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Abstract Purpose: Aminoflavone (5-amino-2,3-fluor-
ophenyl)-6,8-difluoro-7-methyl-4H-1-benzopyran-4-one;
AF; NSC 686288) is a novel anticancer agent with a
unique pattern of growth inhibitory activity in the Na-
tional Cancer Institute (NCI) 60 tumor cell line screen.
Phase I clinical trials with AF will begin soon. We pre-
viously demonstrated extensive metabolism of AF by
cytochrome P450 (CYP) 1A1 and CYP1A2, metabolic
activation, formation of irreversible protein and DNA
adducts and p53 stabilization in sensitive, but not
resistant, human tumor cell lines treated with AF [9].
The present studies focus on the effects of AF on cellular
DNA and cellular responses to DNA damage. Methods:
Phosphorylation of H2AX in MCF7 cells treated with
AF was determined with immunofluorescence. MTS (3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4- sulfophenyl)-2H-tetrazolium) assays were used to
determine the effect of cotreatment with caffeine or
wortmannin, inhibitors of ataxia-telangiectasia-mutated
protein (ATM) and ATR (ATM- and rad3-related pro-
tein), on the AF ICsy values for MCF7 cells. DNA
damage in MCF7 cells treated with AF was determined
by alkaline elution. DNA-topoisomerase complex sta-
bilization was ascertained by the ICE (in vitro complex
of enzyme) assay. Results: Treatment of sensitive cells
with AF resulted in phosphorylation of H2AX, a histone
2A variant that is phosphorylated in response to DNA
damage. AF ICs, values for MCF7 cells were lowered by
cotreatment with caffeine or wortmannin, further
implicating DNA damage in AF cytotoxicity. There was
no evidence of DNA-DNA cross-linking in sensitive
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cells, but protein-associated single-strand breaks were
observed after AF treatment. Although this pattern of
DNA damage is commonly associated with topoisom-
erase poisons, there was no evidence for AF-induced
stabilization of either topoisomerase I- or II-DNA
complexes. Conclusions: These studies further implicate
DNA damage in the cytotoxicity of AF and identify
biochemical features of that damage including forma-
tion of protein-associated single-strand breaks not
involving topoisomerase I or II.
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Introduction

Aminoflavone (5-amino-2,3-fluorophenyl)-6,8-difluoro-
7-methyl-4H-1-benzopyran-4-one; AF; NSC 686288) is
a fluorinated diaminoflavone analog with substantial
antiproliferative activity in a variety of cultured human
tumor cell lines, including MCF7 breast cancer cells [2]
as well as in mice with implanted human tumors [3]. AF
was active in a number of cell lines in the NCI 60 cell line
assay. When the pattern of activity was compared to the
profiles of known anticancer agents using the COM-
PARE program (http://www.dtp.nci.nih.gov), the AF
profile was unique, which is highly suggestive of a novel
mechanism of action [25].

Flavone analogs have many biological activities
including topoisomerase inhibition [26], protein kinase
inhibition [5, 6], and the inhibition of tubulin polymer-
ization [19]. Many flavones are metabolized by CYP
isoforms, especially CYP1A isoforms [13], and some
flavones inhibit certain CYP isoforms [27]. We have
shown that AF is metabolized predominantly by
CYPIAI and, to a lesser extent, CYP1A2 [9]. HPLC/
MS/MS analysis of metabolites produced by incubation
of AF in a liver microsomal preparation with the co-
factor NADPH showed a number of oxidative metab-
olites, including alcohols, phenols, and oxidative
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deflourination products. Of particular interest was the
identification of an aromatic hydroxylamine metabolite
[9] because the aromatic hydroxylamine moiety is elec-
trophilic and, therefore, chemically reactive with nucle-
ophilic compounds such as cellular macromolecules (i.e.,
proteins and DNA).

We previously reported that AF is metabolically
activated by CYP1A1 and 1A2 to reactive metabolites
capable of binding to cellular proteins in both micro-
somal preparations and in human tumor cell lines [9].
AF induced the expression of CYP1A1/1A2 in human
tumor cells, which do not constitutively express these
metabolic enzymes in significant quantity. Treatment of
sensitive MCF7 cells resulted in phosphorylation and
stabilization of p53 [9], suggestive of DNA damage.
Further, DNA adducts were detected in sensitive, but
not resistant, cell lines [9]. Based on the in vitro and
in vivo activity profile and novel elements of the mech-
anism of action, AF has been selected by NCI for Phase
I clinical trials.

The present studies were performed to better char-
acterize the interactions between AF and cellular DNA
and the nature of the DNA damage. We report evidence
of DNA damage as measured by H2AX phosphoryla-
tion. Caffeine and wortmannin co-treatment with AF
resulted in decreased ICsy values for MCF7 cells indi-
cating that DNA damage observed is at least partially
responsible for the cellular toxicity of AF. Alkaline
elution studies demonstrated evidence of protein-asso-
ciated DNA single-strand break formation. However,
there was no evidence of DNA-topoisomerase complex
formation in cells treated with AF.

Methods and materials
Materials

MCF7 and M14-MEL cells were obtained from the
National Cancer Institute (NCI, Bethesda, MD, USA).
The cell lines were grown in RPMI 1640 (Invitrogen,
Carlsbad, CA, USA) with 5% fetal calf serum (FCS,
Invitrogen). AF was obtained from the Pharmaceutical
Resources Branch, NCI. Rabbit polyclonal anti-y-
H2AX was provided by Junjie Chen (Mayo Clinic).
Rhodamine-tagged goat antirabbit IgG was purchased
from Jackson ImmunoResearch (West Grove, PA,
USA). Topoisomerase I and II antibodies were pur-
chased from Topogen (Columbus, OH, USA). '*C-la-
beled thymidine (specific activity 52 mCi/mmole, label
on C2) and *H-labeled thymidine (specific activity 20 Ci/
mmole, label on methyl group off of C5) were purchased
from New England Nuclear (Boston, MA, USA).
Polycarbonate filters were purchased from Osmonics,
Inc. (Minnetonka, MN, USA). Etoposide (VPI16),
camptothecin, caffeine, wortmannin, a-naphthoflavone,
and proteinase K were purchased from Sigma-Aldrich
(St. Louis, MO, USA). MTS reagent was purchased
from Promega (Madison, WI, USA) and PMS (phen-

azine methosulfate) was purchased from Serva Electro-
phoresis (Heidelberg, Germany).

H2AX phosphorylation

Cells were seeded (1x10° cells/well) into 6-well plates
containing cover slips and incubated for 24 h before
treatment. Cells were treated with AF (50 nM or 1 pM)
or 0.1% (v/v) DMSO for 6 h. The cells were fixed for
12 min at room temperature with a 3% paraformalde-
hyde solution [in phosphate-buffered saline (PBS) with
20 mg/ml sucrose] and then treated with a 0.5% Triton
X-100 solution (in 20 mM Hepes, 50 mM NaCl, 3 mM
MgCl,, 300 mM sucrose, pH 7.4) for 5 min at room
temperature and washed (twice with PBS) before incu-
bation with rabbit polyclonal anti-y-H2AX antibody
(1:100 dilution in H,O with 5% goat serum, for 20 min
at 37°C). The cells were washed (twice with PBS) and
incubated with rhodamine-labeled goat antirabbit IgG
(1:200 dilution in H,O with 5% goat serum, for 20 min
at 37°C). Following secondary antibody incubation, the
cover slips were stained with Hoechst 33258 for 30 s,
mounted and viewed with a Nikon ECLIPSE E800 flu-
orescence microscope. Images were processed using
Adobe Photoshop (Adobe Systems Inc., San Jose, CA,
USA) and Canvas software (ACD Systems International
Inc., Saanichton, BC, Canada).

Alkaline elution

Single-strand DNA breaks and DNA-DNA cross-links
were measured using the alkaline elution technique [8].
MCF7 cells were seeded (1x10° cells/plate) in 5 ml
RPMI 1640 containing '“C-labeled thymidine (0.1 uCi/
plate) and incubated for 24 h. The medium was re-
moved and fresh medium was added for another 24 h
incubation prior to treatment. The cells were treated
with AF (100 nM or 1 puM) for 12 h, VP16 (0.5 pM)
for 1 h, or nitrogen mustard (NM, 0.6 uM) for 30 m.
Drug-treated MCF7 cells were placed on a polycar-
bonate filter (2 pu pore size) along with approximately
5x10° [*H]thymidine-labeled L1210 cells that had been
irradiated (3 Gy) to provide an internal standard. For
the cross-linking experiments, the MCF7 cells were
irradiated with 6 Gy, in addition to drug treatment.
Cells were lysed on the filter with 2% SDS and 0.02 M
Na,EDTA, pH 10. Certain samples (as indicated) were
then treated with proteinase K (0.5 mg/ml in the SDS
lysis buffer) for 1 min. Elution buffer (tetrapropylam-
monium hydroxide-0.02 M EDTA, pH 12.1) was run
though the filter at a rate of 0.057 ml/min and samples
were collected in 3 h fractions for a total of 15 h. The
samples were then analyzed for '“C and *H radioac-
tivity using a Beckman liquid scintillation counter. The
apparent DNA single-strand break frequency (rad
equivalents) was determined using calculations previ-
ously described [20].
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Fig. 1 Effect of AF on H2AX phosphorylation. a H2AX phos-
phorylation in MCF7 and M14-MEL cell lines. Cells were treated
with AF (50 nM or 1 pM) or vehicle (DMSO, 0.1% v/v) for 6 h.
Tonizing radiation (IR, 10 Gy) was used as the positive control for
DNA damage. The cells were incubated with an anti-yH2AX
antibody followed by incubation with a rhodamine-conjugated

In vivo complex of enzyme (ICE) bioassay

DNA-topoisomerase complex formation was measured
using the ICE assay [11]. Briefly, MCF7 cells were plated

10 uM 100 uM

secondary antibody (red) and Hoechst dye (blue) to identify the cell
nucleus. The cells were then examined with a fluorescence
microscope. Data are representative of three independent experi-
ments. b MCF7 cells cotreated with AF (1 uM) and aNF (10 or
100 pM). Data are representative of two independent experiments.

at 3x10° cells/100-mm plate and allowed to grow for
48 h. The cells were then exposed to AF (50 nM,
100 nM, and 1 pM) for 6 h. The negative control cells
were treated with 0.1% (v/v) DMSO for 6 h. The posi-
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Fig. 2 Cotreatment with caffeine or wortmannin decreases the I1Cs,
in MCF7 cells. Cells were plated in 96-well plates and treated with
AF (concentration range 0.001-25 uM) in the absence or presence
of caffeine (1 mM) or wortmannin (1 pM). Growth inhibition was
measured with the MTS assay. Survival is determined by
comparison with untreated controls. Data represent the mean + -
SEM for three independent experiments (two experiments for
wortmannin data). The curves shown are best fit based on a
nonlinear regression sigmoidal dose-response equation performed
by GraphPad Prism software

tive control cells were treated with etoposide (100 pM)
or camptothecin (10 uM) for 30 min in serum-free
medium. After drug treatments, the cells were lysed with
a 1% sarkosyl solution in TE buffer (1 M Tris—HCI,
0.1 M EDTA, pH 8.0). The lysates were applied to the
top of a CsCl “cushion” (1.50 g/cc). The gradients were
centrifuged at 90,000 rpm for 5 h at 25°C. The super-
natant was discarded and the DNA pellet was washed
with 100% EtOH and resuspended in TE buffer. An
aliquot of each fraction was diluted and analyzed spec-
trophotometrically to determine DNA content. Another
aliquot of each fraction was diluted and applied to a
nitrocellulose membrane using a slot blot device. The
membrane was probed with both Topo I and Topo II
antibodies as described previously [9]. Signals were de-
tected using a chemiluminescent system (Pierce West
Pico).

MTS assay

Cells were plated at 2,000 cells/well in 96-well plates in
RPMI medium with 5% FCS (100 pl/well). After a 24-h
incubation, the cells were treated with AF in medium
(0.001-25 uM final concentration, 50 pl/well) and either
caffeine (1 mM final concentration, 50 pl/well), wort-
mannin (1 uM final concentration, 50 ul/well) or DMSO
(0.25% (v/v), 50 pl/well). Due to the instability of
wortmannin in aqueous solutions, the wortmannin
solution was not prepared until immediately prior to
treatment. After 72 h, MTS solution (2 mg/ml) with
PMS (50 pg/ml) was added to each well (40 pl per well).
Following a 2-h incubation, the plates were read in a
microtiter plate reader at 490 nm. Data were analyzed,
including curve fits and ICsy determinations, with
GraphPad Prism software (San Diego, CA, USA).

Results
Treatment with AF causes H2AX phosphorylation

H2AX is an H2A variant that is phosphorylated in
response to DNA double-strand breaks and other
replication stresses [16, 24]. H2AX phosphorylation
was assessed in resistant and sensitive cell lines treated
with AF. H2AX phosphorylation was observed in
sensitive MCF7 breast cancer cells (Fig. 1a) after AF
treatment at a pharmacologically relevant concentra-
tion (50 nM). H2AX phosphorylation was also seen in
the OVCARS ovarian cancer and the Caki-1 renal
carcinoma cell lines (data not shown). There was no
evidence of H2AX phosphorylation in the resistant
M14 melanoma cell line (ICsq > 37 pM) in response to
AF treatment (Fig. la) even at concentrations as high
as 1 uM. There was no evidence of H2AX phosphor-
ylation in two additional resistant cell lines, MDA-MB-
435 breast and HT29 colon cell lines (data not shown).
To verify that the H2AX phosphorylation was caused
by a reactive metabolite of AF, MCF7 cells were
treated with AF and the CYPIA inhibitor, a-napht-
hoflavone (a-NF). H2AX phosphorylation was de-
creased in the presence of «-NF (Fig. 1b).

Caffeine and wortmannin sensitize MCF7 cells

H2AX is phosphorylated as a part of the DNA damage
response. To further examine the role these pathways
play, cells were treated with AF in the absence or pres-
ence of caffeine and wortmannin, which are inhibitors of
the PIKK kinases ATM and ATR [17, 18]. These pro-
teins are involved in DNA damage responses by acti-
vation of downstream proteins in the cell cycle
checkpoint signaling pathways [1]. Co-treatment of
MCF7 cells with AF and 1-mM caffeine lowered the AF
ICs5o from 36.8 to 3.6 nM (Fig 2). Co-treatment with
1 uM wortmannin decreased the ICs, value to 18.9 nM.
The concentrations used for caffeine and wortmannin
were at or near the reported ICsq values for ATM and
ATR inhibition [17, 18], but not high enough to kill a
significant number of cells alone (25% for caffeine and
10% for wortmannin, data not shown).
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Fig. 3 Alkaline elution in MCF7 cells. a '*C-thymidine-labeled
MCF7 cells were incubated with AF (100 nM or 1 uM) for 12 h.
The cells were then irradiated on ice with 6 Gy. Control cells
were treated with 0.1% (v/v) DMSO only. Cells treated with
nitrogen mustard (NM, 0.6 uM, 30 min exposure) followed by
6 Gy IR were used as a positive control. The cells were
placed on polycarbonate filters (0.2 micron pore size) and lysed
in 2% SDS. All cell lysates were treated with 0.5 mg/ml
proteinase K before elution. >H-thymidine-labeled L1210
cells (irradiated on ice with 3 Gy) were used as internal
standards for each elution column. Data are representative
of two independent experiments. b Alkaline elution results of
4C-thymidine-labeled MCF7 cells treated for 12 h with 1 pM
AF. Some cell lysates were treated with proteinase K before
elution as indicated. Etoposide (VP16) was used as a positive
control for protein-associated single-strand breaks. Control
cells were treated with 0.1% (v/v) DMSO only. *H-thymidine-
labeled L1210 cells were used as internal standards for each
elution column. These cells were irradiated on ice with 4 Gy just
before applying the cells to the filters. Data are representative
of three independent experiments. ¢. Alkaline elution results of
4C-thymidine-labeled MCF7 cells treated for 12 h with 1 pM
AF and a-naphthoflavone (10 uM). All cell lysates were treated
with proteinase K before elution. Rad equivalents are calculated
based on comparison of internal standard results and experi-
mental results. Data represent the mean + SEM for two
independent experiments

AF causes protein-associated DNA single-strand
breaks, but not DNA-DNA cross-links

Alkaline elution was performed to assess the biochemical
features of DNA damage in cells treated with AF,
including DNA-DNA cross-links and single-strand
breaks. There was no evidence for DNA-DNA cross-
links in MCF7 cells even after treatment with high con-
centrations of AF (Fig. 3a). In contrast, there was evi-
dence of single-strand DNA breaks in MCF7 cells
treated with AF, but only when cell lysates were treated
with proteinase K prior to alkaline elution (Fig. 3b). Co-
treatment with the CYP1A inhibitor o-NF decreased the
observed DNA damage (more than 90%, Fig. 3c), con-
sistent with the hypothesis that DNA damage is caused
by a CYP1A-generated reactive metabolite of AF.

AF does not stabilize topoisomerase-DNA covalent
complexes

Protein-associated DNA single-strand breaks, like those
detected in Fig. 3b, ¢, are most commonly induced by
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Fig. 4 In vivo complex of enzyme assay. MCF7 cells were treated
with AF (50 nM, 100 nM or 1 pM) for 6 h. Negative control cells
were treated with 0.1% (v/v) DMSO for 6 h, while positive control
cells were treated with VP16 (100 uM) or CPT (10 uM) for 30 min
in serum-free media. After drug treatments, cells were lysed and the
cellular DNA was isolated using a CsCl ‘“‘cushion”. The DNA
pellet was washed, resuspended, and 10 pg (column 1), 5 pg
(column 2) or 1 pg (column 3) of DNA was applied to a
nitrocellulose membrane using a slot blot device. The membrane
was probed for Topo I and II. Signals were detected using the
Pierce West Pico chemiluminescence system. Data are representa-
tive of two independent experiments.

topoisomerase poisons [15]. Topoisomerase poisons in-
hibit topoisomerase enzymes after cleavage of the
phosphodiester bond, prior to religation, while the en-
zyme is covalently bound to DNA [10], thus leading to
stabilization of DNA-topoisomerase complexes and
protein-associated DNA single-strand breaks [12, 23].
These complexes “mask’ the single-strand breaks as
measured by alkaline elution unless samples are exposed
to proteinase K to lyse the protein.

Formation of DNA-topoisomerase complexes was
measured with the ICE assay [11]. While there was evi-
dence of DNA-topoisomerase complex formation in
cells treated with classic topoisomerase poisons (cam-
ptothecin for topoisomerase I and etoposide for topo-
isomerase II), we could not detect topoisomerase
proteins bound to the DNA from AF-treated cells
(Fig. 4).

Discussion

Aminoflavone has a unique cytotoxicity pattern in the
NCI 60 cell line screen, consistent with a unique mech-
anism of action. Previous work in our laboratory [9]
suggests that the unique mechanism involves metabolic
activation by CYP1A1 to form reactive species capable
of binding to cellular DNA in sensitive, but not resistant
cells. Stabilization of p53, induction of p21 expression
and DNA adduct formation [9] provided previous evi-
dence of DNA damage in sensitive cell lines.

In the present studies, DNA damage was further
documented by the observation of AF-induced H2AX
phosphorylation in sensitive cells. H2AX is phosphory-
lated in response to double-strand DNA damage and
other replication stresses [16, 24]. While this manuscript
was in preparation, Meng et al. reported in abstract
form (Proc Amer Assoc Cancer Res 2005, 46:599) that
H2AX is phosphorylated in AF-treated cells, confirming
the results shown here.

Further support for the role of DNA damage in the
cytotoxicity of AF comes from the observation that AF
cytotoxicity was increased when AF was combined with
the ATM and ATR inhibitors, caffeine or wortmannin.
ATM and ATR are activated in response to DNA
damage and, subsequently, activate downstream pro-
teins, including Chk1, Chk2, and p53 [1]. ATR plays a
role in the response to DNA-damaging agents such as
UV irradiation and hydroxyurea, while ATM is acti-
vated in response to ionizing radiation and other agents
that induce DNA double-strand breaks [1]. Inhibition of
the ATM and ATR kinases by either caffeine or wort-
mannin has been shown to sensitize tumor cells to ion-
izing radiation [17, 18].

The nature of the AF-induced DNA damage was
assessed by alkaline elution assays. Results of these
studies did not provide evidence of DNA-DNA cross-
links, but rather protein-associated DNA single-strand
breaks. Protein-associated DNA single-strand breaks
are commonly associated with topoisomerase poisons
[15]. However, the sensitivity profile of the NCI cell line
panel to AF does not correlated with the profile of to-
poisomerase inhibitors. This lack of correlation could be
due to the fact that, based on our data, sensitivity to AF
requires induction of CYP1A1 and metabolism of AF by
this enzyme in tumor cell lines. AF metabolites could be
topoisomerase poisons. It has been shown, for example,
that polycyclic aromatic hydrocarbons are capable of
trapping topoisomerase complexes on DNA following
their metabolic activation [7, 14]. However, there was no
evidence for AF-induced trapping of DNA-topoisom-
erase complexes, even at high concentrations of AF.
Further, when we compared the sensitivity pattern of the
16 cell lines sensitive to AF (Fig. 5) to those of the to-
poisomerase inhibitors etoposide (VP16) and campto-
thecin (CPT), there was no correlation, indicating that it
is not likely that AF works via topoisomerase inhibition
by an active metabolite.

Ecteinascidin 743 (Et743), a novel chemotherapeutic
agent, has also been shown to cause protein-associated
DNA single-strand breaks by alkaline elution [21]. Et743
has a unique activity pattern on the NCI 60 cell line
screen, although there was some correlation with other
DNA binders, such as actinomycin D. Et743 binds to
DNA in the minor groove and bends the DNA toward
the major groove. While Et743 inhibited topoisomerase
I at high concentrations, this interaction does not appear
to play a role in the DNA damage and cytotoxicity of
Et743 [21]. The activity of Et743 has been linked to the
transcription-coupled nucleotide-excision repair system
(TC-NER) [22]. It was shown that cells lacking proteins
in the TC-NER pathway were more resistant to Et743. It
has been proposed that Et743 poisons the TC-NER
machinery, trapping one or more of the NER proteins in
DNA-protein complexes and not allowing religation of
damage [4]. There has been no direct evidence showing
which or how many of the NER proteins are involved in
the DNA-protein complexes. Studies to determine the
identity of the protein involved in the DNA-protein
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complexes (including those in the TC-NER pathway) in
AF-treated cells are underway.
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