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Abstract

Purpose To investigate the occurrence of apoptosis
and autophagy on human gastric cancer cells after treat-
ment by Tanshinone I, as well as the relationship between
them.

Methods BGCS823 and SGC7901 cells were treated
with Tanshinone I; the cell proliferation was measured
using CCK-8 and clone formation assay; and the expres-
sion of apoptosis- and autophagy-associated proteins was
detected by Western blot. Autophagic vacuoles in cells
were observed with LC3 dyeing using confocal fluo-
rescent microscopy, and apoptotic cells were detected
via flow cytometry. Bcl-2 was overexpressed in gastric
cells treated with Tanshinone I or not, and autophagy
relative protein was investigated; the interaction between
Beclin-1 and Bcl-2 was detected by immunoprecipita-
tion. Cell apoptosis was detected when autophagy was
inhibited by ATG7-siRNA. Tumor growth was assessed
by subcutaneous inoculation of cells into BALB/c nude
mice.

Results Tanshinone I inhibited the proliferation of
BGC823 and SGC7901 cells, and induced cell apoptosis by
inhibiting anti-apoptosis protein Bcl-2. Tanshinone I also
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increased the conversion of LC3I to LC3II and triggered
autophagosome formation, without changing the expres-
sion of Beclin-1. However, the Beclin-1 VPS34 complexes
were increased after Tanshinone I treatment via inhibit-
ing Bcl-2 expression. Moreover, disturbing autophagy by
knockdown of ATG7 expression contributed to Tanshinone
I-induced apoptosis. In vivo assay showed that combination
with autophagy inhibitor chloroquine in nude mice bearing
BGC823 xenograft significantly augmented the antitumor
effect of Tanshinone I.

Conclusions Tanshinone I induced apoptosis and pro-sur-
vival autophagy via inhibiting Bcl-2 expression on gastric
cancer, and the combination of chloroquine and Tanshinone
I could inhibit tumor growth more efficiently than mono-
therapy, which might be considered as an effective strategy
for the treatment for gastric cancer.

Keywords Tanshinone I - Apoptosis - Autophagy -
Gastric cancer

Introduction

Gastric cancer is the third leading cause of cancer-related
death in the world. At present, the conventional treatment
approach of gastric cancer is gastrectomy combined with
chemotherapy or radiotherapy [1]. Due to the limited effi-
cacy of existing drugs, the advanced gastric cancer still
has a poor prognosis. Therefore, it is important to develop
novel effective antitumor agents with known mechanism of
action, including traditional Chinese herbal medicines.
Danshen (Salvia miltiorrhiza Bunge) is a traditional Chi-
nese herb that has been successfully used for treating coro-
nary heart diseases in clinics [2, 3]. More than 40 diterpene
compounds (including the relatively abundant Tanshinones,
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Tanshinone I, Tanshinone IIA, crypto Tanshinone, and
dihydro Tanshinone) have been isolated from Danshen [4].
These Tanshinones have shown cytotoxic effects on cell
lines derived from human carcinomas of the colon, ovary,
lung, mouth, and breast [5—11]. Recent findings indicate
Tanshinone I can induce cyclin D1 proteasomal degrada-
tion and apoptosis in colon cancer [12, 13]. However, the
antitumor activity of Tanshinone I on human cancer cell
lines is not effective enough. Therefore, understanding the
mechanisms of Tanshinone I action was critical for improv-
ing its anticancer effects.

Autophagy is a catabolic degradation process whereby
cellular proteins and organelles are digested in lysosomes
and recycling maintains cellular biosynthesis [14]. Accu-
mulating evidence has shown natural products that have
antitumor effects can induce autophagy in different can-
cer cell types. Resveratrol present in grapes can induce
autophagy in ovarian cancer cell lines [15]. Triterpenoid
saponins isolated from soybeans induce autophagy in
colon cancer cells with decreasing Akt expression and
increasing ERK expression [16]. In addition, EB1089,
which is a vitamin D analog, induces autophagy in
MCEF-7 cells, and overexpression of Beclin-1 can sensi-
tize these cells to EB 1089 [17]. However, drug-induced
autophagy in tumor cells is a cell survival mechanism
that suppresses apoptosis and eventually leads to treat-
ment resistance [18, 19]. Moreover, no data upon the
effect of Tanshinone I on apoptosis and autophagy have
been reported until now. To understand the cross talk
between autophagy and apoptosis, we investigated the
effect of Tanshinone I on apoptosis and autophagy of
gastric BGC823 and SGC7901 cells.

Materials and methods
Reagents

Tanshinone I, 5-diphenyl-2-H-tetrazolium bromide (MTT),
chloroquine, propidium iodide (PI), and 3-methyladenine
(3-MA) were purchased from Sigma, USA.

Streptomycin, penicillin, and Lipofectamine 2000 were
purchased from Life Technology, USA.

Cell culture

The human BGC823 and SGC7901 gastric cancer cell lines
were purchased from the American Type Culture Collection
(ATCC). Cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Life Technology, USA) supple-
mented with 10 % fetal bovine serum (FBS, Life Technol-
ogy, USA), streptomycin (100 U/mL), and penicillin (100
U/mL) at 37 °C in a humidified incubator of 5 % CO?2.
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Cytotoxicity assay

The cytotoxicity of Tanshinone I was assayed by the
CCK-8 kit (Dojindo Laboratories, Japan). Cells were
seeded at a density of 5 x 10*well in 100 nl of medium
onto 96-well microplates (Costar Corning, USA). After
24-h incubation, Tanshinone I was added at various con-
centrations 2.5, 5, 10, 15, 20, 40 pg/ml, and five biologi-
cal repeats were included for each concentration. After
treatment with Tanshinone I for 48 h, 10 pl of CCK-8 was
added to each well and cultivated for another 2 h. Absorb-
ance at 450 nm was measured with a microplate reader
(Bio-Rad, USA), using wells without cells as blanks. All
experiments were performed in triplicate. The effect of
Tanshinone I on the proliferation of cells was expressed as
the inhibitory ratios (%), using the following formula: Cell
inhibitory ratios (%) = [A450 (control) — A450 (Tanshi-
none 1)]/[A450 (control) — A450 (blank)] x 100.

Clone formation assay

The colony is defined at least 50 cells. For clone forma-
tion assay, approximately 150 cells were plated in 24-well
plates and treated with 2.5 pg/ml Tanshinone I for 2 weeks.
Colonies were counted under microscopy after crystal vio-
let staining. Clone formation rate = clone number/plated
number x 100 %.

Deficiency in ATG7

To produce cells deficient in ATG7, siRNA targeting ATG7
was designed and applied to GBC823 and SGC7901 cells
cultured in 75-cm? flasks at 5 x 10° cells/flask. Briefly,
three different siRNAs targeting ATG7 and negative-mis-
matched siRNA were purchased from RiboBio (CHINA).
The optimal transfection efficiency was determined from
our preliminary studies testing the range from 5 to 50 nM,
and we selected the condition and the siRNA sequence
(from three different sequences) for ATG7 protein that can
cause about 60-70 % silencing effect with minimal cyto-
toxicity. GBC823 and SGC7901 cells were transfected with
50 nM of the selected annealed siRNAs targeting ATG7 or
negative-mismatched siRNA in antibiotic-free media. Lipo-
fectamine 2000 (Life Technology, USA) was used as the
transfection reagent following the manufacturer’s instruc-
tion. After 48-h transfection, cells were trypsinized and col-
lected for further analysis as described in the experimental
procedure.

Flow cytometric analysis of apoptosis

Annexin V-FITC Apoptosis Detection Kit (Merck Mil-
lipore, USA) was used to evaluate the percentage of
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apoptosis cells. Cells were treated with Tanshinone I at dif-
ferent concentrations, or other while pretreated with 3-MA
for 1 h before the addition of Tanshinone I. 5 x 10’ treated
cells were centrifuged at 1000x g for 5 min at room tem-
perature followed by washing with cold PBS. Cells were
re-suspended in cold 1 x binding buffer and added with
1.25 il Annexin V-FITC for 15 min of incubation at room
temperature in the dark. After 10 pl of propidium iodide
(P) was added, the suspension was analyzed by flow
cytometry (FACScan).

Fluorescence microscopy for LC3 punctate

BGC823 and SGC7901 were seeded on poly-lysine-coated
coverslips overnight and then treated with 2.5 pg/mL
Tanshinone I for 24 h. Cells were fixed, dyed with LC3-
FITC antibody and then mounted using SlowFade with
4,6-diamidino-2-phenylindole (DAPI; Life Technology,
USA), and examined under a x 100 lens on an confocal
fluorescence microscope.

Western blotting

Treated cells were collected and washed with PBS twice.
The pellets were suspended in mammalian protein extrac-
tion reagent (Thermo fisher, USA) for at least 30 min on
ice. The lysis buffer also contained 1 mM protease inhibitor
cocktail, Na;VO,, NaF. Cell lysates were clarified by cen-
trifugation at 12,000 x g for 10 min at 4 °C, and the super-
natants were mixed with 5 x loading buffer and boiled
for 10 min. The protein contents in the supernatant were
measured by using a BCA protein assay kit II (Bio-Rad).
Proteins were separated by SDS-PAGE electrophoresis and
electrotransferred onto a PVDF membrane. The membrane
was blocked in 5 % nonfat skim milk and probed with pri-
mary antibodies of PARP, Beclin-1, Bcl-2, VPS34, Bax,
cleaved caspase 3, and LC3 (Cell signaling technology,
USA) followed by incubation with horseradish peroxidase-
conjugated secondary antibodies. Protein expression was
detected by using enhanced chemiluminescence system
(Amersham Pharmacia).

Tumor xenograft studies

All mouse experiments were performed in accord-
ance with approved protocols from Shanghai Medical
Experimental Animal Care Commission. GBC823 cells
(5 x 10°) in 100 ul of DMEM medium were injected sub-
cutaneously in the right lateral flank of six-week-old nude
mice. When the tumor volumes reached an average of
approximately 100 mm?, we treated the mice with vehicle
control, Tanshinone I at a concentration of 20 mg/kg q.d.
or chloroquine at a concentration of 50 mg/kg q.d or the

combination for 2 weeks p.o. Tumor volumes were meas-
ured every 3 days in two dimensions with vernier cali-
pers. The tumor volumes were calculated using the fol-
lowing formula: length x width? x 0.5. Two weeks after
the final treatment, the mice were killed, and the tumors
were surgically excised and weighed. Tumor tissues from
the in vivo experiments were collected for Western blot
analysis.

TUNEL assay

The TUNEL assay was performed according to the kit
instructions (Qia39, Merck, USA). The tumor tissue sec-
tions were deparaffinized, rehydrated, and incubated
with proteinase K (20 pg/mL) for 20 min at 37 °C. After
several washes with TBS, the specimen was covered in
1 x equilibration buffer for 30 min and then incubated
with a mixture of 57.0 pl of Fluorescein-FragELTM TdT
Labeling Reaction Mix and 3 pl of TdT Enzyme for 1.5 h
at 37 °C in the dark. Then, the slides were rinsed in TBS
three times. A glass coverslip was mounted using Fluores-
cein-FragELTM Mounting Media, and slides were visual-
ized under a fluorescence microscope (OLYMPUS IX71,
Japan). TUNEL-positive cells were counted at x 400
magnification. The apoptotic index was calculated as a
ratio of (apoptotic cell number)/(total cell number) in
each field.

Statistical analysis

All data are presented as the mean + SD. Statistical signifi-
cance was determined by paired or unpaired Student’s ¢ test
in cases of standardized expression data. One-way ANOVA
was performed for multiple group comparisons, and com-
parisons between two groups were conducted using the
least significant difference method. P < 0.05 was consid-
ered significant.

Results

Growth inhibition by Tanshinone I in human gastric
cancer cells

To evaluate the inhibitory effect of Tanshinone I on gas-
tric cancer cells, BGC823 and SGC7901 cells were treated
with gradient Tanshinone I for 48 h. As shown in Fig. 1a,
b, the relative viability of cells subsequent to Tanshinone
I treatment was decreased in a dose-dependent manner. In
addition, colony formation assay suggested that the number
of developed colonies generated from Tanshinone I-treated
BGC823 and SGC7901 cell was less than controls (Fig. lc,
d). It was concluded that Tanshinone I could inhibit the
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Fig.1 Tanshinone inhibited BGC823 and SGC7901 cell prolif-
eration. a, b Cells viability of BGC823 (a) and SGC7901 (b) after
Tanshinone I treatment at 2.5, 5, 10, or 20 pg/ml by CCK-8 assay.
¢, d Colony formation of BGC823 and SGC7901 cells after Tanshi-

BGC823 and SGC7901 cells growth in a gradient-depend-
ent manner.

Apoptosis was induced by Tanshinone I in human
gastric cancer cells

To examine whether Tanshinone I-induced cytotoxicity
was due to the induction of apoptotic cell death, we inves-
tigated the level of apoptosis exerted by Tanshinone I in
gastric cancer cells. Apoptosis in BGC823 and SGC7901
cells treated with Tanshinone I was analyzed by flow
cytometry with Annexin V and PI staining. As shown in
Fig. 2a, the apoptotic index was significantly increased
in gastric cancer cells treated with Tanshinone 1. We
then examined the apoptosis-associated protein expres-
sion levels in BGC823 and SGC7901 cells. As shown in
Fig. 2b, Tanshinone I treatment increased the expression
of Bax and cleaved caspase 3 and PARP, while inhibited
the expression of Bcl-2, a negative regulatory factor for
autophagy. Taken together, Tanshinone I could induce
apoptosis in BGC823 and SGC7901 cells.
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Autophagy was induced by Tanshinone I in human
gastric cancer cells

Due to natural products which can also induce autophagy
in some cancer cells, we next explore whether Tanshi-
none I could induce autophagy. Autophagy in BGC823
and SGC7901 cells was detected via testing LC3 puncta
by immunofluorescence staining with LC3 antibody and
the conversion of LC3 I to LC3 II by Western blot, which
are both classic index for autophagy detection [20]. Tan-
shinone I treatment resulted in significant autophagy
induction, as evidenced by an increase in LC3 puncta
(autophagosomes) (Fig. 3a). Consistently, Western blot
data showed that Tanshinone I was able to cause an
increased conversion of LC3-I into LC3-1I in BGC823
and SGC7901 cells (Fig. 3c). However, the expression
of Beclin-1, a vital autophagy-induced protein, was not
changed. Taken these together, Tanshinone I can induce
both apoptosis and autophagy in human gastric cancer
cells.
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Fig. 2 Tanshinone I induced apoptosis in BGC823 and SGC7901
cells. a FACS assessing apoptosis induced in BGC823 and SGC7901
cells after Tanshinone I treatment at 5 and 10 wg/ml. The data are
expressed as the mean value £+ SD. Statistical significance is indi-

Tanshinone I inhibited Beclin-1 and Bcl-2 complex
and induced autophagy in BGC823 and SGC7901 Cells

Bcl-2 is a negative regulatory factor for autophagy, which
binds to Beclin-1 and disrupts the interaction between Bec-
lin-1 and VPS34, leading to Beclin-1 homodimer formation
and inhibiting autophagosome formation [21, 22]. To inves-
tigate whether Bcl-2 was involved in Tanshinone I-induced
autophagy, Bcl-2 was overexpressed in BGC823 and
SGC7901 cells to disturb the interaction between Beclin-1
and VPS34. As shown in Fig. 4a, Bcl-2 overexpression
significantly inhibited Tanshinone I-induced autophagy.
Immunoprecipitation results indicated that overexpression
of Bcl-2 increased Beclin-1/Bcl-2 complex and decreased
VPS34/Beclin-1 complex, which could inhibit autophago-
some formation. Our data indicated that Tanshinone I
induces autophagy though downregulating of Bcl-2/

cated versus control (*P < 0.05; **P < 0.01; ***P < 0.001). b West-
ern blot assessing the change in apoptosis-related protein including
caspase 3, PARP, Bax, and Bcl-2

Beclin-1 combination and contributing to VPS34/Beclin-1
complex in BGC823 and SGC7901 cells.

Combining Tanshinone I with autophagy inhibition
enhanced Tanshinone I-induced cytotoxicity in vitro

To investigate the role of autophagy in the anticancer
effects of Tanshinone I in vitro, ATG7-siRNA and VPS34
inhibitor 3-MA were used to inhibit autophagy. BGC823
and SGC7901 cells were treated with Tanshinone I at 5 pg/
ml in combination with ATG7-siRNA at 50 nM or 3-MA
at 3 mM for 24 h, and then, cell viability was analyzed. As
shown in Fig. 5a, b, cell growth inhibition was enhanced
when Tanshinone I in combination with ATG7-siRNA or
3-MA. We also observed that ATG7-siRNA or 3-MA treat-
ment downregulated Tanshinone I-induced LC3II conver-
sion and unregulated the apoptosis-associated proteins
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Fig. 3 Tanshinone I induced A LE3 DAPI Merge
autophagy in BGC823 and
SGC7901 cells. a Immunofiuo-
rescence evaluated the effect of
Tanshinone I on LC3 punctates
in BGC823 and SGC7901 cells.
b LC3B and other autophagy- Control
related protein were analyzed
by Western blot
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cleaved caspase 3 (Fig. 5c, d). Furthermore, FACS result
suggested that the combination treatment induced apopto-
sis more significantly than monotherapy (Fig.5e). Taken
together, combining Tanshinone I with autophagy inhibitor
enhanced cytotoxicity in vitro, and autophagy might be a
pro-survival process against Tanshinone I-induced cancer
cell growth inhibition.
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Combining Tanshinone I with autophagy inhibitor
enhanced Tanshinone I-induced antitumor effect in vivo

To examine the effect of autophagy inhibition on the
in vivo anticancer efficacy of Tanshinone I, the nude mice
bearing BGC823 tumor xenografts were treated by vehi-
cle control, Tanshinone I at a concentration of 20 mg/kg
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Fig. 4 Tanshinone I inhibited
Beclin-1/Bcl-2 complex and
induced autophagy in BGC823
and SGC7901 cells. a Overex-
pression of Bcl-2 inhibited Tan-
shinone I-induced autophagy
by Western blot assay. b IP
assessing Beclin-1 and Bcl-2
complex, and Beclin-1 and
VPS34 complex after Bcl-2
overexpression or not
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q.d. or chloroquine at a concentration of 50 mg/kg q.d or
the combination for 2 weeks p.o. The inhibitory ratios of
Tanshinone I, chloroquine, and the combination on day
21 after first administration were 18.9, 57.5, and 70 %,
respectively (Fig. 6a). Tumor weight was also meas-
ured at the end of the study (Fig. 6b), and the result was
consistent with that of tumor volume. TUNEL stain-
ing demonstrated a significant increase in the number of
apoptotic cells in the combination treatment group com-
pared with the monotherapy groups (P < 0.01, Fig. 6c¢).
Together, these data showed that the combination therapy
of Tanshinone I and chloroquine had an addictive effect

on reducing tumor proliferation and inducing tumor cell
apoptosis than monotherapy in vivo.

Discussion

Gastric cancer is the third most deadly cancer worldwide
[1]. Due to its high metastatic recurrence, the prognosis of
patients with advanced gastric cancer is poor [23]. At pre-
sent, drugs are limited in clinical. Therefore, it is impor-
tant to develop new effective therapy in gastric cancers.
In this study, we found for the first time that Tanshinone
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Fig.5 Combination of Tanshinone I with autophagy inhibitor
enhanced Tanshinone I-induced cytotoxicity in vitro. a Cell viabil-
ity of with combining ATG7-siRNA with Tanshinone I at 5 pg/
ml. b Cell viability of with combining a class III PI3 K (hVPS34)
inhibitor 3-MA at 3 mM with Tanshinone I at 5 pg/ml. ¢ Western
blot assessing the change in autophagy- and apoptosis-related pro-

I has potential anticancer activities in the human gastric
cancer cells in vitro and in vivo, and exerts its anticancer
effect by inducing apoptotic cell death.
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tein after ATG7-siRNA and Tanshinone I treatment. d Western blot
assessing the change in autophagy- and apoptosis-related protein
after 3-MA and Tanshinone I treatment. e FACS evaluated the effect
of Tanshinone I, siRNA, or the combination on apoptosis. The data
are expressed as the mean value £ SD. Statistical significance is indi-
cated versus control (*P < 0.05; **P < 0.01; ***P < (0.001)

Bcl-2, an anti-apoptosis and pro-survival protein, is over-
expressed in multiple tumor types and contributes to drug
resistance. Recent studies indicate that it can also inhibit
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Fig. 6 Combination of Tanshinone I with autophagy inhibitor
enhanced Tanshinone I-induced antitumor effect in vivo. a Growth
curve of BGC823 xenografts upon treatment of vehicle or Tanshinone
I at a concentration of 20 mg/kg q.d. or chloroquine at a concentra-
tion of 50 mg/kg q.d or the combination for 2 weeks p.o. Data are the
mean tumor volumes £ SE. b Tumor volume of BGC823 xenografts
upon treatment with control (vehicle), Tanshinone I, chloroquine,
and the combination. ¢ TUNEL showed the change in apoptosis in

autophagy via binding to Beclin-1, which was an autophagy-
inducing protein [24]. Small-molecule antagonists of Bcl-2,
ABT-737/263, can competitively disturb the Bcl-2/Beclin-1
complex to induce autophagy [24]. Our results suggest that
the molecular mechanism underlining Tanshinone I induces

BGC823 xenografts upon treatment with control (vehicle), Tanshi-
none I, chloroquine, and the combination. The data are expressed
as the mean value = SD. d Western blot showed the changes in
autophagy and apoptosis signaling events in BGC823 xenograft upon
treatment with control (vehicle), Tanshinone I, chloroquine, and
the combination. Statistical significance is indicated versus control
(*P <0.05; **P < 0.01; ***P < 0.001)

autophagy and is likely to involve the downregulation of Bcl-
2. We also found that overexpression of Bcl-2 could recover
Tanshinone I-induced decreasing in Bcl-2/Beclin-1 complex.
In this regard, our data demonstrate that Tanshinone I can
induce autophagy in gastric cancer cells.
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Recent studies indicate that anticancer drugs can trig-
ger apoptosis and/or autophagy in cancer cells [25]. How-
ever, whether autophagy in response to anticancer drugs
is pro-death or pro-survival is contentious. Tamoxifen and
other antiestrogen agents can induce autophagy in breast
cancer MCF-7 cells [26, 27]. This autophagy is mediated
by a cell-permeable short-chain analog of a second mes-
senger C2 ceramide and increased expression of Beclin-1,
an autophagy-associated protein. Addition of 3-methylad-
enine (3-MA), an inhibitor of autophagosomes formation,
prevents the cell death, suggesting that autophagy func-
tions as a cell death program in this setting. It is interest-
ing that bafilomycin A1, another autophagy inhibitor, radi-
osensitizes cancer cells by inducing apoptosis, suggesting
that autophagy induced by radiation may be a protective
mechanism [28]. In this regard, autophagy can be either
pro-death or pro-survival depending upon the cellular con-
text. In an effort to determine whether autophagy serves a
pro-survival or pro-death role in response to Tanshinone I,
we evaluated two genetic approaches to inhibit autophagy.
Since autophagosome formation is regulated by a class III
phosphoinositide-3-kinase (PI3 K) complex [24], we uti-
lized the class III PI3 K inhibitor 3-methyladenine (3-MA)
[29] and knocked down autophagy gene ATG7 by specific
siRNAs. Data suggested that both 3-MA and ATG7-siRNA
can significantly enhance apoptosis in combination with
Tanshinone 1. Both in vitro and in vivo assay indicate the
consistent conclusion that Tanshinone I in combination
with chloroquine, another autophagy inhibitor, suggested
addictive efficacy in BGC823 tumor xenografts model.

In summary, this study demonstrates that Tanshinone I
can induce apoptosis and pro-survival autophagy in vitro
and in vivo via inhibiting Bcl-2 expression and increase the
autophagy-inducing complex Beclin-1/VPS34 on gastric
cancer. Autophagy induced by Tanshinone I serves a pro-
survival role, and the combination of autophagy inhibitor
chloroquine and Tanshinone I could increase cell apoptosis,
which might be considered as an potential therapy for the
treatment for gastric cancer.
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