Journal of Steroid Biochemistry & Molecular Biology 122 (2010) 219-231

Contents lists available at ScienceDirect
Steroid
Biochemistry &
Molecular

Journal of Steroid Biochemistry and Molecular Biology |

v

journal homepage: www.elsevier.com/locate/jsbmb
Luteolin and gefitinib regulation of EGF signaling pathway and cell cycle
pathway genes in PC-3 human prostate cancer cells
Barry M. Markaverich*, Mary Vijjeswarapu, Kevin Shoulars!, Mary Rodriguez
Department of Molecular and Cellular Biology, Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030, United States
ARTICLE INFO ABSTRACT
Article history: cRNA microarray and real-time PCR (qPCR) studies from our lab identified five Cell Cycle Pathway (CCP)
Received 26 April 2010 genes (CCNA2, CCNE2, CDC25A, CDKN1B, and PLK-1) as targets for luteolin in PC-3 prostate cancer cells
Received in revised form 4 June 2010 [Shoulars et al., ]. Steroid Biochem. Mol. Biol. 118 (2010) 41-50]. In this paper, Ingenuity Pathway Analysis
Accepted 7 June 2010 of the microarray data identified 7 luteolin-regulated genes (EGFR, c-Fos, SOS, GRB2, JNK1, MKK4 and

RasGAP) in the Epidermal Growth Factor Signaling Pathway (EGFSP) potentially involved in luteolin

Kfzywords: . regulation of CCP genes and cell proliferation. To address these possibilities, we compared the response
flljczilsmnmd profiles (RNA and protein) of these EGFSP and CCP genes to luteolin and gefitinib by real-time PCR (qPCR)
Nuclear type Il [*H]estradiol binding site and Western blot analyses. Luteolin and gefitinib are known antagonists of EGFR-associated tyrosine
cell cycle protein kinase. Thus, the response profiles of EGFR regulated EGFSP or CCP genes should be very similar
Epidermal growth factor if genes in both pathways are controlled through this common mechanism of action. Treatment of PC-3
Prostate cancer cell with luteolin for 24 h caused a 4-fold stimulation of c-Fos gene expression, significant inhibition

(p<0.001) of the CCP genes and G2/M arrest. Treatment of PC-3 cells with gefitinib also inhibited most
of the CCP genes in a fashion similar to that of luteolin, however, the EGFR antagonist inhibited c-Fos
gene expression, stimulated CDKN1B (p27) and arrested the cells in GO/G1. Thus, although the response
patterns of most of the CCP genes to luteolin or gefitinib were similar, the effects of the two compounds on
EGFSP gene expression and cell cycle arrest were clearly different. Combination studies revealed that the
response of EGFSP genes to luteolin was not affected by gefitinib, even though the two compounds were
additive with respect to their abilities to inhibit CCNA2, CCNE2, CDC25A and PCNA. These findings suggest
that luteolin and gefitinib regulate CCP gene expression through a common mechanism involving EGFR-
associated tyrosine kinase. Conversely, luteolin regulates PC-3 cell proliferation through an EGFR-tyrosine
kinase independent mechanismy(s), likely involving the epigenetic control of gene EGFSP gene expression
through histone H4 binding interactions resulting in the upregulation of c-Fos and p21 gene expression.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction present in non-proliferating cells and this binding site is rapidly

stimulated (5-30-fold) by estrogenic hormones only under condi-
tions that induce cellular DNA synthesis and proliferation [6-8].
Thus, it is not surprising that estrogen antagonists, including pro-
gesterone and dexamethasone, that block estradiol stimulation of
type II sites also block cellular proliferation without measurable
affects on ER function [8]. These findings suggest that type II sites
are components of the cellular growth response to estrogenic hor-
mones. Similarly, malignant tissues contain high concentrations of
type II sites, which is consistent with the uncontrolled DNA syn-

thesis and cellular proliferation [4,9].
Type II sites were originally discovered and characterized on
the basis of their ability to bind relatively low concentrations
* Corresponding author at: Department of Molecular and Cellular Biology, BCM (4-40nM) of [3H]estradiol. However, their function is to bind
;310_‘ li;w;qgg;?gzg;ﬁ:ﬂ?i??%ngggﬁgé’lalﬂ' Houston, TX 77030, United States. an endogenous ligand purified and identified from serum [10]
: "E-mail addresses: I'Jar1'3./m@bcm.edu, barfym@bcm.tmc.edu(B.M. Markaverich). a? methyl—.p—hydroxyphenyllactatg (MeHPLA,)' That MeHPLA Isa
bioflavonoid or tyrosine metabolite is consistent with the fact

1 Present address: Duke University, Pediatric-Blood and Marrow Transplantation, : 8 i A . !
Box 3350 Med Ctr, Durham, NC 27710, United States. that the compound is essentially ubiquitous in mammalian tis-

Previous reports from our laboratory designated two classes of
[3H]estradiol binding sites present in the rat uterus, rat, mouse and
human mammary tumors and breast and prostate cancer cells as
type I or type Il [1-4]. Type I sites represent the classical ER (ERa
or ER3) which binds estrogens and antiestrogens with high affinity
and function as transcription factors regulating gene expression
[5]. Nuclear type II sites bind [3H]estradiol with a lower affinity
and higher capacity than ERs and are present in all mammalian tis-
sues and cells. Very low levels (<3000 sites/cell) of type II sites are
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sues and fluids, even though malignant tissues are devoid of this
type Il site ligand [10-12]. Synthetic preparations of MeHPLA bind
to type II sites with a very high affinity (Kd <5nM), block estro-
gen stimulation of rat uterine growth and inhibit MCF-7 human
breast cancer cell proliferation. Thus, MeHPLA is an important
cell growth regulating agent in mammalian systems [10]. Further
studies led to the identification of an enzyme (MeHPLA esterase)
that is under estrogen regulation in the rat uterus, and constitu-
tively expressed at high levels in malignant cells. MeHPLA esterse
hydrolyzes MeHPLA to p-hydroxyphenyllactate (HPLA), the corre-
sponded free acid [13-15]. HPLA binds to type Il site with very
low affinity (Kd>200nM) and does not block estrogen stimula-
tion of rat uterine growth or inhibit breast cancer cell proliferation
[10]. Thus, an esterase-induced deficiency of MeHPLA in malig-
nant cells leads to a high level of unoccupied type II sites and the
loss of regulatory control. Consequently, the methyl ester moi-
ety of MeHPLA is critical for retaining high binding affinity for
nuclear type II sites and cell inhibitory activity in vivo and in
vitro. On the basis of these observations we developed a num-
ber of esterase stable ligands for nuclear type II sites including
4-(3,4-dihydroxyphenyl)but-3-en-2-one (ZN-2) and 2,6-bis((3-
methoxy-4-hydroxyphenyl)methylene)cyclohexanone (BMHPC),
that bind to nuclear type II sites with high affinity also inhibit the
proliferation of breast [10,13,16], pancreatic [17], prostatic [18],
colorectal [19], ovarian cancer cells [19], lymphoblastoid cells [20],
and leukemia [21] in vitro and in vivo strongly supporting our find-
ings that type II sites are ubiquitous and MeHPLA is an important
cell growth regulating agent in mammalian cells.

The identification of MeHPLA as a bioflavonoid metabolite rep-
resents one critical missing link between the consumption of fruits
and vegetables and the lower incidence of cancer in man [22-24].
Studies in our laboratory and others have shown that bioflavonoids,
such as luteolin and quercetin, inhibit estradiol stimulation of
nuclear type II sites and uterine growth in the rat, and these com-
pounds are also capable of occupying type II sites and inhibiting
the growth and proliferation of malignant cells and tissues in vitro
and in vivo [3,14,18,25,26]. These studies led to the delineation
of a novel epigenetic mechanism for the regulation of normal
and malignant breast and prostate cell growth by MeHPLA and
related compounds including luteolin. The recent discovery that
the nuclear type II site represents a binding component of histone
H4 [27-29] suggests that ligands binding to this site are capable
of modifying gene transcription through an epigenetic mechanism.
This concept was recently extended by cRNA microarray analysis on
luteolin treated PC-3 human prostate cancer cells which revealed
that luteolin treatment significantly altered the expression of 3331
genes in these cells [30]. GenMapp analyses of the microarray data
identified 22 downregulated genes and 1 upregulated gene in the
Cell Cycle Pathway (CCP), findings consistent with the inhibitory
effects of luteolin on PC-3 cell proliferation in vitro and in vivo.
The microarray studies were confirmed by real-time polymerase
chain reactions (qPCR) and Western blots for 6 selected CCP genes
including cyclin A2 (CCNAZ2), cyclin E2 (CCNE2), cell division cycle
25A (CDC25A), cyclin-dependent kinase inhibitor 1B (CDKN1B),
and polo-like kinase I (PLK1). Furthermore, chromatin immuno-
precipitation studies (ChIP assays) indicated that luteolin altered
the acetylation state of promoter-associated histone H4 associated
with the PLK1 gene promoter in PC-3 cells [30]. This finding sup-
ports an epigenetic mechanism for the control of gene expression
in prostate cancer cells by nuclear type II site ligands.

The studies described in the present manuscript have identified
genes in the Epidermal Growth Factor Signaling Pathway (EGFSP) as
key regulatory sites for luteolin in PC-3 and DU-145 prostate cancer
cells. EGFSP genes encode a number of transcription factors which
regulate CCP genes (including the cyclins, and cyclin-dependent
kinases) suggesting that luteolin regulation of CCP gene expres-

sion could be mediated via it effects on EGFSP gene expression
[31]. The present studies quantify the effects of luteolin and the
EGFR antagonist, gefitinib, on the expression of EGFSP and CCP
genes in PC-3 human prostate cancer cells. Luteolin [32] and gefi-
tinib [33] are reported to inhibit EGFR-dependent protein kinases
and autophosphorylation of EGFR. Therefore, if their effects on CCP
genes are mediated via modulation of gene expression in the EGFSP,
the response profiles of the genes in these two pathways to luteolin
and gefitinib should be very similar.

2. Materials and methods
2.1. Reagents and materials

Luteolin was purchased from Indofine Chemicals (Hillsborough,
NJ) and gefitinib was kindly provided by AstraZeneca, UK, Ltd. (Pre-
clinical Evaluation Agreement with Baylor College of Medicine and
Dr. Markaverich). PC-3 cells were obtained from the American Type
Culture Collection (ATCC).

2.2. PC-3 cell growth and experimental conditions

Stock cultures of PC-3 human prostate cancer cells were grown
and maintained in T-150 flasks [18]. The details of the microarray
analyses for assessing luteolin effects on gene expression in PC-3
cells were described [30]. A brief description of these studies is pro-
vided here as background. For the microarray analyses, the cells
were seeded into triplicate T-75 flasks for each treatment group.
Each flask contained 10 mL of DMEM-F12 media supplemented
with 10% Fetal Calf Serum (FCS) and 1% penicillin-streptomycin.
Twenty-four hours following plating, the attached cells were
treated for 6h with 2 uL EtOH (controls) or luteolin (5 wg/mL)
added to the DMEM-F12 media in 2 pL of EtOH [30]. RNA was
prepared from these cells for the microarray studies as described
briefly below and in detail our recent publication [30].

For dose-response studies with luteolin and gefitinib, PC-3 cells
were plated in 24-well plates (20,000 cells/well) and allowed to
attach for 24 h. At this time (time 0), the cells were treated with the
indicated concentrations of luteolin or gefitinib (2-50 wM) added
to the media in 2 pL of DMSO. DMSO was substituted for EtOH
in these studies to solubilize gefitinib. Viable, attached cell num-
bers were monitored by hemocytometer counts, Trypan blue dye
exclusion [16] or by crystal violet dye uptake [34]. The latter assay
consisted of staining the cells with 0.2% crystal violet dissolved in
20% EtOH, washing the fixed monolayers with water, and reading
the absorbance at 560 nM in water:MeOH:EtOH (5:1:4).

To obtain sufficient quantities of RNA and protein for gPCR and
Western blots for validation of the microarray data on EGFSP genes,
and for assessing the effects of luteolin and/or gefitinib on EDGSP
and CCP gene expression at various times following luteolin and/or
gefitinib treatment, PC-3 cells were grown in 100 mm Petri-dishes
under the conditions described above and in the text and figure leg-
ends. Triplicate 100 mm plates were seeded with 8-10 x 106 cells
for each control or treatment group. Twenty-four hours following
seeding, the media was replaced with fresh media and attached
cells were treated with either the low (17.5 wM luteolin and 22 pM
gefitinib) or high (35 wM luteolin and 44 M gefitinib) doses of lute-
olin or gefitinib as described in the text and figure legends. Cells for
all studies were harvested by mild trypsinization and cell numbers
were determined as described above [26]. RNA or protein analyses
were as described below.

One study was performed to compare the response of EGFSP
genes to luteolin in DU-145 prostate cancer cells to that obtained in
PC-3 cells. DU-145 cells were grown in Minimal Essential Medium
(MEM) supplemented with 10% Fetal Calf Serum. The cells were
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Fig. 1. Effects luteolin on gene expression in the EGF signaling pathway. Microarray data from luteolin treated PC-3 cells (17.5 wM for 6 h) relative to controls described in
detail in Shoulars et al., J. Steroid Biochem. Mol. Biol. 118 (2010) 41-50 were analyzed with Ingenuity Analysis Software. A number of genes in the pathway were significantly
(p<0.01) upregulated (shaded) or downregulated (dotted) by luteolin treatment. The numbers adjacent to the gene symbols are the luteolin-induced change in gene
expression as a percent of EtOH controls (100%). Regulated genes were as follows: EGFR (epidermal growth factor receptor (erythroblastic leukemia viral (v-erb-b) oncogene
homolog, avian); AffyID 201983_s at, Entrez Gene 1956, —1.69-fold change, adjusted p value =0.001459), JNK1 (mitogen-activated protein kinase 8; AffyID 229664 _at, Entrez
Gene 5599, —1.75-fold change, adjusted p value=0.007131), MKK4 (MAP2K; mitogen-activated protein kinase kinase 4, AffyID 203266_s at, Entrez Gene 6416, —1.82-fold
change, adjusted p value = 0.000685), RasGAP (Ras-GTPase-activating protein SH3-domain-binding protein, AffyID 225007 _at, Entrez Gene 10146, —1.72-fold change, adjusted
p value=0.013305), SOS (son of sevenless homolog 1 (Drosophila), AffylD 227426 _at, Entrez Gene 6654, —1.69-fold change, adjusted p value =0.003924), c-Fos (v-fos FB]
murine osteosarcoma viral oncogene homolog, AffID 209189.at, Entrez Gene 2353, 2.95-fold change, adjusted p value =0.036354).

seeded into triplicate 100 mm plates (8 x 10° cells/well) and 24 h
following plating (time 0), the media was changed and attached DU-
145 cells were treated for 6 h with 2 wL EtOH (controls) or 5 pg/mL
luteolin (added in 2 L EtOH). The cells were harvested and the
RNA prepared from the DU-145 cells was subjected to qPCR [30]
to validate the EGFSP and CCP gene expression response to lute-
olin. PC-3 cells were predominantly used for the studies described
here because the majority of the background work for these stud-
ies utilized the PC-3 model system and luteolin inhibits PC-3 cell
xenografts in vivo [18,26,30].

2.3. RNA preparation

The methods used for the preparation of RNA are validated tech-
niques used in our lab [16,30]. Cells from flasks or plates of luteolin
and/or gefitinib treated cells or controls were washed with PBS
and collected with 0.25% trypsin-0.02% EDTA (4 mL). Following 5-
min incubation, the trypsin was inactivated with 10 mL of media
containing 10% FCS. Approximately 5.0 x 10 cells from each flask
or plate were centrifuged (2000 rpm x 5 min) in RNAse/DNAse free
tubes, resuspended in 1 mL of PBS and 4 mL of RNAlater (Qiagen)
and stored at —20 °C. The frozen cells were thawed on ice, collected
by centrifugation and lysed by resuspension in 0.6 mL of RTL (Qia-
gen) containing (3-mercaptoethanol. The lysed cells from various
treatment groups were homogenized by centrifugation through
Qiashredders (18,000 x g x 2 min). Pass through from the Qiashred-
ders was diluted with an equal volume of 70% EtOH and loaded onto
RNeasy spin columns. The column was washed with RW1 followed
by RNAse-free DNAse digestion to remove residual DNA and further
washed with RPE buffers according to the manufacturer’s instruc-
tions. Purified total RNA was eluted with 50 L of RNAse-free water
following 5-min incubation at 22 °C. RNA integrity was routinely
verified on an Agilent 2100 Bioanalyzer in the Baylor College of
Medicine Microarray Core Facility headed by Dr. Lisa White.

2.4. Brief description of microarray analyses [30]

RNA from controls or luteolin treated PC-3 cells was subjected
to oligo(deoxythymidine)-Reverse Transcription, in vitro transcrip-
tion and biotin-labeling of cRNA (Enzo Biochem, Farmingdale, NY)
and cRNA hybridization to Human Genome U133 Plus 2.0 oligonu-
cleotide arrays (Affymetrix, Santa Clara, CA). The array contained
approximately 54,000 probe sets (38,500 genes). All experiments
were performed in triplicate with independent pools of cRNA from
EtOH controls and luteolin treated PC-3 cells using six separate
microarray chips. Following low-level quantification of the scanned
data using GeneChip Operating System (GCOS, Affymetrix), data
were analyzed with dChip 2006 (Harvard) to adjust the arrays to a
common baseline, to estimate expression using the PM-only model
[35,36] and to normalize all 6 Gene Chips to the same baseline.
Differentially expressed genes in the luteolin treated groups ver-
sus controls were selected using a two-sample comparison with
a lower boundary 90% confidence interval of fold change greater
than 1.2 and a value difference between group means of >50 [30].
GenMAPP (Gene Pap Annotator and Pathway Profiler, Version 2.1,
Gladstone Institutes, University of CA at San Francisco) identified
23 genes in the Cell Cycle Pathway up- or downregulated by lute-
olin [30]. Ingenuity Pathway Analysis (Redwood City, CA) of the
dChip data from the above microarray studies was used to identify
the EGFSP (Fig. 1) genes as targets for luteolin regulation.

2.5. Real-time quantitative polymerase chain reaction (qPCR)

Pre-validated commercially available primers (Qiagen) for
EGFSP and CCP genes were used. qPCR was performed using the
MyiQ SYBR Green Supermix (Bio-Rad) and quantified on MyiQ
Single Color Real-Time PCR Detection System using MyiQ Opti-
cal System Software, Version 2.0 (Bio-Rad). Validation of each
primer pair was accomplished by generating standard serial dilu-
tion and melt curves on cDNA from PC-3 cells to ensure that reaction
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efficiencies of 90-110% and correlation coefficients of >0.995 are
obtained. Melt curves demonstrating a single reaction product
with an appropriate melting temperature confirmed that primer
dimerization was contributing to the signal. Results from qPCR
on triplicate pools of RNA from EtOH controls, luteolin, gefitinib
or luteolin plus gefitinib treated cells were normalized to 18S.
Products of the optimized reactions were analyzed by agarose gel
electrophoresis to ensure that the size of the amplicon corresponds
to the data provided by Qiagen for each primer pair (not shown).

2.6. Cell cycle analysis by flow cytometry

Flow cytometry studies were performed as previously described
by our lab with slight modifications [18,26]. PC-3 cells (8.0 x 10%)
were plated in 6-well plates and grown in DMEM/F12 media for
24 h. At time 0 (24 h following plating), the cells were treated with
either the low (17.5 uM luteolin and/or 22 wM gefitinib) or high
(35 wM luteolin and/or 44 M gefitinib) doses of luteolin or gefi-
tinib, alone or in combination, as described above and in the text
and figure legends. After 24 h of treatment, the cells were collected
by trypsinization and washed twice in cold PBS. Cells were fixed
in 70% cold ethanol on ice and stored at —20°C for analysis by
flow cytometry. Ethanol suspended cells were centrifuged and the
cell pellets were resuspended in 25 p.g/mL of propidium iodide and
50 g/ mL of DNAse free RNAse. Stained cells were kept for 20 min
at 22°C and the cell fluorescence determined by flow cytometry
(BDFACS CANTOII; BD Biosciences, Franklin Lake, NJ). The exper-
iments were performed in the Cytometry and Cell sorting Core
Facility at Baylor College of Medicine. The flow cytometer was set
for excitation with blue light at 488 nm and Pl emission at red wave-
length at 633 nm. Data were analyzed using FACS Diva software
(Version 6.1.3, BD Biosciences) that de-convolutes DNA content
frequency histograms. Each experiment was replicated three times.

2.7. Western blot analyses

After treatment with the luteolin and/or gefitinib, PC-3 cell
monolayers from triplicate control or treatment plates were
washed twice with cold PBS. Cell lysates were prepared in lysis
buffer (20 mM Tris-HCl, pH 7.4, 137 mM Nacl, 10% glycerol, 5 mM
EDTA, 1% NP-40 with Complete Mini, EDTA-free protease inhibitor
cocktail, Roche Diagnostics, Indianapolis, IN). Lysates were cen-
trifuged at 13,000rpm for 10 min at 4°C to remove insoluble
material and protein concentration in the supernatants was deter-
mined using Bio-Rad Protein Assay. Samples from each treatment
group containing 25 g of total protein were resolved by SDS-
PAGE (12% acrylamide) and transferred onto PVDF or membrane
as described by our laboratory [27,30]. After blocking the mem-
brane with 5.0% nonfat dry milk, the membranes were incubated
with a 1:3000 dilution of primary antibodies against the selected
EGFSP genes (EGFR, c-Fos, MKK4) and CCP genes (CDKN1B, CDC25A,
CCNA2) obtained from Santa Cruz Biotechnologies. Membranes
were washed and incubated with corresponding horseradish
peroxide (HRP) conjugated secondary antibodies (Santa Cruz
Biotechnology) as per the manufacturer’s instructions. As a loading
control, membranes were stripped (62.5 mM Tris, 2% SDS, 100 mM
[3-mercaptoethanol) and reprobed with (3-actin antibody (Santa
Cruz Biotechnologies). Proteins were detected by enhanced chemi-
luminescence (ECL detection kit, GE Healthcare, UK) on Hyblot CL
Autoradiography Film (Denville Scientific Inc., Metuchen, NJ). All
blots were quantified with UN-SCAN-IT Gel Software (Silk Scientific
Software). Each experiment was replicated 3 times.

2.8. Statistical analyses

The details of the statistical analysis of microarray studies to
identify luteolin changed genes are published [30]. The Ingenuity

Analysis to identify luteolin-regulated EGFSP genes is described in
detail in Section 2. For all other studies in this paper, each experi-
ment was repeated a minimum of 3 times. Thus, the qPCR analyses
were performed on at least 3 pools of RNA from replicate con-
trols or replicate luteolin and/or gefitinib treated PC-3 or DU-145
prostate cancer cells. Quadriplicate reactions from each pool were
analyzed by qPCR for each gene and normalized to 18S RNA. The
qPCR data (mean+SEM) were analyzed by Analysis of Variance
(ANOVA) and Tukey’s test on the treatment means or by a two-
tailed T-test utilizing Instat (GraphPad Software). Cell proliferation
assays were replicated a minimum of three times and cell numbers
(mean + SEM) were determined from triplicate (wells or plates) for
each of the replicate studies. Cell proliferation data (mean + SEM)
were analyzed by ANOVA and Tukey’s test on the treatment means.
Western blot analyses were also performed on protein extracts
from three replicate experiments. For brevity, only a single rep-
resentative replicate of the immunoblot data (Panels A and B) for
low or high dose studies was presented in Figs. 8 and 9. However,
the gel scans (Panels Cand D in Figs. 8 and 9) were obtained for each
of the three replicate blots and therefore, represent the mean + the
SEM for three separate determinations. The data for controls and
each treatment group for each gene were analyzed by ANOVA and
Tukey’s test on the treatment means (Instat). Each flow cytom-
etry study was repeated at least 3 times the data represent the
mean + SEM for three separate determinations analyzed by ANOVA
and Tukey’s test on the treatment means (Instat).

3. Results
3.1. Ingenuity Analysis of microarray data

Ourrecently published microarray studies identified 3331 genes
in PC-3 cells whose expression was changed by luteolin treat-
ment [30]. Of these, GenMAPP analysis identified 23 genes in
the CCP as luteolin targets. qPCR and Western blotting studies
confirmed that a selected number of these CCP genes includ-
ing cyclin A2 (CCNA2), cyclin E2 (CCNE2), cell division cycle 25A
(CDC25A), cyclin-dependent kinase inhibitor 1B (CDKN1B), and
polo-like kinase I (PLK1) were regulated by luteolin in PC-3 cells
[30]. In the present study, we analyzed the dChip microarray
data with Ingenuity Pathway Analysis Software (Ingenuity Sys-
tems, Inc., Redwood City, CA). Ingenuity Analysis identified 7 genes
in the EGF Signaling Pathway (EGFSP) subject to luteolin regu-
lation. These included epidermal growth factor receptor (EGFR),
mitogen-activated protein kinase 8 (JNK1), mitogen-activated pro-
tein kinase 4 (MKK4), Ras-GTP-ase activating protein SH3-Domain
Binding Protein (RasGAP), son of sevenless homolog 1 (SOS), v-
fos FB] murine osteosarcoma viral oncogene homolog (c-Fos) and
growth factor receptor bound protein 2 (GRB2) as shown in Fig. 1.
Treatment with luteolin for 6h resulted in a 2.95-fold stimula-
tion of c-Fos (Fig. 1), and inhibited the expression of EGFR, JNK1,
MKK4, RasGAP, SOS and GRB2 relative to controls. The down-
regulation of 6 of these genes by luteolin is consistent with
the inhibitory effects of this compound on CCP gene expression
and PC-3 cell proliferation [30], as EGFSP genes are closely cou-
pled to the regulation of CCP genes in a variety of cell systems
[31,37-39].

3.2. Validation of microarray studies by assessment of luteolin
effects on EGFSP gene expression in PC-3 and DU-145 human
prostatic cancer cells by gPCR

To further validate the Ingenuity Analysis of the microarray data,
we assessed the effects of luteolin on the EGFSP genes identified as
targets for luteolin regulation by qPCR in PC-3 cells. This analysis
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Fig.2. Comparison of luteolin effects on gene expression in PC-3 and DU-145 human
prostate cancer cells. PC-3 and DU-145 cells were grown as described in Section 2 in
either DMEM-F12 Media (PC-3 cells) or Minimal Essential Medium (MEM) supple-
mented with 10% Fetal Calf Serum (FCS). Twenty-four hours following plating, the
cells were treated for 6 h with 17.5 wM luteolin (added in EtOH). RNA prepared from
these cells was analyzed by real-time PCR (qQPCR). Relative expression values are the
mean + SEM for three independent RNA sets normalized to 18S RNA as described in
detail [30] presented as % Control where the EtOH controls represent 100%. (Panel A)
EGF signaling pathway genes. (Panel B) Cell cycle pathway genes. Data from three
replicate experiments were analyzed statistically by ANOVA with Tukey’s test on
the means with Instat Software as described in Section 2.

was to DU-145 cells for further validation of luteolin regulation
of these genes prostate cancer cells. RNA prepared from PC-3 or
DU-145 cells treated for 6 h with luteolin was analyzed by qPCR.
The data in Fig. 2A demonstrate that luteolin modulation of EGFSP
gene expression essentially mirrors that derived from the Inge-
nuity Analysis (Fig. 1). Luteolin treatment inhibited (p <0.001) the
expression of 6 EGFSP genes (EGFR, SOS, GRB2, JNK1, MKK4, Ras-
GAP) and stimulated c-Fos gene expression. This response pattern
was replicated in the DU-145 cells and the induction of c-Fos was
approximately 4-fold greater than that observed in PC-cells. The
induction of c-Fos appears to be a key component in the response
to luteolin in both cell lines.

As noted in Section 1, we previously identified 4 genes in the
CCP as targets for luteolin [30]. Therefore, the expression of these
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Fig. 4. Effects of luteolin and gefitinib on PC-3 human prostate cancer cell prolifer-
ation. PC-3 cells were grown as described in Fig. 1 and Section 2. Twenty-four hours
following plating, the attached cells were treated with the indicated concentrations
of luteolin or gefitinib added to the media in 2 wL of DMSO and 48 h following treat-
ment the cells were collected and counted as described in detail [30] and in Section
2. There were three wells per concentration of luteolin or gefitinib and each exper-
iment was replicated three times. The results thus represent the mean =+ SEM for 9
separate determinations for each concentration.

CCP genes in PC-3 and DU-145 cells was compared for further val-
idation. The data in Fig. 2B show that luteolin inhibited (p <0.001)
the expression of CCNA2, PLK-1, CDC25A and CCNE2 in PC-3 and
DU-145 cells. Luteolin failed to affect CDKN1B gene expression in
PC-3 or DU-145 cells, even though we previously reported a small
but significant increase in the expression of this gene in PC-3 cells
under similar conditions [30]. That CDKNIB expression is modu-
lated by growth factors during G1 would likely explain this minor
discrepancy and slight variability in response of this gene to lute-
olin in the present studies [40]. Otherwise, the response profile of
EGFSP and CCP genes to luteolin at 6 h was very similar in the two
different prostate cancer cell lines [31,37-39].

3.3. Temporal response of EGFSP and CCP genes in PC-3 cells to
luteolin

The data in Figs. 1 and 2 identified EGFSP and CCP genes in PC-3
cells whose expression was blocked by luteolin 6 h following treat-
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Fig. 3. Temporal effects of luteolin on EGFSP and CCP gene expression in PC-3 cells. PC-3 cells were plated and grown and described in Section 2. Twenty-four hours following
plating, the cells were treated with 17.5 uM luteolin in 2 L of EtOH. At various times following treatment (1, 8, 16, 24, 48, 72 h) the cells from time matched controls or
luteolin treated cells were harvested and RNA was prepared and analyzed by qPCR. Relative expression values represent the mean = SEM for a minimum of three independent
RNA sets from time matched EtOH controls and luteolin treated PC-3 cells, each normalized to 18S RNA as described in detail [30]. To simplify the figure, the control for all
time points was represented at 100%. Statistical analyses were performed on quadruplicate aliquots from each of three replicated experiments for each luteolin sample time

point and its corresponding control.



224

600 600
500 (A) Control 500 (B) 17.5 uM Lut
G0/G1

] 400 4 n 400 GO/G1
c c
2 300 3 300
S )

200 200 G2/M

G2/M
100 100
o [+]
] 50 100 150 0 50 100 150
PerCP-Cy5-5-A (x 1000) PerCP-Cy5-5-A (x 1000)
600 600
(E) Control (F) 35uM Lut

500 - G0/G1 500 GO/G1
w 400 » 400
- -
= [
3 3004 3 300 ——
= 200 < 200

G2/M
100 100
0 v 0 T T
] 50 100 150 0 50 100 150

PE-Texas Red-A (x1000) PE-Texas Red-A (x1000)

Counts

Counts

B.M. Markaverich et al. / Journal of Steroid Biochemistry & Molecular Biology 122 (2010) 219-231

600 s00
g | L2 TR UM Gel (D) 17.54M Lut + 22 pM Gef
Go/G1 500
GO/G1
400 c.2 @ 400
c
300 5 1
3 300
200 2004 G2/M
100 St 100
0 0 . . -
0 50 100 150 0 50 100 150
PerCP-Cy5-5-A (x 1000) PerCP-Cy5-5-A (x 1000)
600
600
(G) 44uM Gef
500 - 500 (H) 33uM Lut + 44 pM Gef
400 G. 44 pM Go/G1
‘E 400
300 3 300 G2/M
200 © .00
100 S2/M 10044
0 ‘ 0 . .
0 50 100 150 0 50 100 150

PE-Texas Red-A (x1000) PE-Texas Red-A (x1000)
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ment. Time studies were also performed to define a window where
the genes in both pathways are most responsive to luteolin. PC-
3 cells were treated with 17.5 wM luteolin at time 0 (24 h after
plating) and collected at various times (1, 8, 16, 24, 48, 72 h) after

treatment. RNA was prepared from these cells and the effects of
luteolin on EGFSP and CCP gene expression was evaluated by qPCR
(Fig. 3). At early times following treatment (1-8 h), the response to
luteolin essentially mirrored that observed for CCP genes at 6h in
our previous study [30] and the EGFSP genes identified by Ingenu-
ity Analysis in the present study (Figs. 1 and 2). Luteolin inhibited
gene expression in both pathways at these early times. However,
between 24 and 72 h following treatment, marked changes in the
expression of EGFSP and CCP genes were observed. In both path-
ways, this response peaked at 24-48 h and declined at longer times.
At this dose level (17.5 wM) luteolin treatment caused enhanced
expression of a number of the EGFSP genes (c-Fos, RasGAP, MKK4,
GRB2,]NK1)and CCP (CDKN1B, CCNA2, PCNA, CCNE2, CDC25A) and
only EGFR and SOS expression was repressed by this low dose of
luteolin. The peak response time for most of these genes to luteolin
was approximately 24 h. This time was used for the experiments
described below with various doses of luteolin and the EGFR antag-
onist, gefitinib.

3.4. Dose-response studies with luteolin and gefitinib

Gefitinib is a well-known EGFR antagonist, and both gefitinib
and luteolin inhibit the EGFR-associated tyrosine protein kinase
responsible for autophosphorylation of EGFR [32,33]. Thus, the
two compounds share this common effect on EGFR. In the present
studies, Ingenuity Analysis identified the EGFSP as a target for
luteolin regulation and qPCR studies confirmed that EGFR gene
expression in PC-3 cells was blocked by luteolin (Figs. 2 and 3).
Therefore, we suspected that the response of EGFSP and CCP genes
to luteolin would mirror that obtained with the EGFR antagonist,
gefitinib, if luteolin modulation of CCP genes was mediated via its
effects on EGFSP gene expression. To evaluate these possibilities,
dose-response studies were performed to define concentrations of
gefitinib and luteolin required for combination studies to assess
their singular and combined effects on gene expression and cell
proliferation. PC-3 cells were plated, allowed to attach for 24h
(time 0) and then treated with a range of gefitinib or luteolin
concentrations (2-50 wM). Cell number was determined for EtOH
control or treated cells at either 24 h (not shown) or 48 h (Fig. 4)
following treatment. Equivalent dose-response curves for the two
compounds were obtained at either time, but more complete inhi-
bition (90-100%) was observed at 48 h. The inhibition curves for
the two compounds were remarkably similar and approximately
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Fig. 8. Western blot analysis of selected EGFSP and CCP genes treated with the low doses of luteolin and/or gefitinib. PC-3 cells were treated with the low doses of luteolin
(17.5 M) or gefitinib (22 wM) alone or in combination as described in Fig. 5. Twenty-four hours following treatment, the protein extracted from luteolin and/or gefitinib
treated cells or EtOH controls was subjected to Western blot analysis with antibodies for EGFSP genes (A) or CCP genes (Panel B). Bands were also analyzed by UN-SCAN-IT
gel to determine band intensity, normalized to 3-actin and graphed according to the normalized expression as a percent of the EtOH control that represented 100%. Data for
Panel C are the scans for the EGF genes (Panel A) and Panel C contains the scans for the CCP genes (Panel B).

80-90% inhibition was achieved with doses of either compound
ranging from 20 to 50 wuM and these doses will be used for the
studies below.

3.5. Luteolin and gefitinib effects on PC-3 cell cycle

Based upon the dose-response study, we initially evaluated the
effects of a low dose (17.5 M luteolin; 22 M gefitinib) or high
dose (35 wM luteolin; 44 wM gefitinib) of luteolin and/or gefitinib
on the cell cycle progression in PC-3 cells. Two doses were chosen
so that response profiles for antagonistic and additive interactions
with luteolin and/or gefitinib could be evaluated when examining
treatment effects on RNA and protein by qPCR and Western blot-
ting. The data in Fig. 5 and Table 1 summarize the flow cytometry
findings. The response of the PC-3 cells to the lower doses of the
compounds was not as substantial as that observed with the higher
dose. The 17.5 wM luteolin concentration decreased (p<0.01) the

numbers of cells in GO/G1 and this was reflected by a slight G2/M
arrest and a non-significant increase in the numbers of apoptotic
cells relative to controls. The low dose of gefitinib caused GO/G1
arrest (p <0.001) and significant decreases in the numbers of cells in
G2/M and undergoing apoptosis. When the PC-3 cells were treated
with a combination of these compounds, the low dose of luteolin
blocked (p <0.01) the GO/G1 arrest caused by gefitinib, suggesting
that response pathways regulated by luteolin were required for the
response to gefitinib.

The responses to the higher doses of luteolin and gefitinib
were more profound. Treatment of PC-3 cells with 35 wM luteolin
caused significant (p <0.001) G2/M arrest and this was reflected by
a reduction (p<0.001) in the number of cells in GO/G1. Luteolin
also increased (p <0.001) the number of apoptotic cells relative to
controls. The high dose of gefitinib (44 wM) caused GO/G1 arrest
(p<0.001) and decreased (p <0.001) the numbers of cells in G2/M.
The response of PC-3 cells to the higher dose level of luteolin

Table 1

Effects of luteolin and gefitinib on cell cycle of PC-3 cells.
Treatment group GO/G1 S-phase G2/M Apoptosis
Control 60.1 + 0.78 13.7 £ 1.01 232 +£0.18 1.3 +£0.15
Low dose Lut 55.2 + 0.24a 14.1 £ 0.83 26.3 + 0.60 33 £.012
Low dose Gef 73.2 £ 0.29b 9.5 + 1.00 14.4 + 0.96b 1.27 £ 0.09
Low dose Lut + Gef 56.0 + 0.92a 16.4 £+ 1.50 222 +1.17 4.1 +£0.42
Control 61.8 + 0.60 16.8 + 0.80 19.1 £ 1.13 1.6 + 0.03
High dose Lut 452 + 1.04b 15.3 £ 1.09 35.4 + 1.10b 2.6 £ 0.31b
High dose Gef 82.0 + 0.13b 2.4 + 0.07b 13.5 £ 0.03a 1.2 +£0.15
High dose Lut + Gef 42.1 £+ 0.50b 18.2 +£ 1.28 35.8 + 1.88b 2,7 £ 0.15b

Low dose luteolin=17.5 uM; high dose luteolin =35 wM; low dose gefitinib =22 uM; high dose gefitinib =44 WM. Significantly different from control (*p <0.01 or p <0.001).



226

(A) Western Blots for EGF Genes

Cont Lut Gef Lut+Gef

EGFR

Cont

p-Actin

Lut Gef Lut+Gef

. c-Fos
p-Actin
Cont Lut Gef Lut+Gef
MKK4
p-Actin
(C) Gel Scan of A
350
Sig Diff from ;;:tf
300 A control (°p<0.05, 2 Lut+ Gef

®p<0.01,°p<0.001)
250 -

200 4

150

By E g E T E R

100 {.

50 -

Normalized Expression (% Control)
-flfl.‘-f-v-.'-.l-.l-.l-flfl 0

EGFR MKK4
EGF Pathway Genes

c-Fos

B.M. Markaverich et al. / Journal of Steroid Biochemistry & Molecular Biology 122 (2010) 219-231

(B) Western Blots for CCP Genes
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Fig. 9. Western blot analysis of selected EGFSP and CCP genes treated with the high doses of luteolin and/or gefitinib. PC-3 cells were treated with the high doses of luteolin
(35 wM) or gefitinib (44 M) alone or in combination as described in Fig. 5. Twenty-four hours following treatment, the protein extracted from luteolin and/or gefitinib treated
cells and EtOH controls was subjected to Western blot analysis with antibodies for EGFSP genes (Panel A) or CCP genes (Panel B). Bands were also analyzed by UN-SCAN-IT
gel to determine band intensity, normalized to $-actin and graphed according to the change in fold expression as a percent of the EtOH control that represented 100%. Data
for Panel C are the scans for the EGF genes (Panel A) and Panel C contains the scans for the CCP genes (Panel B).

was not altered by gefitinib treatment. In the presence of 44 uM
gefitinib, the response to 35uM luteolin (Fig. 5 and Table 1)
was not different from that obtained with 35 uM luteolin alone.
Thus, although luteolin and gefitinib regulate EGFR expression
through a common mechanism (EGFR-dependent tyrosine kinase)
as previously described [32,33], luteolin modulation of PC-3 cell
proliferation likely involves an additional mechanism(s) not regu-
lated by gefitinib.

3.6. Effects of low and high dose luteolin and/or gefitinib
treatment on EGFSP and CCP gene expression in PC-3 cells at 24 h
following treatment

In keeping with the flow cytometry studies, we evaluated the
effects of low and high doses of luteolin and/or gefitinib on gene
expression in the EGFSP (Fig. 6) and CCP (Fig. 7) in PC-3 cells 24 h
following treatment. Although these are a complex series of exper-
iments, they were performed for comparison of the EGFSP and CCP
gene response profiles to luteolin and/or gefitinib at two different
doses. Our hypothesis was that if luteolin regulation of the CCP
genes was mediated via EGFR (noted in Fig. 1), then the response
profiles of genes in the EGFSP and CCP to luteolin and gefitinib
should be very similar. The data in Fig. 6 demonstrate that this
is not the case for the EGFSP genes. With the exception of c-Fos

(which was stimulated maximally with either luteolin dose), EGFR,
SOS, GRB2, JNK-1, MKK4 and RasGAP expression was more sub-
stantially inhibited with 35 wM luteolin. This was not necessarily
the case for gefitinib, which inhibited c-Fos expression and failed
to significantly affect the expression of EGFR, GRB2, JNK-1, MKK4
and RasGAP relative to controls at either dose level. Surprisingly,
the low dose of gefitinib reduced SOS expression relative to control
and this response was not observed with the higher dose.

Central to this study is the comparison of the response profiles
to the low and high doses of luteolin alone and in combination with
the low and high doses of gefitinib to determine whether gefitinib
was capable of blocking the response to luteolin. It is clear from
the data presented in Fig. 6 for the EGFSP genes, that gefitinib was
unable to block the response of the EGFR, c-Fos, SOS, GRB2, JNK-1,
MKK4 or RasGAP to luteolin. These findings strongly suggest that
luteolin is regulating the expression of all of these EGFSP genes
at a level not directly involving EGFR. Thus, even though luteolin
[32] and gefitinib [33] inhibit EGFR-dependent tyrosine kinase cells
in human cancer cells, the present data demonstrate that luteolin
likely regulates genes in the EGFSP through an EGFR independent
mechanism not antagonized by gefitinib.

Examination of the response profiles of the CCP genes to the
low and high doses of luteolin and/or gefitinib was also very inter-
esting (Fig. 7). The overall pattern of the response of these genes
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Fig. 10. Summary of the response profiles for RNA and protein for EGFSP and CCP genes to the low (Panel A) and high (Panel B) doses of luteolin and/or gefitinib. These data

are the summary of the quantitative data presented in Figs. 6-9 for direct comparison.

Table 2

Summary of gefitinib effects on response of EGF signaling and cell cycle pathway genes to luteolin.

Gefitinib effect on luteolin

Gene 35 uM luteolin 44 pM gefitinib 35 uM luteolin +44 pwm
gefitinib response

EGFR 12.7 £ 0.5 1283 £3.2 563 +£1.8 Mto N
c-Fos 409.0 £ 9.1 27.7 £ 0.7 4220+ 74 N

SOS 183 +23 112.7 £11.3 103 £ 1.0 N
GRB2 313+1.2 873+ 14 42.0 + 1.1 N
JNK-1 327 £ 1.0 88.3 + 3.5 523 + 1.6 MtoN
MKK4 28.0 £ 0.9 89.0 + 2.8 11.0 £ 0.5 N
RasGAP 21.7 £ 08 75.7 £ 1.8 213+ 0.8 N
CDKN1B 1063 £ 1.9 102.0 + 3.5 141.0 £ 4.0 N
CCNA2 103 £ 1.9 40.0 + 0.7 1.7 £ 0.2 B
PCNA 21.0 £ 0.6 410+ 1.3 2.7 +£0.1 E
CCNE2 66.3 + 2.0 36.3+09 57 +0.2 E
PLK1 7.7 £0.2 30.0 + 0.5 87 +03 N
CDC25A 273 + 1.0 25.0 £ 0.9 1.3 +£0.1 E

N=none, M to N=minimal to none, E =enhance.
Values represent the numerical data used to generate Fig. 8.

to the compounds is probably what is most important. The low
dose of luteolin resulted in marked stimulation of the expression of
CCNA2, PCNA, CCNE2 and CDC25A. This was a somewhat surprising
in view of the fact that the expression of these CCP genes are typi-
callyincreased in proliferating cells. However, the cell cycle analysis
data (Fig. 5 and Table 1) indicated that the effects of the low dose

of luteolin on cell cycle were not significant (with the exception
of a slight decrease in the numbers of cells in GO/G1). We suspect
the expression of CCNA2, PCNA, CCNE2 and CDC25A was enhanced
by the slight, but non-significant, G2/M arrest in response to lute-
olin. This would likely cause and extension of the transcription
and biosynthetic activity of the CCNA2, PCNA, CCNE2 and CDC25A
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Fig. 11. Luteolin effects on CDKN1A (p21) gene expression in PC-3 cells. RNA from
the PC-3 cells treated with 35 M luteolin in Fig. 5 was analyzed for CDK1NA (p27)
gene expression by qPCR as described in Section 2 and figure legends above. Data
represent the mean + SEM for triplicate samples.

during G1/S-phase of the cell cycle [38,41,42]. More importantly,
the high dose of luteolin blocked the expression of CCNA2, PCNA,
CCNE2, PLK1 and CDC25A, a finding consistent with the inhibitory
effects of the compound on cell proliferation (Figs. 4 and 5 and
Table 1). Although the modulation of CDKN1B by either luteolin
or gefitinib (alone or in combination) would be consistent with an
inhibitory effect of these compounds on PC-3 cell proliferation [37],
the results for this gene were inconsistent and therefore, inconclu-
sive.

The data in Table 2 summarize the results of the high dose com-
bination studies with luteolin and/or gefitinib on the expression of
EGFSP and CCP genes (Figs. 6 and 7). A column was created to char-
acterize the nature of effect of gefitinib on the response to luteolin.
Gefitinib failed to substantially modify (antagonize or enhance) the
effects of luteolin on the expression of all of the EGFSP genes (EGFR,
c-Fos, SOS, GRB2, JNK-1, MKK4 and RasGAP) and two CCP genes
(CDKN1B, PLK1). Failure of gefitinib to block the response to lute-
olin suggests that luteolin is not regulating the expression of these
genes at the level of EGFR, even though the bioflavonoid is capable
of blocking EGFR expression. Gefitinib, however, enhanced luteolin
effects on the expression of 4 CCP genes including CCNA2, CCNEZ2,
PCNA and CDC25A. The additive nature of this interaction supports
a common mechanism of action, perhaps involving the control of
CCP genes via genes in the EGFSP regulated by EGFR [31,38,43].

3.7. Assessment of luteolin and gefitinib effects on EGFSP and CCP
proteins in PC-3 cells

Western blotting studies were performed on a few select
proteins from each pathway following luteolin and/or gefitinib
treatment (Figs. 8 and 9). For most of the EGFSP or CCP genes, very
small protein responses were observed following treatment with
the low doses of luteolin and/or gefitinib and protein expression did
not always correlate with RNA expression as expected [44]. How-
ever, luteolin substantially increased (250% of control) the level of
the c-Fos protein and gefitinib failed to block this response. This
increase in the c-Fos protein was consistent with the 400-500%
increase in the RNA for the c-Fos gene determined by qPCR (Fig. 6)
and likely represents a key component in the inhibitory response
to luteolin. More dramatic effects on the protein response were
obtained with the high doses of luteolin and/or gefitinib (Fig. 9).
Luteolin (35 wM) significantly decreased (20% of control) the level
of the EGFR protein (a finding consistent with the inhibitory effects
of luteolin on EGFR gene expression; Fig. 6). Conversely, gefitinib

(44 M) increased the level of the EGFR protein (200% relative
to control) and this response was not blocked by luteolin. Thus,
gefitinib effects on the EGFR protein are likely independent of lute-
olin regulation. Surprisingly, gefitinib significantly increased the
CDKN1B protein and luteolin enhanced this response, even though
luteolin alone failed to increase the CNKN1B protein relative to
control. We have no good explanation for this observation at the
present time.

In order to directly compare the RNA to protein data, Fig. 10 is
prepared as a summary from Figs. 6-9). In the low dose studies
(Fig. 10A), only small changes in the RNA and protein expression
patterns relative to controls for MKK4, CDKN1B and CDC25A were
observed. Luteolin treatment caused marked stimulation in c-Fos
RNA and protein expression, and this response was not blocked by
gefitinib. Luteolin treatment also resulted in a marked stimulation
in CCNA2 RNA, but failed to increase the CCNA2 protein relative
to control at 24 h and neither gefitinib nor luteolin plus gefitinib
substantially changed the expression of this gene (RNA or protein).

The high dose data in Fig. 10B were more enlightening. Luteolin
significantly reduced the level of EGFR RNA and protein. Gefi-
tinib stimulated EGFR RNA and EGFR protein and luteolin failed
to block this response. Thus, gefitinib effects on the EGFR RNA
or protein were not blocked by luteolin even though both com-
pounds decrease EFGR-dependent tyrosine kinases in malignant
cells [33,38,43]. This further suggests that luteolin inhibition of
EGFR gene expression (RNA and protein; Fig. 10) is independent
of its effects on EGFR-associated tyrosine protein kinase. The high
dose luteolin also increased c-Fos RNA and protein and the response
was not blocked by gefitinib, again confirming a separate mecha-
nism(s) for the two compounds with respect to the regulation of
c-Fos. Luteolin failed to significantly change the CDKN1B RNA or
protein levels in PC-3 cells, in the absence or presence of gefitinib.
In general fairly good correlations between RNA and protein in
response to the various high dose treatment groups were observed
for MKK4, CDC25A and CCNA2.The RNA and protein data in Fig. 10B
suggest that the key components of the response to the high dose
of luteolin in the EGFSP are a marked stimulation of c-Fos RNA and
reduced expression MKK4 RNA. These responses were reflected by
the inhibition RNA and protein for key genes involved in the regu-
lation of the cell cycle including CDC25A and CCNA2. Although we
did not run Western blots on all of the EGFSP or CCP genes, it is
clear from the data in Figs. 2 and 7 that luteolin inhibition of PC-
3 cell proliferation also involves the downregulation of PCNA and
PLK1.

3.8. Luteolin effects on CDKN1A (p21) gene expression in PC-3
cells

The observation that luteolin inhibition of cell proliferation
(G2/M arrest) was associated with a marked stimulation of c-Fos
expression (Figs. 1-3, 6, 8-10) without corresponding changes in
CDKN1B (p27; Figs. 7-10), suggested that luteolin may cause G2/M
arrest by modulating p21 gene expression. In normal cells, the lat-
ter protein is under p53 regulation. However, PC-3 cells are p53
null due to a single copy of the gene containing codon 138 deletion
which prevents them from expressing the p53 protein [45]. Nev-
ertheless, treatment of PC-3 cells [46] or gastric cancer cells [47]
with luteolin stimulates c-Fos gene expression causing G2/M arrest
and this is attributed to the stimulation of p21. c-Fos was upreg-
ulated by luteolin in our studies and therefore, we also assessed
p21 (CDKN1A) gene expression in PC-3 cells by qPCR. The data in
Fig. 11 demonstrate that luteolin significantly increased the expres-
sion of p21 approximately 4-fold relative to controls 24 h following
treatment. Thus, luteolin-induced G2/M arrest in PC-3 cells likely
resulted from the induction of c-Fos and p21.
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4. Discussion

A major focus of our laboratory has been determining the mech-
anism of action of bioflavonoids such as luteolin and quercetin
in the regulation of normal and malignant cell growth and pro-
liferation. We discovered that compounds such as luteolin and
quercetin block estrogenic response (uterine growth) in the rat
even though they failed to interfere with the function of the
estrogen receptor [48]. Compounds such as luteolin and quercetin
were found to inhibit the proliferation of estrogen-dependent and
estrogen-independent breast [16] and prostate cancer [26] cells,
further establishing these bioflavonoids as cell growth regulat-
ing agents. In addition, we also reported that luteolin, quercetin
and a number of other bioflavonoids bind to type II sites in a
variety of normal and abnormal tissues and cells, and nuclear
type II site occupancy and binding affinity was directly related
to the abilities of these compounds to inhibit cell proliferation
[3,25,26,49]. The importance of these findings was enhanced by
the identification of a bioflavonoid metabolite, MeHPLA (methyl-
p-hydroxyphenyllactate), as the endogenous ligand for type Il sites
[10] and the demonstration that esterase inactivation of this com-
pound [10,13,14] was responsible for the deficiency of MeHPLA in
malignant cells [11,12], the reported high levels of nuclear type Il
sites and the loss of regulatory control. Thus, luteolin and other nat-
urally occurring bioflavonoids are likely mimicking MeHPLA as cell
growth regulating agents by binding to nuclear type II sites.

The identification of nuclear type II sites as histone H4
[27-29,50] suggests that the ligand-binding domain for MeHPLA
and related ligands (including luteolin) may be involved in the regu-
lation of genes that control normal and abnormal cell proliferation.
This hypothesis was confirmed by microarray studies in our lab sug-
gesting that luteolin and related ligands regulate RNA transcription
genes and CCP genes in PC-3 cells through an epigenetic mechanism
involving the binding to type Il sites and the acetylation of histone
H4 associated with their promoters [30]. In the present studies,
more extensive analysis of this microarray data with Ingenuity soft-
ware (Fig. 1) identified a number of genes in the EGFSP as targets
for luteolin regulation. These are very exciting findings because of
the well-known association of the EGFSP and CCP genes to the con-
trol of cell proliferation [38,51,52]. The studies in this manuscript
validate the Ingenuity Pathway Analysis identifying EGFSP genes
as luteolin targets and also explore and define the nature of the
mechanisms involved in the regulation of EGFSP and CCP genes by
type I site ligands that control of prostate cancer cell proliferation.

The Ingenuity Pathway Analysis identified EGFR, GRB2, SOS, Ras-
GAP, MKK4,JNK1 and c-Fos as targets for luteolin regulation in PC-3
cells. The qPCR data in Fig. 2 confirmed the Ingenuity Analysis. In
both PC-3 and DU-145 human prostatic cancer cell lines, the pattern
of the response profile of these EGFSP genes was virtually indis-
tinguishable, even though c-Fos induction in DU-145 cells (>900%
above control) was more pronounced than that observed (>250%
of control) in PC-3 cells. In addition, the level of luteolin inhibition
of CCNA2, PLK-1, PCNA, CKDN1B, CDC25A and CCNE2 was indis-
tinguishable in both cell types. Thus, on the basis of data in two
extensively studied human prostatic cancer cell lines, it appears
that the EGFSP and CCP genes are targets for luteolin regulation.

In order to explore the nature of the interaction of genes in the
EGFSP and CCP controlled by luteolin, we assessed the effects of
luteolin and/or gefitinib on the expression of these genes and effects
on cell proliferation. It is clear from the flow cytometry data that
luteolin and gefitinib control cell cycle transition through different
mechanisms. The high dose luteolin studies indicate that treatment
of PC-3 cells with this bioflavonoid causes G2/M arrest (p <0.001),
decreases the numbers of cells in GO/G1 (p <0.001) and causes small
but significant increase in apoptotic cells (p <0.001), even though
the apoptotic cells represent only 2.6% of the population (Fig. 5

and Table 1). Alternatively, gefitinib caused GO/G1 arrest (p <0.001)
and decreased the number of cells in S-phase (p <0.001) and G2/M
(p<0.01) relative to controls. These results were consistent with
the published effects of this compound on the cell cycle [33]. Gefi-
tinib inhibition of cell proliferation is attributed to reduced c-Fos
and increased p27 (CDKN1B) expression [53]. Our data are in agree-
ment with these findings. Although the RNA and protein data did
not always directly correlate, gefitinib significantly reduced c-Fos
RNA levels (Figs. 7 and 10) in PC-3 cells (even though the protein
was not changed; Fig. 9) and increased the level of CDKN1B protein
(even though the RNA was not changed; Figs. 7 and 10). CKN1B
(p27) is a cyclin-dependent kinase inhibitor that blocks the GO/G1
cell cycle transition by binding to Cdks [54]. Thus, our results with
gefitinib are consistent with those recently reported by others on
the mechanism of action for this compound.

More important for our studies was the observation that
gefitinib failed to block luteolin effects on the cell cycle. This obser-
vation strongly suggests that these effects are not mediated through
the modulation of EGFR-associated tyrosine kinase activity. This
was somewhat surprising given the fact that this enzyme is a tar-
get for both luteolin and gefitinib [32,55]. However, further analysis
of our data indicated luteolin induction of c-Fos (RNA and protein)
expression (Figs. 6, 8-10) is likely to be a key component in the
anti-proliferative response to the bioflavonoid. It is clear that gefi-
tinib was incapable of blocking this response (Figs. 6, 8-10) and
that luteolin is regulating c-Fos through a novel mechanism not
mediated by EGFR and/or its associated tyrosine kinase [33,53].
That gefitinib effects on cell proliferation are mediated through the
downregulation of c-Fos and upregulation of CDKN1B (as noted
above) is clearly different from the response to luteolin where
130-400% increases in RNA and protein for c-Fos were observed.
In addition, luteolin treatment did not consistently affect CDKN1B
(Figs. 6-10). Thus, luteolin regulation of gene expression involves
“gefitinib-independent” mechanisms not directly involving the
phosphorylation of EGFR by its associated kinase.

It is also important to point out the a recent report demon-
strated G2 cell cycle arrest resulting from the downregulation of
cyclin-B1, CDC25A, and CDC2 involved the stimulation of cjun/c-
Fos-dependent upregulation of p21 [46]. As noted in Section 3,
treatment of PC-3 cells [46] or gastric cancer cells [47] with lute-
olin resulted in G2/M arrest resulting from luteolin stimulation of
p21. These two studies are in good agreement with the results pre-
sented here. The marked stimulation of c-Fos and the inhibition of
the CCP genes (RNA and protein) including CDC25A, CCNA2, PLK-1,
PCNA, CCNA2 and the G2/M arrest were associated with a 4-fold
stimulation in p21 gene expression by luteolin (Fig. 11). It is well
established that each of these cell cycle proteins (CDC25A, CCNA2,
PLK-1, PCNA, CCNA2) are inhibited by p21 [46,47,56]. These data
suggest that luteolin stimulation of c-Fos upregulated p21 gene
expression (Fig. 11) resulting in the inhibition of the CCP genes
controlling cell proliferation. We are currently evaluating these
possibilities via detailed SiRNA-knockdown studies for EGFR, c-Fos
and p21.

A key finding from the present studies is the observation that
the mechanism for luteolin regulation of the EGFSP genes is likely
to be different from the gefitinib sensitive-mechanism involved in
luteolin regulation of cell cycle genes. Luteolin inhibition of CCNA2,
PCNA, CCNE2 and CDC25A gene expression was enhanced by gefi-
tinib treatment (Fig. 10), suggesting the two compounds were
additive. This additive response is certainly consistent with the
fact that both compounds block EGFR-associated tyrosine kinase
[32,33]. Thus, their combined effects would be expected to be addi-
tive. Conversely, luteolin regulation of EGFSP genes (c-Fos, EGFR,
MKK4, SOS, GRB2, JNK1, RasGAP; Figs. 2, 6, 10 and Table 2) was not
modified by gefitinib treatment (Fig. 10). This result suggests that
EGFR, per se, may not be directly involved in this response to lute-
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olin. These findings are also consistent with a previous report from
our laboratory demonstrating that luteolin regulates target gene
transcription via and epigenetic mechanism involving its associ-
ation with type II binding sites on histone H4. This was recently
shown to be the case for the PLK-1 gene promoter in PC-3 cells
[30] where luteolin treatment decreased the acetylation state of
histone H4 associated with the PLK-1 gene promoter. We sus-
pect this could be the case for the genes in the EGFSP as well
since luteolin regulation of the expression of these genes obvi-
ously involved a mechanism insensitive to gefitinib. This being
the case, one has to wonder if luteolin is affecting the acetyla-
tion of promoter-associated histones with all of the genes in the
EGFSP (Fig. 1) through a similar mechanism of action. Whether the
luteolin-induced modification (acetylation, methylation, phospho-
rylation, ubiquitination) of these histones results from changes in
the recruitment of specific co-regulators with histone acetyltrans-
ferase (HAT) or deacetylases (HDAC) to these promoters remains to
be resolved. That luteolin and related type Il site ligands are capable
of causing G2/M arrest via a c-Fos-p21 regulatory pathway in p53
null malignant cells may have significant clinical implications.
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