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Abstract
Aminoflavone (5-amino-2-(4-amino-3-fluorophenyl)-6,8-difluoro-7-methylchromen-4-one; AF;
NSC 686288), a novel anticancer candidate agent, is undergoing clinical evaluation. AF induces
DNA-protein cross-links (DPCs), γ-H2AX phosphorylation, aryl hydrocarbon receptor (AhR)
signaling, apoptosis and its own metabolism via cytochrome P4501A1 and 1A2 (CYP1A1/1A2)
activation in sensitive estrogen receptor positive (ER+) MCF7 breast cancer cells. Estrogen receptor
negative (ER−) breast cancer is typically more aggressive with a poorer prognosis. In this
investigation, we evaluated the ability of AF to induce reactive oxygen species (ROS) formation,
oxidative DNA damage and apoptosis in ER− MDA-MB-468 breast cancer cells. The antioxidant,
N-acetyl-L-cysteine (NAC), attenuated the cytotoxic effects of AF in MDA-MB-468 cells; an effect
is also observed in ER+ T47D breast cancer cells. Nonmalignant MCF10A breast epithelial cells
were resistant to the cytotoxic effects of AF. AF increased intracellular ROS, an effect blocked by
NAC and the CYP1A1/1A2 inhibitor, α-Naphthoflavone (α-NF). AF induced oxidative DNA damage
as evidenced by increased 8-oxo-7,8-dihydroguanine (8-oxodG) levels and DPC formation in these
cells. AF caused S-phase arrest corresponding to an increase in p21(waf1/cip1) protein expression. AF
induced caspase 3, 8 and 9 activation, caspase-dependent apoptotic body formation and poly [ADP-
ribose] polymerase (PARP) cleavage. Pretreatment with the pan-caspase inhibitor,
benzyloxycarbonyl-Val-Ala-DL-Asp(OMe)-fluoromethylketone inhibited apoptosis and partially
inhibited ROS formation and oxidative DNA damage. Pretreatment with NAC attenuated AF-
induced apoptotic body formation and caspase 3 activation. These studies suggest AF inhibits the
growth of breast cancer cells in part, by inducing ROS production, oxidative DNA damage and
apoptosis and has the potential to treat hormone-independent breast cancer.
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Excluding cancers of the skin, breast cancer is the most common cancer among women,
accounting for nearly 1 in 3 cancers diagnosed in US women. Estrogen receptor positive (ER
+) breast cancer tends to respond to selective estrogen receptor modulators (SERMs) such as
Tamoxifen. Estrogen receptor negative (ER− ) breast cancer on the other hand is generally
unresponsive to these agents.1,2 In addition, not all patients with hormone-dependent breast
cancer respond to SERMs and some who initially respond develop resistance to this form of
therapy. It is therefore vital to develop drugs that demonstrate anticancer activity in both forms
of breast cancer. Aminoflavone (5-amino-2-(4-amino-3-fluorophenyl)-6,8-difluoro-7-
methylchromen-4-one; AF; NSC 686288) (Fig. 1a), a novel anticancer candidate agent
currently undergoing clinical evaluation, has been previously shown to display potent in
vitro and in vivo antiproliferative activity against select human cancer cell lines with a unique
anticancer activity profile in the National Cancer Institute (NCI) 60 cell line screen. This
suggests that its mechanism of action differs from that of anticancer agents currently used
clinically, although the exact mechanism by which AF displays its anticancer activity has not
been fully elucidated.3–6

Previous studies indicate AF induces cytochromes P450 1A1 and 1A2 (CYP1A1/1A2)
expression, DNA damage, cell cycle arrest and apoptosis in ER+ MCF-7 breast cancer cells.
7–9 AF activates the aryl hydrocarbon receptor (AhR) signaling pathway, which in turn leads
to the transcriptional activation of genes such as CYP1A1 and CYP1A2 in MCF-7 cells which
promote its metabolism.6 AF presumably binds to AhR in the cytosol forming a complex with
molecular chaperones Hsp90, ARA9 and p23 which translocates to the nucleus. In the nucleus
the AhR binds to the aryl hydrocarbon nuclear translocator (ARNT) which converts AhR into
a high affinity DNA binding form following the dissociation of the molecular chaperones. This
AhR-ligand-ARNT complex can then bind to the xenobiotic response element leading to gene
transcription.

Recent studies demonstrate the ability of sulfotransferases within cancer cells to also
metabolize AF which may play at least as pivotal a role in its anticancer activity as cytochrome
P450s.10,11 The ability of AF to induce its own metabolism reveals a unique aspect of its
mechanism of anticancer action, a feature not found among clinically available anticancer
agents. Sensitive cells possess constitutively high levels of sulfotransferases which can convert
AF into active species and depend upon AhR signaling pathway activation resulting in
CYP1A1 or CYP1A2 induction in response to the apoptotic and DNA damaging effects of AF.
10,12 Certain ER− breast cancer cells (i.e., MDA-MB-435) demonstrate resistance to AF6,7
since they contain low sulfotranferase expression levels and are unresponsive to AhR signaling
activation.

The correlation between sulfotransferase expression and relative sensitivity to AF was
determined among cells within the NCI 60 cell line panel. The MDA-MB-468 breast cancer
cell line outlined in this report is not a part of this panel. This cell line though ER−, displays
aryl hydrocarbon responsiveness and expresses elevated levels of sulfotransferases.13 Thus,
we reasoned AF would demonstrate anticancer activity in these cells. Substances that activate
the AhR signaling pathway often induce the expression of cytochrome P450s and phase II drug
metabolizing enzymes such as sulfotransferases. These substances often increase reactive
oxygen species (ROS) formation within susceptible cells presumably following metabolic
activation.
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MDA-MB-468 cells do not express the progesterone receptor and contain exceptionally low
HER2/neu expression levels, characteristic of a breast cancer type that often has an
exceptionally poor prognosis with few therapeutic options. Besides its estrogen receptor status,
MDA-MB-468 cells differ from MCF-7 cells in possessing a mutated form of p53 while MCF-7
cells possess wild type p53.14–16 We anticipated that differences may occur in the ability of
AF to induce p21(waf1/cip1) expression,12 a protein that halts cell cycle progression to prevent
the replication of damaged DNA.17,18 The induction of p21(waf1/cip1) often occurs in response
to its primary transcriptional activator and tumor suppressor p53.19 If p53 is mutated then
p21(waf1/cip1) can become activated by other mechanisms.17,20–23 Activation of the mitogen-
activated protein kinase (MAPK) pathway commonly involved in ROS-induced cell cycle
arrest represents a facet of one such mechanism. The MAPK pathway is subject to redox control
and can transactivate the p21(waf1/cip1) promoter.24 This can result in ROS-induced, p53-
independent activation of p21(waf1/cip1).

Thus far, our study to date is the first to outline the ability of AF to modulate oxidative stress
in cancer cells. Flavonoids have been shown to demonstrate their anticancer effects by
influencing oxidative stress in cancer cells.25,26 Since AF is a flavonoid small molecule, we
hypothesized that this agent would modulate oxidative stress as part of its mechanism of
anticancer activity in sensitive cancer cells. To examine this hypothesis, we evaluated the
ability of AF to induce intracellular ROS production in several different breast cancer cell lines
including T47 D cells which are ER+ cell line yet possesses mutant p53 expression.

Because no studies to date have demonstrated the ability of AF to inhibit the growth of ER−
breast cancer cells, we evaluated its ability to induce cytotoxicity, oxidative DNA damage and
apoptosis in ER− MDA-MB-468 cells. We examined whether oxidative stress or caspases
participate in mediating AF-induced growth inhibition, reactive oxygen species formation,
DNA damage and apoptosis in these cells. In addition, we examined the role CYP1A1 and
CYP1A2 play in AF-induced ROS generation. Our studies provide additional insight into the
mechanism of anticancer activity for this candidate agent which is expected to ultimately
benefit breast cancer patients including those with exceptionally limited therapeutic options.

Material and methods
Cell culture, reagents and drugs

Human MDA-MB-468 and MCF-7 breast cancer cell lines were obtained from the American
Type Culture Collection (ATCC) while MDA-MB-231, MDA-MB-435 and T47D cells were
obtained from NCI-Frederick Cancer DCTD tumor/cell line repository. Cells were cultured in
RPMI-1640 medium containing 10% FBS (Hyclone, Logan, UT), 2 mM glutamine and
penicillin–streptomycin antibiotic (Mediatech, Herndon, VA). Additionally, human breast
epithelial MCF10A cells were a kind gift from Dr. Daisy DeLeon (Loma Linda University,
Loma Linda, CA). The MCF10A cells were cultured in Dulbecco’s Modified Eagle’s Medium/
nutrient mixture F-12 (Mediatech, Herndon, VA) supplemented with hydrocortisone (Sigma-
Aldrich, St. Louis, MO), human recombinant EGF (Sigma-Aldrich, St. Louis, MO), 5% (v/v)
horse serum (Invitrogen, Carlsbad, CA), cholera toxin (Calbiochem, BD Biosciences, La Jolla,
CA) and penicillin–streptomycin antibiotic (Mediatech). A monoclonal mouse antibody for
PARP was purchased from R&D Systems (Minneapolis, MN). The Annexin V-PI kit, the
mouse monoclonal antibodies against p21WAF1/CIP1 and GAPDH as well as the goat anti-
mouse IgG-HRP secondary antibody were purchased from Santa Cruz Biotechnology (Santa
Cruz, California). AF was obtained from the Developmental Therapeutics Program Repository
of the National Cancer Institute at Frederick (Frederick, MD). Drug stock solutions of 10 mM
dissolved in dimethyl sulfoxide (DMSO, Sigma) were stored protected from light at − 20°C
until use. Before use, the stock solution was diluted to the desired concentrations in complete
RPMI medium such that the final DMSO concentration did not exceed 0.1%. This low
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concentration had no appreciable affect on cells. Alamar Blue™ dye was purchased from
BioSource International, (Camarillo, CA). RNase was obtained from Calbiochem.
Staurosporine (STS) and Z-VAD-fmk were purchased from Biomol International, LP
(Plymouth Meeting, PA). SuperSignal West Pico chemiluminescent substrate was purchased
from Pierce Biotechnology (Rockford, IL). All other reagents were purchased from Sigma
Aldrich.

Alamar blue™ assay
The cytotoxicity of AF in MDA-MB-468 and MCF-10A cells was determined using the Alamar
Blue™ assay as previously described.27 Briefly, cells were plated in 96-well plates at their
appropriate densities (5,000–20,000 cells/well) in a total volume of 200 μL. After 24–48 hr of
incubation, cells were treated with 0.1% DMSO (vehicle) or AF (0.1 nM–100 μM) for 12 or
72 hr before the addition of 20 μL of Alamar Blue™ dye. After 4 hr of dye incubation,
fluorescence was read using an FLx800 microplate fluorescence reader (excitation and
emission = 530 and 590 nm respectively). In some experiments, cells were treated with varying
concentrations of AF or with 0.1% DMSO, 1 μM AF, 100 μM Z-VAD-fmk or 25 mM NAC
for 12 hr. Alternatively, cells were pretreated with benzyloxycarbonyl-Val-Ala-DL-Asp
(OMe)-fluoromethylketone (Z-VAD-fmk) or N-acetyl-L-cysteine (NAC) followed by
treatment with AF before cytotoxicity was evaluated.

Hoffman modulation phase contrast microscopy
Apoptosis was also visualized using an Olympus IX70 inverted microscope equipped with
Hoffman modulation phase contrast and images were acquired using a SPOT digital camera
system. Briefly, MDA-MB-468 cells were plated overnight, and then treated with 0.1% DMSO
(negative control), 0.1–10.0 μM AF for 24 hr and visualized under the microscope. In some
experiments, cells were treated with Staurosporine (STS; positive control) or pretreated with
100 μM Z-VAD-fmk for 2 hr or 25 mM NAC for 1 hr followed by incubation with AF (12 hr)
prior to examining cells for apoptotic body formation.

Annexin V-PI staining
The ability of AF to induce apoptosis in MDA-MB468 cells was evaluated using the Annexin
V-FITC and propidium iodide (PI) assay according to the manufacturer’s protocol (Santa Cruz
Biotechnology). Briefly, MDA-MB-468 cells were treated with 0.1% DMSO (vehicle control)
or AF (0.1–10.0 μM) for 24 hr. The cells were then harvested, washed twice with PBS then
resuspended in 1X Assay Buffer before the addition of Annexin V-FITC (10 min at room
temperature) and PI (15 min on ice) to the samples protected from light. Samples were then
analyzed by a FACScalibur instrument (Becton and Dickinson). Annexin +/PI + cells were
defined as late apoptotic, while Annexin +/PI− cells were defined as early apoptotic. In some
experiments, cells were treated with STS (positive control), or pretreated with Z-VAD-fmk for
2 hr followed by AF treatment.

Caspase activity assay
MDA-MB-468 cells were plated at a density of 2 × 104 cells/well, in 96-well Nunc black plates
and cultured overnight in the presence of 5% CO2 at 37°C. Cells were treated 24 hr later with
1 μM AF for various times (0–6 hr) to induce apoptosis, each in triplicate. At the end of each
time point, a one-step cellular caspases activity assay was performed using the substrates (EMD
Biosciences, La Jolla, CA) as follows: DEVD-AMC for caspase 3, IETD-AMC for caspase 8
or LEHD-AMC for caspase 9 as described previously.28 Briefly, after AF treatment, cells were
incubated for 1 hr at 37°C with 50 μL/well of filtered 3X one-step caspase assay buffer (150
mM HEPES, pH 7.4, 450 mM NaCl, 150 mM KCl, 30 mM MgCl2, 1.2 mM EGTA, 1.5%
Nonidet P40, 0.3% CHAPS, 30% sucrose) supplemented with 150 μM of the appropriate
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caspase substrates, 30 mM DTT and 3 mM phenylmethanesulphonyl-fluoride. Caspase activity
was measured (excitation at 360 nm and emission at 460 nm) using an FLx800 microplate
fluorescence reader. The caspase activity for each time point was expressed as percent caspase
activation relative to untreated control. In some experiments, cells were pretreated with 25 mM
NAC or 100 μM Z-VAD-fmk for 1 hr prior to treatment with AF before measuring caspase
activity.

Measurement of intracellular reactive oxygen species levels
Intracellular ROS levels were measured using the fluorescent dye 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCF-DA; Sigma). H2DCF-DA is a nonpolar
compound which upon incorporation into cells is converted into a membrane-impermeable,
nonfluorescent polar compound, H2DCF, by the action of cellular esterases. In the presence of
intracellular ROS, H2DCF is oxidized to the fluorescent 2′,7′-dichlorofluorescein (DCF),
which is readily detected by flow cytometry. Various cancer cells as well as the nonmalignant
cell line (MCF10A) were treated with 0.1% DMSO (negative control), or AF. The DCF
fluorescence intensity is proportional to the amount of intracellularly formed ROS. In some
experiments, MDA-MB-468 cells were treated with NAC29 (20 mM), αNF (100 μM) or with
Z-VAD-fmk (100 μM) for 1–2 hr prior to AF treatment. As a positive control 500 μM H2O2
was used.

Cell cycle analysis
Cell samples were prepared for cell cycle analysis as previously described.30 In brief, ~2 ×
105 MDA-MB-468 cells plated in 25-cm2 flasks were treated with 0.1% DMSO (vehicle
control) or AF (1.0 μM, 12 hr), harvested in ice-cold PBS (pH 7.4) and fixed in 70% ethanol
for at least 30 min. Prior to analysis, cells were washed once with PBS and stained with PBS
containing propidium iodide (50 μg/mL) and RNase (50 μg/mL) at 37°C for 30 min. Cellular
DNA content was analyzed with a FACScan flow cytometer (Becton Dickinson, Franklin
Lakes, New Jersey). Cell cycle distributions were calculated on DNA plots using the Modfit
LT Software (Franklin Lakes, New Jersey).

DNA isolation and hydrolysis
MDA-MB-468 cells were treated for 12 hr with 0.1% DMSO (negative control), 1 μM AF,
100 μM Z-VAD-fmk or AF following 2 hr Z-VAD-fmk pretreatment or with 100 μM
Buthionine sulfoximine (BSO, positive control) for 18 hr followed by 500 μM H2O2 for 30
min. DNA isolation was done as previously described.31 Briefly, 100–500 μg of DNA was
dissolved in 200 μL of 1 mM deferoxamine mesylate (DFAM)/20 mM sodium acetate, pH 5.0.
DNA was hydrolyzed to nucleotides by incubation for 10 min at 65°C with 4 μL of a 3.3 mg/
mL suspension of nuclease P1 (US Biological, Swampscott, Massachusetts) prepared in 20
mM sodium acetate, pH 5.0. The resulting mixture was adjusted to pH 8.5 by adding 20 μL of
1 M Tris-HCl buffer, pH 8.5 and hydrolyzed to the corresponding nucleosides by incubation
with 4 μL of 1U/μL calf intestine alkaline phosphatase (Roche, Indianapolis, Indiana), for 2
hr at 37°C. After alkaline phosphatase digestion, the pH of the hydrolyzed solution of DNA
was once again lowered by adding 20 μL of 3 M sodium acetate buffer, pH 5.0, followed by
the addition of 20 μL of 50 mM EDTA/10 mM DFAM solution prepared in water. Finally, the
solution of DNA was filtered using an Ultra-Free Eppendorf filtration system with
centrifugation at 10, 000g for 15–30 min at 4°C.

Measurement of oxidative DNA damage
8-Oxo-7,8-dihydroguanine (8-oxodG) and 2′-deoxyguanosine (dG) were resolved by HPLC
and quantified by electrochemical detection. A CoulArray electrochemical detection system
(ESA Model 5600A) was employed using a 3 μM, 150 × 4.6 C-18 column (YMC Basic). The
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nucleosides were eluted from the column with an isocratic mobile phase consisting of 100 mM
sodium acetate pH 5.2, 5.0% methanol. The mobile phase was filtered and degassed prior to
application followed by filtration using a 0.22 μM, HV Durapore filter. Two coulometric cells
(Four Channel; ESA) were placed in series and set to the following potentials: 100, 200, 300,
350, 400, 450, 500 and 550 mV. The identity of dG and 8-oxodG on the chromatograms were
determined by coinjection of standards. Standards were run before and after the samples with
some samples containing 8-oxodG standard. Standard curves were used to quantify 8-oxodG
and dG. The data are expressed as the ratio of 8-oxodG adducts per 105 dG.

Alkaline elution assay
DNA damage was detected using alkaline elution assays as described previously.32 Briefly,
MDA-MB-468 cells were radiolabeled with [3H] thymidine (1.0 μCi/mL) for 72 hr. Cells were
chased overnight (16 hr) with radioisotope-free medium before receiving treatment. Cells were
then treated with 0.1% DMSO or AF (0.1–10 μM) for 18 hr. The cells were harvested following
specified incubations with AF by scraping them into ice-cold HBSS. Following alkaline
elution, filters were incubated at 65°C with 1 M HCl for 45 min and 0.04 M NaCl added for
an additional 45 min of incubation. Radioactivity in each fraction was measured by liquid
scintillation (Packard Instruments, Meridien, CT). DPCs were analyzed under
nondeproteinizing, DNA-denaturing conditions using protein-adsorbing filters.

Western blot analysis
MDA-MB-468 cells were seeded at 3–4 × 106 per plate (100 mm) 24 hr before treatment with
1 μM AF or 0.1% DMSO for 0, 2, 4, 6, 8, 12, 18 hr. Following treatment, the cells were
harvested, washed twice with cold PBS before adding cold lysis buffer (100 mM Tris-HCl [pH
6.8], 4% SDS, 10% glycerol [v/v] and complete protease inhibitor cocktail) for 30 min at 4°
C. Protein concentration was determined using the DC protein assay kit according to the
manufacturer’s instructions (Bio-Rad, Hercules, CA). For Western blot analysis, proteins were
resolved on 8–12% SDS-polyacrylamide gel and transferred electrophoretically onto
nitrocellulose membrane for 120–140 min at 30 V. The membranes were blocked with blocking
buffer consisting of 5% nonfat dry milk in 1% Tween 20 in 20 mM TBS (pH 7.5) for 1 hr at
room temperature then incubated for 1 hr at room temperature with mouse primary antibodies
against PARP (1:1,000 dilution) and p21WAF1 (1:1,000 dilution). Membranes were then
incubated with goat anti-mouse IgG-HRP secondary antibody (Santa Cruz) for 30 min at room
temperature and visualized using the enhanced chemiluminescence detection system.

Statistical analysis
Statistical significance between 3 or more groups was calculated from one-way analysis of
variance (ANOVA) followed by Tukey’s test. To compare 2 groups, the unpaired Student’s t
test with Welch correction was used. Statistical analysis was performed using GraphPad InStat
version 3.06 for Windows 95, GraphPad software, San Diego, California, USA,
www.graphpad.com. Designations for statistical significance are *p < 0.05, **p < 0.01 and
***p < 0.001.

Results
AF inhibits the growth of malignant MDA-MB-468 but not nonmalignant MCF-10A cells

To investigate the anticancer effects of AF in MDA-MB-468 cancer cells, we performed the
Alamar Blue™ assay which estimates cell number, following 12 and 72 hr of AF exposure.
MDA-MB-468 cells were sensitive to AF even after 12 hr of treatment (GI50 < 1 μM). As
anticipated, this cytotoxic effect was more pronounced following 72 hr of treatment (GI50 <
100 nM) (Fig. 1b). To determine whether the cytotoxic effects of AF were selective for
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malignant cells, nonmalignant MCF-10A cells were treated with AF in a similar fashion as the
MDA-MB-468 cells. These cells showed resistance to AF treatment (GI50 >100 μM, 72 hr
treatment).

Aminoflavone increases intracellular reactive oxygen species levels in sensitive cancer cells
in a caspase- and CYP1A1/1A2-dependent manner

Oxidative stress is implicated in various biological processes including proliferation,
differentiation and apoptosis. Reactive oxygen species may trigger apoptosis signaling
pathways mediated by mitochondria, death receptors or p53.33 Therefore, we investigated the
effect of AF on ROS production in MDA-MB-468 cells. To determine whether AF altered
intracellular reactive oxygen species levels, we treated cells with AF at varying time points
and exposed them to H2DCF-DA before evaluating ROS levels using flow cytometry. AF
increased intracellular ROS levels in MDA-MB-468 cells. This effect was distinct and
detectable following 3 hr of treatment using 1 μM AF and reversed with 1 hr NAC pre-treatment
(Fig. 1c). Previous studies demonstrated CYP1A2 induction by AF and its subsequent
metabolism in cells sensitive to its growth suppressive effects.6,7 Cytochrome P450 induction
can contribute to increases in intracellular ROS levels. To determine the primary source of this
ROS production and whether AF may be converted to a species resulting from CYP1A1/1A2
metabolism that contributes to its ROS-inducing effects, we pretreated cells with the CYP1A1
and CYP1A2 inhibitor, α-Naphthoflavone (α-NF) before AF treatment (6 hr). Our data indicate
α-NF inhibited AF-induced production of ROS (Fig. 1d). This suggests AF-induced ROS
production occurs predominantly via a CYP1A-dependent pathway. To determine whether
caspases are involved in ROS production, cells were pretreated with Z-VAD-fmk for 2 hr prior
to analysis of ROS. AF-induced increase in ROS formation was partially inhibited in the
presence of Z-VAD-fmk pretreatment suggesting caspase activation contributes to sustaining
ROS levels (Fig. 1e). To illustrate a correlation between breast cancer cell sensitivity to AF
and ROS generation, we treated a panel of breast cancer cells and nonmalignant MCF10A cells
with AF and measured ROS levels. Increases in ROS occurred in MCF-7, T47D and MDA-
MB-468 cells and all of these cell lines are sensitive to AF. MDA-MB-435 and MDA-MB-231
breast cancer cells as well as the MCF10A breast epithelial cell line are resistant to the cytotoxic
effects of AF and consequently showed no appreciable increases in reactive oxygen species
following AF treatment (Fig. 1f).

AF induces oxidative DNA damage in MDA-MB-468 cells
Reactive oxygen species can directly damage DNA.34,35 Some common oxidative DNA
damage lesions include 8-oxo-7,8-dihydroguanine (8-oxodG), thymine glycol and 5-
hydroxymethyluracil. 8-OxodG, however, has been the most extensively studied and has been
found to play a major role in the induction of spontaneous mutations which can lead to
apoptosis.34 We therefore measured 8-oxodG/dG levels in MDA-MB-468 cells after treatment
with 1 μM AF. AF significantly increased 8-oxodG formation in MDA-MB-468 cells as
compared to the negative control (0.1% DMSO) (Fig. 2a). An ~2-fold increase in 8-oxodG/
dG levels was detected in cells treated with AF (1 μM, 12 hr) which was comparable to that
seen in cells treated with 100 μM BSO/500 μM H2O2 (positive control). This increase in
oxidative DNA damage was partially inhibited in the presence of Z-VAD-fmk which suggests
caspase activation contributes to DNA damage within susceptible cells. DNA damage often
occurs when cells are treated with many anticancer agents and can be in the form of single
strand breaks, DNA protein cross-links or double strand breaks. These adducts can also arise
from oxidative stress.34 DNA protein cross-links were detected in MDA-MB-468 cells
following AF treatment (0.1–10 μM) for 18 hr. The degree of DPC formation occurred in a
biphasic fashion with the maximal effect seen at 1.0 μM (Fig. 2b).
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Aminoflavone induces S phase arrest in MDA-MB-468 cells
In response to DNA damage, checkpoint proteins participate in arresting cell cycle progression
to enable DNA repair. Cell cycle arrest was determined by flow cytometry. MDA-MB-468
cells were exposed to 0.1% DMSO (control) or 1.0 μM AF for 12 hr and prepared for cell cycle
analysis. AF caused a significant increase in the percentage of cells in S phase (Fig. 2c). There
was also an accumulation of cells in sub-G1 for cells treated with AF when compared to
untreated control cells indicating AF induces apoptosis in these cells. These data show that AF
induces S-phase arrest due to its DNA damaging effect. During the cell cycle, CDK activity
can be inhibited by cell cycle inhibitory proteins. There are 2 distinct families of these CDK
inhibitors, the INK4 family and the Cip/Kip family. The Cip/Kip family includes p21, p27 and
p57. The expression of p21 is under transcriptional control of the p53 tumor suppressor gene.
The induction of p21 results in CDK inhibition and cell cycle arrest, which prevents the
replication of damaged DNA.36 Previous studies demonstrate the ability of AF to induce p21
expression in MCF-7 cells.8,12 To determine whether p21 expression levels are altered in
MDA-MB-468 cells following AF treatment, we exposed these cells at varying time points
(2–18 hr) to AF (1 μM) and measured p21 protein expression using Western blotting. Data
demonstrate that AF induces an increase in p21 expression within 2 hr and sustains this effect
for the duration of treatment (Fig. 2d).

Aminoflavone induces apoptosis in MDA-MB-468 cells
To evaluate the apoptotic inducing effects of AF, MDA-MB-468 cells were treated with
varying concentrations of AF (0.1–10.0 μM) for 24 hr and then examined for formation of
apoptotic bodies using Hoffman modulation phase contrast microscopy (Fig. 3a). To determine
the percentage of cells in early apoptosis, cells were harvested following treatment, received
Annexin V-PI staining before being analyzed by flow cytometry. The percentage of cells
staining positive for Annexin V only (early apoptosis) are illustrated (Fig. 3b). The greatest
extent of apoptosis in MDA-MB-468 cells was achieved at 1 μM AF. Apoptosis is significantly
greater than untreated controls following treatment with 10 μM AF though less than that seen
following treatment with 1 μM AF. Incidentally, although apoptosis is apparent at 0.1 μM AF,
it is not statistically greater than that seen in untreated cells. This is consistent with what was
determined in a recent publication reporting apoptosis induction by AF in other sensitive cancer
cells.12 The biphasic apoptotic response correlates with the biphasic response seen for DNA
damage induced by AF in MDA-MB-468 cells.

Aminoflavone induces caspase activation and PARP cleavage in MDA-MB-468 cells
We examined the effect of AF on the activation of caspases 3, 8 and 9 and PARP cleavage.
AF induced caspase 3, 8 and 9 activation in a time-dependent manner in MDA-MB-468 cells
(Fig. 3c). This effect was inhibited when cells were pretreated with Z-VAD-fmk. We also
detected a time-dependent induction of PARP cleavage in cells treated with AF (Fig. 3d).
Caspase activation and PARP cleavage suggests that the induction of apoptosis in MDA-
MB-468 cells by AF is mediated through caspase 3 activation and disruption of the
mitochondrial membrane. Caspase 8 activation was also observed which suggests that both the
intrinsic and extrinsic apoptotic pathways are involved. Pretreatment with Z-VAD-fmk (100
μM) followed by AF treatment (1 μM, 12 hr) further established that caspases are required to
produce the anti-cancer and apoptotic activity of AF in MDA-MB-468 cells (Fig. 4a). We
studied cells for apoptotic body formation and examined the percentage of cells in early
apoptosis following their treatment with AF in comparison to those receiving Z-VAD-fmk
pretreatment using the Annexin/PI study and phase contrast microscopy. Our results show Z-
VAD-fmk appeared to protect cells from the apoptosis-inducing effects of AF indicating AF-
induced apoptosis occurs in a caspase-dependent manner (Figs. 4a and 4b). Using the Alamar
Blue™ assay, we determined that caspase inhibition diminishes the capacity for AF to inhibit
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cell growth (Fig. 4c). These results confirm that the growth inhibition and cell death of MDA-
MB-468 cells induced by AF is mediated primarily by caspase-dependent pathways.

Effect of NAC on aminoflavone induced growth inhibition and apoptosis
NAC is an antioxidant and a reactive oxygen species scavenger which has been used
extensively in experiments to help define the role of ROS in many in vitro and in vivo systems.
37 To examine the relationship between AF-induced intracellular ROS production and cell
growth inhibition, we pretreated the cells with NAC to investigate the effects of intracellular
ROS depletion on AF-induced cell growth inhibition. MDA-MB-468 and T47D cells were
exposed to AF (1 μM; 12 and 24 hr, respectively) following pretreatment with 25 mM NAC
for 1 hr. NAC significantly inhibited the ability of AF to induce cytotoxicity and apoptosis in
both breast cancer cell lines (Fig. 5a). The formation of apoptotic bodies increased following
AF exposure in MDA-MB-468 cells and this effect was attenuated with NAC pretreatment
(Fig. 5b). MDA-MB-468 cells were also pretreated with 25 mM NAC for 1 hr prior to 1 μM
AF exposure and analyzed for caspase 3 activation. NAC partially inhibited AF-induced
caspase 3 activation suggesting reactive oxygen species contribute to the ability of AF to induce
caspase-dependent apoptosis (Fig. 5c). These results reveal a link between ROS formation and
AF-induced growth inhibition and apoptosis in sensitive breast cancer cells.

Discussion
Aminoflavone is a novel anticancer agent that has been previously shown to display potent in
vitro and in vivo antiproliferative activity against select human tumor cell lines. AF induces
DNA single-strand break formation, DNA-protein cross-link formation, cell cycle arrest,
histone γ-H2AX phosphorylation, CYP1A1 and CYP1A2 expression and its own metabolism
in sensitive ER+ MCF-7 human breast cancer cells.3–6,8 Stabilization of p53 and increased
expression of p21 have also been shown to occur in MCF-7 cells treated with AF.8,12 AF
activates AhR signaling and induces apoptosis in MCF-7 cells.6,12 However, the exact
mechanism by which AF displays its anticancer activity has not yet been fully elucidated. In
this investigation, we provide additional information on the mechanism of anticancer activity
for AF in an ER− breast cancer cell line, the first such study to date.

We demonstrate that AF induces growth inhibition and apoptosis in MDA-MB-468 cells in
part by elevating ROS levels and caspase-3 activation resulting in oxidative DNA damage and
cell death. These results indicate AF may serve as a plausible treatment option for some patients
with ER− breast cancer. We determined that AF induced caspase-dependent growth inhibition
and apoptosis. Caspases are often activated in response to oxidative stress.38

Oxidative stress is implicated in a number of cellular processes including apoptosis, and many
chemotherapeutic agents are known to induce their cytotoxic effects to tumor cells by an ROS-
mediated mechanism. Flavonoids are known to modulate oxidative stress as part of their
mechanism of anticancer action, and thus we examined ROS production by AF, a synthetic
flavonoid. We report in (Fig. 1c) that AF (3 hr, 1 μM) increases intracellular ROS levels and
pretreatment of MDA-MB-468 cells with 20 mM NAC inhibited this effect. A decrease in
intracellular ROS levels suggestive of an antioxidant effect occurred when MDA-MB-468 cells
were treated with AF (10 μM, 6 hr) as compared with untreated controls which may indicate
why DNA damage and apoptosis is less apparent at 10 μM as compared with 1 μM (data not
shown). Flavonoids frequently exhibit both anti- and pro-oxidant characteristics depending on
cell context.

There is evidence which suggests that ROS may act as signaling molecules for the initiation
and execution of the apoptotic cell death program.33 In this investigation, we studied the role
of ROS formation in AF-induced apoptosis of MDA-MB-468 cells. NAC was shown to inhibit
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AF-induced cytotoxicity and apoptosis (Figs. 5a–5c). ROS production, oxidation of cellular
macromolecules and reduced glutathione, superoxide dismutase and catalase levels have all
been observed in apoptotic processes.39 Therefore, AF induced-apoptosis in MDA-MB-468
cells appears to occur at least in part due to increased intracellular ROS.

The ability of the CYP1A1/CYP1A2 inhibitor α-NF to completely abolish AF-mediated ROS
production (Fig. 1d) suggests CYP1A1 and CYP1A2 induced by AF serve as a major source
of ROS formation and disrupt the redox state within sensitive cancer cells. It is also quite
probable that AF is converted into an electrophilic species which increases ROS levels within
these cells. Previous reports indicate that CYP1A2 metabolizes AF into a number of different
species that have been characterized including a hydroxylated metabolite.11 A recent study
suggests that flavonoid small molecules with hydroxylation in the 3 position have a greater
propensity to demonstrate prooxidant characteristics than those lacking this substitution.40 We
postulate that CYP1A2 promotes the metabolism of AF to a 3-hydroxylated derivative which
may contribute to the prooxidant characteristics of AF as modeled in Figure 5d.

To determine whether a probable role exists for sulfotransferases in AF-induced ROS, MDA-
MB-468 cells were pretreated cells with Nimesulide, a cyclooxygenase 2 inhibitor recently
found to inhibit sulfotransferases41 with selectivity toward sulfotransferase 1A1 (one of the
predominant sulfotransferases found to metabolize AF). Nimesulide lacks CYP inhibitory
activity and showed negligible effects on AF-induced ROS in these cells (data not shown).
This suggests that metabolites resulting directly from CYP1A-mediated AF activation
contribute predominantly to AF-induced ROS formation. It is also possible that CYP1A1 and
CYP1A2 convert AF into substrates for the sulfotransferases which form products that readily
convert into a highly reactive nitrenium ion that contributes to the increase in ROS levels, an
effect prevented by a CYP1A-specific inhibitor. Alternatively, sulfotransferases may play a
more prominent role in AF-induced oxidative DNA damage and DPC formation in MDA-
MB-468 cancer cells as a previous investigation has linked sulfotransferase expression in other
sensitive cancer cells with this candidate agent’s ability to induce covalent DNA binding and
DNA damage.10

In response to DNA damage, cyclin dependent kinase inhibitors arrest cell cycle progression,
to provide sufficient time for DNA repair serving in checkpoint control. There are DNA damage
checkpoints throughout the cell cycle.36 When MDA-MB-468 cells were treated with AF (1
μM; 12 hr), a substantial number of cells accumulated in the S phase of the cell cycle (Fig.
2c). This S phase arrest correlated with a time-dependent increase in p21 protein expression
(Fig. 2d), which indicates DNA damage checkpoint activation.36 The induction of p21, a cyclin
dependent kinase inhibitor (CKI), prevented the replication of damaged DNA.18 S phase arrest
occurred due to the presence of DNA damage including oxidative DNA damage. The p21
induction observed may be independent of p53 activation because MDA-MB-468 cells have
a mutated form of p53. It is possible p21 induction occurred through the MAPK pathway
following ROS-induced cell cycle arrest. It is known that the MAPK pathway is subject to
redox control and can transactivate the promoter of p21(waf1/cip1).24 The mechanisms
governing DNA damage checkpoint in S phase are poorly understood, but previous studies
have shown that suppression of the initiation and elongation stages of DNA replication may
be involved.42,43

Cell cycle arrest can follow DNA damage. We show that AF induces DNA protein cross-link
formation and S phase arrest in MDA-MB-468 cells similarly to what has been observed in
MCF-7 cells. Since we discovered AF can increase intracellular ROS levels, we sought to
determine whether it induced oxidative DNA damage by measuring 8-oxodG levels in MDA-
MB-468 cells. The use of 8-oxodG as a DNA damage marker for oxidative stress is well
documented.34 Our results show that AF caused an ~2-fold increase in 8-oxodG formation in
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MDA-MB-468 cells (Fig. 2a). This is significant since a 2-fold increase in 8-oxodG/dG
formation is the maximal extent observed in mammalian cells when treated with prooxidant
molecules.44 The increase in 8-oxodG/dG formation was readily attenuated in the presence of
Z-VAD-fmk indicating caspase activation contributes to the induction of oxidative DNA
damage. Previously AF was found to induce DPCs in MCF-7 cells.7,8 We demonstrate the
ability of AF to induce DPC formation up to 6-fold as compared to untreated controls in MDA-
MB-468 cells. Proteins can become cross-linked to DNA directly through oxidative free radical
mechanisms.45 DPCs can be formed by topoisomerase inhibitors; yet, previous studies have
shown that DPCs induced by AF are unrelated to topoisomerase cleavage complexes.8
Previous studies have characterized and identified covalent drug adducts which indicates that
AF metabolite(s) alkylate DNA.8,11 Though AF may alkylate DNA, it likely possesses a
mechanism of anticancer activity distinct from most alkylating agents also known to induce
DPC formation. Studies are underway to identify the proteins involved in DPC formation
following AF treatment which could shed additional light into its unique mechanism of action.

In conclusion, AF increases intracellular ROS resulting in oxidative DNA damage and induces
S phase arrest and caspase-dependent apoptosis in MDA-MB-468 cells. NAC attenuates the
antiproliferative effect of AF, suggesting that ROS production is also involved in the anticancer
activity of AF. We found AF induced an increase in intracellular ROS levels in sensitive
MCF-7, MDA-MB-468 and T-47D breast cancer cells, an effect that was absent in intrinsically
resistant MDA-MB-435, MDA-MB-231 breast cancer cells and nonmalignant MCF10A cells
(Fig. 1f). We have also shown that the antioxidant, NAC, can attenuate the cytotoxic effect of
AF in both ER+ and ER− breast cancer cells (Fig. 5a). Thus, we can conclude that differential
sensitivity to AF is at least in part ROS-linked. AF mediates ROS production in a CYP1A-
dependent fashion. Based on findings in this study, cell susceptibility to oxidative stress
induced by AF appears to correlate with cell responsiveness to the anticancer effects of this
candidate agent. The involvement of ROS in AF-mediated anticancer activity represents an
additional facet of its intriguing mechanism of action which includes its covalent binding to
DNA resulting in DNA adduct and DNA protein cross-link formation following its
bioactivation. It is anticipated that the extent AF can induce stress response genes in cells
correlates with this candidate agent’s ability to exhibit anticancer activity in these cells. These
stress response genes may serve as critical biomarkers for predicting patient responsiveness
similar to sulfotransferase 1A1 and γ-H2AX as suggested in a previous investigation.10
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α-Naphthoflavone
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Aminoflavone (AF) 
5-amino-2-(4-amino-3-fluorophenyl)-6,8-difluoro-7-methylchromen-4-one

ANOVA  
analysis of variance

ARNT  
aryl hydrocarbon nuclear translocator

CYP1A1  
cytochrome P450 1A1

CYP1A2  
cytochrome P450 1A2

DCF  
2′,7′-dichlorofluorescein

DFAM  
deferoxamine mesylate

dG  
2′-deoxyguanosine

DMSO  
dimethyl sulfoxide

DPC  
DNA-protein cross-links

ER−  
estrogen receptor negative

ER+  
estrogen receptor positive

H2DCF-DA  
2′,7′-dichlorodihydrofluorescein diacetate

MAPK  
mitogen-activated protein kinase

NAC  
N-acetyl-L-cysteine

PARP  
Poly [ADP-ribose] polymerase

ROS  
reactive oxygen species

STS  
Staurosporine

Z-VAD-fmk  
benzyloxycarbonyl-Val-Ala-DL-Asp(OMe)-fluoromethylketone
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Figure 1.
Aminoflavone inhibits growth and increases ROS levels in sensitive cancer cells. (a) Structure
of Aminoflavone (5-amino-2-(4-amino-3-fluorophenyl)-6,8-difluoro-7-methylchromen-4-
one; AF; NSC 686288). (b) Exponentially growing malignant MDA-MB-468 and
immortalized MCF-10A nonmalignant cells were treated with varying concentrations of AF
or vehicle control (0.1% DMSO) continuously for 12 or 72 hr before Alamar Blue™ dye reagent
was added and absorbance or fluorescence was measured to determine the anticancer activity
of AF as determined in Materials and Methods. Data represent the mean of at least 3
independent experiments performed in quadruplicate; bars, SEM. (c) Cells were treated with
negative control (CTL, 0.1% DMSO), 20 mM NAC, positive control (H2O2, 500 μM), AF (1.0
μM) or AF combined with NAC for 3 hr prior to analysis of ROS levels. Data represent the
mean of at least 2 independent experiments performed in triplicate; bars, SEM. *p < 0.05 when
comparing the 2 treatment groups. (d and e) Cells were treated with vehicle control (0.1%
DMSO), 100 μM α-NF, 100 μM Z-VAD-fmk, AF (at the indicated concentrations in D or 1.0
μM in E) or AF following α-NF (1 hr) or Z-VAD-fmk (2 hr) pretreatment. Accumulation of
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intracellular ROS was detected by flow cytometry as described in Materials and Methods. Data
represent the mean of at least 3 independent experiments performed in duplicate; bars, SEM.
***p < 0.001 or **p < 0.01 when comparing the indicated treatment groups. (f) Sensitive and
insensitive breast cell lines were treated with vehicle control (0.1% DMSO) or 1 μM AF for 6
hr followed by measurement of increases in intracellular ROS levels as described above. Data
represent the mean of at least 2 independent experiments performed in duplicate; bars, SEM.
*p < 0.05 or **p < 0.01 when comparing ROS levels in sensitive cells vs. resistant cells exposed
to 1 μM AF.
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Figure 2.
AF induces DNA damage in the form of 8-oxodG and DNA-protein cross-links and cell cycle
arrest in MDA-MB-468 cells. (a) Oxidative DNA damage was determined by measuring the
levels of 8-oxodG/105dG. MDA-MB-468 cells were treated with 1 μM AF in the presence or
absence of 2 hr pretreatment with Z-VAD-fmk for 12 hr or pretreated for 18 hr with 100 μM
BSO followed by the addition of 500 μM H2O2 in the media for 30 min. Data represent the
mean of at least 3 independent experiments performed in duplicate; bars, SEM. **p < 0.01 or
***p < 0.001 when comparing the indicated treatment groups. (b) MDA-MB-468 cells were
treated with varying concentrations of AF for 18 hr or with 0.1% DMSO (control) at 37°C
before resultant DPCs were assayed by alkaline elution. Data represent the mean of 2
independent experiments. (c) Exponentially growing MDA-MB-468 cells were exposed to
either 0.1% DMSO (control) or 1 μM AF for 12 hr. Cells were then harvested, washed in PBS
and fixed in 70% ethanol. DNA content was evaluated with propidium iodide staining and
fluorescence measured and analyzed as described in Materials and Methods. Numerical values
indicate percentage of cells in S phase. Data is representative of at least 3 independent
experiments. (d) Western blot analysis was performed for p21(waf1/cip1) protein expression in
MDA-MB-468 cells treated with 1 μM AF for the indicated times. GAPDH was used as a
loading control. Data shown is a representative study of at least 3 independent experiments
with similar results.
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Figure 3.
AF induces cell death in MDA-MB-468 cells. (a) Cells were treated with AF for 12 hr and
visualized by Hoffman modulation phase contrast microscopy (×40 magnification). Data is
representative of at least 3 independent experiments. (b) MDA-MB-468 cells treated with
DMSO (control) and indicated AF concentrations for 24 hr were exposed to Annexin-V-FITC
and propidium iodide staining prior to FACS-can analysis. Data represent the mean of at least
3 independent experiments; bars, SEM. **p < 0.01 or ***p < 0.001 when comparing treatment
groups with untreated controls. (c) MDA-MB-468 cells were treated with 1 μM AF in the
presence or absence of Z-VAD-fmk. Z-VAD-fmk was added to one set of cells 2 hr before
adding AF at 0, 2, 4, and 6 hr. The percent caspase activation was determined by a fluorescent
spectrophotometer. Data represent the mean of 3 independent experiments performed in
duplicate. (d) Western blot analysis was done for cleaved PARP in MDA-MB-468 cells treated
with 1 μM AF for the indicated times. GAPDH was used as a loading control. PARP was shown
to be cleaved as early as 8 hr. Data shown is a representative study of at least 3 independent
experiments with similar results.
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Figure 4.
Caspases are involved in AF-induced growth inhibition and apoptosis. (a) In the Alamar Blue
assay, cells were seeded in 96-well plates and allowed to attach overnight followed by treatment
with AF alone or in combination with Z-VAD-fmk for 12 hr. Certain cells were pretreated with
100 μM Z-VAD-fmk for 1 hr prior to 1 μM AF treatment. Growth inhibition was analyzed
using a microplate reader. Data are shown as mean of at least 3 independent experiments; bars,
SEM where *p < 0.05 when comparing the indicated treatment groups. (b) Hoffman
Modulation phase contrast microscopy (×40 magnification) was used to visualize the formation
apoptotic bodies. Data for the microscopy studies are representative of at least 3 independent
experiments producing similar results. (c) Annexin V-PI staining of cells was used to evaluate
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apoptosis and determine whether AF-induced apoptosis is caspase dependent. Data is reported
as the mean of at least 3 independent experiments; bars, SEM. ***p < 0.001 when comparing
the indicated treatment groups.
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Figure 5.
Growth inhibition, apoptosis and caspase activation by AF is attenuated by NAC. (a) In an
Alamar Blue assay, MDA-MB-468 or T47D cells were seeded in 96-well or 6-cm2 tissue
culture plates overnight followed by treatment with AF alone or following 1 hr pretreatment
with NAC for 12 hr and 24 hr, respectively. Cells were pretreated with 20 mM NAC for 1 hr
prior to AF (1 μM) treatment. Data are represented as mean of at least 3 independent
experiments; bars, SEM where *p < 0.05 or **p < 0.01 when comparing the indicated treatment
groups, (b) Hoffman Modulation phase contrast microscopy (×40 magnification) was used to
determine whether reactive oxygen species might play a role in AF-induced apoptosis. MDA-
MB-468 cells received vehicle, AF, NAC or NAC pretreatment followed by AF treatment as
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described in Materials and Methods. Data shown is representative of at least 3 independent
experiments producing similar results. (c) A caspase 3 activity assay was performed to
determine whether AF-induced caspase activation leading to apoptosis is dependent on reactive
oxygen species formation. Data represent the mean of at least 3 independent experiments; bars,
SEM where ***p < 0.001 when comparing the indicated treatment groups. (d) This schematic
diagram represents the proposed mechanism by which AF mediates anticancer effects by
modulating reactive oxygen species and inducing DNA damage and apoptosis in sensitive
cancer cells. AF is converted into a metabolite, likely 3-OH AF which can induce ROS which
results in caspase activation and apoptosis. Via a positive feedback loop, caspases can sustain
ROS induction leading to DNA damage. Alternatively, ROS can themselves be produced from
CYP which can damage DNA and lead to apoptotic responses.
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