample before hydrolysis as an internal

standard for quantitative determination of the modified

DNA bases 5-OH-Hyd, 5-OH-5-MeHyd, 5-OH-Ura, 5-OH-Cyt,

Thy Gly, 5,6diOH-Ura, FapyAde, 8-OH-Ade, Xan, FapyGua, 2-

OH-Ade, and 8-OH-Gua. In separate experiments, RMRFs for

all damaged bases were obtained using azaT and pure samples

of modified bases as described [14]. For GC/MS measurements,

all samples in a series were lyophilized, hydrolyzed with 60%

formic acid at 140 8C for 45 min, lyophilized again, and

derivatized with a mixture of BSTFA/acetonitrile (4:1) at

130 8C for 45 min. A Shimadzu GC/MS-QP5000 with GC-17A

gas chromatograph equipped with auto injector/auto sampler

AOC-20 and CLASS-5000 software was used for these studies.

The injector port was kept at 250 8C, interface at 280 8C, and

oven temperature at 150 8C for 2 min followed with 8 8C/min

gradient up to 260 8C; the oven was then kept at 260 8C for an

additional 2 min. A Hewlett-Packard Ultra 2 (cross-linked

methyl-siloxane) column (12 m, 0.20 mm ID, 0.33 mm film) was

used with helium as carrier gas. Column head pressure was

50 kPa with a 10:1 split. The 12 oxidative products of DNA

bases, azaT, thymine, and T-d4 were detected simultaneously

in a single chromatogram.

2.7. RNA preparation and ribonuclease protection assay
(RPA)

G0/G1 phase-synchronized cells cultured with or without DOX

were collected after 2, 8, 16, 24, 48, 72, and 96 h and

immediately suspended in 3 mL of RNAzol B (Tel-Test, Inc.,

Friendswood, TX). RNA was then extracted, dissolved in

autoclaved water, and stored at�80 8C. The Multi-Probe RNase

Protection Assay System and Human Base Excision Repair

Multi-Probe Template Set (BD PharMingen, San Diego, CA)

were used to measure changes in mRNA expression levels of

DNA repair enzymes G/T mismatch-specific thymine-DNA

glycosylase (TDG), uracil-DNA glycosylase (UDG), apurinic/

apyrimidinic endonuclease (APE), O(6)-methylguanine-DNA

methyltransferase (MGMT), methylpurine-DNA glycosylase

(MPG), 8-oxoguanine-DNA glycosylase (hOGG1), and thymine

glycol-DNA glycosylase/AP lyase (ENTG), and two cellular

controls, glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) and ribosomal L32. Protected mRNAs were separated

by electrophoresis on 5% acrylamide gels. Gels adsorbed to
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filter paper were exposed to a Phosphor Screen (Molecular

Dynamics, Sunnyvale, CA) overnight at room temperature. To

quantify mRNA expression, the phosphoimage of an exposed

gel was scanned with a Storm 860 scanner (GE Healthcare,

Piscataway, NJ), and the density of each protected RNA band

was analyzed with ImageQuant software (Molecular

Dynamics). Relative abundance of each RNA band was

quantified as the ratio to GAPDH or L32 within each sample.

2.8. Preparation of cell extracts for Western analysis

Harvested cells were resuspended in PBS and immediately

stored at �80 8C. Once cells from all the time points were

collected, lysate buffer (PBSTDS; 1 mL per 20 � 106 cells) with

protease inhibitors was added to each sample at room

temperature. The composition of PBSTDS buffer with protease

inhibitors included the following: 25 mL of 10� PBS, 2.5 mL

Triton X-100, 1.25 g sodium deoxycholate, 0.25 g SDS, 12.5 mL

leupeptin hemisulfate (10 mg/mL), 10 mL pepstatin A (25 mg/

mL), 0.5 mL of 0.5 M EDTA, 0.5 mL of 100 mM phenylmethyl-

sulfonyl fluoride (PMSF). PBSTDS buffer was made up to

250 mL with water. Cells were incubated on ice for 60 min and

then rocked at 4 8C for 1 h. DNA was sheared by passing the

cell suspension through a 21-gauge needle. Samples were

centrifuged at 16,000 � g for 10 min at 4 8C, and the protein

concentration of the supernatant was determined using

Advanced Protein Assay Reagent (Cytoskeleton Inc., Denver,

CO). Samples were stored at �80 8C until use.

2.9. Western blot analysis

The amounts of APE, NTH-1, hOGG1, mtOGG1, MGMT, DNA

polymerase e, and DNA ligase I in the cell extracts were

quantified using b-actin as an internal standard. Secondary

antibodies used included HRP-conjugated anti-rabbit, anti-

mouse, and anti-goat IgG, as appropriate. HeLa whole cell

extract (Novus Biologicals) was used as a positive control. Cell

extract proteins were separated by electrophoresis on 10% bis-

Tris gels with MOPS running buffer. Equal amounts (between 5

and 10 mg) of whole cell extract protein were loaded for each

time point. Proteins were electroblotted onto PVDF transfer

membranes and probed using the ECL-Plus Western blotting

detection system and Hyperfilm ECL (GE Healthcare). Bands

corresponding to DNA repair proteins and actin were

quantified using an Eagle Eye instrument and EagleSight

Software from Stratagene (La Jolla, CA).

2.10. Monitoring apoptosis in MCF-10A cells using
terminal transferase dUTP-biotin nick end labeling (TUNEL)
assay relative to cell cycle progression

For this experiment, sub-confluent, unsynchronized cells

were employed. Control and DOX-treated cells cultured for

96 h were collected and washed with 0.1% BSA in Hanks

balanced salt solution (HBSS), and then incubated with

biotinylated dUTP and terminal transferase in a cobalt-based

buffer for 30 min at 37 8C. Supernatant was removed, and cells

were washed with 0.1% BSA-HBSS before incubation with

Avidin-FITC reagent (2–4 mole fluorescein isothiocyanate per

mole avidin) at room temperature for 30 min. After washing
with 0.1% Triton X-100 in HBSS, the cells were resuspended in

PI solution in HBSS and left at room temperature for 30 min

before analysis. FITC emission (representing DNA strand

breaks related to apoptosis) was measured through a

530DF30 filter. Cell cycle status was determined using PI

emission measured through a 640EFLP filter. The two

fluorescent signals were separated with 580DRLP and 630DRLP

dichroic filters.

2.11. Statistical methods

Samples from all time points for each experiment were

analyzed on the same day to minimize inter-assay variability.

Levels of change were normalized to pretreatment values. A

two-tailed, paired t-test was used to compare the fold change

of treated samples versus control samples. P < 0.05 was

considered significant.
3. Results

3.1. ROS in MCF-10A cells during exposure to 0.1 mM DOX

Levels of ROS were elevated in MCF-10A cells exposed to DOX.

Arbitrary fluorescence unit values for DOX-treated and control

cells after 24 h were 3290 and 3097, respectively. After 48 h, the

relative fluorescence unit values for DOX-treated versus

control cells were 2033 versus 1164. By 72 h this difference

in fluorescence unit values for DOX-treated versus control

cells was 3529 versus 2619, and by 96 h the relative ROS levels

were 2571 versus 2545. Cells cultured with and without DOX in

the absence of DCF-DA also exhibited fluorescence (auto-

fluorescence in the case of control cells and DOX fluorescence

for drug-treated cells); relative fluorescence values for control

and DOX-treated MCF-10A cells at 24, 48, 72, and 96 h were 3.19

versus 2.52, 2.74 versus 1.87, 6.29 versus 1.79, and 6.26 versus

1.67, respectively.

3.2. GC/MS identification and quantitation of modified
DNA bases in DOX-treated cells

The modified DNA base content before DOX treatment is

presented with RMRF measurements in Table 1. Average fold

increases (�S.D.) in modified DNA base levels normalized to

control values after 24, 48, 72, and 96 h of DOX treatment from

three separate experiments are presented in Table 2. Statis-

tically significant (P < 0.05) increases in 2-OH-Ade and

FapyGua were observed after 24 h of DOX treatment and in

Xan, 2-OH-Ade, 5-OH-Cyt, and 5-OH-Ura after 48 h of treat-

ment. The levels of many bases increased with time of

exposure; by 96 h, statistically significant increases were

noted at one or more time points for all of the modified bases

with the exception of FapyAde.

3.3. BER gene expression and cell cycle progression in MCF-
10A cells during 96 h of DOX treatment

RPA analysis demonstrated that, following release from cell

cycle arrest by addition of fresh serum, the expression of seven

DNA repair genes increased up to 4.5-fold over the subsequent



Table 1 – Experimentally derived relative molar response factors and modified DN base content in MCF-10A cells prior to
doxorubicin exposure

DNA base Ion
used

RMRF Modified DNA base
level (nM/mg DNA)a

Modified DNA base level
(modified base/106 bases)b

5-OH-5-MeHyd 331 0.51 � 0.05 0.887 � 0.971 2.84 � 311

5-OH-Hyd 317 – 0.527 � 0.492 169 � 157

5-OH-Ura 329 0.61 � 0.05 0.253 � 0.243 81.0 � 77.8

5-OH-Cyt 328 0.65 � 0.16 0.407 � 0.255 130 � 81.6

Thy Gly 259 0.36 � 0.05 0.608 � 0.493 194 � 158

5,6diOH-Ura 417 4.58 � 0.44 1.16 � 1.14 371 � 365

FapyAde 354 2.02 � 0.06 1.28 � 0.539 410 � 172

8-OH-Ade 352 0.88 � 0.21 2.13 � 0.1.49 682 � 477

Xan 353 0.70 � 0.27 16.8 � 5.55 5376 � 1776

2-OH-Ade 352 0.29 � 0.08 0.509 � 0.379 163 � 121

FapyGua 442 8.09 � 1.82 7.62 � 4.88 2438 � 1562

8-OH-Gua 440 15.84 � 4.86 38.5 � 18.0 12320 � 5760

a Mean � S.D.
b 1 nmole modified base/mg DNA is 320 molecules of modified base/106 DNA bases.
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96 h, peaking at 12–48 h following the end of cell cycle

synchronization (Fig. 1A and B). On the other hand, the

expression of the same DNA repair genes in MCF-10A cells

cultured in 0.1 mM DOX did not increase following exposure to

fresh serum and medium. In fact, their expression appeared to

decrease by the 72 h time point (Fig. 1C and D); however, this

decreased expression was not statistically significant. Flow

cytometric analysis demonstrated that cells synchronized in

the G0/G1 phase and then cultured in media without DOX

rapidly re-entered the cell cycle and exhibited a cell cycle

phase distribution characteristic of exponentially growing

cells within 24 h; this cell cycle phase distribution was

maintained for the subsequent 72 h of culture (Fig. 2B). Cells

grown in DOX were viable as determined by trypan blue

exclusion and adherence to plastic; however, they remained in

the G0/G1 phase during the entire 96-h treatment period

(Fig. 2A). Replacing the media after 96 h with DOX-free media

was not sufficient to allow these cells to recover.

3.4. Levels of DNA repair enzyme protein expression in
MCF-10A cells during 96 h of DOX treatment

Levels of three of the seven DNA repair enzymes measured by

Western analysis (DNA polymerase e, DNA ligase I, and
Table 2 – Modified DNA base content in MCF-10A cells culture

DNA base 0 h 24 h

5OH-5-MeHyd 1 1.72 � 0.44

5-OH-Hyd 1 1.58 � 0.45

5-OH-Ura 1 1.36 � 0.29

5-OH-Cyt 1 1.29 � 0.3

Thy Gly 1 1.48 � 0.31

5,6diOH-Ura 1 1.63 � 0.36

FapyAde 1 1.28 � 0.17

8-OH-Ade 1 1.55 � 0.41

Xan 1 1.71 � 0.43

2-OH-Ade 1 1.49 � 0.09*

FapyGua 1 1.33 � 0.12*

8-OH-Gua 1 1.10 � 0.29

* P < 0.05 vs. control DNA.
MGMT), were significantly lower in cells treated with DOX

than in control cells by the end of 96 h of drug exposure (Fig. 3A

and B). Expression of the other enzymes measured was not

significantly different in DOX-treated cells compared to

control cells. The largest differences in DNA repair enzyme

expression levels were found for DNA polymerase e and DNA

ligase I. After 72 h, expression of DNA polymerase e in DOX-

treated cells decreased to approximately 33% of the expression

level measured in the control cells, and, after 96 h, it decreased

to approximately 25% of that observed with the control cells.

For DNA ligase I, decreased expression was more remarkable;

after 72 h, expression in DOX-treated cells was approximately

20% of that measured in control cells, and, after 96 h, the

expression level was approximately 10% of that of control

cells.

3.5. Effect of 0.1 mM DOX treatment for 96 h on apoptosis
and cell cycle progression in MCF-10A cells

Apoptosis, as determined by TUNEL assay, was observed in

MCF-10A cells treated with DOX for 96 h when compared to

untreated cells (Fig. 4); apoptotic cells were found throughout

the cell cycle. Concurrent staining with PI also demonstrated a

large sub-G0 peak in DOX-treated cells indicative of apoptosis,
d for up to 96 h with 0.1 mM doxorubicin

48 h 72 h 96 h
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Fig. 1 – RPA results showing changes in the expression of seven base excision repair genes in MCF-10A cells treated without

(A) or with (C) 0.1 mM DOX for up to 96 h. Results are representative of multiple experiments. Both cultures were started with

cells synchronized in G0/G1 that did not achieve confluence. The PROBE lane shows the bands for each of the probes used in

the assay. The probe lengths are greater than the ‘‘protected’’ fragment lengths because probes containing flanking

sequences derived from the plasmid do not hybridize with target mRNAs. RP4 (subunit of RPA holoenzyme) expression was

not detected in MCF-10A cells under the described experimental conditions. All gene expression values were normalized to

the expression of L32 at the 0-h point and fold increases/decreases over the expression of each gene at time zero were

calculated for 2, 8, 16, 24, 48, 72, and 96 h. (B) Quantification of selected DNA repair gene expression in MCF-10A cells

cultured for 2, 8, 16, 24, 48, 72, and 96 h following release from synchronization by addition of fresh medium. In these

control cells, the expression of certain genes (mean W S.D.; n = 3) increased significantly following release from G1 block,

including: OGG1 (2.5 W 0.1-fold at 48 h, P < 0.01); TDG (2.2 W 0.4-fold at 16 h, P < 0.05); APE (2.5 W 0.3-fold at 16 h, P < 0.01); and

UDG (4.0 W 0.7-fold at 48 h, P < 0.02). (D) Quantification of the expression of selected DNA repair genes in MCF-10A cells

cultured in the presence of 0.1 mM DOX in fresh medium for 2, 8, 16, 24, 48, 72, and 96 h.
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and a G2 block in cell cycle progression consistent with

exposure to DOX [4].
4. Discussion

We previously demonstrated that PBMCs from patients with

breast cancer who were treated with a 96-h infusion of DOX

had significantly increased levels of nine oxidized DNA base

lesions [14]. The steady-state plasma level of DOX achieved in

those patients was 0.1 mM. During DOX treatment of MCF-10A
cells in the current experiments, we have attempted to mirror

the systemic exposures achieved in our clinical trial. It is

recognized, however, that during a continuous DOX infusion

in patients with breast cancer that the intravascular serum

concentration is much higher than that employed in vitro. On

the other hand, the DOX concentration achieved in solid

tumors or in bone marrow cells in vivo is altered by DOX

binding to elements of the extracellular matrix, a condition

which occurs to much lesser extent under cell culture

conditions. However, both under cell culture conditions,

and in vivo, DOX is concentrated in mammalian cells through



Fig. 2 – Flow cytometric analysis of MCF-10A cells synchronized in the G1/G0 phase and then cultured for up to 96 h in fresh

medium. Increasing PI fluorescence reflects increasing DNA content and is indicative of cell cycle progression. Times for

each peak represent the duration since medium was changed. (A) Cell cycle distribution with 0.1 mM DOX. (B) Cell cycle

distribution with normal medium.
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avid binding to a wide variety of intracellular constituents [4].

With these considerations in mind, the present study

demonstrates that this clinically relevant concentration of

DOX caused similar oxidative damage to DNA in non-

transformed MCF-10A breast epithelial cells.

Increased amounts of ROS were measured in MCF-10A

cells relative to control cells following DOX exposure, with

the largest relative increase occurring after 48 h. Based on

earlier studies of the redox cycling of DOX, it can be inferred

that the ROS measured in these experiments were produced

following an initial one-electron reduction of the DOX

quinone by flavin dehydrogenases at multiple intracellular

sites, including the nucleus [4]. The nature of the DCF flow

cytometric assay for ROS only allows the conclusion that, at

the time points measured, and particularly after 48–72 h of

DOX exposure, the net production of ROS exceeded detox-

ification, increasing the overall level of oxidant species in

DOX-treated MCF-10A cells.

DNA from normal, untreated MCF-10A cells contained an

intrinsic level of modified DNA bases consistent with base

lesions observed in human breast cells [19–21]. The levels of 11

modified DNA bases (of the 12 measured) were significantly

increased in MCF-10A cells cultured for 96 h with 0.1 mM DOX.

Thus, an increase in DNA base oxidation in MCF-10A cells was

present intracellularly under the same conditions of DOX

exposure that yielded an increase in ROS.

All of the modified DNA bases identified in this study can be

generated via the interaction of hydroxyl radicals with DNA,

and all have been well documented in the literature [10,13].

During the generation of ROS by routine cellular respiration, a

pleiotropic array of antioxidant and DNA repair systems, as

well as the cellular apoptosome, minimize the opportunity for

sustained DNA injury [22]. However, previous studies from our

group have demonstrated that the levels of oxidized DNA base

damage observed in these experiments increase mutation

rates in mammalian cell reporter systems [23]. Thus, if the

modified DNA bases we observed are not repaired before the

next cycle of DNA replication, mutations could be induced

that, if tolerated by the cell, might result in malignant

transformation.

MCF-10A cells synchronized in G0/G1 phase and cultured in

the presence of DOX remained in G0/G1 during the entire 96 h of

DOX exposure, while cells cultured without DOX emerged from
G1 phase after 16 h, exhibiting the typical cell cycle progression

observed in proliferating cells by 24 h. Cells exposed to oxidants

or other DNA damaging agents often experience growth arrest

to allow for DNA repair; however, cells unable to undergo

successful DNA repair may sustain malignant transformation.

It is of interest that a malignant phenotype has been observed in

MCF-10A cells exposed to cigarette smoke condensate for 72 h

[24]. Recent work has implicated impaired BER as a contributor

to this transformation [25].

Treatment of unsynchronized MCF-10A cells with 0.1 mM

DOX for 96 h was sufficient to prevent cell proliferation, induce

apoptosis, and produce the G2/M arrest typical of the

anthracycline antibiotics, such as DOX [4]. This result is

consistent with earlier reports showing that H2O2 induces the

formation of DNA strand breaks and oxidized DNA bases in

MCF-10A cells resulting in growth inhibition [20]. Thus, in

addition to mutagenic potential, the oxidized DNA base

lesions that we observed following DOX exposure might also

contribute to the antiproliferative effects of the anthracy-

clines.

Differences in the mRNA expression levels of seven BER

enzymes were observed in MCF-10A cells cultured with or

without 0.1 mM DOX. Expression of OGG1, MGMT, TDG, UDG,

APE, MPG, and ENTG mRNA in untreated cells increased by up

to 4.5-fold during the 96-h culture period, as expected during

peak rates of DNA synthesis in S-phase [26]. In contrast,

expression of the seven BER genes was either unchanged or

decreased over the same time frame in DOX-treated cells.

From this observation it might be argued that DOX-enhanced

reactive oxygen formation was only capable of producing the

observed 2.5–3-fold increases in oxidized DNA base content

when the DNA repair capacity of the MCF-10A cells was

exceeded. It is also possible that the damage inflicted on our

MCF-10A cells was so extensive that it not only stopped DNA

replication, but it also halted or significantly retarded BER gene

transcription. The respective genes for these enzymes are

located on five different chromosomes [27]. The fact that the

expression of each of the BER genes studied was inhibited to a

similar degree despite the fact that the genes reside on

different chromosomes suggests that damage to genomic DNA

caused by 0.1 mM DOX was extensive.

Protein levels of selected human DNA repair enzymes were

also significantly lower in cells treated with DOX, compared



Fig. 3 – (A) Representative Western blot analysis of seven

DNA repair enzyme expression levels in MCF-10A cells

treated with or without 0.1 mM DOX. Enzymes measured

included APE, NTH1, hOGG1, mtOGG1, MGMT, DNA

polymerase e, DNA ligase I, and anti-actin control. Point 0

indicates the expression of proteins in cells synchronized

in G0/G1 before the addition of DOX. (B) Average

quantitative representation of Western blot results from

Fig. 4 – Death of unsynchronized MCF-10A cells treated for

96 h with 0.1 mM DOX relative to the cell cycle. Apoptosis,

measured by TUNEL assay, is represented as strand

breaks. (A) MCF-10A cells cultured for 96 h in standard

DMEM/F-12 medium. Unsynchronized cells did not reach

confluence, and no DNA strand breaks were detected. (B)

Apoptotic cells were detected in DOX-treated cells from all

phases of the cell cycle; a large sub-G0 peak of apoptotic

cells is also visible.
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with control cells, following 72–96 h of drug exposure. It is

possible that the continuous exposure to DOX over 96 h

resulted in certain aspects of cellular repair capacity being

overwhelmed by ROS, leading to the degradation of specific

repair enzymes. In this regard, although the mechanism(s)

through which polymerase e, DNA ligase I, and MGMT protein

levels were decreased following DOX treatment are unknown,

the activities of other DNA repair proteins, including Fpg

(formamidopyrimidine-DNA-glycosylase) and hOGG1, have

been shown to be inhibited in mammalian cells by reactive

oxygen and nitrogen species [28,29]. It is also possible that
three independent experiments. For quantitative analysis,

protein bands for the particular enzyme at each time point

were normalized to the same protein concentration using

actin content as an internal standard. Fold changes in

protein expression for each enzyme over the expression

levels in the control cells were calculated for each time

point. Error bars represent standard deviation.
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activation of proteasomal pathways by DOX-enhanced oxygen

radical production could have contributed to the decrease in

polymerase e, DNA ligase I, and MGMT protein levels we

observed.

In conclusion, a 96-h exposure to a pharmacologically

relevant concentration of DOX produced a spectrum of

oxidative, and potentially mutagenic, DNA damage in non-

malignant MCF-10A breast epithelial cells consistent with that

measured in PBMCs during single-agent, DOX-containing,

breast cancer chemotherapy. The DNA base damage that

occurs both in vitro and in patients may contribute to both the

antiproliferative and mutagenic potential of the anthracycline

antibiotics. Unfortunately, little is currently known regarding

the mechanism(s) by which secondary malignancies occur in

patients following DOX chemotherapy. If oxidative DNA

damage is related to the etiology of these tumors, monitoring

of patient’s blood or urine for sensitivity or resistance to the

accumulation of DNA base modifications might be advanta-

geous during and after DOX therapy [30]. It may also be of

interest to determine whether there is a therapeutic dosing

regimen of DOX which can achieve plasma levels necessary

for tumor cell killing while sparing the DNA repair pathways of

healthy cells. Evaluation of different dosing regimens and

DNA damage in healthy cells may also be relevant for the

preclinical and clinical development of newer DOX analogs

with more potent cytotoxic effects [31,32].
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