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BACKGROUND AND PURPOSE
The effects of 4-O-methylhonokiol (MH), a constituent of Magnolia officinalis, were investigated on human prostate cancer
cells and its mechanism of action elucidated.

EXPERIMENTAL APPROACH
The anti-cancer effects of MH were examined in prostate cancer and normal cells. The effects were validated in vivo using a
mouse xenograft model.

KEY RESULTS

MH increased the expression of PPARy in prostate PC-3 and LNCap cells. The pull-down assay and molecular docking study
indicated that MH directly binds to PPARy. MH also increased transcriptional activity of PPARy but decreased NF-xB activity.
MH inhibited the growth of human prostate cancer cells, an effect attenuated by the PPARy antagonist GW9662. MH induced
apoptotic cell death and this was related to Go-G; phase cell cycle arrest. MH increased the expression of the cell cycle
regulator p21, and apoptotic proteins, whereas it decreased phosphorylation of Rb and anti-apoptotic proteins. Transfection
of PC3 cells with p21 siRNA or a p21 mutant plasmid on the cyclin D1/ cycline-dependent kinase 4 binding site abolished the
effects of MH on cell growth, cell viability and related protein expression. In the animal studies, MH inhibited tumour growth,
NF-xB activity and expression of anti-apoptotic proteins, whereas it increased the transcriptional activity and expression of
PPARy, and the expression of apoptotic proteins and p21 in tumour tissues.

CONCLUSIONS AND IMPLICATION
MH inhibits growth of human prostate cancer cells through activation of PPARy, suppression of NF-xB and arrest of the cell
cycle. Thus, MH might be a useful tool for treatment of prostate cancer.

Abbreviation
CDK, cycline-dependent kinase; CNBr, cyanogen bromide; DAPI, 4’,6-diamidino-2-phenylindole; GSK-3 B, glycogen
synthase kinase 3 B; IAP1, inhibitor of apoptosis 1; iNOS, inducible NOS; MH, 4-O-methylhonokiol
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Introduction

The root and stem bark of Magnolia officinalis are used in
oriental medicine and this medicinal herb and its bioactive
constituents, such as honokiol, obovatol and magnolol, have
been shown to exhibit a variety of biological actions, includ-
ing anti-tumour, anti-microbial, anti-inflammatory, anti-
thrombotic and anxiolytic effects (Lee et al.,, 2011). Several
studies have shown that honokiol has anti-angiogenic, anti-
proliferative and anti-invasive activities in colon and prostate
cancer cells as well as in lung, breast and ovarian cancer cells
(Yang et al., 2002; Wang et al., 2004; Wolf et al., 2007; Hahm
et al., 2008; Fried and Arbiser, 2009). Magnolol has also been
shown to induce apoptosis and suppress the proliferation of
cancer cells, and inhibit tumour metastasis in various cancer
cells, including those of the colon and prostate (Lin et al.,
2002; Lee et al., 2009). Further, we recently found that obo-
vatol also inhibits colon and prostate cancer cell growth (Lee
et al., 2008).

PPARs are members of the nuclear hormone-receptor
superfamily of ligand-dependent transcriptional factors and
have three major subtypes (o, B and 7y). PPARs have been
demonstrated to have a number of pathophysiological roles
and there is mounting evidence suggesting that PPARy is
important in the control of cancer cell growth (Kim et al.,
2003). PPARy is up-regulated in many malignant tissues and
PPARy ligands induce terminal differentiation, cell growth
inhibition and apoptosis in a variety of cancer cells including
those of the prostate (Haydon etal., 2002; Yamakawa-
Karakida efal.,, 2002). PPARy negatively regulates gene
expression of cell proliferation and pro-apoptotic genes in a
ligand-dependent manner by antagonizing the activities of
NF-xB in prostate cancer cells (Hirsch et al., 2011). Cell-cycle
regulatory proteins, such as p21, have been shown to play a
critical role in the PPARy-induced inhibition of prostate
cancer cell growth (Radhakrishnan and Gartel, 2005). Moreo-
ver, the well-known PPARy agonist, 15-deoxy-PGJ, and other
activators induce inhibitory effects on cancer cell growth in a
PPARy-dependent manner through inactivation of NF-xB
(Kim et al., 2003; Papineni et al., 2008).

NF-xB is a transcription factor regulating various genes
involved in the production of inflammatory cytokines, chem-
okines, cell adhesion molecules and growth factors (Rich-
mond, 2002). NF-xB mediates tumour promotion and
progression, angiogenesis, metastasis of cancer cells and pro-
motes resistance to various chemotherapeutics by increasing
the expression of genes participating in cancer development
(Pikarsky et al., 2004; Dolcet et al., 2005). NF-kB also regulates
the expression of a number of anti-apoptotic proteins and
apoptotic genes as well as proliferation genes (Wang et al.,
1998). Interestingly, NF-xB is constitutively activated in
various solid tumours including animal and human prostate
tumours (Lind et al., 2001; Suh and Rabson, 2004). Constitu-
tive activation of NF-kB has been found to up-regulate the
expression of anti-apoptotic and proliferation genes, and
therefore, disrupt the balance between apoptosis and prolif-
eration leading to cancer cell growth (Garg and Aggarwal,
2002). Thus, inhibition of NF-kB has been presented as a key
regulator of cell growth of various cancer cells (Lee etal.,
2002; Allen et al., 2007). We have also demonstrated that
suppression of NF-xB by naturally occurring compounds,
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such as inflexinol, thiacremonone and cobra toxin, inhibits
colon and prostate cancer cell growth (Son et al., 2007; Ban
et al., 2009a; 2009b).

Functional inactivation of the p21 pathway has been
observed in most human tumours (Biggs and Kraft, 1995) and
p21 is an important cellular checkpoint protein for the inhi-
bition of cell growth through the control of cyclin-cycline-
dependent kinases (CDKs) activities in human cancer cells
(Ivanovska et al., 2008). NF-xB and PPARy are also important
in p2l-mediated cell cycle arrest of human cancer cells
(Hellin et al., 2000; Prakobwong et al., 2011); the expression
of p21 is increased in the resistant human cancer cells in a
NF-xB- and PPARy-dependent manner (Chang and Miya-
moto, 2006; Jarvis et al., 2005). Moreover, many investiga-
tors, using components and crude extracts isolated from the
Magnolia tamily, have shown that p21-mediated cell cycle
arrest leads to cell growth inhibition (Hahm and Singh, 2007;
Lee et al.,, 2007; Chen et al., 2009). We recently isolated a
bioactive compound, 4-O-methylhonokiol (MH) from M. of-
ficinalis, and found it suppressed NF-xB activity in macro-
phages and colon cancer cells (Oh et al., 2009; 2012). The
growth inhibitory effects of the bioactive constituents of
M. officinalis, obovatol, honokiol and magnolol, are thought
to be associated with the inhibitory ability of these com-
pounds on NF-kB activity in cancer cells (Lee et al., 2007;
2008). In addition, we recently found that MH-induced inhi-
bition of colon tumour growth was accompanied by a sup-
pression of NF-kB activity (Oh et al., 2012).

Thus, we hypothesized that MH inhibits the growth of
human prostate cancer cells through activation of PPARy and
inactivation of NF-xB, and these effects are mediated by the
induction of p21. Here, we showed that MH enhances PPARy
activity but decreases NF-kB activity, and thus inhibits pros-
tate cancer cell growth through induction of p21.

Methods

Reagents

MH (Supporting Information Figure S1A) was isolated from
the bark of M. officinalis Rehd. et Wils, by subsequently
extracting with n-hexane, ethyl acetate and n-BuOH, and
then identified by '"H-NMR and C-NMR as described else-
where (Oh etal., 2009). MH was supplied by Bioland Ltd.
(Chungnam, Korea) as a brown oilish solution of 99.6%
purity. The stock solution of MH was diluted in 0.05% DMSO
(final concentration, 50 mM).

Cell culture

PC-3, LNCaP human prostate cancer and PWR-1E human
prostate normal cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). The PC-3 (11
passages) and LNCap (43 passages) prostate cancer cells were
grown in RPMI1640, and the CCD 112-CoN cells were grown
in Fagle’s minimum essential medium with 10% FBS,
100 U-mL™" penicillin, and 100 ug-mL™" streptomycin. The
PWR-1E cells were cultured in a keratinocyte growth medium
supplemented with 5 ng-mL™" human recombinant EGF and
0.05 mg-mL™" bovine pituitary extract (Gibco/Invitrogen,
Carlsbad, CA, USA).
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Cell growth assay

Cells (5 x 10* cells per well) were plated onto 24-well plates.
The cell growth inhibitory effect of MH was evaluated in cells
treated with MH (0-30 uM) for 0-72 h, using an excluded
trypan blue assay.

Transfection and assay of luciferase activity
Cells (1 x 10° cells per well) were plated in 24-well plates and
transiently transfected with pNF-kB-Luc plasmid (5x NF-xB;
Stratagene, La Jolla, CA, USA) or plasmid pFA-GAL4-PPARy,
using a mixture of plasmid and lipofectamine PLUS in OPTI-
MEN according to manufacturer’s specification (Invitrogen).
The transfected cells were treated with MH in the absence (for
assay of PPARy activity) or presence (for assay of NF-xB activ-
ity) of TNF-a. (10 ng-mL™) for 8 h. To induce NF-kB luciferase
activity, we co-treated the cells with TNF-o (10 ng-mL™). Luci-
ferase activity was measured by using the luciferase assay kit
(Promega, Madison, WI).

Electromobility shift assay

Electromobility shift assay was performed according to the
manufacturer’s recommendations (Promega) as described
elsewhere (Oh et al., 2009).

Western blot analysis

Protein (40 pg) from cultured cells was separated on a SDS/
12%-polyacrylamide gel, and then transferred to a nitrocellu-
lose membrane (Hybond ECL, Amersham Pharmacia Biotech
Inc., Piscataway, NJ). The membranes were then immunoblot-
ted with primary specific antibodies: rabbit polyclonal anti-
bodies for PPARy, p65, bax, bcl-2, GSK-3B (1:500 dilution,
Santa Cruz Biotechnology Inc. Santa Cruz, CA, USA),
caspase-3, caspase-9, pp53, survivin, c-IAP1 (1:1000 dilution,
Cell Signaling Technology, Inc. Beverly, MA), and cIAP2
(1:1000 dilution, Abcam Ltd., Cambridge, UK) and mouse
monoclonal antibodies for p50, p53, CDK6 (1:500 dilution,
Santa Cruz Biotechnology Inc.), CDK4, p21, cyclin D, cyclin E
(1:1000 dilution, Medical and Biology Laboratories Co. Ltd.,
Nagoya, Japan), iNOS and COX-2 (1:1000 dilution, Cayman
Chemical Company, Ann Arbor, MI, USA). The blot was then
incubated with the corresponding conjugated anti-rabbit IgG-
HRP (1:2000 dilution, Santa Cruz Biotechnology Inc.).

Cell-cycle analysis by flow cytometry
Subconfluent cells were treated with MH (0-30 uM) in culture
medium for 0-72 h. The analysis methods are as described
elsewhere (Ban et al., 2009a).

Transfection of siRNA and p21

mutant plasmid

Cells were transfected with 100 nM of CDKN1A (p21), NF-xB
(pSO or 65) siRNA or non-specific siRNA (Bioneer, Co.,
Daejon, Korea) and p21 mutant plasmid (CDKNI1A p21,
obtained from Dr Anindya Dutta, Department of Biochemis-
try and Molecular Genetics, University of Virginia School of
Medicine, Charlottesville, VA, USA), which has mutated
cyclin D1/CDK4 complex binding site (Cyl site, A17-24)
using WelFect-EX plus transfection reagent (WelGENE, Seoul,
Korea) prepared in a serum-free culture medium at 37°C (Hsu

et al., 2007). After 6 h, a complete medium was added and the
cells were further cultured for 24 h.

Detection of apoptosis

Cells (1 x 10* cells per well) were cultured in 8-well chamber
slides (BD Biosciences, Bedford, MA, USA) for 24 h. The
method used to detect apoptotic cell death was as described
elsewhere (Ban et al., 2009b). The apoptotic index was deter-
mined as the number of DAPI-stained TUNEL-positive
stained cells divided by the total number of -cells
counted x 100.

Pull-down assays

MH bead conjugation was prepared and a pull-down assay
conducted as described previously (Shim et al., 2008). MH
was conjugated with cyanogen bromide (CNBr)-activated
Sepharose 4B (Sigma Chemical Co.). Briefly, MH (1 mg) was
dissolved in 500 uL of coupling buffer (0.1 M NaHCO; and
0.5 M NacCl, pH 6.0). The CNBr-activated Sepharose 4B was
swelled and washed with 1 mM HCI, then washed with the
coupling buffer. CNBr-activated Sepharose 4B beads were
added to the MH-containing coupling buffer and incubated
at 4°C for 24 h. The MH-conjugated Sepharose 4B was washed
with three cycles of alternating pH wash buffers (buffer 1,
0.1 M acetate and 0.5 M NacCl, pH 4.0; buffer 2, 0.1 M Tris-
HCl and 0.5M NacCl, pH 8.0). MH-conjugated beads were
then equilibrated with binding buffer (0.05 M Tris-HCI and
0.15M NaCl, pH 7.5). The control unconjugated CNBr-
activated Sepharose 4B beads were prepared as described
earlier in the absence of MH. For the pull-down assay, PPARy
proteins (Abcam Ltd.) or cell lysate from PC-3 prostate cancer
cells were incubated with MH-Sepharose 4B beads in reaction
buffer (50 mM Tris, pH 7.5, 5 mM EDTA, 150 mM NacCl,
1 mM dithiothreitol, 0.01% Nonidet P-40, 2 ug-mL™ BSA,
0.02 mM PMSE, 1 x proteinase inhibitor). The beads were
washed five times with buffer (50 mM Tris, pH 7.5, 5 mM
EDTA, 150 mM NaCl, 1 mM dithiothreitol, 0.01% Nonidet
P-40, 0.02 mM PMSF), and proteins bound to the beads were
analysed by immunoblotting with the PPARy antibodies or
cell lysates.

Molecular modelling

The dimeric structure of PPARy complexed with nitrated fatty
acids LNO, with 2.4 A resolution (PDB ID: 3CWD) (Cheng
et al., 2009) was selected for docking with MH and only half
of it was used for the study. For MH, rotational flexibility was
allowed for all ligand backbone bonds. The initial search with
the VINA docking calculation was done at the binding pocket
where the LNO, ligand binds. Then, to get a better sampling
of all possible binding sites on the PPARy, the search was
expanded to include one monomer of the PPARy protein. The
grid box was centred on the PPARy monomer and the size of
the grid box was adjusted to completely include the whole
PPARy monomer. All bonds able to be rotated on the MH were
allowed to rotate during the molecular simulation. Docking
experiments were performed at various exhaustive values of
the default value, 25, 50 and 100. All these experiments
identified the binding site with the highest affinity at the
same binding pocket with essentially identical binding con-
formation on the MH backbone.
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Antitumour activity study in in vivo
xenograft animal model

Six-week-old male BALB/c athymic nude mice were pur-
chased from Japan SLC (Hamamatsu, Japan). All experiments
were approved and carried out according to the Guideline for
‘Care and Use of Animals’ of the Chungbuk National Univer-
sity Animal Care Committee. All studies involving animals
are reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). SW620 and PC3 cells were
injected s.c. (1 x 107 cells in 0.1 mL PBS per animal) into the
lower right flanks of mice. After 20 days, when the tumours
had reached an average volume of 300-400 mm?® or about
50 mm?® (for prostate), the tumour-bearing nude mice were
i.p. injected with MH (40 and 80 mg-kg™' dissolved in 0.1%
DMSO) twice per week for 3 weeks. Cisplatin (10 mg-kg™,
Choongwae Pharma Co., Seoul, Korea) was also i.p. injected
once a week as a positive control. The group treated with
0.1% DMSO was designated as the control. The tumour
volumes were measured with vernier calipers and calculated
by the following formula: (A x B?/2, where A is the larger and
B is the smaller of the two dimensions.

Immunohistochemistry

Immunohistochemistry was performed as described else-
where (Ban et al., 2009a) with 5 pm thick tissue sections using
primary mouse PCNA, PPARy, Ki-67 and p65 (1:200 dilution)
antibodies or primary rabbit p50 and cleaved caspase-3 anti-
body (1:100 dilution) followed by a secondary biotinylated
anti-mouse or rabbit antibody. For quantification, 200 cells at
three randomly selected areas were assessed, and the posi-
tively stained cells were counted and are expressed as a per-
centage of stained cells.

Data analysis

Data were analysed using GraphPad Prism 4 software (Version
4.03, GraphPad Software, Inc., La Jolla, CA, USA). Data were
assessed by one-way aNova. If the P-value in the ANOvA test was
significant, the differences (P <0.05) between the pair of
means were assessed by Dunnet’s test. Data are presented
as mean * SD from three independent experiments with
triplicates.

Results

MH increased the expression, transcription
and DNA binding activities, and nuclear
translocation of PPARy

To investigate whether the inhibitory effect of MH on cell
growth is dependent on PPARy, the expression of PPARy was
first determined in two prostate cancer cells. The expression
of PPARy was easily detected in the untreated cells was
increased (3- or 3.5-fold increase) after MH treatment (20 uM)
in both cells (Figure 1A). To investigate whether MH is able to
activate PPARy-dependent transcription in these cells, the
functional status of endogenous PPARy was determined using
a luciferase reporter assay system. MH significantly increased
PPARy transcription activity, in a concentration-dependent
manner, in cells transiently transfected with the PPARy con-
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struct (Figure 1B). The other related compounds isolated from
M. officinalis had a similar effect on PPARy transcription activ-
ity that was about 90% of that induced by a well-known
PPAR-y agonist, 15-deoxy-PGJ,, determined in PC3 cells (Sup-
porting Information Fig. S1B). We also performed a gel mobil-
ity shift assay to assess whether MH increased the DNA
binding activity of PPARy. The DNA binding activity of PPARy
in untreated cells was not significant, but a substantial
increase of binding activity was observed in the cells treated
with MH and other compounds isolated from M. officinalis
(Figure 1B). This binding activity was inhibited in the pres-
ence of cold PPAR response element (PPRE) oligonucleotides,
but not in unrelated labelled PPRE oligonucleotides and the
DNA-binding complex was supershifted by anti-PPARy (data
not shown). MH caused nuclear translocation of PPARy,
which is localized predominantly in the perinuclear region
and cytoplasms in the untreated cells (Figure 1C).

In the molecular docking experiment, MH was predicted
to bind at the identical ligand binding site as other PPARy
agonists, such as 15-deoxy-PGJ, (Waku et al., 2009) and the
fatty acid ligand LNO, (Cheng et al., 2009). This implies that
MH may activate PPARyin the same manner as 15-deoxy-PG]J,
and other PPARy agonists. According to the binding model,
MH also forms hydrophobic interactions with Phe*?, Cys®,
Ile*?, Tyr*”, Leu*°, Phe*®®, Met***, Leu*?, Leu*® and Leu*®
(Figure 1D). One hydrogen bond was observed between the
hydroxyl group of the MH and the hydroxyl side chain of
Ser® in PPARy (Figure 1E). The interaction was thus assessed
in a pull-down assay using MH-sepharose 4B beads. The
binding of MH to PPARy was then detected by immunoblot-
ting with anti-PPARy in in vitro and ex vivo tests and MH was
found to bind with recombinant PPARy protein (Figure 1F).

MH inhibited cancer cell growth, caused
Go/G phase arrest and induced apoptotic cell
death, and PPARy antagonist reversed the
effects of MH

We then investigated whether PPARyactivation resulted in cell
growth inhibition. MH (0-30 uM) treatment resulted in a
significant concentration- and time-dependent inhibition of
prostate cancer cell growth (Figure 2A). However, MH was not
cytotoxic in the normal prostate PWR-1E cells at the concen-
trations tested (Figure 1C). Even though it was clear that the
the LNCaP grew much faster than the PC-3 cells, in contrast to
previous observations (Horoszewicz etal., 1983; Lin etal.,
1998), it is noteworthy that the doubling times of these two
cells are similar (Yu et al., 2008), and the doubling time of
LNCaP (androgen dependent cells) can be easily changed by
the culture condition such as concentration of serum, and
presence of other hormones and status of specific genes carry-
ing as demonstrated by Horoszewicz et al. (1983) and Ghosh
et al. (2006). We next measured apoptotic cell death, to deter-
mine whether MH-induced cell growth inhibition was due to
apoptotic cell death. Apoptotic cell numbers were increased to
3+5,10+ 6,30 = 20and 75 + 2% in PC3 cells, and O * 6,
6 = 2,50 £ 6 and 63 = 2% in LNCaP cells by 0-30 uM MH,
respectively (Figure 2B). To further study the involvement of
PPARy in the MH-induced cell growth inhibition and induc-
tion of apoptotic cell death, we employed the PPARy antago-
nist SW9662 (0-30 uM). Pretreating cells with SW9662 30 min
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Expression of PPARyin prostate PC-3 and LNCap cells. (A) Cells were treated with 20 UM MH for 24 h. Whole cell extracts were prepared and PPARy
expression was determined by Western blot analysis as described in Methods. The value above the band indicates fold increase of PPARy expression.
(B) Transcriptional activation determined by luciferase activity. Luciferase activity was determined in the cells transfected with PPARy plasmid
construct after treatment with MH for 24 h as described in Methods. Values are mean * SD of three experiments, with triplicate results for each
experiment. (C) Immunoreactivity of PPARy in PC-3 cells and in LNCaP cells treated with 20 uM MH. Untreated cells showed that PPARy was
localized predominantly in the perinuclear region and cytoplasm. Cells treated with MH demonstrated nuclear translocation of PPARy. D-(a),
Representations of the interaction between PPARy and MH. MH binds to a tight-binding cavity within the agonist binding pocket in the
ligand-binding domain of PPARy shown in surface model. D-(b), The surrounding peptide residues that interact with MH are shown in the second
picture. (E) Hydrogen-bonding interaction between hydroxyl group of MH and hydroxyl side chain of Ser?®® of PPARy. (F) MH-Sepharose 4B was
used to pull down with PPARy protein (Abcam Ltd.). WB, Western blot.

before incubating them with MH for 72 h reversed MH-
induced cell growth inhibition in a dose-dependent manner
(Figure 2C), and also reversed the induction of apoptotic cell
death (Figure 2D). To determine whether the apoptotic cell
death resulted from cell cycle arrest, we examined cell cycle
arrest for 72 h. Exposure of cells to MH (0-30 uM) increased
the number of prostate cancer cells in the Go/G; fraction in a
concentration- and time-dependent manner (Figure 3A).

MH altered the expression of regulatory
proteins involved in cell growth, cell cycle and

apoptotic cell death
From the apoptotic cell death and cell cycle pattern, MH
decreased the expression of anti-apoptotic proteins of bcl-2

and the inhibitor of apoptosis protein 1/2 (cIAP1/2) as well as
GSK-3B and survivin, but increased the expression of pro-
apoptotic proteins of bax, cleaved caspase-3 and cleaved
caspase-9 (Figure 3B). Moreover, MH significantly decreased
the expression of COX-2 and iNOS, which are involved in the
tumour promotion of prostate cancer (Figure 3B). MH also
caused a rapid and marked decrease in the protein levels of
CDK2, CDK4, cyclin D1 and cyclin E (Figure 3C). As p21 and
p27 regulated the transition of Go/G; by binding to CDK/
cyclin complexes, which phosphorylate Rb, leading to cell-
cycle progression (Hsu et al., 2007), we determined the effect
of MH on p21 and p27 protein levels and on the phosphor-
ylation of Rb by immunoblotting. As shown in Figure 3C,
MH markedly increased the protein expression of p21,
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Effect of MH and WS9662 on cancer cell growth and apoptotic cell death. (A and C) Cells were treated with 0-30 uM MH for different times
(0-72 h) (A) or treated with SW9662 for 72 h (C). Cell counting was performed as described in Methods. (B and D) Cells were treated with
0-30 uM MH for 24 h or the cells were pretreated with SW9662 for 24 h. DAPI and TUNEL staining were performed as described in Methods.
Columns, mean of triplicate; bars, SD. *P < 0.05 indicates statistically significant differences from the untreated group. *P < 0.05 indicates

statistically significant differences from the MH treated group.

slightly increased that of p27, but suppressed Rb phosphor-
ylation (Figure 3C).

MH inhibited NF-xB activity and cancer

cell growth

Highly activated NF-«B is associated with cell survival as well
as with the resistance against therapeutics of prostate cancer
cells. Activation of PPARy and inhibition of cancer cell growth
could be coupled with inhibition of NF-xkB. Thus, we deter-
mined the ability of MH to inhibit the DNA binding activity
of NF-«xB. In untreated human prostate cancer cells (PC3 and
LNCaP), we found a high level of constitutive activation of
the DNA binding activity of NF-xB and MH (0-30 uM) for
1 h inhibited this DNA binding activity of NF-xB in a
concentration-dependent manner (Figure 3D). In addition,
MH (0-30 uM) inhibited TNF-o-induced NF-xB luciferase
activity concentration-dependently (Figure 3E), and confocal
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microscope analysis further demonstrated that the transloca-
tion of the NF-xB subunits, p50 and p6S, into the nucleus was
also decreased by MH (Figure 3F). When we compared cell
growth inhibition and the PPARy and NF-xB DNA binding
activities of honokiol, magnolol, obovatol and MH, the
extent of cell growth inhibition was associated with the acti-
vation of PPARYy (transcriptional and DNA binding activities);
significant inhibition of NF-kB was also observed in the cells
treated with magnolol and obovatol (Figure 1B and D).

Knock-down of p21 abolished the inhibitory
effects of MH on cancer cell growth and
NF-xB, and its activation of PPARy

p21 is a cell cycle inhibitory protein regulating cell cycle
progression and is known to be a critical target of the Mag-
nolia family of compounds. Thus, to further investigate the
role of p21 in the MH-induced cell cycle arrest, we examined
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the effect of siRNA p21 and a mutation of p21 on
MH-induced cell growth inhibition. Knock-down of p21 with
p21 siRNA abolished of the inhibitory effect of MH on cancer
cell growth (Figure 4A) and its induction of apoptotic cell
death (Figure 4B). Moreover, in p21 siRNA-transfected cells
MH-induced inhibition of the Go/G; cell cycle-regulatory
protein expression of CDK and CD4, translocation of p65 and
p60, and expression of PPARy were all abolished (Figure 4C).
Similarly, in cells transfected with mutant p21 (mutation of
cyclin D1 and CDK4 complex binding site of p21) the inhibi-
tory effects of MH on cell growth (Figure 4D), its induction
of apoptotic cell death (Figure 4E), as well as cell cycle-
regulatory protein expression and p50 and p65 translocation,
and increased expression of PPARy were all abolished
(Figure 4F). These results indicate that the PPARy and NF-xB

signal-mediated inhibitory effects of MH on the growth of
PC3 cells are associated with activation of the p21 signal
pathway.

MH inhibited the growth of SW620 and PC3

tumours in an in vivo xenograft model

In PC3 xenograft studies, MH was administered i.p. daily for
4 weeks to mice with tumours ranging from 100 to 300 mm?
in volume. On day 28, the final tumour weight was recorded.
Tumour volumes in mice treated with MH at 40 and
80 mg-kg’', and cisplatin at 10 mg-kg™" were 71.0, 57.7 and
46.6% of the control group in PC3 tumour xenografts, respec-
tively. Tumour weight in mice treated with MH at 40 and
80 mg-kg' and cisplatin at 10 mg-kg' were 40.1, 30.9 and
22.1% of the control group in PC3 tumour xenografts, respec-
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tively (Figure SA). Immunohistochemical analysis of tumour
sections by H&E, and proliferation antigens against PCNA
and Ki67 staining revealed that both 40 and 80 mg-kg™ dose-
dependently inhibited the growth of the tumour cells
(Figure 5B). In addition, there was a trend towards decreased
intensity of nuclear staining of p65 and p50 in MH-treated
tumour tissue (Figure 5B). Moreover, PPARy immunoreactiv-
ity against anti-PPARy was also more intense in the tumours
treated with MH than in untreated tumour tissues. Similar to
its inhibitory effect in vitro, MH enhanced the DNA binding
activity of PPARy, but inhibited NF-xB activity in tumour
tissue (Figure SC). MH increased the expression of bax and
cleaved caspases-3, but decreased the expression of bcl-2 in
tumour tissue (Figure 5D). Immunohistochemical analysis
also showed that the expression of cleaved caspases-3 positive
cells was considerably increased in the MH-treated tumour
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tissue compared with those of the control group. Apoptotic
cell death was also significantly increased in the MH-treated
tumour tissue (Figure 5B). Moreover, MH significantly
increased the expression of p21 and PPARy in the tumour
tissues (Figure SB-D).

Discussion and conclusions

The present data show that MH inhibited the growth of
prostate cancer cells through G¢/G; phase cell cycle arrest and
induction of apoptotic cell death. These effects were associ-
ated with increased expression of PPARy and p21, and activa-
tion of PPARy but inhibition of NF-kB activity. Knock-down
of p21 with siRNA and mutation of p21 prevented this
MH-induced increase in PPARy expression and activation,
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NF-xB inactivation, apoptotic cell death as well as the expres-
sion of CDK4/cyclin D1. These results suggest that MH inhib-
its the growth of prostate cancer cells by increasing the
expression of p21 as a result of activation of PPAR-y, but
inactivation of NF-xB.

In the present study, MH activated PPARy and its nuclear
translocation, but decreased NF-«B activity and nuclear trans-
location of p65 and pSO in prostate cancer cells. MH also
effectively and significantly induced apoptotic cell death in
prostate cancer cells. These effects support the notion that
activation of PPARy, but inactivation of NF-«xB, inhibit the
growth of cancer cells by promoting apoptotic cell death
(Garg and Aggarwal, 2002). Activation of PPARy and inacti-
vation of NF-«xB are implicated in the regulation of growth
arrest and/or apoptotic cell death by regulating expression of
target genes such as bax, caspase-3, caspase-9, bcl-2, IAP,

survivin and GSK-3p (Garg and Aggarwal, 2002). Our data
clearly showed that MH inhibited the expression of genes
involved in cell proliferation (cyclin D1 and COX-2) and of
anti-apoptotic proteins (cIAP1/2 and bcl-2), which are regu-
lated by PPARy and NF—«B, but increased the levels of pro-
apoptotic proteins (cleaved caspase-3 and 9, and bax) in vitro
as well as in vivo. This study showed, for the first time, that
MH increases PPARy activity and thus inhibited the growth of
prostate cancer cells. These results corroborate previous
findings where it was shown that PPARy agonists, such
as troglitazone, curcumin and anti-tumoural pigment
epithelium-derived factor, inhibit colon biliary and prostate
cancer cell growth through activation of PPARy, but inactiva-
tion of NF-xB (Yamakawa-Karakida et al., 2002; Hirsch et al.,
2011; Prakobwong etal., 2011). These effects of MH are
similar to those obtained with honokiol and magnolol
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isolated from M. officinalis; these compound were found to
have anti-tumour activity, both in vitro and in vivo, on a
variety of cancer cells including prostate cancer cells through
inactivation of NF-xB, and inhibition NF-xB target gene
expression (Wang et al., 2004; Hahm et al., 2008). In addition,
we previously found that MH inhibited colon cancer cells
through the inactivation of NF-xkB (Oh et al., 2012). These
data suggest that the ability of MH to enhance PPARy activa-
tion and its inhibitory action on the constitutive activation
of NF-kB are involved in its inhibitory effect on the growth of
prostate cancer cells.

The p21 protein regulates G,/S transition by inhibiting
CDKs (Chen et al., 1996). MH increased the induction of p21
protein and this was accompanied by a reduced expression of
the Go/G; cell cycle-regulatory proteins, cyclin D1 and CDK4.
However, this reduction in expression of cyclin D1 and
CDK4 was abolished in the cells after knock-down of p21
with siRNA. Likewise, cells transfected with p21, which had
a cyclin/CDK binding site mutation, did not respond to MH.
That is, the MH-induced cell growth inhibition, inhibition of
the expression of cyclin D1 and CDK4, and phosphorylation
of pRb were not observed in p21 mutant cells. These results
suggest that the induction of p21 expression may be impor-
tant in the MH-induced arrest of human prostate cancer cells
in the Go/G; phase of the cell cycle. Similar to our findings,
honokiol and magnolol induce G¢/G; cell cycle arrest via
induction of p21 in several cancer cells including prostate
cancer cells (Hahm and Singh, 2007; Hsu et al., 2007; Lee
et al., 2007; Chen et al., 2009; Vaid et al., 2010). We previ-
ously found that MH induced cell cycle arrest by induction
of p21 in colon cancer cells (Oh etal.,, 2012). PPARy and
NF-xB are also important for the p21-mediated cell cycle
arrest of cancer cell growth (Hellin et al., 2000). Increased
NF-«B-dependent p21 expression was observed in human
cancer cells resistant to chemotherapeutics (Chang and
Miyamoto, 2006). In the present study, the effects of MH on
PPARy, and reciprocal converse effects of NF-xB with p21 and
p27 expression were found to correlate with its ability to
inhibit cell growth inhibition and induce apoptotic cell
death. The MH-induced PPARy activation and NF-xB inacti-
vation were abolished in the cells after knock-down of p21
with siRNA as well as in the cells transfected with mutant
p21. We also found that MH, concomitant with the increased
expression of p21 and p27, also enhanced the phosphoryla-
tion of Rb, the downstream target gene of p21. MH also
increased the expression of p21 and p27 with decreased
expression of the Go/G; phase of cell cycle regulatory pro-
teins of cycline D1 and E, and CDK2 and CDK4 in prostate
cancer xenograft nude mice tumour tissue. Similar to our
results, a recent study demonstrated that an aqueous extract
of M. officinalis increased p21 expression and decreased
NF-xkB in human urinary bladder cancer cells (Lee etal.,
2007). Moreover, recent studies have shown that anti-cancer
drugs are able to inhibit the growth of several human cancer
cells through up-regulation of p21 accompanied by activa-
tion of PPARy, but inhibition of NF-xB activation. For
example, pioglitazone, a PPARy agonist inhibited p21-
mediated prostate cancer cell growth (Hirsch etal., 2011).
PPARy stimulates sulindac sulfide-mediated p21 expression in
prostate epithelial cells (Jarvis et al., 2005). Soy peptide
increased p21 in human breast MCF-7 tumour cells via
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inactivation of NF-xB, and thus inhibited their growth
(Park et al., 2009). Curcumin inhibited human breast cancer
MDA-MB-231 cell growth via NF-kB inactivation-induced
up-regulation of p21 (Chiu and Su, 2009). Lycopene inhib-
ited the growth of prostate cancer cells by inactivation of
NF-xB and up-regulation of p21 (Palozza et al., 2010). We also
found that MH inhibited colon cancer cell growth by p21-
mediated NF-xB inactivation (Oh et al., 2012). These data
and ours suggest that both the enhancing ability of MH on
PPARy and its inhibitory effect on the constitutive activation
of NF-xB are related to the increased expression of p21, and
the modification of these cooperative signals is involved in
its inhibition of prostate cancer cell growth. However, it is
not clear how changes in the expression of p21 alter PPARy
and NF-kB, or whether p21 is downstream of PPARy and/or
NF-xB or vice versa. It is noteworthy that there are PPRE as
well as a NF-xB-binding element on the p21 promoter (Han
etal., 2004; Sue etal.,, 2009). Thus, increased activity of
PPAR-y or reduced activity of NF-xB induced by MH could
enhance or inhibit the expression of p21. It is also interesting
to note that the PPARy agonist thiazolidinedione inhibits
cancel growth via inhibition of nucleophosmin (NPM)
expression, which is known to induce p53 phosphorylation
and p21 expression (Galli et al., 2010). Thus, it is possible
that the activating effect of MH on PPARy may affect the
expression of proteins like NPM, which increase p21 expres-
sion. These data suggest that p21 acts downstream of PPARy
and NF-xB.

Pharmacokinetic data have shown that MH has good oral
and intestinal absorption as determined by the Caco-2a with
easy distribution into tissues (unpublished data). The dosage
of MH used in the present in vivo study are within the range
employed in other previous studies showing anti-tumour
effects of the compounds isolated from M. officinalis; i.p.
administration of honokiol at 80 mg-kg™ for 31 days dis-
played significant anti-cancer activity (Chen et al., 2004).
Treatment with liposomal honokiol at 25 mg-kg™' reduced the
tumour sizes by 42% compared with the untreated tumour in
Lewis lung carcinoma-bearing C57BL/6 mice (Hu et al., 2008).
In toxicology studies, we demonstrated that M. officinalis
extract did not produce any toxic effects in the 21 and 90 day
toxicity studies, and that up to 240 mg-kg™' is a no-observed-
adverse-effects-level (Liu et al., 2007), which is similar to the
range of doses used in the present study if it is assumed the
extract has about 15% of 4-O-methyhonokiol, as described
elsewhere (Oh et al., 2009). We have also evaluated the long-
term toxicity including carcinogenicity of MH using a predic-
tion program (preADME version 1.0.2, BMDRC, Seoul,
Korea), and found that it was predicted not to be toxic or
carcinogenic to rodents (data not shown). Taken together,
these results suggest that MH should be considered for further
clinical investigation to determine its possible chemopreven-
tive and/or therapeutic efficacy against human prostate
cancer.
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Figure S1 Chemical structure of MH, cell viability in normal
prostate cells, and luciferase activity, DNA binding activity of



4-0-methylhonokiol inhibits prostate cancer cell growth

PPARy and NF-«xB by other components isolated from Magno-
lia officinalis. (A) Chemical structure of MH. (B) PWR-1E
normal prostate cells were treated with various doses
(0-30 uM) MH for 72 h. Morphological changes were
observed under a microscope. Cell viability was determined
by direct cell counting using trypan blue as described in
Methods. (C,D) Transcriptional and DNA binding activities
were determined by luciferase activity and EMSA. Luciferase
activity was determined in the cells transfected with PPAR-y
plasmid construct after treatment of MH and other several
agents MH for 24 h as described in Methods. Columns, mean

of triplicate; bars, SD. Prostate cancer cells treated with MH
and other agents were incubated for 1 h. Nuclear extract from
cells treated with MH, honokiol, magnolol and obovotaol for
1 h was incubated in binding reactions of **P-end-labelled
oligonucleotide containing the PPRE or kB sequence (D).
EMSA was performed as described in Methods. D, After Cells
were treated with 0-20 uM of MH, honokiol (H), magnolol
(M) and obovatol (O) for 24 h, cell viability was determined
by direct cell counting using trypan blue. Points and Columns,
mean of triplicate; bars, SD. *, P < 0.05 indicates statistically
significant differences from the untreated group.
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