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Abstract. Prostate cancer ranks the second in incidence and the fifth in mortality cancer in
male globally. Citrus polymethoxyflavonoids (PMFs), such as tangeretin (PMF1), have been
found to exhibit various biological activities. Here, we evaluated the inhibitory effects and
mechanism of synthetic 5,4’-didemethyltangeretin (PMF2) on human prostate cancer LNCaP
cells. We found that PMF2 inhibited the growth of LNCaP cells (Glsq 14.6 uM) more strongly
than PMF1, and it was less cytotoxic against the normal human prostate RWPE-1 cells. PMF2
upregulated Bad and Bax, downregulated Bcl-2, and activated caspase-3 and PARP in the
LNCaP cells, thereby inducing apoptosis. PMF2 also suppressed the anchorage-independent
growth of the LNCaP cells. It triggered p21 gene expression by demethylation of the p21
promoter region, and inhibited the protein expressions of DNMT 3B and HDAC:s 1, 2, and
4/5/9 by epigenetic regulations. We further found that PMF2 showed interactions with
DNMTs 1, 2, and 3A ex vivo, which might inhibit DNMT activity. Additionally, PMF2
decreased the anchorage-independent growth of isolated LNCaP cancer stem-like cells
(CSLCs) with high CD166 mRNA expression. These results indicated that PMF2 might
inhibit the growth of human prostate cancer cells through different mechanisms, suggesting

that PMF2 could be an innovative agent for prostate cancer therapy and prevention.
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INTRODUCTION

Prostate cancer is the second most commonly diagnosed
cancer and the fifth leading cause of cancer death in men
worldwide. There are no obvious signs and symptoms in the
early stage of prostate cancer, but as prostate cancer progresses
to the late stages, the tumor presses the bladder and the ureter,
resulting in frequent urination, hematuria, difficulty in micturi-
tion, or pain during urination (1). A healthy diet and regular
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physical activity play an important role to reduce the risk of
prostate cancer (2). Prostate cancer cells can usually be removed
by different treatment approaches; however, prostate cancer
may recur due to the presence of cancer stem cells (3). Cancer
stem cells are derived from the malignant transformation of
differentiated cells and have the ability of self-renewal in the
tumor tissues, thereby maintaining tumor differentiation,
growth, and metastasis (4).

Epigenetic mechanisms can regulate gene expression
without altering DNA sequence, resulting in a phenotypic
change. The major epigenetic mechanisms include DNA
methylation and histone modification (5). DNA methylation
is regulated by DNA methyltransferases, mainly DNMTs 1,
3A, and 3B (6). Methylation of cytosine in the cytosine-
phosphate-guanine (CpG) site is one of the most common
modifications resulting in the inhibition of some gene
expression, especially the tumor suppressor genes (7).
Methyl-DNA-binding proteins (MBDs) binding to methyl-
ated CpG interferes with the interaction of the transcription
factors with DNA, resulting in gene silencing (7). Chromatin
remodeling is another important process-regulating gene
expression. Nucleosome, the basic unit of chromatin, consists
of DNA and histone. Histone modification can alter the tight
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and loose structure of the chromatin, resulting in transcrip-
tional activation or repression, respectively (8). Some amino
acids in the terminal peptide of histone may undergo post-
translational modification, such as lysine acetylation (9).
These dynamic histone modifications are catalyzed by some
histone modifying enzymes, such as histone deacetylases
(HDACG:) (10).

Many phytochemicals available in vegetables and fruits
have been shown to inhibit the development of prostate
cancer by different mechanisms, such as apoptosis and cell
cycle arrest (11). In recent years, studies have found that
some phytochemicals may induce epigenetic modifications,
including DNA methylation and histone modification to
activate genes that are important for the prevention and
treatment of human diseases (5). For example, astaxanthin
in edible algae can reduce the level of methylated
promoter and increase the expression of glutathione S-
transferases (GSTs) in human prostate cancer LNCaP cells
(12). It can also reduce the protein expression of DNMT
3B significantly and inhibits the activity of DNMTs and
HDAC s in vitro (13). The induction of tumor suppressor
genes Cipl/p21 and p16™%** by epigallocatechin-3-gallate
(EGCG) through epigenetic regulation also plays a critical
role in preventing cancer (14). In addition, some recent
studies have been conducted in prostate cancer stem-like
cells (CSLCs). High clonogenic prostate CSLCs with
specific surface antigens CD44"/a2p1hi/CD133* can be
isolated from human primary prostate cancer tissues
(15,16). EGCG alone or in combination with quercetin
and catechin can inhibit CD44"/CD133" and, thus, can
inhibit the growth and invasion of prostate cancer stem
cells (17).

Citrus is a common fruit containing many nutrients which
are beneficial to the body. Flavonoids, especially
polymethoxylated flavones (PMFs), are the secondary me-
tabolites present in citrus fruits having a wide range of
pharmacological effects, including anti-cancer activity (18).
PMF-enriched citrus peel extracts can induce apoptosis in
various human breast cancer cells, and nobiletin (3',4",5,6,7,8-
hexamethoxyflavone) is one of the main active PMFs (19).
Nobiletin also inhibits the growth of prostate cancer PC-3 and
DU145 cells via the Akt pathway (20,21). Tangeretin
(4',5,6,7,8-pentamethoxyflavone, PMF1) can induce G1 phase
arrest or apoptosis in various human breast and colon cancer
cells (22,23). Other PMF derivatives, such as 5-hydroxy-
3,6,7,8,3',4’-hexamethoxyflavone and 5-hydroxy-3,7,8,3',4'-
pentamethoxyflavone exhibit anticancer activities and induce
GO0/G1 phase arrest and increase the level of sub-G0/G1
phase in human lung cancer H1299 cells (24). 5-Hydroxy-
6,7,8,3' 4’-pentamethoxyflavone (5-demethylnobiletin) and 5-
hydroxy-3,6,7,8,3’,4’-hexamethoxyflavone cause apoptosis of
human promyelocytic leukemia HL-60 cells (25).

Additionally, the anticancer potential of 5,4’-dihydroxy-
6,7,8-trimethoxyflavone (5,4’-didemethyltangeretin, PMF2),
a major colonic metabolite of 5-demethyltangeretin, has also
been studied against several human cancer cell lines (26,27).
However, the inhibitive effect and mechanism of PMF2 on
human prostate cancer have not previously been investi-
gated. In this study, we evaluated the effects of PMF1 and
synthetic PMF2 on the growth of human prostate cancer
LNCaP cells, CSLCs isolated from LNCaP cells, and normal
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RWPE-1 cells. The inhibitory mechanism including epige-
netic regulation of PMF2 in the LNCaP cells was further
elucidated.

MATERIALS AND METHODS

Materials

Bacteriological agar, Basal Medium Eagle (BME),
dimethyl sulfoxide (DMSO), dithiothreitol (DTT), Nonidet
P-40 (NP-40), phenylmethylsulfonyl fluoride (PMSF),
propidium iodide, RNase A, sodium bicarbonate, and Triton
X-100 were supplied by Sigma-Aldrich (St. Louis, MO,
USA). DMEM/F12 medium, fetal bovine serum (FBS),
gentamicin, glutamine, penicillin-streptomycin, RPMI-1640
medium, and trypsin-ethylenediaminetetraacetic acid
(EDTA) were obtained from Gibco (Grand Island, NY,
USA). Caspase-3, PARP, Bcl-2, Bad, Bax, HDAC 1, HDAC
2, HDAC 4/5/9, DNMT 1, DNMT 3A, DNMT 3B, and p-
actin antibodies were obtained from GeneTex (Irvine, CA,
USA). DNMT 2 antibody was obtained from Santa Cruz
Biotechnology (Dallas, TX, USA). DNA methyltransferase
M.SssI and restriction enzyme BstUI were obtained from
New England Biolabs (Ipswich, MA, USA).

Synthesis of 5,4’-Didemethyltangeretin (PMF2)

The synthesis of PMF2 was performed according to the
method described for the synthesis of 5,4’-didemethylnobiletin
(28), except 4-benzyloxy-benzaldehyde was used instead of 4-
benzyloxy-3-methoxy-benzaldehyde. The chemical structures of
tangeretin (PMF1) and 5,4’-dihydroxy-6,7,8-trimethoxyflavone
(PME2) are shown in Fig. 1.

Cell Culture and Cell Viability Assay

Human prostate cancer LNCaP and normal prostate RWPE-
1 cell lines were separately cultured in RPMI-1640 medium-
containing 10% FBS at 37 °C in a humidified incubator in the
presence of 5% CO,. During treatment of the LNCaP and
RWPE-1 cells, the new medium-containing 1% FBS were used
after the cells were cultured in a medium-containing 10% FBS for
24 h. When performing cell viability assay, LNCaP or RWPE-1
cells at a density of 1.0 x 10* cells/100 pL were seeded in a 96-well
plate. After 24 h, the cells were treated with various concentrations
of PMF1 or PMF?2 for 48 h. The cell viability was estimated using a
CellTiter 96 aqueous one solution cell proliferation assay kit
(Promega, Madison, WI) as described previously. The absorbance
(ABS) was measured at a wavelength of 490 nm in a microplate
spectrophotometer (Beckman, Brea, CA). Growth inhibition of
50% (Glsp) is the concentration of a compound which reduces the
cell viability of treated cells by 50% with reference to untreated
cells. The concentration at which the curve passes through the
50% of cell viability was calculated for the Glsy when the cells
treated with various concentrations of compounds.

Isolation of the CSLCs

With slight modifications in the previously described
method (29), prostate cancer CSLCs cells at a density of 1.0 x
10* cells were cultured on a 6-cm ultra-low culture dish
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Fig. 1. Chemical structures of a tangeretin (PMF1) and b 5,4’-didemethyltangeretin

(PMF2)

(Corning, Corning, NY) with 4.0 mL serum-free DMEM/F12
medium containing 20 ng/mL epidermal growth factor, 5 pg/
mL insulin, 0.4% bovine serum albumin, and 2% B27. After
14 days of culture, the growing CSLCs were collected for the
determination of CD166 mRNA expression and anchorage-
independent growth.

Anchorage-Independent Growth Assay

Anchorage-independent growth assay was performed
following a previously described method with some modifica-
tions (30). LNCaP cells and LNCaP CSLCs at a density of 8.0 x
10* cells were cultured in 1.0 mL of BME containing 0.33%
bacteriological agar over 3.0 mL of BME-containing 0.5%
bacteriological agar in 6-well plates. The cells were incubated
with various concentrations of PMF2 at 37 °C in a humidified
incubator in the presence of 5% CO, for 21 days. Imagel
software (version 1.80, National Institutes of Health (NIH)) was
further used to measure and count the number of the colonies.

Cell Cycle and Sub-G1 Phase Analysis

According to the method in the previous study (31),
LNCaP cells were seeded in a 10-cm dish at a density of 1 x
10° cells/dish for 24 h. The medium was replaced with new
medium containing different concentrations of PMF2. After
48 h, the cells were washed and collected in 3.0 mL ice-cold
70% alcoholic solution. The cell cycle analysis was performed
with propidium iodide stain as described previously. Briefly,
70% alcoholic solution was discarded after centrifugation,
and the cells were suspended in propidium iodide stain
solution-containing 4 pg/mL propidium iodide, 0.1 mg/mL
RNase A, and 0.1% Triton X-100 in a dark room for 30 min.
The stained cells were analyzed by a flow cytometer (Thermo
Fisher Scientific, Waltham, MT).

Western Blot

The cells treated with or without PMF2 were harvested
and suspended in radioimmunoprecipitation assay (RIPA)
buffer (Cell Signaling Technology, Danvers, MA). Following
that, the total protein concentration of the lysate was
determined by bicinchoninic acid (BCA) protein assay (G-
Bioscience, St. Louis, MO). The specific protein expression
was analyzed by Western blot. Briefly, the lysate (25 pg) was
mixed with sodium dodecyl sulfate (SDS)-loading dye. The
protein was denatured at 95 °C for 5 min and then subjected
to SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
The separated proteins were subsequently transferred onto
a polyvinylidene difluoride (PVDF) membrane using a
semidry transfer system (Bio-Rad, Hercules, CA). After

transfer, the PVDF membrane was washed with Tris-
buffered saline-containing 0.1% Tween 20 (TBST) and then
blocked with TBST containing 3% skim milk. The proteins on
the PVDF membrane were hybridized with specific primary
antibodies. Horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies and Immobilon western chemiluminescent
HRP substrate (Millipore, Burlington, MA) were used to
detect the immunoblots. The images were captured by
Luminescent Image Analyzer (Fujifilm, Tokyo, Japan).
ImageJ densitometry software (version 1.80, NIH) was
further used to quantify the intensity of bands.

RNA Isolation and Quantitative Real Time-Polymerase
Chain Reaction (QRT-PCR)

According to the manufacturer’s instructions (GeneDireX,
Las Vegas City, NV), the total RNA in the harvested cells was
extracted using a total RNA isolation kit, and then their first-
strand cDNA was synthesized using a GScript first-strand
synthesis kit. The first-strand cDNA was further mixed with
specific primers and Power SYBR Green PCR Master Mix (Bio-
Rad, Hercules, CA). The relative RNA expression was analyzed
using Connect™ Real Time PCR Detection System (Bio-Rad,
Hercules, CA). The following primers were used: GAPDH
(sense 5’-TCG ACA GTC AGC CGC ATC TTC TTT-3’ and
antisense 5'- ACC AAATCC GTT GAC TCC GAC CTT-3)
(32), p21 (sense 5'- TGA CCC TGA AGT GAG CAC AGC
C-3’ and antisense 5'- GCC GAG AGA AAA CAG TCC
AGG C-3’) (33), and CD166 (sense 5'-TAG CAG GAA TGC
AAC TGT G-3’ and antisense 5'-CGC AGA CAT AGT TTC
CAG CA-3).

In Vitro Methylation Assay

This assay was adapted from the previous study with
slight modifications (34). The genomic DNA was extracted
from the LNCaP cells using genomic DNA isolation kit
(GeneDireX, Las Vegas City, NV). The p16™** DNA
fragment (—422/+401) was amplified by PCR using
ZymoBIOMICS™ PCR premix (Zymo Research, Irvine,
CA) according to the manufacturer’s instructions. The
primers for amplifying the p16™%** DNA fragment were as
follows: sense 5-GGC TCC TCC GCA TTC TC-3' and
antisense 5'-CTC GTC GAA AGT CTT CCATTC T-3'. The
PCR product as a substrate was further recovered using PCR
cleanup and gel extraction kit (GeneDireX, Las Vegas City,
NV). DNA substrate (200 ng), SAM (S-adenosyl methionine,
160 pM), and M.SssI (CpG methyltransferase, 0.1 units) were
mixed with 20 pL of 1X NEB buffer containing-different
concentration of PMF1 or PMF2 at 37 °C for 1 h. Subse-
quently, 1.0 uL of a restriction enzyme BstUT (10 units/pL)
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was added to each reaction at 60 °C for another 1 h to digest
the unmethylated DNA fragments. The DNA products were
separated in 2% agarose electrophoresis with Novel Juice
(GeneDireX, Las Vegas City, NV) and documented using a
UV gel system (Vilber, Charles, France). The intensity of
bands by densitometry was further quantified by Image]
software (version 1.80, NTH).

Bisulfite Conversion and Methylation Specific PCR

The genomic DNA was extracted from the LNCaP
cells treated with various concentrations of PMF2 using a
genomic DNA isolation kit (GeneDireX, Las Vegas City,
NV) following the manufacturer’s instructions. DNA was
subjected to bisulfite conversion using an EZ DNA
methylation-lightning kit (Zymo Research, Irvine, CA)
which converted cytosine without methyl group to uracil.
Before the Methylation Specific PCR (MSP) assay, the
amount of bisulfite converted to p21 DNA fragment was
determined using PCR, and the primers used were as
follows: sense 5'-GTG AGT TAG AAA GGG GGT TTA
TTT T-3’ and antisense 5'-CTC TCT CAC CTC CTC TAA
ATA CCT C-3’ (35). The same amount of the converted
p21 DNA fragment from each treatment was further used
for the MSP assay, and the primers used were as follows:
methylated-sense 5-TAC GCG AGG TTT CGG GATC-3/,
methylated-antisense 5’-CCC TAA TAT ACA ACC GCC
CCG-3’, unmethylated-sense 5'-GGA TTG GTT GGT
TTG TTG GAA TTT-3’, and unmethylated-antisense 5'-
ACA ACC CTA ATA TAC AAC CAC CCC A-3’ (35).
The methylated and unmethylated p21 fragments were
amplified using ZymoTaq™ PreMix kit (Zymo Research,
Irvine, CA) with the following PCR conditions: initial
denaturation at 95 °C for 10 min, 40 cycles of 95 °C for
45 s, 50 °C for 30 s, and 72 °C for 45 s followed by a final
extension at 72 °C for 7 min. The concentration of the
PCR products was analyzed in 2% agarose electrophoresis
with Novel Juice (GeneDireX, Las Vegas City, NV) and
documented using a UV gel system (Vilber, Charles,
France). Image] densitometry software (version 1.80,
NIH) was used for quantifying the intensity of bands.

Interaction between PMF2 and DNMTs

The ex vivo binding assay was performed to study the
interaction between PMF2 and DNMTs using CNBr-
activated Sepharose 4B beads (GE Healthcare, Pittsburgh,
PA) following a previously described method with slight
modifications (36). Briefly, beads were washed with HCI
(1.0 mM) and then with a coupling buffer (containing 0.1 M
NaHCOj; and 0.5 M NaCl, pH 8.3) for 3 times. PMF2 was
mixed with the beads in the coupling buffer at 4 °C and kept
overnight. After removing the supernatant, the PMF2-
bound beads were washed with Tris-HCI buffer (pH 8.0)
at 4 °C overnight. The PMF2 bound beads were then
washed with acetate buffer (0.1 M, containing 0.5 M NaCl,
pH 4.0), followed by Tris-HCI buffer (0.1 M, containing
0.5 M NaCl, pH 8.0). The washing with alternating buffer
and Tris-HCI buffer was repeated 4 times. Finally, the PMF2
bound beads were maintained in an equal amount of
sterilized PBS and stored at 4 °C. LNCaP cell lysate was
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prepared with a lysis buffer (pH 7.5)-containing 50 mM
Tris-HCI, 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.5%
NP-40, 0.2 mM PMSF, and 1X protease inhibitor cocktail.
Beads or PMF2 bound beads and lysate protein were mixed
in 50 mM Tris-HCI buffer (pH 7.5, containing 5.0 mM
EDTA, 150 mM NaCl, 1 mM DTT, and 0.01% NP-40, and
2 pg/mL BSA) at 4 °C overnight, followed by 50 mM Tris-
HCI washing buffer (pH 7.5, containing 5.0 mM EDTA,
150 mM NaCl, 1.0 mM DTT, 0.01% NP-40, and 0.02 mM
PMSF). The supernatant was removed, and the pellet was
denatured with a loading dye at 95 °C for 5 min. After
centrifugation, the supernatant was subjected to SDS-PAGE
and Western blot.

Computer-Simulated Binding to DNMT

The peptide sequence of the catalytic domain of human
DNMT 2 is very similar to that of the other DNMTs,
including DNMTs 1, 3A, and 3B (37). Referring to previous
studies, the binding mode of PMF2 and human DNMT 2
catalytic domain was predicted using DockingServer (https:/
www.dockingserver.com) (38). The three-dimensional chem-
ical structures of PMF2 and SAM were confirmed using Jmol
(http://www.jmol.org). The information of DNMT 2 structure
was obtained from the database of RCSB Protein Data Bank
(https://www.rcsb.org/structure/1g55).

Statistical Analysis

The experimental results are represented as the mean +
standard deviation (SD). One-way ANOVA with Duncan’s
new multiple range test was performed to compare the
differences among the treatment groups. Student’s paired ¢
test was performed to compare the significant differences
between the treatment and control groups. Some analyses
were performed using SAS software (version 9.4, SAS
Institute Inc., Cary, NC, USA). A p value of <0.05 was
considered as statistically significant.

RESULTS

PMF2-Induced Apoptosis in Human Prostate Cancer LNCaP
Cells

We have evaluated the inhibitory effects of PMF1 and
its derivative PMF2 on the growth of human prostate
cancer LNCaP cells. As shown in Fig. 2a, both PMF1 (10-
20 pM) and PMF2 (5-20 uM) significantly reduced the
viability of LNCaP cells after treatment for 48 h (p <0.05).
We also found that PMF2 (GIsy 14.6 uM) more effectively
inhibited the growth of LNCaP cells as compared with
PMF1 (GIsy >20 pM). On the other hand, we treated
human prostate normal RWPE-1 cells with PMF1 and
PMEF?2 for 48 h to evaluate their cytotoxic activities against
the normal prostate RWPE-1 cells (Fig. 2b). We found that
PMF1 (5-20 uM) did not affect the growth of RWPE-1
cells. As compared with LNCaP cells, PMF2 caused less
cytotoxicity to the RWPE-1 cells (GIsy >20 pM).

In order to elucidate the mechanism of the inhibitory effects
of PMF2 on LNCaP cells, propidium iodide-staining followed by
flow cytometry was performed. As shown in Fig. 2c, PMF2 at a
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Fig. 2. Effects of PMF1 and PMF2 on the growth of human prostate cancer LNCaP and normal RWPE-1 cells. (a, b) LNCaP and
RWPE-1 cells at 1.0 x 10* cells/well density were seeded in a 96-well plate for 24 h, respectively. The cells were then incubated with
different concentrations of PMF1 or PMF2 for another 48 h. The cell viability was determined by MTS assay. The data are represented as
the mean + SD (n =3). Significant differences among the groups treated with the same compounds are indicated with different letters
(p<0.05). (¢) LNCaP cells at 1.0 x 10° cells/dish density were seeded in a 10-cm dish for 24 h and then incubated with different
concentrations of PMF2 for another 48 h. DNA in the cells was stained by propidium iodide (PI) and analyzed using flow cytometry. The
data are represented as the mean + SD (n = 3). Significant differences among the groups are indicated with different letters (p <0.05). (d)
Protein expression was determined by Western blot, and 3-actin was used to normalize the protein expression. The data are represented
as the mean + SD (n = 3). Significant differences in the treatment group as compared with the untreated control group are marked (‘p <
0.05, “p <0.01, “"p <0.001)

concentration of 15 uM significantly increased the population of
LNCaP cells in the sub-G1 phase after 48 h of treatment (p <
0.05). It suggested that PMF2 might induce apoptosis in the
LNCaP cells. Furthermore, we determined the expression of
apoptosis-related proteins in the LNCaP cells after treatment with
different concentrations of PMF2 for 48 h (Fig. 2d). The results
showed that PMF2 at 10 and 15 uM concentrations significantly
decreased the levels of procaspase-3 (p <0.05), while the levels of
cleaved caspase-3 were increased in a dose-dependent manner,
suggesting that PMF2 may activate caspase-3. The protein
expression of pro-poly ADP-ribose polymerase (pro-PARP)
was significantly decreased by PMF2 (5-15 pM) (p <0.05). In
addition, PMF2 at 15 uM concentration significantly decreased
the level of the anti-apoptotic protein Bcl-2 (p <0.001) and
increased the level of the proapoptotic protein Bad (p <0.01).

PMEF?2 also increased the expression of the proapoptotic protein
Bax slightly. These results indicated that PMF2-induced apoptosis
in the LNCaP cells.

PMF2 Inhibited the Anchorage-Independent Growth in the
LNCaP Cells

Furthermore, we performed soft agar colony formation
assay to evaluate the inhibitory efficacy of PMF2 on LNCaP
cells after 14 days of treatment (Fig. 3). PMF2 at a
concentration of 15 pM significantly (around 70%) sup-
pressed anchorage-independent growth of the LNCaP cells.
These results suggested that the anticancer activities of PMF2
were stronger than that of PMF1.
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dish density were seeded in a 10-cm dish for 24 h and then incubated with different concentrations of PMF2 for another 48 h. The expression of
p21 mRNA was determined using qPCR, and GAPDH was used for normalization. (b) The expression of p21 protein was determined using
Western blot, and p-actin was used for normalization. The data of p21 mRNA and protein expressions are represented as the mean + SD (n=4
and n =3, respectively). Significant differences in the treatment group as compared to the untreated control group are marked (p <0.03,
“p <0.01). (¢) The genomic DNA was extracted from the cells and then treated with sodium bisulfite. The bisulfite-treated DNA was amplified
by PCR using 2 primer pairs that separately targeted the methylated (M) and unmethylated (U) regions. The data are represented as the mean
+ SD (n=3). Significant differences among the groups are indicated with different letters (p <0.05)
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PMF2 Increased mRNA and Protein Expression of p21 by
Suppressing Promoter Methylation in the LNCaP Cells

The mRNA and protein levels of tumor suppressor gene
p21 in the LNCaP cells were further estimated after
treatment with PMF2 for 48 h. As shown in Fig. 4a,
PMF2 at 10 and 15 uM concentrations significantly induced
the mRNA expression of p21 (p <0.05 and 0.01, respectively).
Similarly, PMF2 at 15 pM concentration also increased the
protein expression of p21 significantly (p <0.01, Fig. 4b). In
order to ensure whether PMF2 restored p21 mRNA expres-
sion through epigenetic modifications in the LNCaP cells, we
further analyzed the levels of methylated and unmethylated
p21 promoter using MSP assay after bisulfite conversion. The
results showed that PMF2 (5-15 pM) significantly reduced the
level of methylated p21 promoter (p <0.05, Fig. 4c). There-
fore, PMF2 might trigger the expression of the p21 gene by
demethylation of the p21 promoter region.
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PMF2 Regulated the Levels of Epigenetic Modifying
Enzymes in the LNCaP Cells and Blocked In Vitro DNA
Methyltransferase Activity

After 48 h of pretreatment of the LNCaP cells with
different concentrations of PMF2, the levels of histone
deacetylases (HDACs 1, 2, and 4/5/9), and DNA methyl-
transferases (DNMTs 1 and 3B) were determined (Fig. 5a).
We found that PMF2 at 10 and 15 pM concentrations
significantly suppressed the expression of HDACs 1 and
4/5/9 (p <0.05). PMF2 at a concentration of 15 pM also
significantly reduced the levels of HDAC 2 and DNMT 3B,
although PMF2 slightly reduced DNMT 1 expression.
Furthermore, we compared the inhibitory effects of PMFs
(0-500 uM) on recombinant DNA methyltransferase
M.Sssl activity. A substrate DNA amplified from the
CpG-enriched pl16'™%" DNA fragment (—422/+401) in
the LNCaP cells were used (Fig. 4b, c). We observed that
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*
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Fig. 5. Effects of PMF2 on protein expression of epigenetics modifying enzymes in human prostate cancer LNCaP cells and
in vitro DNA methyltransferase (M.SssI) activity. (a) LNCaP cells at 1.0 x 10° cells/dish density were seeded in a 10-cm dish
for 24 h and then incubated with different concentrations of PMF2 for another 48 h. The protein expression was determined
using Western blot, and B-actin was used for normalization. Significant differences in the treatment group as compared with
the untreated control group are marked (“p <0.05, “p<0.01, “*"p <0.001). (b, ¢) The PCR product of p16™ * gene
fragment (— 422/+ 401) was incubated with M.Sssl, a recombinant DNMT, and different concentrations of PMF2 at 37 °C for
1 h. A restriction enzyme BstUI was added and then incubated for another 1 h at 60 °C. The digested products were
separated in 2% agarose gel and then documented. The inhibitory activities of PMF2 were calculated from the intensity of
methylated fragments and compared with the untreated control group. The data are represented as the mean + SD (n =3).
Significant differences among the groups are indicated with different letters (p <0.05)
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both PMF1 and PMF2 at 250 and 500 uM concentrations
significantly suppressed M.Sssl activity as compared with
the control group (p <0.05). Based on the GIs, data, we
further found that PMF2 exhibited stronger inhibitory
effects than PMF1. These results indicated that PMF2
might downregulate some epigenetic modifying enzymes
and block DNA methyltransferase activity, resulting in the
re-expression of tumor-suppressing gene p21 in the LNCaP
cells.

Interaction between PMF2 and DNMTs

It is speculated that PMF2 may interact with intracellular
DNMTs and affect their activities. Therefore, a pull-down
assay was performed using Sepharose 4B-PMF2 beads to
explore whether PMF1 interacts with DNMTs in the LNCaP
cell lysate. The results showed that DNMTs 1, 2, and 3A in
the cell lysates can be detected after incubation with PMF2-
Sepharose 4B beads, but not with blank Sepharose 4B-beads,
suggesting that DNMTs 1, 2, and 3A can bind to PMF2
(Fig. 6a—). Because of the highly conserved catalytic domain
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in these DNMTs (37), the structure of DNMT 2 catalytic
domain was selected for the simulated binding of PMF2 and
S-adenosyl methionine (SAM). As shown in Fig. 6d, PMF2
and SAM had interactions with the catalytic regions of
DNMT 2. It indicated that there were several interactions
between PMF2 and DNMT 2, including a polar (hydrogen at
4’ position and asparagine 139) and hydrophobic (ring B and
proline 107, and rings A and C, and leucine 112) interactions.
In addition, the free energy for binding of PMF2 and SAM
with DNMT 2 were found to be —3.98 and —4.53 kcal/mol,
respectively. The inhibition constant (Ki) for the binding of
PMF2 and SAM with DNMT 2 were 1.21 and 0.48 mM,
respectively. These results implied that PMF2 might be a
strong competitor of SAM for binding to the catalytic regions
of DNMTs, and it interferes with the activity of DNMTs to
catalyze DNA methylation.

PMF?2 Suppressed the Growth of Isolated LNCaP CSLCs

The LNCaP cells were cultured in ultra-low-attachment
culture dishes with serum-free medium. The morphology of

a . . . LNCaP cell lysate b + + + LNCaP cell lysate c + + + LNCaP cell lysate
- + — Sepharose 4B — + — Sepharose 4B — + — Sepharose 4B
- - + PMF2-sepharose 4B - — + PMF2-sepharose 4B - — + PMF2-sepharose 4B

| — DNMT 1

PMF2 (5,4’-didemethyltangeretin)

«— DNMT 3A

S-adenosyl methionine (SAM)

Fig. 6. Interaction between PMF2 and DNMTs in human prostate cancer LNCaP cells. (a—c) The prepared cell lysate was precipitated with
Sepharose 4B or PMF2-Sepharose 4B beads. The protein expression in DNMTs 1, 2, and 3A was determined by Western blot. The data are
representative of 3 separate experiments eliciting similar results. (d) Computational docking model of PMF2 and DNMT 2. The interaction
between PMF2 and C-terminal catalytic domain of DNMT 2 in the molecular modeling is shown. The C-terminal catalytic domain of human
DNMT 2 (PDB: 1G55) obtained from Protein Data Bank was selected to perform the predicted docking model with PMF2 and S-adenosyl
methionine using DockingServer (https://www.dockingserver.com/web)
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the spheres was observed after 0-14 days, and we found that
the spheres grew fast from 4 to 7 days (Fig. 7a). In order to
confirm whether the cells separated from the LNCaP parental
cells had characteristics of cancer stem cells, we used qRT-
PCR to detect CD166 mRNA expression in the spheres after
14 days. The results showed that the isolated spheres had a
significantly higher level (approximately 1.5-fold) of CD166
mRNA as compared to the parental cells (p <0.01, Fig. 7b),
advocating that the spheres might be CSLCs. We further
performed a colony formation assay in soft agar to evaluate
the inhibitory effects of PMF2 on anchorage-independent
growth of the LNCaP CSLCs for 21 days, and it showed that
PMF2 at 15 uM concentration exhibited significant suppres-
sive effects as compared with the control group (p < 0.05, Fig.
7b). These results suggested that PMF2 might have a
potential to inhibit the growth of the prostate cancer stem
cells.

DISCUSSION

Many studies have demonstrated that various citrus PMFs
exhibit anticancer effects in different cancer cells, such as

a

Incubation time (day)
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tangeretin (4',5,6,7,8-pentamethoxyflavone, PMF1), 5-
demethyltangeretin (5-hydroxy-4',6,7,8-tetramethoxyflavone),
naringin (4’,5,7-trihydroxyflavanone 7-rhamnoglucoside),
hesperetin (3’,5,7-trihydroxy-4’-methoxyflavanone), and
nobiletin (3',4,5,6,7,8-hexamethoxyflavone) (20,22,39,40).
Among these compounds, PMF1 has an anticancer property
which can induce cell cycle arrest in human breast cancer MCF-7
and MDA-MB-435 and colon cancer HT-29 cells (22). 5-
Demethyltangeretin, a PMF1 derivative, shows stronger tumor-
suppressive effects than tangeretin (39). It suggests that the
hydroxyl group in the 5 positions of the ring A in PMF1
derivatives may play a critical role in determining the anticancer
effects. In the beginning of this study, we have evaluated the
anticancer effects of synthetic 5-demethyltangeretin in the
LNCaP cells (data not shown). It is, however, difficult to evaluate
the Gls, of 5-demethyltangeretin due to its low solubility in the
medium. Another compound 5,4’-didemethyltangeretin (PMF2)
which is a major colonic metabolite of 5-demethyltangeretin was
also been synthesized in this study (26,28). Interestingly, PMF2
with better solubility exhibited much stronger inhibitory effects
on human prostate cancer LNCaP cells than PMF1 (Fig. 2a).
Furthermore, PMFE?2 at 15 uM concentration demonstrated a low
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Fig. 7. Isolation and effects of PMF2 on anchorage-independent growth of LNCaP cancer stem-like cells (CSLCs). (a) LNCaP cells at 1.0 x 10°
cells/dish density were cultured in a serum-free medium on 6 cm ultra-low attachment culture dishes for a fixed number of days. The
morphology of the cells was observed under a microscope (x 100, “—” =1 mm). (b) RNA from the stem cell biomarker CD166 gene present in
LNCaP CSLCs after 14 days of culture was extracted using RNA isolation kit and mRNA levels of CD166 were determined using qPCR.
mRNA expression of GAPDH was determined for normalization. The data are represented as the mean + SD (n = 3). Significant differences in
the CSLCs as compared with the parental cells are marked (*'p <0.01). (¢) LNCaP CSLCs at 8000 cells/well density were seeded in soft agar
with different concentrations of PMF2 for 21 days in 6-well plates. The colonies were observed under a microscope. The data are represented as
the mean = SD (n =3). Significant differences among the groups are indicated with different letters (p <0.05)
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cytotoxic potential against human prostate RWPE-1 cells while it
effectively suppressed the anchorage-independent growth of the
LNCaP cells (Figs. 2b and 3). This indicated that PMF2 can be a
potential anticancer drug candidate.

Recently, the mechanisms of the anticancer activities of
citrus PMFs have been studied. A citrus peel extract enriched
with PMFs can significantly reduce tumor weight and
expression of tumor metastasis-associated proteins including
MMP-2 and MMP-9 in human prostate cancer PC-3 cells
xenografted mice (18). Some PMFs, such as naringin and
hesperetin can induce cell cycle arrest in the cancer cells
(39,41). Nobiletin not only induces apoptosis in human breast
cancer MCF-7 cells but also inhibits angiogenesis in human
prostate cancer PC-3 and DU145 cells (20,40,42). 5-Hydroxy-
7-methoxyflavone also induces apoptosis in human colon
cancer HCT-116 cells by increasing the level of activated
caspase-3, Bax, and BID, and decreasing the level of Bcl-2
(43). 5,3’-Dihydroxy-3,6,7,8,4’-pentamethoxyflavone signifi-
cantly inhibits the growth of human blood cancer KBM-5
cells by upregulating the tumor suppressor gene p21 and
downregulating the anti-apoptotic gene Bcl-2 (44). This is the
first study to demonstrate that PMF2 induces apoptosis in the
LNCaP cells through activating the caspase-3 pathway,
upregulating Bad and Bax, and downregulating Bcl-2 (Fig.
2c, d). These results might correlate well with the PMF2-
induced p21 re-expression (Fig. 4a, b). Accumulating evi-
dence shows that p2l-induced apoptosis plays an important
role in anticancer activity of some phytochemicals, such as
ursolic acid and sulforaphane (45,46). In this study, the level
of methylation in the promoter region of the tumor

§ Bcl-2
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suppressor gene p21 was also significantly reduced by PMF2
(Fig. 4c). Similar to PMf2, sulforaphane increases mRNA and
protein expression of p21 and Bax in PC-3 cells through
epigenetic regulation resulting in cell cycle arrest and
apoptosis (47). However, it would be worthwhile to study if
PMF?2 might suppress the survival of prostate cancer through
other pathways in the future.

Molecular docking models have predicted interactions of
EGCG with DNMT 3B and HDAC 1, resulting in the
inhibition of DNMT 3B and HDAC 1 activity by EGCG
treatment in human cervical cancer HeLa cells (48). EGCG
treatment also significantly suppressed promoter DNA meth-
ylation and enhanced mRNA expression of the tumor-
suppressor genes, including retinoic acid receptor-p (RARP),
cadherin 1 (CDH1), and death-associated protein kinase-1
(DAPKI1) in HeLa cells (48). The silenced Cipl/p21 and
p16™*4 genes can be restored by EGCG reducing DNA
methylation and increasing histone acetylation in human skin
cancer A431 cells, contributing to the anti-skin cancer activity
of EGCG (14). In this study, PMF2 suppressed the protein
expression of epigenetic regulatory enzymes, including
DNMTs 1 and 3B as well as HDACs 1, 2, and 4/5/9 (Fig.
5a). Furthermore, we also found that PMF2 has interactions
with DNMTs 1, 2, and 3A (Fig. 6a—c). DNMT?2 is the smallest
molecular DNA methyltransferase in mammals and has the
ability to methylate tRNA (49). The C-terminal catalytic
domain of DNMT 2 shares strong sequence homology with
the other DNMTs, including DNMTs 1, 3A, and 3B (37). This
catalytic region in DNMTs predominantly binds to S-adenosyl
methionine (SAM) and further transfers the methyl group
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from SAM to DNA or tRNA (37). Therefore, we further
developed a computer-simulated binding model between
PMF2 and the catalytic domain of DNMT 2 (Fig. 6d). The
results advocated that PMF2 strongly competes with SAM for
binding to the catalytic position of DNMTs. Interestingly, we
also observed that PMF2 effectively reduced the in vitro
methylation in human p16™** DNA fragment (—422/+401)
by inhibiting the activity of M.Sssl, a DNA methyltransferase,
and its inhibitory potential is greater than that of PMF1 (Fig.
5b, ¢). Taken together, PMF2 not only affects the activity of
the enzymes through interactions with DNMTs but also
reduces the protein expression of DNMTs and HDAGCs.
Thus, PMF2 inhibits p21 promoter methylation and signifi-
cantly increases p21 mRNA level and protein expression.

Additionally, cell surface CD166 has been identified as
an important prognostic biomarker in the previous studies in
many cancer stem cells (CSCs), including prostate cancer
(50). CD166 also plays a critical role in metastasis and cancer
recurrence after treatment (51). In the present study, we
separated the spheroids from human prostate cancer LNCaP
cell line in a serum-free medium using ultra-low attachment
dishes (Fig. 7a). These spheroids were defined as CSLCs after
growth for 14 days since they had a higher CD166 mRNA
expression as compared with the parental cells (Fig. 7b). We
further found that PMF2 treatment significantly suppressed
the anchorage-independent growth of the LNCaP CSLCs
(Fig. 7c), suggesting that PMF2 might inhibit metastasis and
recurrence in prostate cancer.

CONCLUSION

In conclusion, 5,4’-didemethyltangeretin (PMF2), a synthetic
tangeretin (PMF1) derivative, exhibited more potent anticancer
properties against human prostate cancer LNCaP cells than
PMFT1. On the other hand, PMF2 had low cytotoxic effects against
the normal prostate RWPE-1 cells. As shown in Fig. 8, PMF2-
mediated apoptosis in the LNCaP cells might be triggered through
downregulation of Bcl-2, upregulation of Bad and Bax, and
activation of caspase-3 and PARP. We further found that PMF2
induced the transcriptional activation of p21 gene in the LNCaP
cells by decreasing the levels of HDACs and DNMTs by blocking
in vitro DNA methyltransferase activity and demethylating the
promoter region of p21 gene. Based on the results of pull-down
assay and computer docking models, PMF2 can be considered as a
strong competitor of SAM to bind at the catalytic regions of
DNMTs. This is the first study to show that a tangeretin derivate
can inhibit the growth of human prostate cancer cells through
epigenetic regulations and interaction with DNMTs. In addition to
the anchorage-independent growth inhibition and apoptosis in the
LNCaP cells, PMF2 can also inhibit the tumorigenesis of LNCaP
CSLC:s with high expression of CD166 isolated from the parental
cells. The molecular mechanism, however, needs to be clearly
elucidated in future studies.
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