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Background:Most primary cancer cells are resistant to TRAIL-mediated apoptosis.
Results: Wogonin and related natural flavones suppress c-FLIP but up-regulate TRAIL receptor-2 expression and thereby
sensitize resistant tumor cells to TRAIL-mediated apoptosis.
Conclusion:Wogonin and related natural flavones can overcome TRAIL resistance of cancer cells.
Significance: These flavones can be developed as adjuvants for TRAIL-based anticancer therapy.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a promising anticancer agent that kills various tumor
cells without damaging normal tissues. However, many cancers
remain resistant to TRAIL. To overcome TRAIL resistance, com-
bination therapies using sensitizers of the TRAIL pathway would
be an efficacious approach. To investigate potential sensitizers of
TRAIL-induced apoptosis, we used TRAIL-resistant humanT cell
leukemia virus type 1 (HTLV-1)-associated adult T cell leukemia/
lymphoma (ATL) cells as a model system. So far, HTLV-1-associ-
atedATL is incurablebypresentlyknowntherapies.Here,weshow
thatwogoninand the structurally relatednatural flavones apigenin
andchrysinbreakTRAILresistance inHTLV-1-associatedATLby
transcriptional down-regulationof c-FLIP, a key inhibitor of death
receptor signaling, and by up-regulation of TRAIL receptor 2
(TRAIL-R2). This effect is mediated through transcriptional inhi-
bitionof thep53antagonistmurinedoubleminute2(Mdm2), lead-
ing to an increase in p53 levels and, consequently, to up-regulation
of thep53 target geneTRAIL-R2.Wealso show that these flavones
can sensitize to TNF�- and CD95-mediated cell death. Further-
more, we show that wogonin, apigenin, and chrysin also enhance
TRAIL-mediated apoptosis in other humancancer cell lines includ-
ingbreastcancercelllineMDA-MB-231,coloncancercelllineHT-29,
hepatocellular carcinoma cell line HepG2, melanoma cell line
SK-MEL-37, andpancreatic carcinoma cell lineCapan-1 by the same
mechanism. Thus, our study suggests the potential use of these fla-
vones as anadjuvant forTRAIL-mediated anticancer therapy.

Due to virtually no toxicity for normal cells, the tumor necro-
sis factor (TNF)-related apoptosis-inducing ligand (TRAIL)2

has been considered to be a promising therapeutic agent
against different types of cancer, and it is currently tested in
phase I-II clinical trials (1–3). Binding of TRAIL to its death
receptors (TRAIL-Rs) leads to recruitment of the adaptor mol-
ecule FADD, procaspase-8, or procaspase-10 to the death
domain and, subsequently, to activation of the death signaling
cascade. To date, four human TRAIL-Rs have been identified:
TRAIL-R1 (also known as DR4 and TNFRSF10A), TRAIL-R2
(also known as DR5, KILLER, and TNFRSF10B), and the puta-
tive decoy receptors TRAIL-R3 (also known as DCR1, TRID,
and TNFRSF10C) and TRAIL-R4 (also known as DCR2 and
TNFRSF10D) (1). TRAIL-R1 and -R2 are apoptosis-inducing
receptors characterized by containing a death domain. TRAIL
also interacts with decoy receptors that do not have a death
domain and, consequently, cannot form signaling complexes.
Onemajor negative regulator of receptor-mediated apoptosis is
the cellular caspase-8 (FLICE)-inhibitory protein (c-FLIP) (4).
So far, three alternatively spliced isoforms of c-FLIP have been
identified: c-FLIPL, c-FLIPS, and c-FLIPR. In most cases,
c-FLIPs function as antiapoptotic proteins that block process-
ing and activation of caspase-8 at theDISC level (4). In addition,
receptor-mediated apoptosis is also negatively regulated by the
inhibitor of apoptosis proteins (IAPs), particularly the X-linked
IAP (XIAP), which blocks caspase-3 activity (5, 6).
Although TRAIL is a promising anticancer agent, many can-

cer cells have been found to resist TRAIL-induced apoptosis
(7). For instance, most of leukemia samples taken from patients
were not sensitive toTRAIL in vitro (8). The expression levels of
c-FLIP have been shown to be one of themajor determinants of
the resistance to death ligands (4, 7). Another well known
example is the human T cell leukemia virus type 1 (HTLV-1)-
associated adult T cell leukemia/lymphoma (ATL), a malig-
nancy caused by clonal proliferation of infected mature CD4�

T cells (9). Worldwide 15–20 million people are infected by
HTLV-1. Patients have a poor prognosis after disease develop-
ment with a survival expectancy of less than one year. So far,
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HTLV-1-associated ATL is incurable by presently known ther-
apies (9). HTLV-1-associatedATL is highly resistant toTRAIL-
mediated cell death due to overexpression of c-FLIP (10, 11).
Because c-FLIPs are very short lived proteins, especially
c-FLIPS which contains a unique carboxyl terminus that con-
fers its ubiquitylation and proteasome-mediated degradation
(12, 13), they are a promising target of chemotherapy.
Wogonin, a naturally occurring flavone, has been shown to

preferentially induce apoptotic cell death in cancer cells
through the mitochondrial pathway by induction of phospho-
lipase C�1- and Ca2�-mediated apoptosis and by suppression
of the antiapoptotic Bcl-2 family protein Mcl-1 (14, 15).
Wogonin has also been demonstrated to inhibit growth of
xenografted tumor cells in vivo in different tumor models with
virtually no toxicity for the animals (14, 16–18). We have
shown previously that wogonin can sensitize TRAIL-mediated
apoptosis in leukemic cell lines and in primary leukemic cells
freshly isolated from patients but has no effect on normal
peripheral blood lymphocytes (19). However, the molecular
mechanisms of how wogonin sensitizes TRAIL-mediated apo-
ptosis in malignant cells are still unknown.
Recently, we have identified wogonin and several naturally

occurring anticancer flavones as inhibitors of the key transcrip-
tion regulator cyclin-dependent kinase 9 (CDK9) (15).We have
shown that transcriptional inhibition of the short-lived anti-
apoptotic Bcl-2 family protein Mcl-1 is one of the anticancer
actions of these natural flavones (15). Because c-FLIPs are also
short lived proteins, we asked whether the expression of c-FLIP
could be inhibited by these flavones and if so, whether they
could sensitize TRAIL-mediated apoptosis in resistant cancer
cells. To address this question, we examined effects of wogonin,
apigenin, and chrysin on c-FLIP expression in different tumor
cells including the TRAIL-resistant ATL cell lines SP andMT-2
derived fromHTLV-1-infected patients, the human breast can-
cer cell line MDA-MB-231, the human colon cancer cell line
HT-29, the human hepatocellular carcinoma cell line HepG2,
the human melanoma cell line SK-MEL-37, and the human
pancreatic carcinoma cell line Capan-1. We show that
wogonin, apigenin, and chrysin sensitize tumor cells to TRAIL-
induced apoptosis by down-regulation of c-FLIP expression at
the transcriptional level. In addition, we show that TRAIL-R2
expression, in contrast to c-FLIP, is up-regulated by wogonin,
apigenin, and chrysin treatment due to transcriptional inhibi-
tion of the short-lived p53 antagonist murine double minute 2
(Mdm2). Our study suggests that wogonin, apigenin, and chry-
sin are promising adjuvants for TRAIL-based anticancer
therapy.

MATERIALS AND METHODS

Cell Lines and Culture—The following human cancer cells
were used in this study: the human leukemic T cell line Jurkat,
the HTLV-1-associated ATL cell lines SP and MT-2 (20, 21),
the human breast cancer cell line MDA-MB-231, the human
colon cancer cell line HT-29, the human hepatocellular carci-
noma cell line HepG2, the humanmelanoma cell line SK-MEL-
37, and the human pancreatic carcinoma cell line Capan-1. All
cell lines except SP and MT-2 were cultured in RPMI 1640
medium or DMEM (GIBCO Laboratories), respectively, sup-

plementedwith 10% FCS, 100 units/ml penicillin (GIBCO), 100
�g/ml streptomycin (GIBCO), and 2mM L-glutamine (GIBCO)
at 37 °C and 5%CO2. The SP andMT-2 cells were culturedwith
supplementation of IL-2 as described previously (20, 21).
Determination of Apoptosis—Cells were plated in triplicate

and treated for the indicated periods of time at 37 °C with dif-
ferent doses of wogonin (�98% pure) (BIOTREND Chemicals
AG, Wangen, Switzerland), SuperKiller(SK)-TRAIL (Alexis
Biochemicals, Loerrach, Germany), TNF� (Sigma), anti-
APO-1 (produced in our laboratory) or in combinations as indi-
cated in the figure legends. Apoptotic cell death was examined
by analysis of DNA fragmentation as described previously (14).
Specific apoptosis in percentage was calculated as (percentage
of experimental apoptosis � percentage of spontaneous apo-
ptosis)/(100 � percentage of spontaneous apoptosis) � 100.
Western Blot Analysis—For each sample, 1 � 106 cells were

lysed as described previously (14). Equal amounts of proteins
were separated on 7.5–13% SDS-PAGE depending on the
molecular sizes of the proteins, blotted onto a nitrocellulose
membrane (AmershamBiosciences), and blockedwith 5%non-
fat dry milk in PBS/Tween (0.05% Tween 20 in PBS). Bad, Bak,
Bax, Bcl-xL, ERK1, PUMA, Bid, p53, TRAIL-R2, -R3, -R4,
caspase-2, caspase-3, XIAP, and phospho-p65 antibodies were
purchased from Cell Signaling Technology. Antibodies detect-
ing Bcl-2 (N-19), caspase-9, NF-�B subunit p65 (A, sc-109) and
I�B� (C21, sc-371) were purchased from Santa Cruz Biotech-
nology. Mcl-1 was from BD Biosciences. Tubulin was from
Sigma. TRAIL-R1 was from Prosci, Inc. Tax hybridoma clone
168B17-46-34 was from National Institutes of Health AIDS
Research. Mdm2 antibody was a kind gift from Dr. Hanswalter
Zentgraf (German Cancer Research Center). The caspase-8
mAb C15 (mouse IgG2b) recognizing the p18 subunit of
caspase-8 and the c-FLIP mAb NF6 were generated in our lab-
oratory as described previously (22).
Plasmid Constructs and Transient Transfection—Luciferase

reporter constructs containing multiple copies of the NF-�B-
binding DNAmotif (Luc-4�NF-�B) (23) were transfected into
MT-2 cells using Nucleofector solution (Nucleofector kit V;
Amaxa Biosystems, Cologne, Germany). After overnight recov-
ery, the cells were divided and treated either with wogonin or
solvent dimethyl sulfoxide for 8 h. Luciferase activity was deter-
mined in 10�l of cell lysates using the luciferase assay substrate
(Promega) with a Duolumat LB9507 luminometer (Berthold,
Bad Wildbad, Germany).
Knockdown of Mcl-1—MT-2 cells (3 � 106) were transfected

in Nucleofector solution with 1 �M nonsense siRNA or Mcl-1
siRNA (HP GenomeWide siRNA; Qiagen, Hilden, Germany)
using the Amaxa Nucleofector apparatus and the program
X-01. Cells were split 48 h after transfection for controlling
Mcl-1 protein knockdown and for further TRAIL treatment as
described in the figure legend (supplemental Fig. S4).
RNA Isolation and Quantitative Real-time PCR—Extraction

of total cellular RNA was performed using RNeasy Mini kit
(Qiagen) with 1 � 106 cells/preparation according to the man-
ufacturer’s instructions. The primers for c-FLIPL, c-FLIPS, p53,
Mdm2, 18S rRNA, TRAIL-R2, GAPDH, and fluorescent-la-
beled probes for TaqMan or SYBR quantitative real-time PCR
were described previously (10, 24–28). Briefly, PCR was per-
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formed in a 12.5 �l of reactionmixture (PCR kit from Eurogen-
tec, Cologne, Germany) that contained 0.08 �g of reverse tran-
scribed cDNA and proper amounts of primers and probe. For
each sample three PCRs were performed. The resulting relative
increase in reporter fluorescent dye emissionwasmonitored by
the TaqMan system or the SYBRGreen system (7500 Fast Real-
timePCR system;AppliedBiosystems). The relativemRNA lev-
els of the target genes, relative to 18S rRNA or GAPDH, was
calculated using the formula: Relative mRNA expression �
2�(Ct of target gene�Ct of control gene)whereCt is the thresholdcycle
value. The absolute c-FLIPmRNA level was determined using a
c-FLIP cDNA standard curve by TaqMan quantitative PCR.
Cell Surface Staining of Receptors—For analysis of the surface

expression levels of TRAIL receptors, cells (5 � 105) were
washed with PBS and incubated with 10 �g/ml correspond-
ing antibodies for 30 min at 4 °C, washed with PBS, and incu-
bated for 30 min with FITC-conjugated goat anti-mouse
antibody (USBiological) and analyzed by flow cytometry
using a FACS Canto II (BD Biosciences). The following anti-
TRAIL receptor antibodies were used for surface staining:
HS101 (TRAIL-R1), HS201 (TRAIL-R2) (Alexis Biochemi-
cals, Loerrach, Germany).

RESULTS

Wogonin, Apigenin, and Chrysin Suppress c-FLIP Expression
at the Transcriptional Level in ATL Cells—We have recently
shown that the natural flavones wogonin, apigenin, and chrysin
are inhibitors of CDK9, an important regulator of transcription
elongation, and that they induce apoptosis in various tumor
cells by transcriptional down-regulation of the short lived anti-
apoptotic protein Mcl-1 (15). Because cFLIPs are also short
lived proteins, we asked whether these natural flavones could
suppress c-FLIP expression in tumor cells. To address this
question, we chose the two ATL cell lines, SP and MT-2,
derived fromHTLV-1-infectedATL patients as amodel system
because overexpression of c-FLIP has been shown to contribute
to resistance to receptor-mediated apoptosis in these cells (10,
11). Comparison of the c-FLIP mRNA expression levels of SP
andMT-2 cells with the non-HTLV-1-infected leukemic Jurkat
T cells by quantitative PCR showed that the SP and MT-2 cells
express 5–9-fold higher amounts of c-FLIP mRNA than Jurkat
cells, indicating that c-FLIP expression is up-regulated at the
transcriptional level in ATL cells (Fig. 1A). We treated MT-2
and SP cells with 50 �M wogonin, apigenin, and chrysin and
monitored the c-FLIP mRNA expression by quantitative PCR.
The concentration of flavones used has been shown to suffi-
ciently inhibit CDK9 activity (15). These experiments showed
that the c-FLIP mRNA expression levels in MT-2 and SP cells
were down-regulated by wogonin, apigenin, or chrysin treat-
ment (Fig. 1B and supplemental Fig. S1A). Inhibition of mRNA
expression correlated with reduction of the protein expression
levels of c-FLIPs (Fig. 1C and supplemental Fig. S1B). Consis-
tent with the previous study (15), the level of the short lived
Mcl-1 protein was also down-regulated by wogonin, apigenin,
or chrysin treatment in MT-2 and SP cells. However, the pro-
tein expression levels of the long lived pro- and antiapoptotic
proteins, e.g. Bax, Bad, Bid, Bak, XIAP, Bcl-2 and Bcl-xL,
remained unchangedup to 24 h. TheHTLV-1Tax protein plays

a key role in overexpression of c-FLIP (10, 11). Because the Tax
protein expression levels were not altered by wogonin, apige-
nin, or chrysin treatment (Fig. 1C and supplemental Fig. S1B),
the observed down-regulation of the c-FLIP level was not due to
changes in Tax expression. Kinetic analysis showed that the
expression levels of c-FLIPs were rapidly (�50% down-regula-
tion within 3 h) reduced (Fig. 1D).
c-FLIP is a NF-�B target gene (33, 34). In HTLV-1-infected

cells, NF-�B has been shown to be constitutively activated by
the HTLV-1 Tax protein (9). Constitutive NF-�B activation is
responsible for the elevation of c-FLIP expression (11).
Although wogonin, apigenin, and chrysin showed no influence
on the expression levels of Tax protein (Fig. 1C), they might
interfere with Tax function and thereby down-regulate c-FLIP
expression. To investigate this possibility, we first examined the
expression status of I�B� and the NF-�B subunit p65 after
wogonin treatment. Western blot analysis showed that
wogonin had no influence on the expression levels of p65 and
I�B� (supplemental Fig. S2A). Wogonin treatment also did not
affect the phosphorylation status of p65 (supplemental Fig.
S2A). To investigate further whether wogonin interferes with
NF-�B activity in HTLV-infected cells, a Luc-4�NF-�B
reporter plasmid was transfected into MT-2 cells, and the
NF-�B-mediated promoter activity was examined in the
absence or presence of wogonin. 50 �M wogonin, which was
shown to down-regulate c-FLIP mRNA expression effectively,
did not influence the NF-�B-mediated expression of luciferase
(supplemental Fig. S2B). These experiments demonstrate that
wogonin does not suppress c-FLIP expression by inhibition of
Tax-mediated NF-�B activation.
Wogonin, Apigenin, and Chrysin Sensitize ATL Cells to

TRAIL-, TNF�-, and Anti-APO-1-mediated Apoptosis—Eleva-
tion of c-FLIP expression has been shown to contribute to
resistance to receptor-mediated apoptosis in HTLV-1-associ-
ated ATL cells (10, 11). Consistent with the previous studies,
MT-2 and SP cells were shown to be highly resistant to TRAIL
treatment (supplemental Fig. S3, A and B). Because wogonin,
apigenin, and chrysin could down-regulate c-FLIP expression
and because specific knockdown of c-FLIP alone can restore sen-
sitivity of ATL cells toward receptor-mediated apoptosis (10, 11),
we predicted that these flavones could break TRAIL resistance in
ATL cells. As expected, inhibition of c-FLIP expression by
wogonin, apigenin, and chrysin was shown to correlate with sen-
sitization of the resistant MT-2 and SP cells to TRAIL-induced
apoptosis in a dose-dependent matter (Fig. 2A and supplemental
Fig. S3A). Wogonin was also shown to sensitize TNF�- and anti-
APO-1-mediated apoptosis in a dose-dependentmanner (Fig. 2,B
and C). The effects of these flavones were further confirmed by
Westernblot analysis showing increasedcleavageof caspase-8and
Bid andconsequently enhanced cleavageof PARP inMT-2andSP
cells when treated by a combination of TRAIL and wogonin (Fig.
2D and supplemental Fig. S3D). Combination treatment also
enhanced caspase-2 activation, whose activity has been indicated
to participate in both receptor- and mitochondria-mediated apo-
ptosis (29, 30).
Because Mcl-1 expression was also down-regulated by fla-

vones (Fig. 1C), we asked whether the decrease in Mcl-1 may
also account for the enhancement ofTRAIL-induced cell death.
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To address this question, we performed a siRNA knockdown
experiment inMT-2 cells. The experiment showed that knock-
down ofMcl-1 had no influence on TRAIL-mediated apoptosis
(supplemental Fig. S4).
Wogonin, Apigenin, and Chrysin Enhance TRAIL-R2 Expres-

sion in ATL Cells—Sensitivity and resistance toward receptor-
mediated apoptosis can be regulated at different levels, e.g. at
the level of receptors, caspase-8, c-FLIP, and/or XIAP. Because
the protein expression levels of XIAP and caspase-8 did not
show substantial changes after treatment with wogonin, apige-
nin, and chrysin for 8 h (Figs. 1C and 2D), we further examined
the effects of these flavones on the expression levels of TRAIL
receptors in MT-2 and SP cells. A kinetic analysis using West-
ern blotting showed a significant increase in TRAIL-R2, but not
TRAIL-R1 protein expression in wogonin-treated ATL cells
(Fig. 3A). The increase of TRAIL-R2 expression occurred after
6 h ofwogonin treatment and increased continuously until 24 h.
FACS analysis confirmed the increase in surface expression of
TRAIL-R2 but not TRAIL-R1 inwogonin-treatedMT-2 and SP
cells (Fig. 3B). Further investigation of the kinetics of mRNA
expression levels revealed that, althoughTRAIL-R2mRNAwas

down-regulated at the early time points, it was constantly
increased after 6 h of wogonin treatment (Fig. 3C). Elevated
expression of TRAIL-R2 was also observed in ATL cells treated
with apigenin and chrysin (Fig. 3D). In contrast to wogonin,
substantial reduction in the decoy TRAIL-R3 levels were seen
by treatmentwith apigenin and chrysin (Fig. 3D). The data indi-
cate that TRAIL-R2 expression may be up-regulated at the
transcriptional level by flavone treatment.
Wogonin, Apigenin, and Chrysin Enhance TRAIL-R2 Expres-

sion via Increasing p53 Expression by Transcriptional Suppres-
sion of Mdm2—TRAIL-R2 is a p53 target gene (31). Therefore,
we further examined the expression levels of p53 in MT-2 and
SP cells following wogonin treatment. Quantitative PCR
showed that the p53mRNA expressionwas reduced after treat-
ment with wogonin. However, the protein expression levels of
p53 were, surprisingly, increased (Fig. 4A). These data indicate
that wogonin does not directly up-regulate p53 expression.
One important negative regulator of p53 is the RING-finger-

containing Mdm2 oncoprotein. Mdm2 plays a key role in reg-
ulation of p53 levels by an ubiquitylation-mediated degradation
(32). Therefore, we examined the mRNA expression levels of

FIGURE 1. Wogonin, apigenin, and chrysin inhibit c-FLIP expression in HTLV-1-associated ATL cells. A, ATL cells expressing elevated levels of c-FLIP mRNA.
HTLV-1-associated ATL cell lines SP and MT-2 and the non-HTLV-1-infected leukemic T cell line Jurkat were subjected to quantitative PCR analysis to determine
the expression levels of c-FLIPL and c-FLIPS. Data are representative of three independent experiments performed in triplicate. Means � S.D. (error bars) are
shown. Numbers on columns of SP and MT-2 represent -fold expression compared with Jurkat. B, kinetic analysis of wogonin-, apigenin-, and chrysin-mediated
inhibition of c-FLIP mRNA expression. MT-2 cells were treated with different flavones at 50 �M as indicated for 3 h, 6 h, and 9 h. The c-FLIP mRNA expression
levels were monitored by quantitative PCR. Data are representative of two independent experiments performed in triplicate. Means � S.D. are shown. C, c-FLIP
expression levels down-regulated by wogonin, apigenin, and chrysin. MT-2 cells were treated with different concentrations of flavones for 8 h. The protein
expression levels of various pro- and antiapoptotic proteins were analyzed by Western blotting. Tubulin was used to control for equal protein loading. The
results are representative of two independent experiments. D, kinetic analysis of wogonin-mediated down-regulation of c-FLIPs. SP cells were treated with 50
�M wogonin for different time periods as indicated. The protein expression levels of c-FILPL and c-FLIPS were determined by Western blotting. The results are
representative of two independent experiments.
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Mdm2 after wogonin treatment. Quantitative PCR analysis
showed a rapid down-regulation of Mdm2 mRNA expression
after wogonin treatment (Fig. 4B). Wogonin-mediated sup-
pression of Mdm2 mRNA expression resulted in a dramatic
reduction in Mdm2 protein level (Fig. 4B). These data suggest
that wogonin-mediated transcriptional inhibition leads to
down-regulation of Mdm2 and, consequently, up-regulation of
p53 expression levels. Down-regulation of Mdm2 and up-reg-
ulation of p53 expression levels were also observed in ATL cells
treated with apigenin and chrysin (Fig. 4C). Taken together,
these data suggest that flavone-mediated sensitization of
TRAIL-induced apoptosis may also involve increased levels of
TRAIL-R2 expression (Fig. 4D).
Wogonin Sensitizes TRAIL-induced Apoptosis in Several

Cancer Cell Lines by Down-regulation of c-FLIP but Up-regula-
tion of TRAIL-R2 Expression—To investigate further whether
wogonin could also differentially regulate expression of c-FLIP
andTRAIL-R2 in other cancer types,we examined five different
types of malignant cell lines including the human pancreatic
carcinoma cell line Capan-1, the human breast cancer cell line
MDA-MB-231, the human hepatocellular carcinoma cell line
HepG2, the human melanoma cell line SK-MEL-37, and the
human colon cancer cell line HT-29. For all cell lines tested,
wogonin was shown to suppress c-FLIP expression but to

enhance TRAIL-R2 expression (Fig. 5A). This effect correlated
with enhanced TRAIL killing of malignant cells (Fig. 5, B and
C). Thus, wogonin can sensitize TRAIL-mediated apoptosis in
different cancers. Down-regulation of c-FLIP but up-regulation
of TRAIL-R2 is an important mechanism by which wogonin
and related natural flavones enhanceTRAIL-induced cell death
in tumor cells.

DISCUSSION

Overexpression of c-FLIP causes resistance to receptor-in-
duced apoptosis and limits the therapeutic use of TRAIL in
cancer treatment. This obstacle underscores the demand for
combination therapies using agents that target c-FLIP expres-
sion. In this study, we demonstrate that the natural flavones
wogonin, apigenin, and chrysin suppress c-FLIP expression
and, consequently, overcomeTRAIL resistance in various types
of cancer cells. In addition, we also explored that wogonin, api-
genin, and chrysin can enhance TRAIL-R2 expression in tumor
cells. Increase in TRAIL-R2 expression, in addition to suppres-
sion of c-FLIP expression, may further benefit TRAIL-medi-
ated apoptosis.
At the transcriptional level, c-FLIP expression is regulated by

several transcription factors including NF-�B (33, 34). The
HTLV-1 Tax protein is a well known activator of the NF-�B

FIGURE 2. Wogonin, apigenin, and chrysin sensitize ATL cells to TRAIL-, TNF�-, and anti-APO-1-mediated apoptosis. A, wogonin, apigenin, and chrysin
sensitize MT-2 cells to TRAIL-mediated apoptosis. MT-2 cells were treated with 50 ng/ml SK-TRAIL in combination with different concentrations of wogonin,
apigenin, or chrysin for 24 h. Apoptosis was determined by DNA fragmentation. Data are representative of three independent experiments performed in
duplicate. Means � S.D. (error bars) are shown. B and C, wogonin sensitizes MT-2 cells to TNF�- and anti-APO-1-mediated apoptosis. Cells were treated with 50
�M wogonin in combination with different concentrations of TNF�- or anti-APO-1 for 48 h. Data are representative of two independent experiments performed
in duplicate. D, wogonin enhances TRAIL-induced procaspase-8 processing. MT-2 cells were treated with TRAIL or wogonin either alone or in combination. Cell
lysates were subjected to Western blot analysis with antibodies against caspase-8, -9, -3, -2, Bid, and PARP as indicated. For equal protein loading ERK1 protein
levels are shown.
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signaling pathway andhas been shown to induce c-FLIP expres-
sion in HTLV-1-infected ATL cells through NF-�B activation
(11). In this study, we show that the c-FLIPmRNAexpression is
significantly elevated in ATL cells compared with non-HTLV-

1-infected leukemic cells (Fig. 1A). Thus, c-FLIP is up-regulated
at the transcriptional level in ATL cells.We have recently dem-
onstrated that wogonin, apigenin, and chrysin are naturally
occurring inhibitors of CDK9, an important regulator of tran-

FIGURE 3. Wogonin, apigenin, and chrysin enhance TRAIL-R2 expression in ATL cells. A, wogonin enhances TRAIL-R2 expression in ATL cells. SP and MT-2
cells were treated with 50 �M wogonin for different time periods as indicated. Cell lysates were subjected to Western blot analysis with antibodies against
TRAIL-R1 and TRAIL-R2. Equal protein loading was controlled by tubulin. Data are representative of two independent experiments. B, wogonin increases cell
surface expression of TRAIL-R2. SP and MT-2 cells were treated with 50 �M wogonin for 16 h. Cell surface expression of TRAIL-R1 and TRAIL-R2 was analyzed by
FACS. Data are representative of three independent experiments. C, wogonin increases transcription of TRAIL-R2 in ATL cells. SP and MT-2 cells were treated
with 50 �M wogonin for different time periods as indicated. The expression levels of TRAIL-R2 mRNA were monitored by quantitative PCR. Data are represent-
ative of three independent experiments performed in triplicate. Means � S.D. (error bars) are shown. D, wogonin, apigenin, and chrysin enhance TRAIL-R2
protein expression in ATL cells. MT-2 cells were treated with different concentrations of flavones for 16 h as indicated. Cell lysates were subjected to Western
blot analysis with antibodies against TRAIL-R1, -R2, -R3, and -R4. Equal protein loading was controlled by tubulin. Data are representative of two independent
experiments.

FIGURE 4. Wogonin, apigenin, and chrysin enhance p53 expression in ATL cells via inhibition of Mdm2 expression. A, wogonin down-regulates p53
mRNA but up-regulates p53 protein expression in ATL cells. SP and MT-2 cells were treated with 50 �M wogonin for different time periods as indicated. The
effect of wogonin on p53 expression was monitored by quantitative PCR (left) and Western blot analysis (right). Data are representative of two independent
experiments. Means � S.D. (error bars) are shown. B, wogonin suppresses Mdm2 mRNA and protein expression in ATL cells. SP and MT-2 cells were treated with
50 �M wogonin for different time periods as indicated. The effect of wogonin on Mdm2 expression was monitored by quantitative PCR (left) and Western blot
analysis (right). Data are representative of two independent experiments. Means � S.D. are shown. C, wogonin, apigenin, and chrysin inhibit Mdm2 but
up-regulate p53 expression in ATL cells. MT-2 and SP cells were treated with different concentration of flavones for 16 h. Mdm2 and p53 expression levels were
examined by Western blot analysis. Data are representative of two independent experiments. D, model of the mechanism by which flavones sensitize
TRAIL-induced apoptosis.
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scription elongation (15). The molecular mechanism by which
wogonin, apigenin, and chrysin sensitize TRAIL-mediated apo-
ptosis can be attributed to the transcriptional suppression of
c-FLIP expression (Fig. 1B). Although CDK9 is a general regu-

lator of transcription, recent studies indicate that CDK9 activ-
ity is rather involved in pathologic cellular processes than in
normal cellular functions (35, 36). We have also demonstrated
that wogonin preferentially inhibits CDK9 activity inmalignant

FIGURE 5. Wogonin sensitizes TRAIL-induced apoptosis in different malignant cell lines by down-regulation of c-FLIP but up-regulation of TRAIL-R2
expression. A, wogonin inhibits c-FLIP but up-regulates TRAIL-R2 expression in different malignant cell lines. The human pancreatic carcinoma cell line
Capan-1, the human breast cancer cell line MDA-MB-231, the human hepatocellular carcinoma cell line HepG2, the human melanoma cell line SK-MEL-37, and
the human colon cancer cell line HT-29 were incubated with 50 �M wogonin for 16 h. The protein expression levels of c-FLIP and TRAIL-R1/-R2 were examined
by Western blotting. B and C, wogonin sensitizes TRAIL-induced apoptosis in different malignant cell lines. Different tumor cell lines were treated with
combinations of different concentrations of wogonin and TRAIL for 24 or 48 h as indicated. Apoptotic cells were determined by measuring DNA fragmentation.
Means � S.D. (error bars) are shown. Results are representative of two (Western blot) to three (apoptosis) independent experiments.
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versus normal T cells (15). Therefore, wogonin, apigenin, and
chrysin may be promising sensitizers of the TRAIL signaling
pathway.
Treatment of tumor cells with wogonin, apigenin, and chry-

sin leads to rapid down-regulation of c-FLIP andMcl-1 but not
Tax and other pro- and antiapoptotic proteins such as Bcl-xL,
Bcl-2, Bax, Bad, Bid, Bak, PUMA, and XIAP (Fig. 1C). c-FLIPs
are known short lived proteins because the turnover of these
proteins is actively regulated by ubiquitin-mediated protea-
somal degradation (12, 13). In particular, c-FLIPS contains a
unique carboxyl terminus that confers its preferred ubiquityla-
tion (13). Inhibition of transcription would lead to rapid down-
regulation of short lived proteins like c-FLIP but not long lived
proteins. Because specific down-regulation of c-FLIP by siRNA
has been shown to be sufficient to sensitize various types of
cancer cells, including the HTLV-1-associated ATL, to recep-
tor-mediated apoptosis, c-FLIP represents a promising thera-
peutic target, especially for TRAIL-based therapies (10, 11).
To our surprise, wogonin, apigenin, and chrysin up-regu-

lated expression of TRAIL-R2 despite their transcriptional
inhibitory activities (Fig. 3A). Kinetic analysis of the effect of
flavones onTRAIL-R2 transcription showed that wogonin sup-
pressed TRAIL-R2 mRNA expression only at early time points
(1–3 h). At later time points (after 6 h), wogonin dramatically
increased TRAIL-R2 mRNA expression (Fig. 3C). This obser-
vation indicates that the TRAIL-R2 promoter may be activated
by a transcription factor induced by wogonin. Because only
TRAIL-R2 but not the other three TRAIL receptors were up-
regulated by wogonin, apigenin, and chrysin, we searched the
literature and found that only TRAIL-R2 is described to be a
p53 target gene (31). Indeed, the p53 protein expression level
was constantly increased following flavone treatment (Fig. 4A).
However, p53 transcription was not increased by wogonin
treatment, suggesting that the observed increase in the p53 pro-
tein level might be due to protein stabilization. One negative
regulator of p53 is the RING-finger-containing oncoprotein
Mdm2. It has been shown that Mdm2 negatively regulates p53
expression by targeting it for proteasomal degradation (32, 37).
Mdm2 is also a very short lived protein with a half-life of
approximately 20 min (38). We found that treatment of ATL
cells with wogonin resulted in down-regulation of Mdm2
mRNA expression and, consequently, complete inhibition of
Mdm2 protein expression within 1.5 h (Fig. 4B). Consequently,
p53 protein expression levels were up-regulated after 1.5 h of
wogonin treatment (Fig. 4A). Mdm2 has also been shown to
directly suppress p53 activity by binding to the amino terminus
of p53 (38). Therefore, inhibition of Mdm2 expression would
not only lead to increased p53 protein expression but also to
increased p53 activity. This double effect may explain why fla-
vones are able to increase TRAIL-R2 mRNA expression while
CDK9-dependent transcription was inhibited (Fig. 3C). These
data demonstrate that wogonin, apigenin, and chrysin may
sensitize TRAIL-mediated apoptosis by two mechanisms:
down-regulation of c-FLIP and up-regulation of TRAIL-R2
expression (Fig. 4D). Besides p53, the TRAIL-R2 promoter
has also been shown to be activated by the transcription
factors CCAAT/enhancer-binding protein homologous pro-
tein (CHOP) and Sp1 (39, 40). In our studies, neitherCHOPnor

Sp1 expression was up-regulated by wogonin treatment (data
not shown). Therefore, we exclude the possibilities that CHOP
and Sp1 are involved in flavone-mediated up-regulation of
TRAIL-R2 expression.
PUMA is also a p53 target gene. However, in contrast to

TRAIL-R2, no increase in the expression level of PUMAprotein
was seen in cells treated with wogonin, apigenin, or chrysin
(Fig. 1C). This inconsistency may be explained by the short
half-life of PUMA. The stability of PUMA has recently been
shown to be regulated by post-translational control through
phosphorylation at multiple sites leading to turnover with a
half-life of about 4 h through the proteasome (41). In addition,
a recent study on p53 target genes demonstrates a critical role
of core promoter elements at p53 target loci, in that they dictate
RNA polymerase II recruitment and activity in a p53-autono-
mous fashion (42). The TRAIL-R2 and PUMA promoter are
shown to possess significant differences in the core promoter
architectures which may lead to different kinetics of transcrip-
tional competence (42). This differencemight be another factor
accounting for the different responses of TRAIL-R2 andPUMA
to wogonin treatment.
So far, HTLV-1-associated ATL has been shown to resist

standard anticancer therapies. We have shown previously that
wogonin and its structurally related flavones apigenin, chrysin,
and luteolin induce apoptosis in different types of cancer cells
by transcriptional inhibition of the short lived antiapoptotic
Bcl-2 family protein Mcl-1 (15). Wogonin, apigenin, and chry-
sin were shown to induce a low level of apoptotic cell death in
HTLV-1 ATL cells (�15–20% in 24 h) probably via inhibition
of Mcl-1 expression (Fig. 1 and 2). However, a combination of
these flavones with TRAIL resulted in approximately 80% apo-
ptosis induction in TRAIL-resistant ATL cells (Fig. 2).
Enhanced killing of cancer cells was also seen in other malig-
nant human cell lines by combining TRAIL with flavones, e.g.
the human pancreatic carcinoma cell line Capan-1, the human
breast cancer cell line MDA-MB-231, the human hepatocellu-
lar carcinoma cell line HepG2, the human melanoma cell line
SK-MEL-37, and the human colon cancer cell line HT-29 (Fig.
5). These data raise the possibility of using these flavones as
adjuvants for TRAIL-mediated anticancer therapy.
Taken together, our results demonstrate that the natural fla-

vones wogonin, apigenin, and chrysin can sensitize TRAIL-me-
diated apoptosis in different types of cancer cells by down-reg-
ulation of c-FLIP and up-regulation of TRAIL-R2 expression.
We have shown previously that wogonin enhances TRAIL-me-
diated apoptosis in leukemic but not in normal healthy lympho-
cytes (19). In particular, toxicological studies in experimental
animals (mouse and dog) showed that up to 60 mg/kg/day
wogonin had no organ toxicity when intravenously adminis-
tered for 90 days (43, 44). Therefore, wogoninmay offer relative
safety for long term therapies.
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