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Background and purpose: Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) triggers apoptotic death in a va-
riety of cancer cells without marked toxicity to most normal cells. We previously reported that wogonin, a potent anticancer agent
from a Chinese herb, up-regulates p53 in prostate cancer cells. In this study, the effects of combinations of TRAIL and wogonin
on a human prostate cancer cell line LNCaP, resistant to TRAIL, was evaluated for evidence of synergy in triggering apoptosis.
Experimental approach: Western blot assay and the ‘comet’ assay were used to study the underlying mechanisms of cell
death and search for any mechanisms of enhancement of TRAIL-induced apoptosis in the presence of wogonin.

Key results: During combined treatment with wogonin and TRAIL, cytotoxicity, poly(ADP-ribose) polymerase cleavage and
caspase activation were associated with up-regulation of p53 through DNA damage and reactive oxygen species (ROS)
generation. N-acetylcysteine (NAC), an antioxidant, inhibited ROS generation and synergistic interaction between TRAIL and
wogonin. Experimental results in human colon cancer HCT116 cells demonstrated that p53-dependent Puma up-regulation
played an important role; deficiency in either p53 or Puma prevented wogonin-enhanced TRAIL-induced apoptosis.
Conclusions and implications: The present studies suggest that wogonin enhances TRAIL-induced cytotoxicity through
up-regulation of p53 and Puma, mediated by ROS.
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Introduction

Prostate cancer has become the most frequently diagnosed
non-cutaneous neoplasm and second leading cause of cancer-
related deaths among men in the United States. It is estimated
that in the year 2007, 218 890 new cases will be diagnosed
and 27 050 men will die from prostate cancer in the United
States alone (Albano etal., 2007). Thus, developing novel
treatment options for prostate cancer has become an impor-
tant medical need. The use of phytonutrients as anticancer
agents has gained considerable importance in recent years.
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Several studies from our laboratory and by others have sug-
gested that HawngQium, especially its constituent polyphe-
nols, possesses chemopreventive and therapeutic potential
against prostate cancer (Lee et al., 2008). Much of the anti-
cancer and/or cancer chemopreventive effects of HawngQium
are attributed to its major polyphenol, wogonin (Lee et al.,
2008).

Wogonin (C6H;,0s; Figure 1), one of the main active com-
pounds of Scutellaria baicalensis, has been found to be effective
in inhibiting tumour growth, such as human ovarian cancer
cell A2780, human promyeloleukemic cell HL-60, human
hepatocellular carcinoma cell SK-HEP-1, and human prostate
cancer cell LNCaP (Chen et al., 2002; Lee et al., 2002; 2008; Li
et al., 2003). Wogonin has also been found to have anti-
inflammatory activities in vitro as well as in vivo (Chi
etal., 2001). We previously observed that p53-dependent
up-regulation of Puma, a member of the Bcl-2 family of
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Figure 1 Chemical structure of wogonin.

proteins, and subsequent oligomerization of Bax play impor-
tant roles in the sensitivity of cancer cells to apoptosis
induced by caspase activation through wogonin (Lee et al.,
2008).

Members of the tumour necrosis factor (TNF) receptor super-
family, including TNF receptor, Fas and TNF-related apoptosis-
inducing ligand (TRAIL) receptor, share similar conserved
structures (Locksley et al., 2001). Although TNF-o and FasL can
trigger apoptosis in some solid tumours, their clinical usage has
been limited by the risk of lethal systemic inflammation and
hepatotoxicity respectively (Fiers, 1991; Ogasawara et al.,
1993). In contrast, recombinant soluble human TRAIL has
shown a profound apoptotic effect, without toxicity, in human
hepatocytes in vitro and in vivo (Hao et al., 2004). These results
indicate that this form of TRAIL may prove to be a safe and
effective biological agent for cancer therapy in humans.
However, an obstacle to effective therapy is that prostate
cancer, similar to many other cancers, develops resistance to
TRAIL (Pei et al., 2004; Shankar and Srivastava, 2004). Thus,
researchers are currently seeking to identify TRAIL sensitizers
capable of overcoming TRAIL resistance in cancer cells. Novel
agents are needed to overcome the resistance to improve TRAIL
efficacy. Recently, various agents, including DNA-damaging
agents such as ionizing irradiation and many anticancer drugs
(Wang and El-deiry, 2003), histone deacetylase inhibitors
(Nakata et al., 2004), IFN-o. (Shigeno et al., 2003), and protea-
some inhibitors (He etal., 2004), have been reported to
sensitize tumours to TRAIL-induced apoptosis.

In this study, we examine the potential sensitizing effects of
wogonin to TRAIL-mediated apoptosis in human prostate
cancer cells. Here, for the first time we present evidence that
combination of non-apoptosis-inducing doses of wogonin
and TRAIL leads to the apoptosis of LNCaP cells. Wogonin is
an effective sensitizer to TRAIL-mediated apoptosis in LNCaP
cells. The sensitizing effect of wogonin on TRAIL is associated
with generation of ROS, DNA damage and up-regulation of
p53 and Puma protein levels. Our data suggest that both
extrinsic and intrinsic pathways are involved in apoptosis
induced by combined treatment with wogonin and TRAIL.

Methods
Cell culture

Human prostate adenocarcinoma LNCaP and PC-3, and
human prostate carcinoma DU-145 cells were purchased from
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American Tissue Type Culture Collection (ATCC, Manassas,
VA, USA). Cells were cultured in RPMI 1640 medium (Invit-
rogen, Carlsbad, CA, USA) with 10% fetal bovine serum
(HyClone, Logan, UT, USA), 1 mmol-L"" L-glutamine, and
26 mmol-L™ sodium bicarbonate for monolayer cell culture.
Rat prostate endothelial cells (YPEN-1) were obtained from
ATCC. The cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 5% heat-inactivated fetal bovine
serum (Gibco-BRL, Gaithersburg, MD, USA), glutamine at
233.6 mg-mL™, penicillin-streptomycin at 72 mg-mL™", and
amphotericin B at 0.25 mg-mL™, and were adjusted to pH
7.4-7.6 with NaHCO; in an atmosphere of 5% CO,. pS3-
containing (p53**) and p53-deficient (p537") HCT116 human
colon carcinoma cell lines, Puma-containing (Puma**) and
Puma-deficient (Puma”) HCT116 cell lines, and Bax-
containing (Bax”") and Bax-deficient (Bax”) HCT116 cell
lines were kindly provided by Dr Bert Vogelstein (Johns
Hopkins University, Baltimore, MD, USA). These cell lines
were cultured in McCoy’s SA medium (Gibco-BRL) containing
10% fetal bovine serum and antibiotics. The dishes contain-
ing cells were kept in a 37°C humidified incubator with
5% CO..

Drug treatment

Wogonin was purchased from LKT Laboratories. (St. Louis,
MO). The caspase inhibitors zDEVD-fmk (caspase-3 inhibitor),
zLEHD-fmk (caspase-9 inhibitor) and zIETD-fmk (caspase-8
inhibitor) were purchased from R&D systems (Minneapolis,
MN, USA). These caspase inhibitors were prepared and dis-
solved in dimethylsulphoxide (DMSO) and applied to the
cells at 25 umol-L™. Treatment of cells with drugs was accom-
plished by aspirating the medium and replacing it with
medium containing these drugs.

Determination of cell viability

One or two days prior to the experiment, cells were plated
into 60-mm dishes at a density of 1 x 10° cells per plate in
S mlL tissue culture medium in triplicate. For Trypan blue
exclusion assay, trypsinized cells were pelleted and resus-
pended in 0.2 mL of medium, 0.5 mL of 0.4% Trypan blue
solution and 0.3 mL of phosphate-buffered saline solution
(PBS). The samples were mixed thoroughly, incubated at room
temperature for 15 min, and examined under a light micro-
scope. At least 300 cells were counted for each survival
determination.

Production of recombinant TRAIL

A human TRAIL cDNA fragment (amino acids 114-281)
obtained by RT-PCR was cloned into a pET-23d (Novagen,
Madison, WI, USA) plasmid, and His-tagged TRAIL protein
was purified using the Qiagen express protein purification
system (Qiagen, Valencia, CA, USA).

Measurement of ROS generation
Reactive oxygen species generation in control and wogonin-
treated cells was measured by flow cytometry following



staining with a chloro methyl derivative of di-chloro di-hydro
fluorescein diacetate (CMH,DCFDA). Briefly, the desired cell
line was seeded in six-well plates (1 x 10° cells per well),
allowed to attach overnight and exposed to DMSO (control)
or desired concentrations of wogonin for specified time
periods. The cells were stained with 5 umol-L™* CMH,DCFDA
for 30 min at 37°C, and the fluorescence was detected by
a fluorescence microscope. Alternatively, the fluorescence
intensity of dichlorofluorescein in cells was determined using
the flow cytometer (Becton Dickinson and Co.).

DNA damage assay

Wogonin-induced DNA damage was assessed by the alkaline
single-cell gel electrophoresis (‘comet’ assay) method (Olive
and Banath, 1990). LNCaP cells were stimulated, trypsinized
and embedded into 0.5% low-melting agarose on glass micro-
scope slides. After treatment with alkaline lysis buffer, slides
were subjected to electrophoresis, stained with propidium
iodide (PI), and analysed by epifluorescence microscopy. For
quantification of DNA damage, fluorescence intensities (from
PI staining) of the head and tail portions were obtained from
each comet image, and the percentage intensity of the tail
portion was multiplied by the length of the tail (in um) (DNA
migration) to yield a tail moment.

RNA interference by siRNA of p53 and Puma

To knock-down pS3 or Puma gene expression, p53 siRNA,
Puma siRNA or control siRNA was purchased from Santa Cruz
Biotechnology. LNCaP cells were seeded in six-well plate at a
density of 2 x 10° cells per well in 2 mL complete RPMI 1640
growth medium. Twenty-four hours later, when cells reached
70-90% confluence, growth medium was replaced with
0.8 mL per well Opti-MEM transfection medium (Invitrogen)
and 0.2 mL siRNA transfection mix. Transfections were
carried out according to Invitrogen'’s oligofectamine protocol.
After transfection, cells were incubated for 48 h at 37°C in a
5% CO, humidified atmosphere and the interference of p53
or Puma expression was confirmed by immunoblotting using
anti-pS3 or anti-Puma antibody respectively.

Immunoblot analysis

Proteins were separated by SDS-PAGE and electrophoretically
transferred to nitrocellulose membrane. The nitrocellulose
membrane was blocked with 5% non-fat dry milk in PBS-
Tween-20 (0.1%, v/v) at 4°C overnight. The membrane was
incubated with primary antibody (diluted according to the
manufacturer’s instructions) for 2 h. Horseradish peroxidase
conjugated anti-rabbit or anti-mouse IgG was used as the
secondary antibody. Immunoreactive protein was visualized
by the chemiluminescence protocol (ECL, Amersham, Arling-
ton Heights, IL).

Statistical analysis

Statistical analysis was carried out using Graphpad InStat 3
software (GraphPad Software, Inc., San Diego, CA, USA).
Results were considered statistically significant at P < 0.0S.

Materials
Anti-caspase-3 antibody and anti-p53 antibody were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
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Anti-caspase-8 antibody, anti-phospho-H2A.X antibody, anti-
H2A.X antibody, and anti-Puma antibody were purchased
from Cell Signaling (Beverly, MA, USA). Anti-caspase-9 anti-
body was purchased from Upstate Biotechnology (Lake Placid,
NY, USA). Anti-PARP antibody was purchased from Biomol
Research Laboratory (Plymouth Meeting, PA, USA). Anti-actin
antibody was purchased from MP Biomedicals (Solon, OH,
USA). For the secondary antibodies, anti-mouse-IgG-HRP
and anti-rabbit-IgG-HRP were purchased from Santa Cruz
Biotechnology.

Results

Differential TRAIL sensitivity in human prostate cancer cells

Flavonoids are diphenylpropanes commonly found in plants.
More than 4000 flavonoids have been found and many are
components of the human diet. However, many biological
activities of flavonoids are still undefined. Wogonin is one of
the major flavonoids produced by S. baicalensis (Figure 1) and
earlier studies demonstrated that wogonin sensitizes TRAIL-
resistant leukaemia cells (Fas et al., 2006). In this study, we
examined whether wogonin sensitizes TRAIL-resistant pros-
tate cancer cells and possible mechanisms of such sensitiza-
tion. To determine TRAIL sensitivity in prostate cancer
cells, DU-145 and LNCaP cells were treated with various
concentrations of TRAIL for 6 h. Figure 2A shows signifi-
cant concentration-dependent reduction of the viability of
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Figure 2 TRAIL-induced cytotoxicity and PARP-1 cleavage in
DU-145 and LNCaP cells. Cells were treated with various concentra-
tions (10-200 ng-mL™") of TRAIL for 6 h. (A) Survival was analysed by
the Trypan blue dye exclusion assay as described in Methods. Error
bars represent the mean = SE from three separate experiments.
Asterisk * or ** represents a statistically significant difference between
control and TRAIL-treated cells at P < 0.05 or P<0.01 respectively.
(B) Lysates containing equal amounts of protein (20 pg) were sepa-
rated by SDS-PAGE and immunoblotted with anti-PARP-1 antibody.
Actin is shown as an internal standard.
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DU-145 cells, but not of LNCaP cells. Figure 2B shows TRAIL-
induced poly(ADP-ribose) polymerase-1 (PARP-1) cleavage,
the hallmark of apoptosis, in DU-145 cells but not in LNCaP
cells. These results are consistent with previous studies
showing that LNCaP was resistant, while DU-145 was sensi-
tive, to TRAIL-induced apoptosis (Kim and Lee, 2007).

Combined treatment with wogonin and TRAIL induces apoptosis
in LNCaP cells, but not in YPEN-1 cells

Prior to investigating the effect of combined treatment with
wogonin and TRAIL on cell viability, we examined whether
wogonin alone induced cytotoxicity in LNCaP cells. Cells
were treated with various concentrations (10-100 umol-L™) of
wogonin for 24 h. As shown in Figure 3A, wogonin induced
cytotoxicity in a dose-dependent manner with an ICsy of
57 umol-L™'. We also observed minimal cytotoxicity with
10-25 umol-L™' wogonin. Next, we examined the effect of
wogonin (5-25 umol-L™") in combination with 50 ng-mL™
TRAIL on cell viability. Wogonin strongly synergized with
TRAIL to induce cytotoxicity in a dose-dependent manner
(Figure 3B). The typical morphological changes of apoptotic
cell death were observed under phase-contrast microscopy
(data not shown). Similar results were observed by Annexin V
and PI staining assay. Data from fluorescence activated cell
sorting (FACS) analysis show that apoptotic death occurred
during combined treatment with TRAIL and wogonin (data
not shown). Figure 3C shows that no cleavage of PARP-1
occurred during treatment with wogonin or TRAIL alone.
However, PARP-1 cleavage was clearly observed after com-
bined treatment with wogonin and TRAIL. Unlike the LNCaP

cells, no PARP-1 cleavage was observed by combined treat-
ment with wogonin and TRAIL in a non-cancer, rat prostate
epithelial cell line, YPEN-1 (Figure 3D).

Combined treatment with wogonin and TRAIL leads to caspase
activation

To confirm the activation of apoptotic signals by combined
treatment with wogonin and TRAIL, we performed Western
blot analysis of PARP-1 and caspases. The cleavage of pro-
caspases is an indication of their activation. We therefore
examined the cleavage of caspase-8, caspase-3, caspase-9 and
PARP-1 in LNCaP cells by Western blot analysis. Treatment of
LNCaP cells with wogonin or TRAIL alone resulted in no or
minimal cleavage of caspase-8, caspase-3, caspase-9 and
PARP-1 (Figure 4A). In contrast, the combination of wogonin
and TRAIL led to the cleavage of caspase-8, caspase-3,
caspase-9 and PARP-1. PARP-1 cleavage was increased as a
function of exposure time with TRAIL and wogonin
(Figure 4A). The cleavage of caspases was increased by increas-
ing wogonin concentrations (Figure 4B). We further exam-
ined the role of caspases in cell survival during treatment with
TRAIL and wogonin. Figure 4C clearly demonstrates that
inhibitors of caspases protected cells from apoptotic death
during treatment with TRAIL and wogonin. These results
suggest that TRAIL plus wogonin-induced apoptosis is associ-
ated with the activation of caspase-8, -9 and -3.

Generation of ROS by wogonin
Next, we attempted to clarify the mechanisms underlying
apoptosis induced by wogonin in combination with TRAIL.

LNCaP
A 1004 B 1001 ——
—_ —_ *
§ 801 32 80
~ *
—_— i *
S 407 ol S 40
> S
N 20 @ 201
T T T T 0 i
Con DMSO10 25 50 100 ) + + + . TRAIL 50 ng-mL-"
Wogonin (umol-L™")
- 0 5 10 25  Wogonin (umol-L~")
C LNCaP D yPEN-1
- - - - + + + + TRAIL50 ng'mL™"’ - - + + TRAIL 200 ng-mL“
- 51025 - 5 10 25 Wogonin (umol-L~") + - 4  Wogonin (50 umol-L-)
-_ e e - <+ 116
- - == 35 PARP-1 — e — :‘é”le PARP-1
L T T 1T T T T & NERSLE.] - e e = <+ 43 Actin

Figure 3 Combined treatment with wogonin and TRAIL induces apoptotic death in LNCaP cells, but not in YPEN-1 cells. (A) LNCaP cells were
treated with DMSO (sham control) or various concentrations (10-100 umol-L™") of wogonin for 24 h. (B) LNCaP cells were treated with various
concentrations (5-25 umol-L™") of wogonin in combination with 50 ng-mL™" TRAIL for 24 h. Cell viability was determined by Trypan blue dye
exclusion assay. Error bars represent the mean = SE from three separate experiments. * or **Significant difference between control and
wogonin-treated cells at P < 0.05 or P < 0.01 respectively. (C and D) LNCaP (C) and YPEN-1 (D) cells were treated with wogonin alone, TRAIL
alone, or wogonin in combination with TRAIL for 24 h. Lysates containing equal amounts of protein (20 pug) were separated by SDS-PAGE and
immunoblotted with anti-PARP-1 antibody. Actin was used to confirm the equal amount of proteins loaded in each lane.
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Figure 4 Combined treatment with wogonin and TRAIL activates caspases in LNCaP cells. (A) Cells were treated with 25 umol-L™" wogonin
and/or 50 ng-mL™" TRAIL for various times (4-24 h). (B) Cells were treated with 50 ng-mL™" TRAIL alone or TRAIL in combination with wogonin
(5-25 umol-L™") for 24 h. Lysates containing equal amounts of protein (20 pug) were separated by SDS-PAGE and immunoblotted with
anti-PARP-1, anti-caspase-8, anti-caspase-9, or anti-caspase-3 antibody. (C) Cells were treated with 25 umol-L™" wogonin and/or 50 ng-mL™"
TRAIL for 24 h with or without pretreatment with caspase inhibitor for 30 min. Cell survival was determined as described in Figure 2A. Inhibitors
of caspases significantly (P < 0.01) protect cells from apoptotic death during treatment with TRAIL and wogonin. Lysates containing equal
amounts of protein (20 ug) were separated by SDS-PAGE and immunoblotted with anti-PARP-1 antibody (lower panel). Actin was used to

confirm the equal amount of proteins loaded in each lane.

Previous studies have shown that several chemopreventive
agents induce apoptosis in cancer cells through generation of
ROS (Singh et al., 2005; Shankar and Srivastava, 2007) and we
therefore examined whether wogonin induced ROS produc-
tion. LNCaP cells were treated with H,O, or wogonin and the
intracellular level of ROS was determined by using the
CMH,DCFDA fluorescence probe. Figure SA shows that sig-
nificant fluorescence signals were detected in cells which were
exposed to H,O, or wogonin. Wogonin-induced ROS produc-
tion occurred in a dose-dependent manner (Figure 5B). Inter-
estingly, the time course studies showed that there was a
biphasic increase of the intracellular level of ROS during
wogonin treatment (Figure 5C). ROS production increased as

a function of time and reached a maximum level at 20 min
after wogonin treatment. ROS production then rapidly
decreased within 1 h and increased again within 4 h during
continuous treatment with wogonin. Similar results were
observed in a variety of cell lines (PC-3, HCT116, HCT116
p537, HCT116 Puma”  and HCT116 Bax™") (Figure 5D).
TRAIL alone did not significantly increase ROS production
(Figure 6A). Pretreatment of LNCaP cells with N-
acetylcysteine (NAC), an antioxidant, inhibited wogonin-
induced ROS production (Figure 6A), and prevented cell
death induced by combined treatment with wogonin and
TRAIL (Figure 6B), as well as PARP-1 cleavage and elevation of
p53 and Puma levels (Figure 6C).
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of 485 nm and emission at 530 nm in a fluorescence plate reader. * or ** Significant (P < 0.05) increase in fluorescence intensity in

concentration or cell line-dependent manner.

Wogonin-induced DNA damage and phosphorylation of H2A.X

We hypothesized that wogonin-induced ROS may lead to
DNA strand breaks which trigger the apoptosis signal trans-
duction pathway. To test this hypothesis, LNCaP cells were
treated with 50 umol-L! wogonin for 20 min and analysed
with the ‘comet’ assay. After treatment with wogonin, DNA
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was isolated and analysed with agarose gel electrophoresis.
Gel slabs were stained with PI. Image analysis was carried out
under a fluorescence microscope attached to a black and
white CCD video camera. The parameter used to evaluate
DNA damage was tail moment. Figures 7A and B show that
wogonin treatment caused an increase in tail moments
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Figure 6 Effect of N-acetylcysteine (NAC) on wogonin in combina-
tion with TRAIL-induced ROS production, viability, and PARP-1 cleav-
age. Cells were pretreated with 4 mmol-L™' NAC for 2 h followed by
treatment with 25 umol-L™' wogonin or/and 50 ng-mL™" TRAIL for
24 h. (A) Intracellular level of ROS was measured by FACS analysis.
Error bars represent the mean = SE from three separate experiments.
*Significant effect of NAC on cells treated with TRAIL + wogonin
(P < 0.05). (B) Survival was analysed by the Trypan blue dye exclusion
assay as described in Methods. Error bars represent the mean = SE
from three separate experiments. *Significant difference between
wogonin and TRAIL + wogonin-treated cells (P < 0.05). **Significant
effect of NAC on cells treated with TRAIL + wogonin (P < 0.05). (C)
Lysates containing equal amounts of protein (20 ng) were separated
by SDS-PAGE and immunoblotted with anti-PARP-1, anti-p53, or
anti-Puma antibody. Actin was used to confirm the equal amount of
proteins loaded in each lane.

(P <0.01), indicating an increase in DNA damage in the
wogonin-treated cells. Next, we examined phosphorylation
of the histone H2A.X, a hallmark of DNA damage, during
wogonin treatment. H2A.X is a variant form of histone H2A
that is directly phosphorylated at Ser'* by an activated ATM
(ataxia telangiectasia mutated) kinase, marking an early event
in response to DNA damage, and is also known to play a
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critical role in the retention of DNA repair factors at DNA-
damaged sites (Burma et al., 2001). Figures 7C and D show
that a dose- and time-dependent accumulation of wogonin
induced phosphorylation of Ser**-H2A.X in LNCaP cells.
Taken together, these findings suggest that wogonin causes
DNA damage leading to serine 139 phosphorylation of
H2A.X, which is also known as an early marker of apoptosis
induction.

Wogonin up-regulates the intracellular level of p53 and Puma
and enhances TRAIL-induced apoptotic death

As H2A.X is a substrate for ATM/ATR (ataxia telangiectasia-
mutated/ATM-Rad3 related), our data suggest that wogonin
induces activation of ATM/ATR in LNCaP cells. This possibil-
ity was examined with p53, another substrate for ATM/ATR.
Figure 8A shows that wogonin induced phosphorylation of
pS3 at Ser', Ser*® and Ser*? residues. Figure 8A also shows the
accumulation of p53 during treatment with wogonin. These
results suggest that phosphorylation of p53 affects the stabi-
lization of p53. It has been well known that pS3 can mediate
the apoptotic response to chemotherapeutic agents. Several
mechanisms of apoptosis induction by p53 have been iden-
tified involving transcriptional and/or non-transcriptional
regulation of its downstream effectors (Yee and Vousden,
2005). For example, p53 is known to induce apoptosis by
transcriptional up-regulation of pro-apoptotic proteins such
as Noxa, Puma, Bax, Apaf-1, and by transcriptional repression
of Bcl-2 and inhibitors of apoptosis (Yee and Vousden, 2005).
We previously reported that pS3-dependent transcriptional
induction of Puma plays an important role in wogonin-
induced apoptotic death (Lee ef al., 2008). In this study, we
examined whether combined treatment with wogonin and
TRAIL-induced apoptosis is mediated through up-regulation
of p53 and Puma. Figure 8B shows that, consistent with pre-
vious observations, the intracellular level of p5S3 and Puma
protein was increased during treatment with wogonin. The
accumulation of these proteins was increased by combined
treatment with wogonin and TRAIL (Figures 8C and D). We
further examined whether p53 and Puma play an important
role in wogonin in combination with TRAIL-induced apopto-
sis by using small interfering RNA (siRNA) for p53 and Puma.
Figure 8E shows that expression of p53 or Puma was effec-
tively reduced by transfection with either siRNA for p53 or
siRNA for Puma respectively. Knock-down of p53 or Puma
significantly inhibited apoptosis induced by wogonin in
combination with TRAIL, as shown by PARP-1 cleavage. To
confirm the involvement of p53 in the synergy between
TRAIL and wogonin, three sets of experiments were per-
formed. In the first set, we used PC-3 (p53 null) and DU-145
(p53 mutant) cells which were treated with wogonin and
TRAIL. As shown in Figures 9A-D, wogonin did not increase
TRAIL-induced apoptotic death. In the second set, two
HCT116 human colon adenocarcinoma cell lines, one con-
taining a wild-type p53 (p53**) and the other containing a
p53-deleted derivative (p537), were co-treated with wogonin
and TRAIL. Cell viability assay and Western blot analysis
revealed that wogonin synergized with TRAIL to increase both
cytotoxicity and the intracellular level of p53 and PARP-1
cleavage in HCT116 p53**, but not in HCT116 p537~ cells
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Figure 7 Wogonin-induced DNA damage and phosphorylation of H2A.X in LNCaP cells. (A) Cells were treated with 50 pmol-L™" wogonin for
20 min. After treatment, cells were embedded into an agarose gel and the proteins and lipids were removed by exposing the gel to an alkaline
NaOH solution. DNA fragments were electrically separated from the nucleus (comet head) and visualized by staining with propidium iodide
(P1). DNA damage is seen in the form of a comet tail (indicated by arrow) under a fluorescence microscope. (B) For DNA damage quantification,
Pl intensities of the head and tail portions were obtained from each comet image, and the percentage intensity of the tail portion was multiplied
by the size of the tail (DNA migration) to yield a tail moment. n, avg and sem represent the number of individual measurements, average, and
SEM respectively. (C and D) Cells were treated with various concentrations (5-50 umol-L™") of wogonin for 24 h or various times (1-24 h) with
50 umol-L" wogonin. Equal amounts of protein (20 pg) from cell lysates were separated by SDS-PAGE and immunoblotted with anti-phospho-
H2A.X or anti-H2A.X antibody. Actin was shown as an internal standard.

(Figures 10A and B). In the third set of experiments, to further
evaluate the apoptotic cell death associated with Puma
expression, we employed cells expressing Puma (HCT116
Puma**) and not expressing Puma (HCT116 Puma™). These
cells were co-treated with wogonin and TRAIL; and the cell
viability, PARP-1 cleavage and the intracellular levels of p53
and Puma were examined. Figures 10C and D show that
wogonin promoted TRAIL-induced cell death and PARP-1
cleavage in HCT116 Puma** cells, but not in HCT116 Puma™~
cells. Taken together, these results suggest that up-regulation
of p53 and Puma is required for sensitization to TRAIL-
induced apoptosis by wogonin.

Role of Bax in apoptosis induced by wogonin in combination
with TRAIL

To further examine whether apoptosis induced by combined
treatment with wogonin and TRAIL depends on the presence
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of Bax, we employed HCT116 Bax*~ as well as HCT116 Bax™~
cells. As shown in Figures 11A and B, compared with HCT116
Bax*~ cells, HCT116 Bax™~ cells were resistant to PARP-1
cleavage (apoptosis) and caspase 8 activation. As shown in
Figures 11C and D, TRAIL-induced cell death and PARP-1
cleavage were promoted by treatment with wogonin in
HCT116 Bax*~ cells, but not in HCT116 Bax” cells, even
though the combination significantly enhanced the intracel-
lular levels of p53 and Puma in both cell lines.

A model for the mechanism of wogonin-promoted TRAIL
cytotoxicity

A scheme including our experimental data and other already
published data is shown in Figure 12. Our studies revealed
that Bax was a key mediator between wogonin-induced
up-regulation of p5S3 and PUMA and TRAIL-induced caspase
activation. Wogonin induced ROS production and activated
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LNCaP cells. (A) Cells were treated with 50 umol-L™' wogonin for various times (1-24 h). Equal amounts of protein (20 ug) from cell lysates
were separated by SDS-PAGE and immunoblotted with anti-phospho-Ser'>-p53, anti-phospho-Ser*¢-p53, anti-phospho-Ser**?-p53 or anti-p53
antibody. Actin was shown as an internal standard. (B) Cells were treated with various concentrations (5-50 umol-L™") of wogonin for 24 h, and
then cells were harvested. (C and D) Cells were treated with 5, 10 or 25 umol-L™' wogonin in the presence or absence of TRAIL (50 ng-mL™)
for 24 h. (E) Cells were transfected with siRNA for p53 or Puma and then treated with TRAIL (50 ng-mL™) in combination with wogonin
(25 umol-L™") for 24 h. Lysates containing equal amounts of protein (20 ng) were separated by SDS-PAGE and immunoblotted with anti-p53
or anti-Puma antibody. Actin was used to confirm the equal amount of proteins loaded in each lane.

the intrinsic pathway (mitochondria mediated activation of
caspase-9), while TRAIL bound to receptors and activated the
extrinsic pathway (death-receptor mediated activation of
caspase-8). When cells are treated with wogonin in combina-
tion with TRAIL, these two death signals are merged and the
activation of caspases is amplified.

Discussion

The regulation of apoptotic cell signalling pathways by che-
motherapeutic drugs, radiation, hyperthermia and chemopre-
ventive agents have been shown to sensitize cancer cells to
TRAIL treatment (Kim et al., 2005; 2008; Fas et al., 2006; Kim
and Lee, 2007; Yoo et al., 2008). In this study, we investigated
the effect of wogonin, a naturally occurring chemopreventive

agent, on TRAIL-induced apoptosis in human cancer cells. We
show for the first time that sub-toxic doses of wogonin sen-
sitize cells to TRAIL-induced apoptosis by up-regulating pS3
and Puma through ROS-associated DNA damage.

We observed that ROS generation occurs during treatment
with wogonin. ROS, including the superoxide anion, hydro-
gen peroxide and hydroxyl radical, are known to mediate
apoptosis induced by some cancer chemopreventive and
therapeutic agents (Davis ef al., 2001). Intracellular ROS may
interact with cellular membrane lipids, proteins, and DNA
and cause oxidative injury (Valko et al., 2006). Recently, Yu
etal. (2007) also reported that treatment with wogonin
induces apoptosis in hepatoma cells and that the initial signal
for wogonin-induced apoptosis is derived from ROS. These
observations are consistent with our results which demon-
strate that wogonin induces a dose- and time-dependent
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Figure 11

Role of Bax in TRAIL in combination with wogonin-induced apoptosis. (A) and (B) HCT116 Bax*~ and HCT116 Bax™~ cells were

treated with TRAIL (10-200 ng-mL™) for 6 h. Equal amounts of protein (20 ug) from cell lysates were separated by SDS-PAGE and immuno-
blotted with anti-PARP-1 or anti-caspase-8 antibody. Actin was shown as an internal standard. (C) and (D) HCT116 Bax*~ and HCT116 Bax™/~
cells were treated with wogonin (25 umol-L™") of wogonin and/or TRAIL (2.5 ng-mL™) for 6 h. (C) Cell viability was determined using the
Trypan blue dye exclusion assay. Error bars represent the mean = SE from three separate experiments. *Significant difference between TRAIL
and TRAIL + wogonin-treated cells at P < 0.05. (D) Equal amounts of protein (20 pug) from cell lysates were separated by SDS-PAGE and
immunoblotted with anti-PARP-1, anti-p53, anti-Puma or anti-Bax antibody. Actin was shown as an internal standard.

increase in ROS in LNCaP cells. However, recent studies show
that an increase in intracellular ROS production is observed
by treatment with nor-wogonin, but not with wogonin in
human leukaemia HL-60 cells (Chow et al., 2008). This dis-
crepancy may be due to cell line differences. Nevertheless,
dose-dependent DNA strand breaks were observed in LNCaP
cells exposed to wogonin. Wogonin-induced ROS generation
was evident as early as 10 min during treatment with
wogonin, and a significant increase in the protein levels of
p53 was observed after 1 h. Pretreatment with NAC, an anti-
oxidant, blocked the wogonin-induced ROS generation and
increase in p53 expression (Figure 6). Finally, pretreatment of
LNCaP cells with NAC blocked the induction of cell death by
treatment with wogonin and TRAIL. These results suggest that
ROS act as upstream signalling molecules for the initiation of
wogonin-induced pS53 expression and are critical for the sen-
sitization of the cells to TRAIL-induced apoptosis.

Wogonin has been reported to suppress proliferation or
various cancer cells by causing cell cycle arrest, apoptosis, or
both (Baumann et al., 2008; Lee et al., 2008). For example,
wogonin-induced cell cycle arrest is associated with suppres-
sion of cyclin D1 and dephosphorylation of Akt (Chung
et al., 2008). Furthermore, up-regulation of Bax and down-
regulation of Bcl-2 occur during wogonin-induced apoptosis
in human hepatoma cells (Wang et al., 2006). Our recent
studies have shown that wogonin up-regulates the expression

of pS3 and Puma in prostate cancer cells (Figure 7; Lee et al.,
2008). Although we observed that wogonin induced phos-
phorylation of p53 in LNCaP cells (Figure 8A), we need
further study to find out whether phosphorylation of p53
plays an important role in the stabilization of p53. We
previously demonstrated that treatment of LNCaP cells with
wogonin resulted in translocation of Bax and p53 to the
mitochondria, release of cytochrome ¢, and activation of
caspase-3 leading to apoptosis (Lee et al., 2008).

pS3 is the most frequent target of genetic alterations in
human cancers, with mutations occurring in almost 50% of
all human tumours (Cariello et al., 1994). It has been sug-
gested that p53 may play an important role in DNA repair, cell
cycle arrest and apoptosis under conditions of environmental
stress (Levine, 1997; Oren, 1999). Following DNA damage,
pS3 is phosphorylated and acetylated at a number of sites. Its
phosphorylation represents an early cellular response to a
variety of genotoxic stresses and promotes both the accumu-
lation and functional activation of p53 (Shieh et al., 1997).
Besides phosphorylation and acetylation, the binding of p53
to DNA is modulated by a redox regulation mechanism
(Gaiddon et al., 1999). The increased cellular p53 protein
levels resulting from exposure to various genotoxic agents are
due mainly to an increase in the stability of p53 protein rather
than an increase in the levels of p53 mRNA. However, it has
been suggested that an increase in p53 protein stability is not
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Figure 12 Diagram of mechanisms underlying the synergy between wogonin and TRAIL in inducing apoptosis.

solely responsible for the recruitment of pS3 in response to
genotoxic stress; it is more likely that the p53 genotoxic stress
response is a complex cellular process regulated at transcrip-
tional mRNA stability levels. pS3 protein regulates apoptosis
through both transcriptional-dependent and independent
mechanisms. Through transcription-dependent pathways,
p53 functions as a transactivator to up-regulate downstream
pro-apoptotic genes (e.g. Bax, Noxa and Puma) and functions
as a repressor to down-regulate anti-apoptotic genes (e.g. Bcl-
2), promoting apoptosis. Bax induces apoptosis by enhancing
the release of mitochondrial proteins (e.g. cytochrome ¢ and
Smac/DIABLO) to cytosol. Through transcription-independ-
ent pathways, pS3 has a direct apoptogenic role when it
translocates to the mitochondria in response to cellular stress,
resulting in apoptosis via interaction with antiapoptotic Bcl-2
and Bcl-X, proteins that alter the mitochondrial membrane
potential and induce cytochrome ¢ and Smac/DIABLO release
into the cytosol with resultant caspase activation (Yang
et al., 2006). In our previous studies, we observed that p53-
dependent transcriptional induction of PUMA and oligomer-
ization of Bax resulted in mitochondrial outer membrane
permeabilization and activation of caspase during wogonin
treatment.

Free radicals can cause extensive chemical modifications
and alterations in DNA and nucleoproteins, including modi-
fied bases and sugars and even strand breaks (Jaruga et al.,
1994). DNA damage can cause cell death by induction of
apoptosis via various signalling pathways (Roos and Kain,
2006). In cell models, DNA damage activates ATM and ATR
proteins, which signal downstream to checkpoint kinases,
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such as CHK1 and CHK2, and tumour suppressor gene p53. As
discussed previously, p53 is a major player in the apoptotic
response of cells, because it induces transcriptional activation
of pro-apoptotic factors such as Fas, Puma and Bax and inhi-
bition of pro-survival factors such as Bcl-2 and Bcl-x1 (Roos
and Kain, 2006). A fundamental question which remains
unanswered is how wogonin treatment increases the intrac-
ellular level of ROS. At the present time, we can only speculate
about the mechanism of wogonin-induced ROS production. It
is possible that ROS production is resulted from a conse-
quence of the peroxide activation of wogonin in which
peroxidase-catalysed one-electron oxidation of the wogonin
phenolic ring and/or interaction of this phenolic moiety with
reactive radicals yields its phenoxyl radical. Wogonin can also
act as an antioxidant (Tai et al., 2005). It may act as an effec-
tive donor of electrons for scavenging reactive peroxyl radi-
cals as indicated below.

Wogonin-OH + RO,- - Wogonin-O-+RO,H (Reaction 1)

Reactivity of wogonin phenoxyl radicals (Wogonin-O)
towards different biomolecules (Reaction 2) may be depen-
dent upon redox states in cells.

Wogonin-O- + RH — Wogonin-OH + R- (Reaction 2)

Wogonin phenoxyl radicals may enter the redox cycle to
potentially increase ROS and subsequently cause oxidative
DNA damage. The other possibility is that wogonin may act as
an uncoupler of oxidative phosphorylation, induce ROS gen-
eration and disrupt mitochondrial membrane potentials.



Another possibility is that wogonin oxidizes intracellular
thiol-containing reducing agents like glutathione and thiore-
doxin, and thereby allows the accumulation of ROS.

Although we are far from understanding how wogonin
promotes TRAIL cytotoxicity, we postulate that wogonin acts
as an effective donor of electrons for scavenging reactive
peroxyl radicals and that wogonin phenoxyl radicals enter
the redox cycle to potentially increase ROS and subsequen-
tly cause oxidative DNA damage. DNA damage activates
the ATM/ATR-p53-PUMA-Bax oligomerization-cytochrome ¢
release-caspase-9 activation pathway. The activation of the
intrinsic pathway by wogonin may promote the TRAIL-
induced extrinsic pathway (Figure 12). This interaction is
probably a key to unveiling the mechanism of the synergy
exerted by the combination of wogonin and TRAIL to induce
apoptosis. We believe that this model will provide a frame-
work for future studies.
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