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Abstract

Apigenin, an abundant plant flavonoid, exhibits anti-proliferative and anti-carcinogenic activities
through mechanisms yet not fully defined. In the present study, we show that the treatment of
leukemia cells with apigenin resulted in the induction of DNA damage preceding the activation of
the apoptotic program. Apigenin-induced DNA damage was mediated by p38 and protein kinase
C-delta (PKCS), yet was independent of reactive oxygen species or caspase activity. Treatment of
monocytic leukemia cells with apigenin induced the phosphorylation of the ataxia-telangiectasia
mutated (ATM) kinase and histone H2AX, two key regulators of the DNA damage response,
without affecting the ataxia-telangiectasia mutated and Rad-3-related (ATR) kinase. Silencing and
pharmacological inhibition of PKCS abrogated ATM and H2AX phosphorylation, whereas
inhibition of p38 reduced H2AX phosphorylation independently of ATM. We established that
apigenin delayed cell cycle progression at G1/S and increased the number of apoptotic cells. In
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addition, genome-wide mMRNA analyses showed that apigenin-induced DNA damage led to down-
regulation of genes involved in cell-cycle control and DNA repair. Taken together, the present
results show that the PKC3&-dependent activation of ATM and H2AX define the signaling
networks responsible for the regulation of DNA damage promoting genome-wide mRNA
alterations that result in cell cycle arrest, hence contributing to the anti-carcinogenic activities of
this flavonoid.
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1. Introduction

Flavonoids are plant polyphenols serving as key dietary nutraceuticals recognized by their
anti-inflammatory, anti-proliferative, anti-metastatic and anti-cancer activities [1-3].
Apigenin (4',5,7-trihydroxyflavone) is a flavone abundantly found in parsley and celery, two
common components of the Mediterranean diet, claimed to have potential health benefits in
inflammatory diseases [4-8]. Recent epidemiological population-based studies in ovarian
cancer patients showed that the intake of apigenin, but not of other flavonoids, was
associated with decreased cancer risk [9]. Apigenin induces apoptosis in human monocytic
leukemia cells with high efficacy [10], yet with variable effectiveness in several other cancer
cell lines [11,12]. We showed that apigenin-induced apoptosis requires the protein kinase C-
delta (PKC3)-dependent activation of caspase-3, a key apoptotic regulator [10]. Apigenin-
induced phosphorylation of the apoptotic inhibitor heat-shock protein 27 (Hsp27), by
mitogen activated protein kinases (MAPK) p38 and PKCS significantly increased the
susceptibility of leukemia cells to apoptosis [13]. In addition, apigenin induced the
production of reactive oxygen species (ROS) and the activation of p38, both dispensable for
the execution of cell death [10,13,14]. Although several signaling pathways are triggered by
apigenin [10,13,15], the precise mechanisms by which apigenin promotes its anti-
carcinogenic effects remain poorly understood.

Commonly used anti-cancer agents exert their cytotoxic effects by inducing DNA-damage
through diverse mechanisms [16-18]. Genotoxic DNA damage, especially in the form of
double strand breaks (DSBs), results in the activation of a complex signaling network
characterized by the activation of the ataxia telangiectasia mutated (ATM) and the ataxia-
telangiectasia mutated and Rad-3-related (ATR) kinases, among others [19-23]. Activation
of ATR and ATM lead to the phosphorylation of the histone H2AX [19], but these pathways
have shown to have little redundancy [23,24]. Phosphorylation of H2AX at Ser-139
(yH2AX) is considered a hallmark of DSBs [25]. Activation of ATR, ATM and H2AX have
an important role in the DNA damage response including stimulation of DNA repair,
activation of cell cycle checkpoints, and eventually induction of apoptosis [26]. PKC3
activation was observed in several cell types in response to a variety of apoptotic and
genotoxic stimuli [27-29] and is essential for etoposide-induced apoptosis [28], whereas the
activation of the p38 pathway has been associated with stress-activated response and UV-
radiation [30].
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In spite of the growing significance of apigenin as an anti-cancer agent, its mechanisms of
action remain elusive. In the present study, we established that apigenin induces DNA
damage in a PKC8 and p38 dependent pathway, but independent of ROS production.
Apigenin had no effect on ATR, but lead to the PKC8-dependent activation of ATM and
H2AX phosphorylation, while p38 affected H2AX in an ATM-independent fashion.
Consistently, the activation of ATM checkpoints affected cell cycle progression and led to
transcriptional down-modulation of genes involved in G1/S transition and DNA repair.
Altogether these findings strongly establish a mechanism of apigenin-induced DNA damage
revealing a complex signaling network responsible for the cytotoxic effects of this dietary
compound.

2. Materials and methods

2.1. Chemicals, cell lines, and culture

THP-1 human monocytic leukemia cells obtained from ATCC (Manassas, VA) were
cultured as described previously [10,13]. Caspase-3 inhibitor DEVD-FMK and the
caspase-3 substrate DEVD-AFC were from Enzyme System Product (Livermore, CA). The
p38 inhibitor SB203580 and the PKCS inhibitor rottlerin were from Calbiochem (San Diego,
CA), the ROS inhibitor EUK-134 was from Cayman Chemical (Ann Arbor, MI). DAPI (4,
6-diamidino-2-phenylindole), DHE (dihydroethidium), DCFDA (2,7-dichlorofluorescein
diacetate) and protein A agarose beads were purchased from Invitrogen (Carlsbad, CA).
Apigenin, diluent dimethyl sulfoxide (DMSO), normal and low melting point agarose
(NMPA and LMPA respectively) and all other chemicals were from Sigma (St. Louis, MO).

2.2. Alkaline comet assay

DNA damage was assessed by the alkaline comet assay (single cell gel electrophoresis) as
described [31]. Briefly, a mix of cell suspension (20 pl; 108 cells/ml) and 0.6% LMPA (80
ul) were dipped onto microscope slides pre-coated with 1% NMPA and covered with
coverslips at 4 °C for 5 min. Coverslips were removed and slides were covered with 0.6%
LMPA and incubated at 4 °C for 5 min with coverslips. Coverslips were removed and slides
were immersed overnight in lysis buffer (2.5 M NaCl, 100 mM Na,EDTA, 10 mM Tris, 1%
Na-N-lauryl sarcosinate, 10% DMSO, 1% Triton X-100, pH 10). Slides were incubated for
30 min in alkaline buffer (300 mM NaOH, 1 mM Na,EDTA, pH 13) followed by
electrophoresis at 28 V and 300 mA for 30 min. Slides were then rinsed 3 times with 400
mM Tris, pH 7.5 and stained with ethidium bromide (0.2 pug/ml) for 1 min. Comets were
analyzed using the Optronics DEI 750E CE Digital Output (Optronics, Goleta, CA) mounted
on an Olympus BX40 fluorescence microscope. Fluorescence intensities were measured
from 100 randomly selected cells for each biological repeat using the Comet Assay Software
Project (CASP, [32]) and the extent of DNA damage reported as % Tail DNA.

2.3. Caspase-3 activity

Lysates from 2 x 108 THP-1 cells were prepared and incubated in a cytobuffer as previously
described [10,33]. DEVD-AFC (20 uM) was used to determine caspase-3 activity. Released
AFC was measured using a Cytofluor 400 fluorometer (Filters: excitation 400 nm, emission
508 nm; Perspective Co., Framingham, MA).
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2.4. ldentification of histone phosphorylation by LC-MS

Histones were isolated from THP-1 cells as described [34]. Briefly, 10 cells were washed
with 10 mM Tris—HCI pH 7.5 and resuspended in NP-40-lysis buffer (0.1% NP-40, 10 mM
Naglycerophosphate, 5 mM Na-pyrophosphate, 50 mM NaF, 1 mM sodium orthovanadate, 1
mM DTT, 0.1 mM PMSF, 2 pg/ml each of chymostatin, pepstatin, antipain, and leupeptin).
After centrifugation, the pellets were collected and washed with Tris—HCI buffer and
extracted with 0.4 N sulfuric acid followed by overnight precipitation in 80% acetone. The
resulting precipitate was collected, dried, and dissolved in 100 ul of 20% acetonitrile (ACN)
and 0.05% trifluoroacetic acid (TFA) solution. Histone modifications were characterized by
liquid chromatography—mass spectrometry (LC-MS). LC-MS was performed using
reversed-phase HPLC (Waters model 2690, Milford, MA) coupled to a MicroMass Q-TOF
mass spectrometer (Micromass, Wythenshawe, Manchester, UK). Histone mixtures were
separated on a 1.0 mmx150 mm C18 column (Discovery Bio wide pore C18 column, 5 pM,
300 A, Supelco, Bellefonte, PA). Mobile phase A contained ACN with 0.05% TFA. Mobile
phase B contained 0.05% TFA in HPLC grade water. Starting with 20% B, the gradient
increased linearly to 30% B in 2 min, from 30% B to 35% B in 8 min, from 35% B to 50%
B in 20 min, from 50% B to 60% B in 5 min, from 60% B to 95% B in 1 min and stayed in
95% for 4 min at the flow rate of 25 ul/min. LC-MS data was deconvoluted using the
Masslynx 4.0 software package (Micromass, Wythenshawe, Manchester, UK).
Phosphorylation of histones is indicated by the presence of species with a mass shift of +80
Da compared to the original mass.

2.5. Western blots

Cell lysates were prepared using lysis buffer (20 mM Hepes pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1.5 mM MgCly, 0.2% Tween-20, 10 mM Na-glycerophosphate, 5 mM Na-
pyrophosphate, 50 mM NaF, 1 mM orthovanadate, 1 mM DTT, 0.1 mM PMSF, 2 ug/ml
each of chymostatin, pepstatin, antipain, and leupeptin) for 30 min on ice and sonicated
using a Branson Sonifier 450 (output control 3, duty cycle 30, pulses 3, Brason Ultrasonics
Corporation, Danbury, CT) and centrifuged at 14,000 x g for 10 min at 4 °C. Equal amounts
of protein were separated by SDS-PAGE, transferred onto nitrocellulose membranes and
immunoblotted with primary antibodies followed by horseradish peroxidase-conjugated
secondary antibodies and visualized by enhanced chemiluminescence (Amersham, Arlington
Heights, IL). Anti-phospho-histone yYH2AX (S139, clone JBW301) and anti-B-tubulin (clone
AA2) antibodies were purchased from Millipore (Billerica, MA). Anti-ATM (clone Ab-3)
antibodies were obtained from EMD-Bioscience (Gibbstown, NJ). Anti-phospho ATM
(51981, p-ATM), anti-phospho ATR (S428, p-ATR), and anti-ATR antibodies were from
Abcam (Cambridge, MA). Anti-PKCS (clone C-20) antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-p38 (Thr180/Tyr182, p-p38) and total
anti-p38 antibodies were from Cell Signaling (Boston, MA).

2.6. Immunoprecipitations and in vitro kinase assays

Cell lysates, prepared using NP-40 lysis buffer (0.5% NP-40, 50 mM Tris, pH 7.4, 10 mM
Na-glycerophosphate, 5 mM Napyrophosphate, 50 mM NaF, 1 mM orthovanadate, 1 mM
DTT, 0.1 mM PMSF, 2 ug/ml each of chymostatin, pepstatin, antipain, and leupeptin) for 30
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min on ice, were immunoprecipitated overnight at 4 °C with 200 ng anti-PKCS (clone C-20)
antibodies or isogenic 1gG as control (Santa Cruz Biotech.), followed by 1 h incubation with
protein A-agarose beads. Immunoprecipitates were rinsed three times with NP-40 lysis
buffer and twice with kinase buffer (25 mM Hepes pH 7.4, 10 mM MnCl,, 1 mM MgCly, 1
mM DTT, 0.1 mM PMSF) and subjected to in vitro kinase assays for 1 h at 37 °C in the
presence of 20 pl kinase buffer containing 2.5 pCi of [y=32P] ATP (PerkinElmer, Boston,
MA), 0.5 uM ATP, 200 ug/ml phosphatidyl-serine, 20 ug/ml diacylglycerol and 2.5 g of
histone 2B (H2B, Boehringer Mannheim, Roche, Indianapolis, IN) as exogenous substrate.
Reactions were stopped by the addition of 10 pl 5% Laemmli buffer, boiled, resolved by
SDS-PAGE and subsequently transferred to membranes. Phosphorylated H2B was
visualized by autoradiography and the same membranes were re-blotted with anti-PKC8
antibodies.

2.7. Immunofluorescence and cell cycle analysis

Cells were fixed with 2% paraformaldehyde for 10 min at room temperature (RT), rinsed
twice with PBS, collected in slides by cytospinning centrifugation and subsequently
permeabilized in 0.2% Triton X-100 at 4 °C for 15 min and blocked with PBS containing
1% FBS and 100 pg/ml human total 1gG for 30 min at RT (Jackson ImmunoResearch Labs,
Inc. West Grove, PA). Slides were incubated with 350 pg/ml anti-yH2AX antibodies for 1 h
at RT, rinsed with PBS twice and incubated with 350 pg/ml anti-mouse antibodies Alexa
Fluor 488 conjugated (Molecular Probes, Carlsbad, CA) for 1 h at RT. Slides were then
rinsed twice with PBS and stained 5 min with 0.05 ug/ml DAPI at RT, washed twice with
PBS and visualized using the Optronics DEI 750E CE Digital output mounted on Olympus
BX40 fluorescence microscope.

For cell cycle analysis, THP-1 cells were washed with PBS prior to fixation in 70% ethanol,
washed again with PBS twice and stained with propidium iodide (50 pg/ml; Sigma)
containing 0.2 mg/ml DNAse-free RNAse (Roche, Indianapolis, IN) for 30 min at RT and
immediately analyzed by FACS using the BD Cell Quest Pro software (BD biosciences, San
Jose, CA).

2.8. siRNA silencing

Ten million THP-1 cells were transfected with 100 nM siRNA-p38 (Cell Signaling, Cat:
6386), SiRNA scramble control (Qiagen, Valencia, CA; Cat: 1027284), or SiRNA-PKC?8
(Qiagen, Cat: 1027283) using the Amaxa nucleofector program V-001 (Lonza, Basel,
Switzerland) as previously described [13]. Forty-hours after transfection, cells were treated
with 50 UM apigenin or diluent DMSO for 3 h and analyzed.

2.9. Intracellular measurement of reactive oxygen species (ROS)

One million THP-1 cells were pre-treated with 20 pM EUK-134 for 1 h, prior to the addition
of 50 pM apigenin for 1 h. Cells were rinsed with PBS twice and incubated in RPMI-1640
(without phenol red) in the presence of 10 uM DHE, a specific superoxide anion (O27)
probe, or 20 pM DCFDA, a general ROS probe, for 30 min at 37 °C, rinsed with PBS twice
and visualized using the fluorescence microscope (Olympus BX40 equipped with the
Optronics DEI 750E CE Digital Camera). Fluorescence intensities were measured from 50
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randomly selected cells using the ImageJ software (National Institute of Health, Bathesda,
MD).

2.10. Microarray analysis

Total RNA was isolated from THP-1 cells treated for 3 h with diluent DMSO or 50 pM
apigenin using the RNEAsy mini Kit (Qiagen) following manufacture's instructions. RNA
integrity was analyzed with the Agilent 2100 Bioanalyzer (Agilent Technology, Santa Clara,
CA). cDNA was synthesized and used to hybridize a Human Gene 1.0 ST Array Data Set
chips (Affimetryx, Santa Clara, CA) at the Microarray Shared Resource (The Ohio State
University-Comprehensive Cancer Center). The array analyzed 28,869 annotated human
genes with 764,885 distinct probes. All experiments were performed in triplicates with
independent pools of RNA from three biological repeats using six separate microarray chips.
Signal intensities, background correction, and normalization were performed using the
Affymetrix Expression Consol software and applying the RMA method (Affymetrix).
Oneway ANOVA was applied to analyze the normalized data using the R 2.9.0 software.
The variance shrinkage method was employed to improve the estimates of variability and
statistical tests of differentially expressed genes [35]. Genes significantly changing (p <
0.01) between groups with a fold change greater than 1.2 were further analyzed using
Ingenuity Pathways Analysis (IPA) software (Ingenuity Systems, Redwood City, CA). IPA
identified the biological functions, based on the Gene Ontology, that were most significant
to the data set.

2.11. Quantitative RT-PCR (gRT-PCR) analysis

RNA was reverse transcribed to cDNA using the ThermoScript RT-PCR system (Invitrogen)
according to manufacture's instructions. A 20 pl mixture containing 2 pl of cDNA (20 ng)
template, 0.25 uM primers and 10 pl SYBR Green Master Mix (Applied Biosystems,
Carlsbad, CA) was run in an ABI 7900HT RT-PCR system using the Sequence Detection
System (SDS) 2.2 software (Applied Biosystems) and the following conditions: 95 °C for 10
min, 40 cycles of 95 °C for 1 min, 60 °C for 1 min, and 72 °C for 1 min. Fold change in
expression was calculated as: fold change = 2-ACt(Apigenin);2-ACt(DMSO) \here ACt = (Ct
target — Ct reference). All selected genes were normalized to the expression of two internal
controls: GAPDH and 18S. All primers used are described in Supplementary Table 1.

See Word document 1 as supplementary file. Supplementary material related to this article
found, in the online version, at http://dx.doi.org/10.1016/j.bcp.2012.09.005.

2.12. Statistical analysis

All data are expressed as mean + SEM and analyzed using GraphPad Prism (GraphPad
Software, San Diego, CA). For cell cycle analysis, two-way ANOVA followed by
Bonferroni's post hoc was used to assess statistical significance between means. For qRT-
PCR results statistical significance was analyzed by the t-test. All other data was analyzed
by one-way ANOVA followed by Bonferroni's post hoc comparisons. Statistical
significance is stated in the text.
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3. Results

3.1. Apigenin induces DNA damage

To better understand the early mechanisms associated with apigenin-induced cell death we
examined whether apigenin affected DNA using the comet assay. THP-1 cells treated for 3 h
with different concentrations of apigenin resulted in an increase dose—response relationship
in the percentage of Tail DNA (% Tail DNA). The % Tail DNA increased from 10% and
20% in cells treated with 25 uM and 50 UM apigenin respectively, reaching almost 30% in
cells treated with 100 uM apigenin (Fig. 1A, white arrows and B). Cells treated with the
diluent DMSO (referred as control from now on) showed negligible levels of % Tail DNA
and treatment with 1 mM H,05 for 1 h, a known inducer of DNA-damage [36], showed
approximately 50% Tail DNA, as previously reported (Fig. 1A and B) [36]. Next, we
investigated the time-relationship of apigenin-induced DNA damage and the activation of
caspase-3, a key apoptotic effector [10]. Cells treated for various times with 50 uM apigenin,
a concentration previously reported as the ICgq for leukemia cells [10], showed a significant
increased in % Tail DNA as early as 1 h after apigenin treatment, an increase that continued
even after 9 h (Fig. 1C). Caspase-3 activity in these cells was barely detectable at 3 h after
apigenin treatment, but significantly increased after 6 h (Fig. 1D). Collectively, these results
indicate that apigenin induces DNA damage prior to the activation of caspase-3.

3.2. Apigenin induces H2AX phosphorylation

To gain insights into the mechanisms regulating apigenin-induced DNA damage, histone
modifications were analyzed by LC-MS in THP-1 cells treated with 50 uM apigenin for 12
h. An increase in a molecular weight peak corresponding to phosphorylated H2AX was
observed in apigenin-treated cells, compared with controls (Fig. 2A, red arrow, 15,133 Da
peak referred as YH2AX). No other histone modifications were observed in apigenin-treated
cells. The levels of non-phosphorylated H2AX were similar in apigenin-treated cells and
control cells as indicated by the identical height of the 15,053 Da peak (Fig. 2A, black
arrow). Levels of yH2AX increased ~2.5 fold at 1 h after apigenin treatment and continued
augmenting reaching maximum levels at ~5 h (Fig. 2B) Formation of yH2AX nuclear foci, a
characteristic of double strand breaks, was detected by immunofluorescence with yH2AX-
specific antibodies in response to apigenin (Fig. 2C), at a time when DNA fragmentation, a
hallmark of apoptosis, was not observed, as indicated by DAPI staining (Fig. 2C).
Collectively, these results demonstrate that apigenin induces histone modifications
characteristic of DNA damage, preceding the activation of the apoptotic program.

3.3. Apigenin-induced DNA damage is ROS and caspase 3-independent

We previously showed that apigenin induces ROS production as well as the activities of
caspase-3, p38 and PKCS3 [10,13]. To investigate the molecular mechanisms involved in
apigenin-induced DNA damage, we examined the % Tail DNA in THP-1 cells pretreated for
1 h with 20 uM EUK-134, 20 uM DEVD-FMK, 10 uM SB203580, or 15 uM rottlerin (ROS,
caspase-3, p38 and PKCS inhibitors, respectively), prior to the addition of 50 uM apigenin
for 3 h. Inhibition of ROS or caspase-3 had no effect in the % Tail DNA observed in
apigenin-treated cells (Fig. 3A; EUK and DEVD; p > 0.4 white vs. black bars). Because,
treatment with EUK failed to inhibit apigenin-induced DNA damage, we investigated
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whether apigenin was inducing ROS production using as an independent method fluorescent
dies. In agreement with previous results using electron paramagnetic resonance [10], we
observed that treatment with 50 pM apigenin induced ROS production significantly at 1 h,
as demonstrated by an increase of ~4 folds in DCFDA fluorescence (Fig. 3B, black bars)
and ~4 times increased in superoxide anion (O,7) levels using DHE fluorescence (Fig. 3B,
white bars). To further investigate that the lack of inhibition of apigenin-DNA damage was
not due to the failure of EUK to inhibit ROS production, we determined ROS levels in
apigenin-treated cells pretreated with EUK. We found that EUK successfully inhibited
apigenin-induced ROS (Fig. 3B). In contrast, the % Tail DNA was reduced by almost 50%
in cells pretreated with the p38 inhibitor SB203580, while inhibition of PKC8 decreased the
% Tail DNA to levels found in controls (Fig. 3A). Taken together, these findings indicate
that, while apigenin is capable of inducing ROS and caspase-3 activity, they are not required
for DNA damage.

3.4. PKCS8 and p38 are required for apigenin-induced DNA damage

To investigate the mechanisms involved in apigenin-induced DNA damage we evaluated the
signaling network mediating YH2AX. Pretreatment with the PKCS inhibitor rottlerin (15
uM) for 1 h prior the addition of apigenin completely abrogated apigenin-induced yH2AX
(Fig. 3C, compare lanes 8-10 and lanes 2-4), whereas inhibition of p38 with 10 uM
SB203580 significantly reduced yH2AX (Fig. 3C, compare lanes 5-7 and lanes 2—4). In
addition, inhibition of PKCS resulted in a slight increase of p38 phosphorylation in apigenin-
treated cells (Fig. 3C, compare lanes 8-10 and lanes 2—4), whereas inhibition of p38 reduced
PKCS activity to levels found in controls, as indicated by the reduced phosphorylation of
H2B in in vitro kinase assays (Fig. 3D, compare lanes 4 vs. 3).

Next, we evaluated the effect of apigenin on ATM and ATR phosphorylation, key yYH2AX
regulators. ATM phosphorylation increased rapidly 30 min after the treatment with 50 pM
apigenin and the phosphorylation remained high even after 6 h, compared with control cells
(Fig. 4A). In contrast, no change in ATR phosphorylation was observed in cells treated with
apigenin (Fig. 4A). To investigate the role of PKC3 and p38 on apigenin-induced ATM
phosphorylation, cells were pretreated with 15 uM rottlerin or 10 pM SB203580 for 1 h
prior the addition of 50 uM apigenin. Inhibition of PKCS resulted in a reduction of ATM
phosphorylation to levels observed in control cells (Fig. 4B, compare lanes 8-10 and lanes
2-4). In contrast, inhibition of p38 had no effect on apigenin-induced ATM phosphorylation
(Fig. 4B, compare lanes 5-7 and lanes 2-4). To further define the signaling network, PKC8
or p38 were silenced with SiIRNA-PKCS or siRNA-p38 respectively, and phosphorylation of
H2AX and ATM were evaluated in cells treated with 50 pM apigenin or diluent control for 3
h. Silencing of PKC§ decreased apigenin-induced yH2AX and ATM phosphorylation to
levels found in siRNA-control cells, but had no effect on apigenin-induced p38
phosphorylation (Fig. 4C, compare lane 6 and lane 2). However, silencing of p38 reduced
apigenin-induced YH2AX, but had no effect on apigenin-induced ATM phosphorylation
(Fig. 4C, compare lane 4 and lane 2). Taken together, these results indicate a complex
crosstalk between p38 and PKCS, both capable of regulating YH2AX during apigenin-
induced DNA damage and suggest a central role of PKCS in the phosphorylation of ATM.
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3.5. Apigenin affects cell cycle progression and gene expression

To investigate the molecular mechanisms involved in apigenin-dependent responses to DNA
damage, we examined cell cycle profiles of THP-1 cells treated with control or with
increasing concentrations of apigenin for 24 h and monitored the DNA content by Pl
staining. A significant decrease of cells with 4N content, from ~25% found in control cells
to 10% in cells treated with 50 uM apigenin was observed (Fig. 5A and B). This effect was
accompanied by a significant accumulation of Sub-G1 cells from 5% in control cells to ~15
and 20% in cells treated with 25 and 50 pM apigenin, respectively (Fig. 5A and B) and an
increase of cells with 2N content from 40% in control cells to 50% in cells treated with 25 or
50 uM apigenin, indicative of a G1 arrest (Fig. 5A and B). No significant differences were
observed in cells treated with 10 UM apigenin and nocodazol, a treatment that induces G2/M
arrest in leukemia cells [37]. These results indicate that apigenin induces G1 arrest in THP-1
cells while increasing the Sub-G1 cell population.

To investigate the effects of apigenin on gene expression genome wide, microarray analysis
in THP-1 cells treated with 50 UM apigenin or diluent control for 3 h were performed. Of all
the genes represented in the array, apigenin changed significantly the expression of ~8.5%
(2390 genes), 81% of which were down-regulated (Supplementary Table 2). Functional
categories analysis using Ingenuity Pathways Analysis (IPA) showed that the biological
pathways most significantly affected by apigenin comprise gene expression, cell cycle, post-
translation modification, DNA repair, and cell death (Fig. 5C). Consistent with the IPA
analysis, heat map representation of the cell cycle genes showed that apigenin induced a
significant change in 259 genes involved in the cell cycle, corresponding to ~10% of all cell
cycle genes represented in the microarray (Fig. 5D). In addition, apigenin significantly
changed 140 DNA repair genes, corresponding to ~5.5% of all DNA repair genes
represented in the array (Fig. 5E).

See Excel sheet 1 as supplementary file. Supplementary material related to this article found,
in the online version, at http://dx.doi.org/10.1016/j.bcp.2012.09.005.

In agreement with the microarray data, gRT-PCR showed that the expression of cell cycle
genes including cyclin E1 (CCNEL), cyclin E2 (CCNE2), E2F2, Myc, and cdc25a was
significantly decreased in cells treated with 50 pM apigenin for 3 h when compared to
controls (Fig. 5F). Moreover, apigenin decreased the expression of DSBs repair genes such
as BACH1, FEN1, XRCC2, POLH and RAD1 (Fig. 5F). Consistent with the microarray
data, CDK2 expression was not affected, suggesting a specific set of G1/S genes being
modulated by apigenin (Fig. 5F and Supplementary Table 2). All together, our results
indicate that apigenin induces DNA damage leading to down-regulation of genes involved in
cell cycle regulation and DNA repair while inducing cell death.

4. Discussion

Flavonoids are emerging as potent alternative anti-cancer agents. However, their

mechanisms of action remain poorly defined. The present study demonstrates that apigenin-
induced activation of the apoptotic pathway is preceded by p38 and PKC8-dependent DNA
damage and independent of ROS production. Apigenin induced PKC3&-dependent activation
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of ATM and H2AX phosphorylation, whereas p38 regulated H2AX phosphorylation but had
no effect in ATM, suggesting a complex regulatory network (Fig. 6). Consistently, apigenin
triggered changes in gene expression characterized by the down-regulation of DNA repair
and cell cycle transition genes. Taken together, the current study provides novel insights of
the signaling networks and the molecular mechanisms involved in the cytotoxic effects of
apigenin (Fig. 6).

Commonly used chemotherapeutic drugs, such as etoposide, camptothecin, and doxorubicin
are topoisomerase poisons that trigger apoptosis by inducing DSBs leading to DNA damage
[16-18]. Limited understanding on the molecular mechanisms responsible for the cytotoxic
effects of flavonoids hampers their utilization. Flavonoids such as genistein, luteolin and
apigenin, induce topoisomerase dependent DNA damage in vitro [38,39]. Previous studies
showed that, in HL-60 leukemia cells apigenin induced DNA fragmentation, a result of the
activation of caspase-3, a key regulator of apoptosis [40,41]. We found that while DNA
damage increased over the experimental time, it was detected prior to the activation of
caspase-3, noted only 3 h after apigenin treatment (Fig. 1C and D). Consistently, the
caspase-3 inhibitor DEVD-FMK failed to block apigenin-induced DNA damage (Fig. 3A).
Thus, it is possible that one of the mechanisms by which apigenin triggers apoptosis is by
inducing DNA damage, which in turn results in the activation of the apoptotic cascade (Fig.
6).

DNA damage was accompanied by an increase of H2AX phosphorylation, an epigenetic
change characteristic of DNA damage and foci formation (Fig. 2). yH2AX, a marker of
DSBs has an important role in the DNA damage response and is modulated through a
complex signaling network including ATM and ATR kinases [23-26]. We found that
apigenin induced robust ATM phosphorylation at 30 min post-treatment, consistently with
the kinetics of yH2AX, but no changes on ATR phosphorylation (Fig. 4A).

We previously reported that apigenin induces a transient production of ROS [10], prompting
us to investigate whether apigenin-induced DNA damage was ROS related. Notably, we
found that apigenin-induced DNA damage was ROS independent (Fig. 3A and B). Although
ROS induces oxidative DNA damage and single strand beaks, these events might be rapidly
repaired after removal of the free radicals. Moreover, we previously reported that apigenin-
induced caspase-3 activation was ROS independent [10], further supporting the hypothesis
that the generation of ROS is not involved directly in the cytotoxic effects of apigenin. The
flavone luteolin was shown to induce DNA damage and apoptosis by affecting
topoisomerase Il activity in human promyelocytic leukemia cells [42]. Consistent with our
results, luteolin-induced DNA damage was ROS independent [42]. In contrast, quercetin
induced ROS-dependent DNA damage [42], being found to exert its DNA damaging effects
via metal-catalyzed oxidation with the subsequent generation of ROS [43-45]. Thus, while
flavonols induce DNA damage via production of ROS, flavones such as apigenin may exert
its clastogenic effect by inhibiting topoisomerases, further aggravated by the activation of
PKCS.

To further elucidate the mechanisms of apigenin-induced DNA damage we looked at the
role of PKC8 and MAPK kinases. PKCS and p38 are activated in response to multiple
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genotoxic agents and have been shown to regulate DNA-damage response pathways
[28,29,46-48]. We previously reported that apigenin induces ERK activation after 3 h of
apigenin treatment, suggesting that ERK is not involved in the early apigenin-induced DNA
damage [10,13]. In contrast, p38 and PKCS activity arose with similar kinetics as apigenin-
induced DNA damage. Herein, we found that pharmacological inhibition and silencing of
PKCS& completely abolished apigenin-induced DNA strand breaks, yYH2AX and p-ATM,
indicating that these events are dependent on the activity of PKC3 (Figs. 3 and 4). In
contrast, inhibition of p38 only partially attenuated apigenin-induced DNA strand breaks
and YH2AX but had not effect on p-ATM, suggesting that PKCS is the main player in
promoting apigenin-induced DSBs (Figs. 3 and 4). Pharmacological inhibition of p38
decreased stress-induced yH2AX in leukemia, keratinocyte and myeloma cells [47-50].
Consistent with our results, it has been shown that p38 phosphorylates H2AX in vitro [47]
and regulates DNA-damage response downstream of ATM in response to doxorubicin and
cisplatin in p53-deficient cells [51]. On the other hand, pharmacological inhibition of PKC&
abrogated etoposide-induced DNA fragmentation, yYH2AX and ATM phosphorylation in
acinar and epithelial cells [28,29], indicating the relevance of PKC8 in DNA damage.
Although several models have been suggested, the mechanisms on how PKCS regulates the
DNA damage response remain elusive [29,46,52,53]. Therefore, a mechanism can be
proposed in which apigenin-induced PKCS activity inhibits endogenous DNA repair while
promoting DNA strand breaks and apoptosis. Further experiments will be necessary to
address this possibility.

In response to DSBs, ATM phosphorylates many cell cycle checkpoint-related factors such
as YH2AX, p53, and Chk1 leading to cell cycle arrest, and eventually apoptosis [54]. We
found that apigenin decreased the G2/M population, followed by an increased of cells in G1
and Sub-G1 (Fig. 5B). It has been previously noted that apigenin affects the cell cycle
[11,55-59]. Exposure of a wide array of malignant cells to apigenin induced G2/M or
G1/GO0 arrest regardless of their Rb and p53 status, indicating that the modulation of cell
cycle by apigenin is p53 independent [11,55-59]. Our results further support these findings
due to the p53-deficient status of THP-1 cells [60]. The reasons for these differences are yet
to be uncovered but may reflect the existence of cell type specific signaling cascades.

To determine the mechanisms responsible for apigenin-induced cell cycle arrest and
apoptosis we performed genome wide mRNA expression analysis. Apigenin significantly
down-regulated genes involved in cell cycle control and DNA repair. These observations
were confirmed by gRT-PCR and were consistent with the induction of DNA damage and
cell cycle arrest by apigenin. Microarray analysis was previously performed in prostate
cancer cells treated with luteolin [61]. Consistent with our findings, among the biological
pathways most significantly affected by that flavone were gene expression, cell cycle, cell
death and DNA repair [61]. Interestingly, the expression of ~80% of the genes affected by
luteolin were also down-regulated. We observed more than 500 genes that were commonly
changed in both studies constituting potential transcriptional targets of flavones. Cyclin E1,
cyclin E2, cdc25a, E2Fs, and myc, among others, were down-regulated in both arrays. E2F2
and myc are transcription factors that regulate the expression of genes involved in cell cycle
progression such as cyclins E1 and E2 [62]. Cyclins E1 and E2 bind to cyclin dependent
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kinase 2 (CDK2) promoting its activity and the cell cycle transition from G1 to S [63].
Apigenin decreased the expression of genes involved in the DNA damage response
including BACH1, XRCC2, DNA polymerase n (POLH), and RAD1. Besides the genes
confirmed by gRT-PCR, other molecules involved in cell cycle control and DNA repair
were strongly affected by apigenin in the array, such as GADD45A (growth arrest and
DNA-damage-inducible, alpha), GADD45B, GSPT2 (G1 to S transition protein 2), CDC6
(Cell cycle division 6), WEE1, MSH6 (mutS homolog 6), FEN1 (flap structure-specific
endonuclease 1), EXO1 (exonuclease 1), and RFC1 (replication factor C 1), among other
components of the basal transcriptional machinery (Supplementary Table 2). In addition,
apigenin down-regulated the expression of POLR2D (RNA polymerase Il polypeptide D),
GTF2H4 (General transcription factor 11 H4), GTF2E1, GTF2B, and TBP (TATA box
binding protein), among others (Supplementary Table 2). The effect of apigenin on general
transcriptional mechanisms may explain the overall down-regulation of genes affected by
apigenin. In conclusion, apigenin induces DNA damage through ATM activation and H2AX
phosphorylation but independent of ATR. Activation of ATM and H2AX was PKC3 and
p38 dependent leading to transcriptional down-regulation of genes involved in cell-cycle
control and DSBs repair indicating that cells may be unable to repair apigenin-induced DNA
damage, hence triggering apoptosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Apigenin induces DNA damage in leukemia cells. (A) Comet assays of THP-1 cells treated

with indicated concentrations of apigenin or diluent DMSO for 3 h or with 1 mM H,0, for 1
h. (B) % Tail DNA determined by alkaline comet assay in cells treated as described in (A).
(C) % Tail DNA in cells treated with 50 uM apigenin for different lengths of time or diluent
DMSO for 9 h. (D) Caspase-3 activity was determined in cells treated as described in (C).
Data represents mean + SEM, n= 3. *p < 0.05, **p < 0.01, compared to DMSO control.
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Fig. 2.

ASigenin induces H2AX phosphorylation. (A) Epigenetic changes were analyzed by LC-
MS in THP-1 cells treated with DMSO or 50 uM apigenin for 12 h (upper and lower panel,
respectively). Black and red arrows indicate peaks corresponding to non-phosphorylated and
phosphorylated H2AX, respectively. (B) Lysates from THP-1 cells treated with 50 uM
apigenin for different time periods or diluent DMSO for 6 h were immunoblotted with
yH2AX antibodies, membrane were re-blotted with -tubulin antibodies. (C) THP-1 cells
were immunostained with anti-yH2AX antibodies and counterstained with DAPI 3 h after
treatment with 50 UM apigenin or DMSO. All results shown are representative of three
independent experiments. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)
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Fig. 3.
Apigenin-induced DNA damage is mediated by PKC3 and p38. (A) Comet assays of THP-1

cells pretreated for 1 h with 20 uM EUK-134, 20 uM DEVD-FMK, 10 uM SB203580 or 15
UM rottlerin prior to the addition of 50 pM apigenin or DMSO for 3 h (white and black bars
respectively). Data represents the mean £ SEM, n=4, *p < 0.05 and **p < 0.01 to apigenin
treated cells. (B) THP-1 cells pre-treated with 20 uM EUK-134 for 1 h prior the addition of
50 uM apigenin or diluent DMSO for an additional hour were stained with DCFDA (black
bars) or DHE (white bars) and visualized under the fluorescence microscope. Fluorescence
intensity was determined using the ImageJ software. Data represents mean £ SEM, n= 3.
**p < 0.01 compare EUK + Api and Api. (C) Lysates from THP-1 cells pretreated for 1 h
with 10 pM SB203580, 15 pM rottlerin or DMSO prior the addition of 50 UM apigenin or
diluent DMSO for the times indicated were immunoblotted with yH2AX, p-p38, p38 and f3-
tubulin antibodies. (D) Lysates from THP-1 cells treated with 50 pM apigenin in the
presence or absence of 10 uM SB203580, 15 uM rottlerin or DMSO (indicated as —) were
immunoprecipitated with anti-PKC3 antibodies or isogenic 1gG control and subsequently
subjected to in vitro kinase assays, phosphorylated H2B was visualized by autoradiography.
The same membrane was immunoblotted with anti-PKC8 antibodies. Results are
representative of three independent experiments.
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Fig. 4.

Apigenin induces ATM and yYH2AX phosphorylation in a PKCS and p38-dependent
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pathway. (A) Lysates of THP-1 cells treated with 50 uM apigenin for the indicated times or
diluent DMSO for 6 h were immunoblotted with anti-phospho-ATM (p-ATM), anti-ATM,
anti-phospho-ATR (p-ATR) and anti-ATR antibodies. (B) THP-1 cells were pretreated for 1
h with 10 uM SB203580 or 15 uM rottlerin prior to the addition of 50 uM apigenin for
different time periods or diluent DMSO for 3 h. ATM phosphorylation was analyzed by
western blot. (C) Lysates from THP-1 cells transfected with siRNA-control, sSiRNA-p38 or
SiIRNA-PKCS and subsequently treated with 50 pM apigenin or diluent DMSO for 3 h were
analyzed by western blots with anti-yH2AX, p-ATM, PKCS, p-p38 or p38 antibodies. In all
panels, the same membranes were re-blotted with anti-p-tubulin antibodies to ensure equal

loading.
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Fig. 5.

Agigenin affects cell cycle progression of THP-1 cells by transcriptionally repressing cell
cycle and DNA repair genes. (A) Cell cycle distribution was analyzed in THP-1 cells treated
for 24 h with various doses of apigenin, DMSO or 200 ng/ml nocodazol for 24 h. All results
shown are representative of three independent experiments. (B) Percentage of cells in
different stages of the cell cycle as indicated in (A). Data represents the mean + SEM, n=3,
*p < 0.05 compared to DMSO control as determined by two-way ANOVA followed by
Bonferroni's post hoc. (C) Gene expression analysis of THP-1 cells treated with 50 uM
apigenin or diluent control for 3 h. Genes significantly changing between groups (p < 0.01)
with a fold change greater than 1.2 were analyzed using IPA according to the Gene
Ontology Function. Bars correspond to functional categories significantly enriched in the
data sets. (D) Heat map representation of cell cycle genes significantly modulated by
apigenin (259 genes corresponding to 10.4% of total cell cycle genes). (E) Heat map
representation of DNA repair genes significantly modulated by apigenin (140 genes
corresponding to 5.5% of total DNA repair genes). (F) mRNA expression of selected genes
was analyzed by gRT-PCR. Data represents the mean + SEM. n =4, *p < 0.05.
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Fig. 6.
Working model of apigenin-induced DNA damage. Apigenin induces DSBs, ATM and

H2AX phosphorylation in a PKC8-dependent pathway, while p38 modulates apigenin-
induced DNA damage independent of ATM. Apigenin-induced down-regulation of cell
cycle control genes and ATM activation led to cell cycle arrest at the G1/S transition. Down-
modulation of genes involved in DNA repair by apigenin indicates that cells may be unable
to repair apigenin-induced DNA damage, hence triggering apoptosis.
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