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Abstract

Prostate cancer is the second leading cause of cancer-related deaths in men in the United States. Our
previous studies have shown that ligands for the nuclear type 11 [3H]estradiol binding site such as
luteolin significantly inhibit prostate cancer cells in vitro and in vivo; however, the role of these
ligands in cell growth and proliferation is poorly understood. In order to further elucidate the
molecular mechanism through which luteolin exerts its effects on PC-3 cells, cRNA microarray
analyses was performed on 38,500 genes to determine the genes altered by luteolin treatment. The
expression of 3,331 genes was changed greater than 1.2-fold after luteolin treatment. Analysis of the
altered genes identified two pathways that were significantly affected by luteolin. The Cell Cycle
Pathway contained 22 down-regulated genes (including polo-like kinase 1, cyclin A2, cyclin E2 and
proliferation cell nuclear antigen) and one up-regulated gene (cyclin-dependent kinase inhibitor 1B).
In addition, 13 genes were down-regulated by luteolin in the RNA Transcription Pathway. Real-time
polymerase chain reactions and western blots verified the observations from the microarray. In
addition, two synthetic, chemically distinct type Il ligands, ZN-2 and BMHPC, mimicked the effects
of luteolin on gene expression at the MRNA and protein level in PC-3 cells. Finally, chromatin
immunoprecipitation assays indicated that luteolin exerts its effects on genes by altering the
acetylation state of promoter-associated histones. Taken together, the data suggest that type 11 ligands
inhibit cell growth and proliferation through epigenetic control of key genes involved in cell cycle
progression and RNA transcription.
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Introduction

Two classes of [3H]estradiol bindings sites have been described in the rat uterus, designated
as types | and 11 [1,2]. Type I sites are the classical estrogen receptors (ERa or ERp), which
bind [3H]estradiol and triphenylethylene antiestrogens [3,4] with a high affinity (Kd < 1.0 nM)
and a finite binding capacity (~20,000 sites per cell). ER’s are target tissue specific transcription
factors [5]. Conversely, type 11 sites bind [3H]estradiol cooperatively with a relatively low
affinity (Kd ~ 20 nM) and demonstrate different ligand binding specificities from ER [6]. The
nuclear type Il sites remain at a basal level (~2000 sites per cell) in non-estrogenized cells.
Following estradiol administration, their level increases (>100,000 sites per cell nucleus) [2,
7] in correspondence with estradiol stimulation of rat uterine cellular hypertrophy and
hyperplasia [2,6,8]. This induction of type |1 sites can be blocked estrogen antagonists including
dexamethasone and progesterone [9]. Therefore, nuclear type 1l site stimulation is a key event
in estrogenic control of proliferative pathways. This mechanism has been documented in the
uterus and other tissues including rat [10-14] and human prostate [14] and human breast cancer
[15-17].

Although type 11 sites were initially identified on the basis of their [3H]estradiol binding
characteristics, methyl p-hydroxyphenyllactate (MeHPLA, Fig 1) was identified as an
endogenous ligand that binds the type 1l site with high affinity [18,19]. Occupancy of type Il
sites by MeHPLA suppresses cellular proliferation in uterus, mammary gland or prostate [14,
15,20,21]. This suppression can be reversed by estradiol stimulation, which causes a specific
dissociation of MeHPLA from the type 1l site [19,20,22]. In addition, estradiol stimulates an
esterase, which hydrolyzes MeHPLA to the corresponding free acid (HPLA,; p-
hydroxyphenyllactic acid) in normal and malignant tissues [15,21,23]. The hydrolyzed ligand
binds nuclear type 1l sites with very low affinity and is unable to inhibit cellular proliferation
[19]. Malignant tissues are notably deficient in MeHPLA, which leads to a elevated level of
unoccupied nuclear type Il sites and loss of regulatory control [15,16,18,19,22]. Esterase-stable
MeHPLA analogs and related compounds (Figure 1), such as 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 Il sites with high affinity also inhibit the proliferation of
breast [19,21,24], pancreatic [25], prostatic [14], colorectal [26], ovarian cancer cells [27],
lymphoblastoid cells [28], and leukemia [29] in vitro and in vivo. Therefore, nuclear type 11
sites represent a key control mechanism in mammalian tissues that respond to steroid hormones,
bioflavonoids, and specific bioflavonoid or tyrosine metabolites such as MeHPLA. Protein
purification studies led to the identification of the type Il binding site as histone H4 [30-32].
The studies in this manuscript demonstrate that type 11 binding site ligands including luteolin,
ZN-2 and BMHPC, control genes involved in cellular growth and division through what
appears to be an epigenetic mechanism.

Materials and Methods

PC-3 Cell Growth Conditions

PC-3 human prostate cancer cells were grown in T-150 flasks as previously described [14].
For microarray analyses, the cells were seeded into T-75 flasks containing 10 mls of DMEM-
F12 media containing 10% fetal calf serum (FCS) and 1% penicillin-streptomycin and allowed
to attach for 24 hours. At this time, the media was changed and the cells grown for 6 hours in
growth media containing 2 pl of EtOH (controls) or luteolin in 2 pl of EtOH (5 pg/ml final
concentration, the 1C50 of luteolin for these cell culture conditions). The 6 hour time point was
chosen as earlier PCR experiments showed regulation of cyclin D1 by luteolin (not shown).
After incubation, 5 million cells for each treatment group were harvested for RNA isolation.
In some experiments cells were treated with ZN-2 or BMHPC and collected at different times
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as indicated in the text and figure legends. Viable, attached cell numbers were monitored by
hemocytometer counts based on trypan blue dye exclusion [24].

Whole Cell [3H]Estradiol Binding Assay

Type Il sites in PC-3 cell were measured by whole cell binding assays as previously described
[15,33]. PC-3 cells were seeded in 24-well plates (~5000 cells/well) in the growth media
described above and allowed to attach for 72 hours. The media was replaced with 2 ml of
serum-free medium. The cells were incubated (37°C x 60 min) in the presence of 40 nM [3H]
estradiol plus or minus 0.004-40 uM competitor (luteolin or ZN-2). Following incubation, the
cells were cooled on ice and washed with Hank’s balanced salt solution to remove free ligand.
Bound ligand was extracted with 2 ml of EtOH and quantified by liquid scintillation. Specific
binding was determined by subtracting total cpm from non-specific cpm.

RNA Preparation

Cells from flasks of EtOH controls or treated cells were washed with PBS and collected with
0.25% trypsin-0.02%EDTA (4 mls). Following 5-minute incubation, the trypsin was
inactivated by the addition of 10 mis of media containing 10% FCS. Approximately 5.0 x
109 cells from each flask were centrifuged (2000 rpm x 5 minutes) in RNAse/DNAse free
tubes, resuspended in 1 ml of PBS and 4 mis 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
mls of RTL (Qiagen) containing p-mercaptoethanol. The lysed cells from various treatment
groups were homogenized by centrifugation through Qiashredders (18,000 x g x 2 minutes).
Pass through from the Qiashredders was diluted with an equal amount 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 instructions. Purified total RNA was eluted with 50 pl of RNAse-free water
following 5 minute RT incubation. RNA integrity was verified on an Agilent 2100 Bioanalyzer
by the Baylor College of Medicine Microarray Core.

Microarray Analyses

RNA from EtOH controls or luteolin treated PC-3 cells was subjected to oligo
(deoxythymidine)-Reverse Transcription, in vitro transcription and biotin-labeling of cRNA
(Enzo Biochem, Farmingdale, NY). The fragmented, biotin-labeled cRNA was hybridized to
Human Genome U133 Plus 2.0 oligonucleotide arrays (Affymetrix, Santa Clara, CA)
containing approximately 54,000 probe sets (38,500 genes). Each transcript is represented on
the chip as 11 probe pairs and each pair contained a perfect match and mismatch. Microarrays
were stained with strepavidin antibody and streptavidin-phycoerythrin in an Affymetrix
Fluidics station. Arrays were scanned at 3 uM with a GeneArray scanner (Affymetrix). 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 further analyzed with dChip 2006 (Harvard) to adjust the arrays to acommon baseline
and to estimate expression using the PM-only model [34,35]. All 6 GeneChips were normalized
to the same baseline (in this case, the GeneChip with the median average intensity was luteolin
Chip #1) and all were modeled together. Data quality was reviewed using present call rates
from GCOS (average 38.25%, range 36.7% to 40.3%), ratios of 3’ to 5’ glyceraldehydes 3-
phosphate dehydrogenase probe sets from GCOS (average 0.98: range 0.95 to 0.99) and array
outlier rates from dChip (average 0.0505: range 0.006 to 0.145). Differentially expressed genes
in the luteolin treated groups relative to EtOH 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. The medium number of detected genes
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in 50 permuted samples was used to estimate the false discovery rate. GenMAPP (Gene Map
Annotator and Pathway Profiler, Version 2.1, Gladstone Institutes, University of California at
San Francisco) identified differentially expressed gene pathways according to Gene Ontology
function

Real-Time Quantitative Polymerase Chain Reaction (QPCR)

Pre-validated commercially available primers (Qiagen) for the Cell Cycle and Transcription
Factor Signaling Pathway genes were used. gqPCR was performed using the MyiQ SYBR Green
Supermix (Bio-Rad) and quantified on MyiQ Single Color Real-Time PCR Detection System
using MyiQ Optical System Software, version 2.0 (Bio-Rad). Validation of each primer pair
was accomplished by generating standard serial dilution and melt curves on cDNA from PC-3
cells to ensure that reaction efficiencies of 90-110% and correlation coefficients of >0.995 are
obtained. Melt curves demonstrating a single product with an appropriate melting temperature
confirmed that primer dimerization was not problematic. Results from QPCR on triplicate
pools of RNA from EtOH controls or luteolin, BMHPC or ZN-2 treated cells were normalized
to 18S RNA and analyzed statistically by Instat (Graphpad Software, Inc) with a suitable t-test
on the treatment means. 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.

SDS PAGE Analyses

Cells were grown as described above in triplicate and treated with ligand for 24 hours. The
cells lysed with Qiagen RTL buffer and pass through Qiashredders. Proteins from the extract
were collected by precipitation with 4 volumes of ice cold acetone and centrifugation. The
pellets were dried under nitrogen, re-dissolved in sample extraction buffer (0.05M Tris, pH
7.4, 8M urea, 1% SDS, 0.1% B-mercaptoethanol) containing 0.02% cetyltrimethylammonium
bromide (CTAB; Aldrich, Milwaukee, WI) and diluted 2:1 with sample loading buffer
(0.0625M Tris, pH 6.8, 20% glycerol + bromophenol blue). The solubilized samples were
centrifuged and heated for 3 min at 90°C. The cooled samples were resolved on 4-12%
NUuPAGE Bis-Tris gradient gels using MES running buffer (Invitrogen, Carlsbad, CA).

Western Blot Analyses

The electrophoresed proteins were transferred to nitrocellulose membrane (Trans-Blot
Transfer Medium, Bio-Rad, Hercules, CA), washed, and blocked in Tris-buffered saline (1X
TBS) with 7.3% non-fat dried milk. Rinsed membranes were incubated 1-16 hours with
primary antibody (1:100 to 1:1000 dilution) as described below. Primary antibodies suitable
for Western blots for human cell cycle genes were purchased from Santa Cruz Biotechnologies
(CDKN1B, PCNA, PLK1, p-actin) or Abcam (CCNA2, CCNEZ2). Following a 60 minute
incubation with the appropriate species-specific horse-radish peroxidase-conjugated
secondary antibody (Upstate), specific antigens were detected by the Visualizer Western Blot
Detection Kit (Upstate) on X-OMAT Scientific Imaging Film (Eastman Kodak Company
Rochester, New York). All blots were quantified with UNSCAN-IT Gel Software (Silk
Scientific Software). In order for the protein bands to be normalized with B-actin, the
nitrocellulose membrane was stripped with Stripping Buffer 11 (0.4M glycine, 0.2% SDS,
Tween-20, pH 2.2) according to the manufacturer’s instructions prior to re-probing with p-
actin antibody.

Chromatin Immunoprecipitation Assay

Following treatment of the PC-3 cells as described above, the monolayers were fixed with
formaldehyde to crosslink protein to DNA. The chromatin was then digested (10-25") with
Enzymatic Shearing Cocktail (ChIP-IT Kit, Active Motif) to generate DNA fragments
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averaging 200 bp in length. Aliquots of the digested chromatin were pre-cleared with Protein
A-Sepharose and incubated with (+Ab) or without (—Ab) anti-acetylated (Lys 5, 8, 12, 16)
histone H4 antibody. Following incubation with Protein A-Sepharose beads and cross-link
reversal, the immunoprecipitated DNA was de-proteinized and analyzed by PCR and qPCR.
Primers for the promoter regions were as follows: PLK1: forward: 5'-
GGTTTGGTTTCCCAGGCTAT-3', reverse: 5-GCTGGGAACGTTACAAAAGG-3' and
RB1.: forward: 5'-CACAGCTCCCTCCCTTCCTTTC-3', and reverse
CTACCCAGAACCACCCCCTCCA-3'". PCR products from the Input DNA and DEPC water
were additional controls

Type Il Site Ligands Regulation of PC-3 Prostate Cancer Cells

In an attempt to define genes regulated in human prostate cancer cells by type 1 sites, the
effects of ligands including luteolin, BMHPC and a recently synthesized novel type Il ligand,
ZN-2, on gene expression in PC-3 cells were examined. Previous studies with luteolin [33],
and BMHPC [14] showed a direct correlation between the occupancy of type Il sites by these
compounds and the inhibition of malignant cell proliferation. Both ligands showed similar
binding affinities for type Il sites and cell inhibition dose response curves. We also evaluated
the type Il site binding and cell inhibition properties of ZN-2. Whole cell binding assays
demonstrated that luteolin and ZN-2 bind to type |1 sites with approximately equivalent
affinities (Fig 2A) even though ZN-2 inhibited PC-3 cell proliferation at 10-fold lower
concentrations than luteolin (Fig 2B). This observation likely reflects different solubility and
cell uptake properties of luteolin and ZN-2. Nevertheless, the three type |1 site ligands were
suitable for studies to evaluate changes in gene expression that correlate with type 1 site
occupancy and the inhibition of cellular proliferation.

Microarray Hybridization Analysis of Luteolin Effects on Gene Expression in PC-3 Prostate
Cancer Cells

Genes regulated by type Il ligands were identified by comparing the mRNA expression pattern
of PC-3 human prostate cancer cells treated with EtOH or luteolin. Microarray analysis utilizing
the HG_U133 Plus 2.0 chips was performed as described in Materials and Methods. Of the
38,500 genes represented on the array, 37-40% of the genes were expressed in the PC-3 cells.
Genes expressed differentially between EtOH controls and luteolin treated cells were identified
in dChip using a lower boundary of a 90% confidence interval, a fold change greater than 1.2,
an absolute difference between group means greater than 50 and a p-value less than 0.05 (Fig
3, Supplementary Table 1). Further analysis of the differentially expressed genes with
GenMAPP identified 32 cell regulatory pathways (Supplementary Table 2) significantly
modulated by luteolin treatment. The cell cycle (p<0.001) and RNA transcription (p<0.002)
pathways were most significantly affected by luteolin treatment. Twenty-three genes in the
Cell Cycle Pathway (Fig 4, Table 1) were up-regulated (pink) or down-regulated (blue) in PC-3
cells following luteolin treatment. Only cyclin-dependent kinase inhibitor 1B (p27; CDKN1B)
was up-regulated. A high number of down-regulated as compared to up-regulated genes is
probably due to luteolin being an inhibitor of cell growth up nota promoter of apoptosis. Several
other key genes in the pathway including polo-like kinase 1 (PLK1), cyclin A2 (CCNAZ2), cell
division cycle 25A (CDC25A), cyclin E2 (CCNEZ2) and proliferating cell nuclear antigen
(PCNA) were down-regulated by luteolin treatment relative to the EtOH controls.

Luteolin treatment also down-regulated a number of genes involved in RNA transcription (Fig
5 and Table 2) including general transcription factor 2B (GTF2B), general transcription factor
2H1 (GTF2H1), general transcription factor 2H2 (GTF2H2), RNA polymerase | polypeptide
A (POLR1A), RNA polymerase 11, polypeptide C (POLR2C), RNA polymerase I polypeptide
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D (POLR1D), RNA polymerase 111 polypeptide K (POLR3K) and TATA box binding protein
(TBP)-associated factors 5, 7 and 9 (TAF5, TAF7, TAF9). A number of the luteolin regulated
genes in both pathways were selected for further analysis by gPCR.

Evaluation of Luteolin Effects on RNA Transcription and Cell Cycle Genes in PC-3 Cells by

gPCR

To further confirm the microarray data (Figs 4 and 5) presented above, PC-3 cells were treated
with luteolin or EtOH (controls) for 6 hours as described for the microarray studies. gPCR
experiments on cDNA made from the total RNA from these cells were performed. Studies of
selected cell cycle genes (Fig 6A) show that luteolin treatment stimulated CDKN1B gene
expression, as indicated by the microarray analysis (Table 1) and inhibited the expression of
PLK1, CCNA2, CCNE2 and PCNA. Results from the gPCR analyses on selected genes in the
RNA transcription pathway are shown in Fig 6B. The data confirmed the microarray studies
showing that luteolin treatment significantly reduced the expression of a number of genes
involved in RNA transcription including POLR1A, POLR1D, POLR3K, TAF7, GTF2B,
GTF2H1 and GTF2H2. It is likely that CDC25A and POLR2C gene expression was also
suppressed, but not quite enough to achieve significance at this time (6 hours) after luteolin
treatment. These data leave little doubt that luteolin has very significant effects on genes
involved in RNA transcription. Thus, luteolin treatment of PC-3 cells directly affected the
transcription of a number of transcription factors and cell cycle genes likely directly involved
in the inhibition of cell proliferation by luteolin and related type Il site ligands. Furthermore,
gPCR analysis of RNA from PC-3 cells treated with BMHPC (Fig 7A) or ZN-2 (Fig 7B)
showed nearly identical patterns of cell cycle gene expression as those seen with luteolin. These
studies validated the microarray analyses and demonstrate that three chemically distinct type
Il site ligands exhibit remarkably similar effects on gene transcription in these molecular
pathways controlling gene transcription and cellular proliferation.

Western Blot Analysis of PC-3 Cells Treated with Type Il Site Ligands

In order to further confirm the affects of luteolin, ZN-2 and BMHPC on gene expression in
PC-3 cells, a series of western blots was performed. PC-3 cells were treated with ligand
(triplicate samples) for 24 hours prior to harvest. The cells were lysed and protein extracted
from the lysate. The protein was subjected to western blot analysis with antibodies against
PLK1, CCNE2, CCNA2, PCNA and CDKN1B (Fig 8A) with B-actin as a control. The
immunoblot bands were scanned with Un-Scan-It gel to determine the individual intensity of
each band. As expected, PLK1, CCNE2, CCNA2 and PCNA show diminished protein levels
while the CDKN1B protein expression was increased by treatment with any of the three ligands.
The data (Fig 8B) clearly demonstrate that the effects of luteolin, ZN-2 and BMHPC on gene
expression translate into corresponding changes in the level of protein translation.

Luteolin Modification of Histone H4 Acetylation at the PLK1 Promoter

As the type 1l site was identified as histone H4, we developed methodology for analyzing the
acetylation state of histone H4 associated with the PLK1 promoter. This study is particularly
important in view of the possibility that type I site ligands may regulate gene expression via
an epigenetic mechanism involving interactions with, and potential modification of the
acetylation, methylation or phosphorylation of the histone H4 (type Il site). PC-3 cells treated
with EtOH (control) or luteolin as described above were harvested and chromatin prepared as
described in Methods. The enzymatically digested chromatin consisting of 200 base pair
fragments (Fig 9A) was immunoprecipitated with anti-acetyl histone H4 antibodies and
analyzed by PCR with primers against the PLK1 promoter (Fig 9B). Luteolin treatment caused
a significant reduction in the intensity of the PCR signal. Quantitation of the signal with Un-
Scan-It gel and normalization of the signal to the Input DNA revealed a 50% reduction in signal
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of luteolin treated cells compared to control (Fig 9C). This was subsequently confirmed with
gPCR (Fig 9D). In contrast, a gene (RB1) that was not significantly regulated by luteolin in
the microarray studies (See Fig 4) showed no change in the acetylation state of the histone H4
associated with the promoter region of RB1 either by PCR (Fig 9B and 9C) or gPCR (Fig 9D).
These findings suggest that luteolin inhibition of PLK1 gene expression occurred as a result
from an alteration in the binding of histone acetyltransferases and/or histone deacetylases.

Discussion

Benign prostate hyperplasia (BPH) is a major cause of surgery for men over the age of 60
[36,37] and prostate cancer is the second leading cause of cancer-related deaths for American
males [38]. BPH and prostate cancer are androgen-dependent diseases typically treated with
antiandrogens (Flutamide, cyproterone acetate) to block androgen binding, 5-a reductase
inhibitors (4-hydroxyandrostenedione, Finasteride) to block the conversion of testosterone to
dihydrotesterone or gonadotropin-releasing hormone agonists, which inhibit androgen
synthesis [39,40]. These androgen-modulatory drugs reduce prostate size, but have numerous
side affects including gynecomastia, erectile dysfunction, impaired libido, bone pain and hot
flashes [41-43]. Similarly, the prostate is also an estrogen target tissue, containing estrogen
receptors [44]. Therefore, antiestrogens (tamoxifen; an ER antagonist) and aromatase
inhibitors (Atamestane) are used to treat BPH and prostate cancer [36,45] as well. The former
possess intrinsic estrogenic activity [36,46] and the latter can increase androgen levels, which
can stimulate the prostate. Consequently, new therapeutic agents for treatment of BPH and
prostate cancer are desirable.

It has been known for decades that the consumption of legumes, fruits and vegetables is
associated with a reduced risk of prostate, colon and breast cancer in humans [47]. Japanese
men have an 8-fold lower incidence of prostate cancer compared to American men [48].
Although this protective effect has characteristically been ascribed to phytoestrogens
(isoflavonoids) in the diet, [49], it is well known that sustained exposure to impeded (low
affinity) estrogens can hyperestrogenize target tissues and promote mammary cancer [50].
Thus, the precise role of phytoestrogens in BPH and prostate cancer remains unresolved.
Alternatively, dietarily-derived flavonoids (luteolin and quercetin) are antiestrogenic in vitro
and in vivo [20]. These compounds bind to type |1 sites (histone H4) with high affinity, but not
to ERa or ER [24] in ER positive and ER negative cell lines and they lack estrogenic activity
[15,19,20]. The endogenous ligand (MeHPLA) for type Il site isalso a bioflavonoid metabolite,
and thus it is not surprising that bioflavonoids including luteolin and quercetin bind to type Il
sites with high affinity, block estradiol stimulation of uterine growth, inhibit MCF-7 cancer
cell proliferation in vitro and the growth of mammary tumors in mice [20]. These concepts
have been confirmed by the published evidence that type 1l sites are ubiquitous and have a
demonstrated role in the regulation of malignant cell proliferation in breast [17], colorectal
[26], pancreatic [25], ovarian [27] and bladder [51] cancer. Likewise, luteolin and BMHPC
reduce the weight of the normal prostate in male mice [14,33] and inhibit human prostatic
cancer cell proliferation in vitro and in vivo [14,33] and this is likely to be the case for ZN-2
as well. These properties are consistent with the regulation of cell cycle and RNA transcription
factor genes by luteolin, BMHPC and ZN-2 in PC-3 cancer cells presented here.

In this manuscript, we have identified several gene pathways through which luteolin, ZN-2
and BMHPC regulate PC-3 prostate cancer cell proliferation. The three compounds exhibit a
profound inhibition of PC-3 cellular proliferation (Fig 2B and [14,33]). Microarray analysis
of luteolin treated PC-3 cells showed significant regulation of genes in the Cell Cycle (Fig
4,Table 1) and RNA Transcription (Fig 5, Table 2) Pathways. These observations were
confirmed by qPCR (Figs 6A and 6B). Regulation of the cell cycle genes was also seen in cells
treated with ZN-2 or BMHPC (Fig 7) and by western blot analysis (Fig 8). The genes regulated
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in these pathways by the type Il site ligands were consistent with the inhibitory effects of these
compounds on cell proliferation. The luteolin-stimulated gene, CDKN1B, is a cyclin dependent
kinase inhibitor that arrests cell cycle progression [52,53]. Thus, the induction of this gene by
luteolin is consistent with the inhibitory effects of this type |1 site ligand on malignant cell
proliferation invitro and invivo [14,33]. The down-regulated cyclins (A2 and E2) and CDC25A
are involved in the regulation of progression through the cell cycle [54]. PLK1 is involved in
entry into mitosis, spindle formation and exit from mitosis [55,56]. PCNA interacts with p53-
controlled proteins and has multiple functions related to cellular proliferation [57]. Therefore,
up-regulation of CDKN1B and the down-regulation of these other genes by luteolin, BMHPC
or ZN-2 lead to an inhibition of the cell cycle. Furthermore, as luteolin also down-regulates
genes involved in RNA transcription, both in the initiation of transcription through the general
transcription factors (GTF2B, GTF2H1 and GTF2H2) and TATA box binding protein (TBP)-
associated factors (TAF’s 5, 7, 9) and by the reduction of components of polymerases |
(POLR1A, POLR1D), Il (POLR2C) and Il (POLR3K), it is likely that over time, luteolin
treatment leads to a reduction of gene expression in multiple gene pathways. The exact nature
of the relationship between the cell cycle and transcription factor pathways remains to be
established. Due to the early six hour time point, it is likely that luteolin regulates the two
pathways independent of one another. The ChIP data (Figure 9) indicates that luteolin may
directly regulate the cell cycle genes.

The studies described in this manuscript have identified genetic targets involved in the
mechanism of action of type I1 site ligands and their binding domain on histone H4 that regulate
normal and malignant cell growth and proliferation [14,15,19,24]. The previous work in our
laboratory with rat uterine nuclear extract [32], calf thymus histone [31] and recombinant
histone [30] identified the type Il site as a histone H4. Histone H4, along with histones H2A,
H2B and H3, exists in the cell as part of the nucleosome, which binds and packages DNA
[58,59]. Normally, DNA is bound tightly by the nucleosome and is therefore inaccessible. An
important step in gene regulation of gene transcription at the nucleosome level is the
recruitment of histone acetyltransferases (HATS) by transcription factors [60,61]. Histone
acetylation precedes and facilitates DNA access by the transcription machinery. In addition,
other post-translational modifications, such as methylation, phosphorylation and
ubiquitination, can lead to gene silencing or apoptosis [62]. Thus, type Il site ligands such as
luteolin, BMHPC and ZN-2 may be directly involved in the post-translational modification of
the histones.

The identification of specifically regulated genes provides targets that will aid in the
identification of specific modifications of histone H4 associated with the binding of and/or
treatment with type Il ligands. As seen in Figure 9, treatment of PC-3 cells with luteolin directly
affects the acetylation state of lysines 5, 8, 12 and 16 of histone H4 associated with the PLK1
promoter. These four lysines are typically acetylated in active euchromatin and hypoacetylated
in heterochromatin [63]. In particular, acetylation of lysines 8 and 16 tend to be associated with
transcription, while acetylation of lysines 5 and 12 are typically associated with histone
disposition [64]. Therefore, it is not surprising that luteolin down-regulation of PLK1 correlates
with a lower acetylation state of the promoter. Utilizing ChiIP assays and the knowledge of
what promoters are affected will allow us to identify other post-translational nucleosome
modifications associated with binding of the type 11 ligands. We believe type 11 sites and their
respective ligands including luteolin, BMHPC, ZN-2 and dietarily-derived bioflavonoids that
bind to type Il sites with high affinity represent a universal epigenetic mechanism involved in
the regulation of cell cycle progression, RNA transcription and normal and malignant cell
proliferation. Studies on the mechanism of action of luteolin, BMHPC and ZN-2 may lead to
the development of a novel class of drugs for the treatment of a variety of diseases such as
BPH or prostate cancer that are devoid of side effects typically associated with anti-cancer
agents.
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Figure 2. Luteolin and ZN-2 Competition for Type Il Sites and PC-3 Cell Inhibition

Panel A. PC-3 cells were incubated (4°C x 60 min) with 40 nM [3H]estradiol plus or minus
the indicated concentrations (0.004 to 40 uM) ZN-2 (black circles) or luteolin (open triangles).
Specifically bound [3H]estradiol (~30,000 cpm) was determined by subtracting nonspecific
cpm from the total amount of [3H]estradiol bound in the absence of competitor. Panel B. PC-3
cells were plated and allowed to attach for 48 hours. At this time (Day 0), the media was changed
and the cells treated with the indicated concentrations of luteolin or ZN-2. Cell number was
determined by trypan blue exclusion on Day 6.
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Figure 3. Number of significantly increased and decreased PC-3 cell genes 6 hours following luteolin
treatment
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Figure 4. GenMAPP Diagram of Cell Cycle Pathway Genes Significantly Increased or Decreased

by Luteolin Treatment

The results represent mean fold-change in gene expression in response to luteolin treatment
relative to EtOH control. D-Chip output was analyzed by GenMAPP to generate the diagram.
Significantly (p<0.05) up-regulated genes are in pink and down-regulated genes are in blue.
Genes shown in gray were not significantly affected. The fold-change relative to EtOH control

is indicated next to each gene in the GenMAPP diagram.
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Figure 5. GenMAPP Diagram of RNA Transcription Pathway Genes Significantly Increased or
Decreased by Luteolin Treatment

The results represent mean fold-change in gene expression in response to luteolin treatment
relative to EtOH control. D-Chip output was analyzed by GenMAPP to generate the diagram.
Significantly (p<0.05) up-regulated genes are in pink and down-regulated genes are in blue.
Genes shown in gray were not significantly affected. The fold-change relative to EtOH control
is indicated next to each gene in the GenMAPP diagram.
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Figure 6. qPCR Analysis of Alteration of Cell Cycle or RNA Transcription Gene Expression by
Luteolin

PC-3 cells were treated for 6 Hours with 2 ul EtOH (controls) or luteolin in 2 pl EtOH (final
concentration of 5 pg/ml). RNA was extracted, cDNA prepared with iScript reverse
transcriptase and analyzed by gPCR as described in Methods (Panel A, Cell Cycle genes; Panel
B, RNA Transcription genes). The results represent the mean + SEM for three independent
RNA sets normalized to 18S RNA. *P<0.05, **p<0.001
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Figure 7. qPCR Analysis of Alteration of Cell Cycle Gene Expression by BMHPC or ZN-2

PC-3 cells were treated for 6 hours with 2ul EtOH (controls) or BMHPC (Panel A) (final
concentration of 5 pg/ml) or ZN-2 (Panel B) (final concentration of 1 pg/ml) in 2 pl EtOH
RNA was extracted, cDNA prepared with iScript reverse transcriptase and analyzed by gPCR
as described in Methods. The results represent the mean + SEM for three independent RNA
sets normalized to 18S RNA. *P<0.05, **p<0.001
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Figure 8. Western Blot Analyses of Cell Cycle Protein Expression Altered by Type Il Ligands
Panel A. Protein extracted from PC-3 cells treated for 24 hours with luteolin, Zn-2 or BMHPC
were subjected to western blot analysis with EtOH-treated cells as a control. Panel B. Bands
were analyzed by UN-SCAN-IT gel to determine band intensity, normalized to B-actin and
graphed according to the change in fold expression from the EtOH control. **P<0.01
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Figure 9. Chromatin Immunoprecipitation Assay of the PLK1 and RB1 Promoters by Anti-Histone
H4 Antibodies

(Panel A). The gel contains a 100 bp molecular weight ladder (MWL), non-digested chromatin,
sheared DNA from 10’, 15, 20’ and 25’ digests, a DEPC water control and molecular weight
markers (MWM). The 20’ digests yielded 100-200 bp DNA fragments suitable for ChlP assays.
In panel B (ChIP Assay), DNA cross-linked chromatin from EtOH controls or luteolin treated
PC-3 cells pre-incubated with (+Ab) or without (—Ab) anti-acetylated (Lys 5, 8, 12, 16) histone
H4 antibodies (Upstate). Following incubation with Protein A-Sepharose beads, and cross-link
reversal, immunoprecipitated DNA was de-proteinized and subjected to PCR analysis using
primers against the PLK1 and RB1 promoters. PCR products from the input DNA (1:10
dilution) are shown as additional controls. The results from 3 PCR reactions (as in Panel B)
for EtOH controls and luteolin treated PC-3 cells were quantified with Un-Scan-IT (Silk
Scientific Software) and analyzed with Instat (Panel C). In Panel D, the PLK1 and RB1
promoters present in triplicates of samples such as those shown in Panel C was also quantified
by qPCR. Data in the EtOH controls and luteolin treated samples were normalized to the Input
DNA for the +Ab samples. No signal was detected in the —Ab samples, and thus, the data were
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not plotted. The data in panels B-D show that treatment of PC-3 cells with luteolin for 6 hours

significantly reduced the acetylation state of the histones associated with the PLK1 promoter,
but not the RB1 promoter.
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