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Background: Development of resistance is major problem in TRAIL anti-cancer therapy.
Results: Cryptotanshinone induces death receptor 5 via ROS signaling and therefore enhances TRAIL-induced apoptosis.
Conclusion: Cryptotanshinone restores TRAIL sensitivity in TRAIL-resistant cancer cells.
Significance:We demonstrate a novel TRAIL-enhancing action by natural compound cryptotanshinone.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) selectively induces apoptosis and kills cancer cells but
not normal cells. However, TRAIL resistance due to low level of
TRAIL receptor expression is widely found in cancer cells and
hampers its development for cancer treatment. Thus, the agents
that can sensitize the tumor cells to TRAIL-mediated apoptosis
are urgently needed. We investigated whether tanshinones, the
major bioactive compounds of Salvia miltiorrhiza (danshen),
can up-regulate TRAIL receptor expression. Among the major
tanshinones being tested, cryptotanshinone (CT) showed the
best ability to induce TRAIL receptor 2 (DR5) expression. We
further showed that CT was capable of promoting TRAIL-in-
duced cell death and apoptosis in A375 melanoma cells. CT-in-
duced DR5 induction was not cell type-specific, as DR5 induc-
tion was observed in other cancer cell types. DR5 knockdown
abolished the enhancing effect of CT on TRAIL responses.
Mechanistically, induction of theDR5 by CTwas found to be p53-
independent but dependent on the induction of CCAAT/enhanc-
er-binding protein-homologous protein (CHOP). Knockdown of
CHOP abolished CT-induced DR5 expression and the associated
potentiation of TRAIL-mediated cell death. In addition, CT-in-
ducedROSproduction precededup-regulation ofCHOPandDR5
and consequent sensitization of cells to TRAIL. Interestingly, CT
also converted TRAIL-resistant lung A549 cancer cells into
TRAIL-sensitive cells. Taken together, our results indicate thatCT
canpotentiateTRAIL-inducedapoptosis throughup-regulationof
DR5.

TNF-related apoptosis inducing ligand (TRAIL)2 is a mem-
ber of the TNF superfamily of cytokines that represents an

attractive therapy targeting on receptor-mediated apoptosis.
TRAIL has attracted considerable attention owing to its selec-
tive killing of tumor cells but not normal cells (1). TRAIL
induces apoptosis through binding to its receptors, namely
TRAIL receptor 1 (DR4) and TRAIL receptor 2 (DR5). Upon
binding to DR4 or DR5, TRAIL induces receptor trimerization
to form the death-inducing signaling complex, which in turn
activates caspase-8, leading directly to the activation of
caspase-3 and subsequent apoptosis (2).
Various cancer cell types were previously reported to be sus-

ceptible to TRAIL-induced apoptosis (3). However, intrinsic
resistance to TRAIL, due to the lowTRAIL receptor expression
levels, always appears as a major barrier for the development of
efficient TRAIL-based cancer therapy (4). Therefore, identifi-
cation of sensitizing agents capable of increasing TRAIL recep-
tor levels is important to facilitate TRAIL-mediated therapy.
Recently, the involvement of CCAAT/enhancer binding pro-
tein homologous protein (CHOP) and reactive oxygen species
(ROS) signaling pathways in the sensitization of cancer cells
to TRAIL-mediated apoptosis has been documented in several
studies (5, 6). It has been suggested that ROS act as upstream
signaling molecules to initiate endoplasmic reticulum (ER)
stress, which in turn triggers CHOP-dependent DR5 expres-
sion and finally sensitizes cells to TRAIL-induced apoptosis
(5, 6). Thus, identification of small molecules compounds
capable of up-regulating TRAIL receptor via ROS-CHOP sig-
naling cascades provides a fresh and novel therapeutic
approach to target highly TRAIL-resistant cancers.
Tanshinones are diterpenes isolated from Salviamiltiorrhiza

(danshen), a well known herb traditionally used for the treat-
ment of cardiovascular diseases (7). Among the major tanshi-
nones isolated, cryptotanshinone, tanshinone I, tanshinone
IIA, and dihydrotanshinone, tanshinone IIA have been shown
to exert multiple anti-cancer activities including induction of* This work was supported by Hong Kong Baptist University Grants HKBU

38-40-076, FRG1/11-12/053, FRG2/11-12/057, and FRG1/13-14/002 and
the University Grants Committee of Hong Kong Grant HKBU 262512.

1 To whom correspondence should be addressed: School of Chinese Medi-
cine, Jockey Club School of Chinese Medicine Building, 7 Baptist University
Rd., Kowloon Tong, Hong Kong, Tel.: 852-34112465; Fax: 852-34112902;
E-mail: zlyu@hkbu.edu.hk.

2 The abbreviations used are: TRAIL, TNF-related apoptosis inducing ligand;
CT, cryptotanshinone; DR5, death receptor 5; ROS, reactive oxygen species;

CHOP, CAAT/enhancer-binding protein homologous protein; DCF, 6-car-
boxy-2�,7�-dichlorofluorescein diacetate; NAC, N-acetyl-L-cysteine; ER, endo-
plasmic reticulum; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide; DHE, dihydroethidium; SOD1, superoxide dismutase 1; PI,
propidium iodide.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 41, pp. 29923–29933, October 11, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

OCTOBER 11, 2013 • VOLUME 288 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 29923



apoptosis and inhibition of angiogenesis and metastasis (8).
Furthermore, tanshinones hold promise as sensitizing agents
for chemotherapy and radiotherapy to enhance the cytotoxic
effects of anti-cancer agents such as TNF-� (9), 5-fluorouracil
(10), and �-irradiation (11). Recently, tanshinones have been
found to induce ROS production in various types of cancer cells
(12–14). In addition, tanshinones have been reported to exert
anti-cancer effects via ROS-mediated ER stress. For example,
cryptotanshinone (CT) has been shown to induce ROS and
contribute to ER stress-mediated apoptosis in human hepa-
toma and breast cancer cells (15). Although a large number of
studies showed that tanshinones induce ROS and ER stress, the
effect of tanshinones on TRAIL receptor and TRAIL-induced
apoptosis is not clear.
In the present study, we examined whether tanshinones can

induceDR5 expression in TRAIL-resistant cancer cells and, if it
does, whether tanshinones can also enhance TRAIL responses.
We describe here, for the first time, that cryptotanshinone can
potentiate TRAIL-induced apoptosis in TRAIL-resistant can-
cer cells through up-regulating DR5 via ROS-mediated CHOP
activation.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—Antibodies against PARP,
caspase-9, caspase-8, caspase-3, DR5, CHOP, p53, survivin,
X-linked inhibitor of apoptosis protein (XIAP), Mcl-1, cFLIP,
cIAP-1, and cIAP-2 were purchased from Cell Signaling (Beverly,
MA).Antibodies against bcl-2, bcl-xL, actinin, and actinwere pur-
chased from Santa Cruz Biotechnology, Inc. Antibody against
FLAG (M2) was purchased from Sigma. Antibody against DR4
was purchased from Millipore. Recombinant human TRAIL/
Apo2 ligand (amino acids 114–281), caspase colorimetric
QuantiPak, and calcein AM were purchased from Enzo Life Sci-
ences. Crystal violet, propidium iodide, DAPI, N-acetyl-L-cysteine
(NAC),cycloheximide,actinomycin,cryptotanshinone, tanshinoneI,
tanshinone IIA, dihydrotanshinone, tanshinone IIA, dihydro-
ethidium (DHE), and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) were purchased from Sigma.
6-Carboxy-2�,7�-dichlorofluorescein diacetate (DCF) was pur-
chased fromMolecular Probes.
A375, HCT116, HT-29, OVCAR3, MRC-9, and A459 were

obtained from theAmericanTypeCulture Collection.HCT116
variant with deletion of p53 was kindly supplied by Dr. Bert
Vogelstein (The Johns Hopkins University, Baltimore, MD).
All cell lines were cultured in DMEM supplemented with 5%
fetal calf serum, 100 units/ml penicillin, and 100 mg/ml
streptomycin.
Western Blot Analysis—Whole-cell protein was prepared

and analyzed by Western blotting as described previously (16).
Annexin V/PI Assay—The early indicator of apoptosis was

detected by using annexin V/PI binding kit (Abcam) and then
analyzed with a flow cytometer.
Analysis of Cell Surface DR5—Cells were detached with 0.5

mM EDTA and washed three times with PBS supplemented
with 0.5% BSA. Cells were then resuspended in 200 �l of PBS,
stained with phycoerythrin-conjugated mouse monoclonal
anti-human DR5 or isotype control, and incubated for 60
min at 4 °C. Unreacted antibody was removed by washing the

cells twice with PBS buffer. Cells were resuspended in 500 �l
of PBS. Surface expression of DR5 was determined by flow
cytometry. Fluorescence intensity of the cells was directly
proportional to the density of receptors. Phycoerythrin-con-
jugated mouse anti-human DR5 (DJR2–4) and phycoery-
thrin-mouse IgG1 isotype control (MOPC-21) were purchased
from BioLegend.
MTT Cytotoxicity Assay and Crystal Violet Staining—For

MTT assay, cells were treated as indicated with TRAIL alone or
pretreated with CT for 12 h, washed with PBS, and then treated
with TRAIL for an additional 24 h. Then, the effects of CT on
TRAIL-induced cytotoxicity were determined by the MTT
uptake method (17). For crystal violet staining assay, cells (1 �
105) were seeded in 60-mm dishes and then untreated or pre-
treated with CT for 12 h, washed with PBS, and then treated
with TRAIL. After 5 days, cells were stained with crystal violet.
Live/deadAssay—Todetermine cell death, cells were stained

with Calcein-AM (1 �M) and PI (25 �g/ml) for 30 min at 37 °C,

FIGURE 1. Tanshinones induce DR5 expression in A375 melanoma cells. A,
chemical structure of tanshinones. B, Western blotting of A375 lysates from
cells treated with 20 �M of indicated tanshinones for 12 h.
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and the fraction of live (Calcein-AM-positive) and dead (PI)
cells was determined under fluorescence microscope (Nikon
eclipse 80i).
siRNA Treatment—Silencing of DR5 or CHOP was achieved

by transfecting DR5, CHOP, or control siRNAs (Dharmacon)
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s recommendations. The gene silencing effect was
evaluated by Western blot analysis.
Plasmids and Transfection—DR5 and CHOP luciferase pro-

moter constructswere synthesized byPCRusingA375 genomic
DNA (isolated by DNAzol reagent, Invitrogen) as the template,
and the PCR products were inspected on agarose gel, gel puri-
fied, and cloned into pGL3-basic vector for the luciferase gene
expression assay. pDR5-310�CHOP luciferase reporter, which
bearing mutation of CHOP binding site in the DR5 pro-
moter, was generated with a site-directed mutagenesis kit
(Stratagene, La Jolla, CA). Superoxide dismutase 1 (SOD1)
and catalase full-length expression constructs were synthe-
sized by PCR using A375 total mRNA and subcloned into the

pcDNA3-FLAG-tagged vector. The plasmid transfection and
luciferase assay were the same as described previously (18).
Firefly and Renilla luciferase activities were assayed according
to themanufacturer’s instructions (Promega). Firefly luciferase
activity was normalized to Renilla luciferase activity in cell
lysate and expressed as an average of three independent
experiments.
Measurement of Reactive Oxygen Species—Cells were

plated at a density of 2 � 104/well in black 96-well plates and
allowed to attach for 24 h. Then cells were loaded with fluo-
rescent dyes, DCF or dihydroethidium (DHE), and further
stimulated with 20 �M CT with or without the pretreatment
of 5 mM NAC for 1 h. DCF and DHE fluorescence was mea-
sured using a fluorescence microplate reader (EnVision�
Multilabel Reader, PerkinElmer Life Science) at indicated
time point at 37 °C.
Asp-Glu-Val-Asp-ase (DEVDase) and Ile-Glu-Thr-Asp-ase

(IETDase) Activity Assays—To evaluate DEVDase (caspase-3)
or IETDase (caspase-8) activities, cell lysates were prepared

FIGURE 2. Cryptotanshinone sensitizes TRAIL-induced apoptosis in A375 melanoma cells. A, cell viability was assessed by the MTT assay. *, p � 0.05 versus
control, CT, and TRAIL. B, crystal violet staining of A375 cells treated with CT and TRAIL as described under “Experimental Procedures.” C, Western blotting of
lysates from A375 cells that had been pretreated with CT for 12 h followed by treatment with TRAIL for 3 h using the indicated antibodies. D, caspase activities
in A375 cells that had been treated with 20 �M CT for 12 h and then TRAIL for 8 h. *, p � 0.05 versus control, CT, and TRAIL. E, cells were treated as described above
and stained with PI/annexin V and then analyzed by FACS. At least two independent experiments revealed largely comparable results. F, DAPI staining. Cells
were treated as described above nuclei with apoptotic morphological change (arrow) were visualized using fluorescence microscopy (original magnification,
�400). G, cells were treated as described above. Cell death was determined by the live/dead cell viability assay.
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after their respective treatment with TRAIL or CT. Assays were
performed in 96-well microtiter plates by incubating 20 �g of
cell lysates in 100 �l of reaction buffer (50 mM HEPES, pH 7.4,
100 mM NaCl, 0.1% (w/v) CHAPS, 10 mM DTT, 1 mM EDTA,
10% (v/v) glycerol) containing the corresponding caspase sub-
strates at 4 �M. Lysates were incubated at 37 °C for 2 h. There-
after, the absorbance at 405 nm was measured with a
spectrophotometer.

Reverse Transcription-PCR and Real-time PCR Analysis—
Total RNAwas extracted using theTRIzol reagent (Invitrogen),
and RT-PCR was conducted. PCR products were analyzed by
agarose gel electrophoresis and visualized by GelRed. Alterna-
tively, real-time PCR on RNA was carried out in an Applied
Biosystems ViiA 7 real-time PCR machine using SYBR Green
assays. The PCR primers were as follows: 5�-GAATGACCTCC-
TTTTCTGCTTGC-3� and 5�-GCTTCCCCACTGTGCTTTG-

FIGURE 3. Cryptotanshinone-induced DR5 up-regulation is essential for sensitization of TRAIL-mediated apoptosis. A, A375 cells were treated
with indicated and whole cell extracts were then prepared and analyzed for DR5 expression by Western blotting. B, the cell surface expression levels of
DR5 in A375 cells treated with 20 �M CT for 12 h were measured by flow cytometry analysis using phycoerythrin (PE)-conjugated DR5 and isotype control
antibodies. MFI, mean fluorescence intensity. C, CT up-regulated DR5 in various types of cancer cells. Cells were treated with 20 �M CT for 12 h, after
which whole-cell extracts were prepared and analyzed by Western blotting. D, CT up-regulates DR5 mRNA expression. Left, ethidium bromide-agarose
gels of RT-PCR product from A375 cells treated with the indicated concentrations of CT for 12 h. Right, A375 cells were treated as above, and total RNA
was examined by real-time PCR analysis. *, p � 0.05 versus control. E, cells were transfected with siRNAs and subjected to Western blot analysis of DR5
(top left) and PARP (top right) and for DR5 cell surface staining by FACS (bottom left). Right bottom panel, after transfection with siRNA for 24 h, A375 cells
were pretreated with 20 �M CT for 12 h, washed with PBS, and then treated with TRAIL (25 ng/ml) for an additional 24 h. Cell viability was assessed by
the MTT assay. *, p � 0.05.
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TA-3� for DR5, and 5�-ATGAGGACCTGCAAGAGGTCC-3�
and 5�-TCCTCCTCAGTCAGCCAAGC-3� for CHOP.

RESULTS

Tanshinones Induce DR5 Expression in Human Melanoma
Cells—We first examined the ability of tanshinones to modulate
TRAIL receptors expression in human A375 melanoma cells. As
shown in Fig. 1B, all four tanshinones from Salvia miltiorrhiza
induced DR5 but not DR4 expression in A375 cells. Among the
tanshinones tested, CT showed the best ability to induce DR5
expression; therefore, CT was chosen for further studies.
Cryptotanshinone Sensitizes Human Melanoma Cells to

TRAIL-mediated Apoptosis—To examine the effect of CT on
TRAIL-induced cell death in humanmelanoma cells, A375 cells

were pretreated with CT and then treated with TRAIL, after
which cell death was investigated by the MTT method. A375
melanoma cells displayed low rates of TRAIL-induced cell
death when TRAIL was used alone at concentration as high as
200 ng/ml (Fig. 2A). However, pretreatment with CT signifi-
cantly enhanced TRAIL-induced cytotoxicity (Fig. 2A).

To determine the long term growth inhibitory effects, we pre-
incubatedA375 cells with vehicle or CT for 12 h, washed the cells,
and grew them for 5 additional days in the presence or absence of
TRAIL. Under these conditions, cells treated with vehicle, CT
alone,orTRAILaloneremainedviableandcontinuedtogrow(Fig.
2B). In contrast, the combination of CT and TRAIL led to the
eliminationofall viablecells, indicating that theTRAIL-sensitizing
action of CT significantly reduced long term cell survival.

FIGURE 4. Induction of CHOP is required for cryptotanshinone-induced DR5 expression. A (top), Western blotting of A375 lysates from cells treated with
20 �M CT for indicated time periods; bottom, RT-PCR analysis of CHOP. B, A375 cells were pretreated with 1.5 �g/ml cycloheximide (CHX) or 2 �g/ml actinomycin
D (ACT) for 30 min before incubation with 20 �M CT for 12 h. The whole-cell extracts were subjected to Western blot analysis using the anti-DR5 and anti-CHOP
antibodies. C, A375 cells were transfected with pGL3-CHOP-643/�36 and then treated with 20 �M CT. After 12 h, cells were lysed and assayed for luciferase
activity. *, p � 0.05 compared with vehicle-treated cells. D, luciferase assay with reporter pDR5-310/�293 was performed as described above. E, cells were
transfected with pDR5-310 or pDR5-310�CHOP and then treated with 20 �M CT for 12 h and then assayed for luciferase activity. *, p � 0.05 compared with
CT-treated pDR5-310-transfected cells. F (top), cells were transfected with siRNAs and cell extracts were prepared for Western blot analysis of DR5 and CHOP;
bottom, after transfection with siRNA for 24 h, A375 cells were pretreated with 20 �M CT for 12 h, washed with PBS, and then treated with TRAIL (25 ng/ml) for
an additional 24 h. Cell viability was assessed by the MTT assay. *, p � 0.05.
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We also investigated whether CT increases TRAIL-induced
activation of caspase-3, -8, and -9 and consequent PARP cleav-
age. We found that CT enhanced TRAIL-induced activation of
all three caspases, which in turn led to increased PARP cleavage
(Fig. 2C). In addition, combinatory treatment of A375 with CT
and TRAIL strongly stimulated caspase-3 and caspase-8 activ-
ities (Fig. 2D). Furthermore, pretreatment of A375 cells with
CT resulted in a markedly increased apoptotic cells (Fig. 2E),
apoptotic nuclei (Fig. 2F), and cytotoxic effect (Fig. 2G) upon
TRAIL treatment. Taken together, these results suggest that
CT enhances TRAIL-induced apoptosis and cell death.
Up-regulation of DR5 by Cryptotanshinone Is Not Cell-type-

specific and Contributes to the Enhancement of TRAIL-induced
Cell Death—TRAILmediates its activity through its interaction
with death receptors DR4 and DR5 to trigger apoptotic signals
(19). Treatment of A375 cells with CT for 12 h resulted in an

increased protein expression of DR5 in a dose-dependentman-
ner (Fig. 3A, top panel). CT also induced DR5 expression in a
time-dependent manner (Fig. 3A, bottom panel). To determine
whether CT induces expression of the DR5 on the cell surface, we
analyzed the cell surface expression of DR5 in cells using flow
cytometry analysis. After treatment of CT, the level of DR5 on the
cell surface increased (Fig. 3B). Collectively, these results indicate
that CT up-regulates the expression of DR5 on the cell surface.
We next determined whether up-regulation of DR5 by CT is

specific to A375 melanoma cells or also happens in other cell
types. As shown in Fig. 3C, CT inducedDR5 expression in colon
(HCT116, HT-29) and ovarian (OVCAR3) cancer cells. Thus,
we concluded that up-regulation of DR5 by CT is probably not
cell-type specific.
Next, we asked whether DR5 expression is induced by CT at

the transcriptional level. Using RT-PCR, we found that CT

FIGURE 5. ROS mediates CT-induced DR5 and CHOP up-regulation. A (top panel), A375 cells were loaded with DCF (H2O2 probe) and further stimulated with
20 �M CT with or without pretreatment of 5 mM NAC for 1 h. Fluorescence was measured using a fluorescence microplate reader; bottom panel, A375 cells were
loaded with DCF, and fluorescence was measured by flow cytometry. B, A375 cells were loaded with DHE (O2

. probe) and further stimulated with 20 �M CT.
Fluorescence was measured using a fluorescence microplate reader. C, A375 cells were treated with 20 �M CT for 12 h with or without pretreatment of 5 mM NAC for
1 h. Western blotting analysis was performed using anti-DR5 and anti-CHOP antibodies. D, A375 cells were pretreated with vehicle or 5 mM NAC for 1 h, and then cells
were further treated with 20 �M CT for 12 h, washed with PBS, and then treated with TRAIL (25 ng/ml) for additional 24 h. Cell viability was assessed by the MTT assay.
*, p � 0.05. E, A375 cells were pretreated with vehicle or 5 mM NAC for 1 h, and then cells were further treated with 20 �M CT for 12 h and then incubated with 25 ng/ml
TRAIL for 3 h. Then, Western blotting analysis was performed using anti-PARP and anti-caspase-8 antibodies. F, A375 cells were transfected with pDR5-310
together with either empty, catalase, or SOD1 expression vectors and then treated with 20 �M CT. After 12 h, cells were lysed and assayed for luciferase
activity. *, p � 0.05 compared with CT-treated empty vector transfected cells. G, A375 cells were transfected with either empty, catalase, or SOD1
expression vectors for 48 h and then treated with 20 �M CT. The expression levels of DR5, catalase, and SOD1 were detected by Western blotting.
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markedly up-regulated DR5 mRNA expression in a dose-de-
pendent manner (Fig. 3D), suggesting that CT does modulate
DR5 expression at the transcriptional level.
To determine the functional role of DR5 in the enhancement

of TRAIL-induced apoptosis by CT, we used DR5-specific
siRNA to knock down the expression of this receptor. Trans-
fection of A375 cells with DR5 siRNAs prevented CT-induced
DR5 expression (Fig. 3E, top left and bottom left panels). PARP
cleavage induced by CT plus TRAIL was significantly inhibited
in cells transfected with DR5 siRNAs, compared with control
siRNA-transfected cells (Fig. 3E, top right panel). In addition,
the effect of CT on TRAIL-induced cell growth inhibition was
significantly reduced in cells transfected with DR5 siRNAs
compared with control siRNA (Fig. 3E, bottom right panel).
Taken together, these results suggest that CT-induced DR5
induction is critical for TRAIL enhancing effects in A375 cells.
Cryptotanshinone Activates DR5 Transcription in a CHOP-

dependent Manner—Recently, it has been shown that the
induction of DR5 can be mediated through the activation of
CHOP (20) and contributes to the sensitization of TRAIL-me-
diated apoptosis (5, 6). Therefore, we next investigatedwhether
CHOP is involved in CT-induced DR5 up-regulation. We
found that the protein expression of CHOP was significantly
increased by CT treatment in a time-dependent manner (Fig.
4A, top panel). We further found that CT induced CHOP
mRNA expression in a dose-dependent manner (Fig. 4A, bot-
tom panel). Pre-treatment of cells with transcriptional (actino-
mycin D) and translational (cycloheximide) inhibitors blocked
CT-induced DR5 and CHOP expression (Fig. 4B), indicating
thatDR5 andCHOP induction occurred at both transcriptional
and post-transcriptional levels. Furthermore, treatment with
CT was able to induce luciferase activity of a reporter plasmid
containing 643 bp of the upstream portion of CHOP promoter
(Fig. 4C). Together, these results suggest that CT regulates the
transcription of CHOP.
To determine whether CHOP induction by CT is involved in

DR5 transcription, we began our investigation by examining
the effects of CT on the transactivation of DR5 promoter. We
observed that CT significantly induced the luciferase activity of
DR5 promoter (�310/�293) in a dose-dependentmanner (Fig.
4D), indicating CT-induced DR5 promoter transactivation.
Given that a CHOPbinding site is located in this region (20), we
further examined the effects of CT on the transactivation of
DR5 reporter constructs carrying wild-type or mutated CHOP
binding sites. Whereas the promoter activity of pDR5-310
was significantly increased by CT treatment, the promoter
activity of pDR5-310�CHOP was not enhanced by CT (Fig.
4E). Moreover, knockdown of CHOP expression by siRNA
transfection significantly inhibited CT-induced DR5 up-reg-
ulation (Fig. 4F, top panel), indicating again that CHOP
induction is essential in CT-induced DR5 up-regulation. In
line with this, knockdown of CHOP significantly attenuated
the cells from death induced by the combined treatment of
CT and TRAIL (Fig. 4F, bottom panel). Taken together, these
results suggest that CHOP induction plays an essential role
in both CT-induced DR5 up-regulation and CT-mediated
TRAIL-induced cell death enhancement.

Cryptotanshinone Potentiates TRAIL-induced Apoptosis
through ROS Generation—Recently, ROS has been reported to
play a critical role in both DR5 up-regulation and TRAIL-in-
duced apoptosis (5, 6). Given that tanshinones have been found
to induce ROS production (12–14), we examined whether the
generation of ROS could be involved in CT-induced TRAIL
sensitization. The intracellular hydrogen peroxide (H2O2) lev-
els were detected using fluorescent probe H2DCFDA. CT
strongly induced the production of H2O2 in A375 cells (Fig.
5A). PretreatmentwithROS scavengerNACeffectively blocked
H2O2 production induced by CT (Fig. 5A). We also found that
CT increased superoxide (O2

. ) production using the fluorescent
probe DHE (Fig. 5B). Recently reports have revealed that ROS
induces up-regulation of CHOP and therefore the DR5 induc-
tion (21–23). Therefore, we next determinedwhether ROS reg-
ulates CT-induced expression of CHOP and TRAIL receptor.
As shown in Fig. 5C, pretreatment of A375 cells with the anti-
oxidantNAC reduced the CT-inducedCHOP andDR5 up-reg-
ulation. Under these conditions, NAC also suppressed the
enhancement effect of CT on TRAIL-induced cell death (Fig.
5D) and PARP/caspase-8 cleavage (Fig. 5E). To further confirm
the critical role of H2O2 and O2

. in CT-induced DR5 promoter
activity, we performed DR5 promoter studies with the overex-
pression of either empty, catalase, or SOD1 expression vectors.
As shown in Fig. 5F, the CT-mediated DR5 promoter activity
was significantly blocked by the overexpression of catalase or
SOD1 in A375 cells, suggesting the essential role of H2O2 and
O2
. induction in CT-mediated DR5 up-regulation. In addition

to this, overexpression of catalase and/or SOD1 suppressed
CT-induced DR5 protein up-regulation as determined by
Western blotting (Fig. 5G). Taken together, these data clearly
indicate that ROS generation by CT is critical for the up-regu-
lation of CHOP and DR5 and contributing to CT-stimulated
TRAIL-induced cell death and apoptosis.

FIGURE 6. Cryptotanshinone-induced up-regulation of DR5 up-regula-
tion is p53-independent. A, Western blotting of DR5 and p53 in wild-type
and p53 knock-out HCT116 cells treated with 20 �M CT for 12 h. B, A375 cells
were treated with 20 �M CT for 12 h. Whole-cell extracts were prepared and
analyzed by Western blotting with the indicated antibodies.
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Cryptotanshinone-induced Up-regulation of DR5 Is p53-
independent—Recent studies have revealed that p53 regulates
DR5 expression and have identified the p53-responsive ele-
ment as being in the first intron region of DR5 (24, 25). To
determine whether p53 is involved in CT-induced up-regula-
tion of DR5, we treated p53wild-type and p53 knock-out HCT-
116 cells with CT and tested their DR5 expression with West-
ern blot analysis. As shown in Fig. 6A, CT was able to induce
DR5 expression in both p53 wild-type and knock-out cells.
These results indicate that CT-induced up-regulation of DR5 is
independent of p53.
A number of anti-apoptotic proteins such as survivin,

X-linked inhibitor of apoptosis protein (XIAP), Mcl-1, cIAP-1,
cIAP-2, cFLIP, Bcl-2, Bcl-xL have been shown to be responsible
for the TRAIL resistance (4). Therefore, we examined whether
CT sensitized TRAIL-induced cell death through modulation
of these cell survival proteins.We found that CT had no appar-
ent effect on the expression of anti-apoptotic proteins being
tested in A375 cells (Fig. 6B).

Cryptotanshinone Sensitizes TRAIL-resistant Cancer Cells—
It has been shown that some cancer cells such as lung A549
cancer cells are completely resistant to TRAIL (26, 27). We
therefore investigated whether CT could also sensitize
A549 cells to TRAIL-induced apoptosis. We found that A549
cells were completely resistant to TRAIL treatment alone (Fig.
7A). However, pretreatment with CT significantly enhanced
TRAIL-induced cell death, as determined byMTT (Fig. 7A) and
crystal violet staining analysis (Fig. 7B). To determine how CT
sensitizes A549 cells to TRAIL-induced cell death, we deter-
mined its effect on TRAIL receptors DR4 and DR5. We found
that CT induced up-regulation of DR5 but not DR4 (Fig. 7C).
Results of flow cytometry analysis also revealed the increase in
DR5 cell surface expression in A549 cells (Fig. 7D). Further-
more, we found that pretreatment of cells with CT resulted in a
markedly increased accumulation of apoptotic nuclei (Fig. 7E)
and PARP, caspase-8, and caspase-3 cleavages (Fig. 7F) under
TRAIL treatment. Interestingly, no enhancement effect was
observed in normal lungMRC-9 fibroblast cells (Fig. 7G). Over-

FIGURE 7. Cryptotanshinone sensitizes TRAIL-resistant lung cancer cells. A, TRAIL-resistant A549 lung cancer cells were treated as indicated with TRAIL
alone or pretreated with 20 �M CT for 12 h, washed with PBS, and then treated with TRAIL for an additional 24 h. Cell viability was assessed by the MTT assay.
*, p � 0.05 versus control, CT, and TRAIL. B, crystal violet staining of A549 cells treated with CT and TRAIL as described under “Experimental Procedures.” C, A549
cells were treated with 20 �M CT for 12 h. Whole-cell extracts were analyzed for expression of DR5 and DR4 by Western blotting. D, the cell surface expression
levels of DR5 in A549 cells treated with 20 �M CT for 12 h were measured by flow cytometry analysis using phycoerythrin (PE)-conjugated DR5 and isotype
control antibodies. MFI, mean fluorescence intensity. E, A549 cells were treated as described above. Cells were fixed and stained with DAPI. Nuclei morpho-
logical change was visualized using fluorescence microscopy (�400). F, Western blotting of lysates from A549 cells pretreated with 20 �M CT for 12 h followed
by treatment with TRAIL for 3 h using the indicated antibodies. G, normal lung MRC-9 fibroblast cells were treated as indicated with TRAIL alone or pretreated
with 20 �M CT for 12 h, washed with PBS, and then treated with TRAIL for an additional 24 h. Cell viability was assessed by the MTT assay.
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all, we found that CT can also enhanceTRAIL-induced apopto-
sis in TRAIL-resistant lung cancer cells associated with the up-
regulation of DR5 expression.

DISCUSSION

TRAIL is considered as a highly promising anticancer agent
because it has remarkable specificity for inducing apoptosis in
tumor cell lines but not in normal cells (1). However, a consid-
erable number of cancer cell types are highly resistant toTRAIL
treatment due to low expression levels of TRAIL receptors (4).
Therefore, novel therapeutic strategies to restore TRAIL recep-
tor levels are urgently needed to overcome TRAIL resistance
cancer cells toTRAIL. In this study,we demonstrate for the first
time that CT effectively sensitizes human melanoma cells to
TRAIL-induced apoptosis through up-regulation of DR5 via
ROS signaling pathways. CT-induced ROS mediates the
expression of CHOP and further up-regulation of DR5 via the
CHOP binding element in the DR5 promoter. We also found
that CT can also enhance TRAIL-induced apoptosis in TRAIL-
resistant lung cancer cells (summarized in Fig. 8).
In the present study, we showed that cryptotanshinone, a

component derived from Salvia miltiorrhiza (danshen), can
enhance the apoptotic effects of TRAIL against human mela-
noma cells. Primary melanoma without any evidence of metas-
tases is mostly treated by surgery. The alkylating agents dacar-
bazine and temozolomide are the first line therapy for
metastatic melanoma; however, these treatments fail to help
most patients (80–87%) (28, 29). Two therapeutic regimens,
vemurafenib (targeting the BRAFV600Emutation) and combi-
nation therapy utilizing ipilimumab (targeting CTLA-4) and
dacarbazine (DTIC), have improved overall survival compared
with dacarbazinemonotherapy (29); however, they are not suit-
able for many patients due to toxicity, lack of the BRAF V600E
mutation and/or development of resistance. Therefore, other

treatment strategies are still required (29).Melanoma cellswere
previously reported to be susceptible to different degrees of
TRAIL-induced apoptosis (30, 31). However, only low levels of
death receptors for TRAIL were observed in fresh melanoma
isolates and melanoma tissue sections (31). Therefore, mela-
noma may not respond to TRAIL treatment unless increasing
the expression ofTRAILdeath receptors by other agents. In this
study, we found that CT is able to enhance TRAIL response in
TRAIL-resistant melanoma cells by up-regulating DR5. Thus,
the combination of TRAIL and CT may be an effective cancer
therapy that warrants additional study in vivo.

When examined for the role of ROS in the induction of death
receptors, we found that ROS plays a critical role in the expres-
sion of DR5 induced by CT. First, we showed that CT induced
the production of ROS includingH2O2 andO2

. (Fig. 5,A andB).
Second, pretreatment of cells with the antioxidant NAC abol-
ished the effect of CT on the induction of DR5 (Fig. 5C). Third,
NAC treatment also abolished the enhancing effect of CT on
cell death and apoptosis induced by TRAIL (Fig. 5, D and E).
Taken together, this evidence indicates that ROS plays an
essential role in the action of CT. Moreover, induction of ROS
by CT treatment was involved in CHOP induction, which is
critical for CT-mediated DR5 induction (Fig. 5C). CHOP is a
typical ER stress-regulated protein that is involved in ER stress-
induced apoptosis. Previous studies reported that CT-induced
ER stress is involved in its apoptotic activities (15). Our data
also suggest that CT can induce CHOP expression in mela-
noma cells. The detailed mechanism underlying CT-induced
CHOP up-regulation via the ROS pathway during ER stress
needs further investigation. Interestingly, overexpression of
catalase gave a lesser suppressive function for DR5 promoter
activity compared with SOD1 overexpression (Fig. 5F). This
phenomenon can be explained by (i) overexpression of catalase
alone induced slightly up-regulation of DR5 promoter activity
(Fig. 5F) and (ii) superoxide generationmay bemore critical for
CHOP/DR5 induction by CT. Further investigation is needed
to clarify the individual role of superoxide and hydrogen perox-
ide in CT-induced ER stress and CHOP up-regulation.
In previous studies, it has been suggested that induction of

DR5 can be mediated through the p53 intronic binding site in
DR5 promoter (24, 25). However, we found that DR5 was
induced by CT through a p53-independent mechanism, as
determined usingHCT116 p53 knock-out cells (Fig. 6A).More-
over, CT was able to induce DR5 expression in p53-mutated
HT-29 andOVCAR3 cells (Fig. 3C) (32–34), further suggesting
that p53 is not involved in CT-induced DR5 up-regulation.
Interestingly, we found that CT induced higher expression of
DR5 in HCT116 p53 knock-out cells (Fig. 6A). Previous studies
have reported that therapeutic agents such as glucocorticoids,
interferon-�, UV irradiation, and TNF-� can induce p53-inde-
pendent up-regulation of DR5 (35, 36), indicating that DR5 can
be regulated in a cell type-specific and p53-independent man-
ner. Further studies are needed to investigate the possible
inhibitory role of p53 in CT-induced DR5 induction.
S. miltiorrhiza (danshen) has been employed for use as tradi-

tional Chinese medicine for cardiovascular and cerebrovascu-
lar disease. Compound danshen dripping pills, consisting of
Radix salviaemiltiorrhizae,Radix notoginseng, andBorneolum,

FIGURE 8. Schematic diagram of the mechanism by which cryptotanshi-
none potentiates TRAIL-induced apoptosis.

Sensitization of TRAIL-mediated Apoptosis by Tanshinone

OCTOBER 11, 2013 • VOLUME 288 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 29931



is an herbal medicine recognized in the official Chinese Phar-
macopoeia (37). Recently, compound danshen dripping pills
has been approved by the U. S. Food and Drug Administration
for clinical trials in the United States (www.clinicaltrials.gov),
with four clinical trials on hypertension, coronary heart prob-
lems, and polycystic ovary disease are being conducted or have
been completed. Given that cryptotanshinone, dihydrotanshi-
none I, tanshinone I, and tanshinone IIA are the main tanshi-
nones contained in root of danshen (38) and all four tanshino-
nes can increase DR5 levels (Fig. 1B), its worthy to test whether
compound danshen dripping pills can up-regulate DR5 and
enhance TRAIL-induced apoptosis in the future.
In conclusion, we show here for the first time that cryptotan-

shinone can effectively restore TRAIL sensitivity in cancer cells
by up-regulation of DR5. Furthermore, ROS generated by CT
play a critical role in CHOP-mediated DR5 up-regulation.
Because the CT-related product is being tested clinically, ani-
mal studies are warranted to explore the combined effects of
CT and TRAIL, with the goal of providing new, safe, and effec-
tive TRAIL treatment regimens for cancer.
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