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Abstract

Objective: To investigate the synergistic effects of cryptotanshinone (CPT) and doxorubicin
(DOXO) on induction of apoptosis in human gastric cancer cells and the mechanisms.
Methods: Cell proliferation and apoptosis were detected using the CCK8 assay and AnnexinV/PI
staining, respectively. Western blotting was used to determine the levels and phosphorylation of
proteins encoded by STAT 3-regulated genes and the cleaved forms of caspases and PARP.
Results: CPT significantly potentiated the antiproliferative effect of DOXO in gastric cancer cell
lines. CPT combined with DOXO induced apoptosis and cleavage of caspases-3,-7,-9 as well as
PARP. CPT or a STAT3 siRNA significantly suppressed constitutive and IL-6-induced phosphor-
ylation of STAT3 Tyr705, decreasing the levels of proteins encoded by STAT 3-target genes (Bcl-xL,
Mcl-1, survivin, and XIAP).

Conclusions: CPT enhanced the anticancer activity of DOXO in gastric cancer cells via STAT3
inactivation and suppression STAT3-regulated antiapoptotic gene expression, indicating that
DOXO combined with CPT may serve as effective therapy for gastric cancer.
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Introduction

Gastric cancer is one of the most common
and lethal malignancies worldwide.'
Chemotherapy has been used to treat
patients with unresectable advanced or
metastatic gastric cancer; however, resist-
ance to chemotherapy remains a major
obstacle that reduces efficacy.*>
Doxorubicin (DOXO) is an anthracycline
antibiotic that is widely used to treat gastric
cancer. During the early 1980s, a regimen
comprising fluorouracil, doxorubicin, and
mitomycin was accepted as the gold stand-
ard for patients with advanced gastric
cancer.® However, treatment with DOXO
is associated with severe side effects such as
cardiotoxicity and bone marrow suppres-
sion. Drug resistance and toxicity are
common causes of treatment failure.”®
Therefore, combination treatment strategies
are required to enhance the efficiency of
DOXO and reduce its toxicity.

Constitutive activation of signal trans-
ducer and activator of transcription 3
(STATS3) often correlates with poor prog-
nosis and metastasis in gastric cancer, breast
cancer, lung cancer, and myeloma.’ !
STATS3 exerts its antiapoptotic, prosurvival,
and proliferative effects through transcrip-
tional regulation of target genes in cancer
cells, including those encoding antiapoptotic
proteins such as Bcl-xL, Bcl-2, Mcl-1,
survivin and XIAP as well as proteins that
regulate proliferation, such as cyclin D1 and
c-Myc. Accumulating evidence suggests that
STAT3 confers resistance upon cells to
chemotherapeutic agents such as DOXO,
cisplatin, and docetaxel through its antia-
poptotic effects.'’> Moreover, inhibiting
STATS3 activity increases the sensitivity to
chemotherapeutic drugs of cancer cells lines
in vitro and in xenograft models in vivo.'* !¢
Thus, this evidence indicates that abrogation
of STAT3 activation renders tumor cells
more susceptible to chemotherapeutic drugs.

Cryptotanshinone (CPT) Figure 1(a)), a
diterpene quinone isolated from the root of

Salvia miltiorrhiza, possesses anti-inflamma-
tory, anticancer, antioxidative, and antian-
giogenic activities.'”?* CPT exerts its
anticancer activities via targeting the
STATS3 signaling pathway,?’ decreasing the
expression levels of mammalian target of
rapamycin and the phosphorylation of
Rb,*® suppressing VEGFR-3 mediated
ERK1/2 phosphorylation, and inhibiting
signaling through small GTPase-mediated
pathways.”? Moreover, CPT sensitizes
cancer cells to anticancer agents, including
TNF-o, TRAIL, Fas, and imatinib.3*?

We demonstrated that the combination of
CPT and As,0s5 exerted a synergistic effect on
the induction of apoptosis in multiple mye-
loma U266 cells via activation of the JNK
signaling pathway.** Furthermore, CPT
induces cell cycle arrest and apoptosis in
human leukemia cells by decreasing the
expression levels of cyclin D1 and Bcl-2 as
well as enhancing caspase activity.” These
results support the development of CPT as an
inducer of apoptosis or chemosensitizer in
combination cancer therapy.

Here, we demonstrate that CPT synergis-
tically potentiated the antitumorigenic activity
of DOXO against human gastric cancer cells
via inactivation of STAT3, suggesting that the
combination of CPT and DOXO may be
useful for treating human gastric cancer.

Materials and methods
Antibodies and reagents

Penicillin, streptomycin, RPMI 1640, and
fetal bovine serum (FBS) were purchased
from Invitrogen (Carlsbad, CA, USA).
Antibodies against STAT3, p-STAT3™703,
p-STAT3%7?7 p-JAK2, PARP, pro-cas-
pase 3, survivin, Bel-xL, Mcl-1 and B-actin
(ACTB) were purchased from Cell Signaling
Technology (Beverly, MA, USA). HRP-
conjugated secondary antibodies were pur-
chased from Santa Cruz Biotechnology, Inc.
(CA, USA). CPT was purchased from
Chengdu Must Biotechnology (Chengdu,
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Figure 1. Cryptotanshinone (CPT) sensitizes human gastric cancer cells to doxorubicin (DOXO)-induced
apoptosis. (a) Structure of CPT. (b) Human gastric cancer cells were treated with |5uM CPT, 0.5 pug/ml
DOXO, or in combination, for 24 h, and cell proliferation was evaluated using the CCK8 assay. (c) SGC7901
cells were treated with 15 1M CPT, 0.5 pg/ml DOXO, or in combination, for 24 h. Total proteins were
analyzed using western blotting to detect the activation of PARP, caspase-3, caspase-7 and caspase-9, using
ACTB as the internal reference. The gray ratio of each group was calculated, and the data are expressed as the
mean + S.E.M. of at least three independent experiments. **p < 0.01.
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China) and prepared as a 30 mmol/L stock
solution in DMSO. DOXO hydrochloride
was purchased from Sigma-Aldrich (St.
Louis, MO, USA). A small interfering RNA
(siRNA) targeting STAT3 were purchased
from Shanghai GenePharma (Shanghai,
China) (sense/anti-sense: 5- CCCGGAAA
UUUAACAUUCUTT-3, 5- AGAAUGU
UAAAUUUCCGGGTT-3). A scrambled
siRNA (sense/anti-sense: 5-UUCUCCGAA
CGUGUCACGUTT-?, 5- ACGUGACAC
GUUCGGAGAATT-3) served as the nega-
tive control.

Cell culture

The human gastric cancer cell lines SGC-
7901 and HGC-27 were purchased from the
Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China),
and the human gastric cancer cell line
MKN45 was obtained from the American
Type Culture Collection (Manassas, VA,
USA). The three cell lines were maintained
in RPMI 1640 medium supplemented with
10% FBS, 100 units/ml penicillin, and
100 pg/ml streptomycin. Cells were incu-
bated at 37°C in a humidified atmosphere
containing 5% CO,.

Cell proliferation assay

The human gastric cancer cell lines SGC7901,
MKN45, or HGC27 were seeded in triplicate
in 96-well plates (5,000 cells per well) and
incubated for 24 h in fresh complete medium
containing test compounds or DMSO. Cell
viability was determined using a cell counting
kit-8 (CCK8, Dojindo, Japan), and absorb-
ance at 450nm was measured using an
ELISA plate reader according to the manu-
facturer’s instructions.

Western blot analysis

Western blot analysis was performed as
previously described.’® Briefly, gastric

cancer cells were washed in phosphate-
buffered saline, lysed for 30min using
RAPI extraction buffer (Beyotime Institute
of Biotechnology, Jiangsu, China) contain-
ing freshly prepared protease inhibitors
(Merck, Germany) and then centrifuged
for Smin at 14,000 rpm at 4°C. The protein
concentration of the supernatant was deter-
mined using the BCA protein assay (Pierce,
Rockford, 1L, USA). Proteins (40 pug) were
separated using polyacrylamide gel (10%)
electrophoresis, electrophoretically trans-
ferred to a polyvinylidene fluoride (PVDF)
membrane (BioRad, Richmond, CA, USA),
and blocked for 2 h with TBS containing 5%
dried milk and 0.1% Tween-20. Membranes
were incubated with primary antibodies
overnight at 4°C, washed, and then incu-
bated with HRP-conjugated secondary anti-
bodies. Immune complexes were detected
using an ECL Plus kit (BioRad, Hercules,
CA, USA).

Transient transfection and
RNA interference

SGC7901 cells were transfected with the
scrambled or STAT3 siRNA using
Lipofectamine RNAIMAX (Invitrogen,
CA, USA) following the manufacturer’s
instructions. After 24h, proteins were
extracted, and the expression levels of
p-STAT3, STATS3, Bel-xL, survivin, Mcl-1,
XIAP and ACTB were analyzed using west-
ern Dblotting. Simultaneously, cells were
incubated with different concentrations
of DOXO for 24h, and apoptosis was
detected using AnnexinV/propidium iodide
(PI) and a FACScan flow cytometer (Becton
Dickinson).

Apoptosis analysis
Apoptosis was measured using a BD
Pharmingen™ FITC Annexin V Apoptosis

Detection Kit and a FACScan flow cyt-
ometer (Becton Dickinson) according to the
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manufacturer’s. Briefly, DOXO-treated cells
were counted, resuspended in binding buffer,
and stained with 5 pug/mL FITC-conjugated
Annexin V and PI for 15min in the dark at
room temperature. The FL-1 and FL-2
channels were used simultaneously to gate
FITC-positive cells and Pl-positive cells,
respectively.

Statistical analysis

Data are expressed as the mean 4+ SD. We
applied the Student ¢ test using SPSS 16.0
software. The Student ¢ test (one-tailed) was
used to analyze the differences in drug-
response data acquired from at least three
independent experiments. P < 0.01 indicates
a significant difference.

Results

CPT enhances DOXO-induced apoptosis in
human gastric cancer cells

The gastric cancer cell lines SGC7901,
MKN45, and HGC27 were treated with
DOXO, CPT, or in combination for 24 h.
As shown in Figure 1(b), cell viability was
not significantly affected by DOXO or CPT
(0.5pg/ml or 15uM, respectively) (Figure
1(b)), whereas viability was reduced dramat-
ically by CPT combined with DOXO.
Cleavage of caspase 3, caspase 7, caspase
9, and PARP was significantly increased by
DOXO combined with CPT at subtoxic
concentrations of 0.5pg/ml and 15pM,
resepectively, in SGC7901 cells (p <0.01,
Figure 1(c)).

CPT inhibits the phosphorylation of STAT3
Tyr705 in gastric cancer cells

STAT3 contributes to the regulation of
apoptosis in cancer cells. For example,
CPT preserves the inhibitory effects of
STAT3 on carcinomas such as prostate
cancer as well as gliomas.***’ Here, we

sought to determine whether CPT sup-
pressed STAT3 phosphorylation in human
gastric cancer cells. As shown in Figure 2(a),
CPT inhibited the phosphorylation of
STAT3 Tyr705 but not STAT3 Ser727 in
the three human gastric cancer cell lines
without altering the expression levels of total
STAT3. Further experiments showed
that CPT inhibited phosphorylation of
STAT3 Tyr705 in a concentration and
time-dependent manner (Figure 2(b)
and Figure 2(c)). Furthermore, decreased
levels of phosphorylated STAT3 Tyr705
(pTyr705) were detected after 15-30min
incubation with 15uM CPT.

CPT inhibits interleukin é (IL6)-induced
phosphorylation of STAT3 Tyr705 in
gastric cancer cells

The phosphorylation of STAT3 on Tyr705
is mainly regulated by JAK kinases (JAKs)
and SRC that act upstream in the STAT
signaling pathway in response to cytokines
and growth factors such as (IL-6), epidermal
growth factor, oncostatin M, and leukemia
inhibitory factor (LIF).*® Therefore, we
determined the effects of CPT on the levels
of phosphorylation of JAKs and SRC in the
gastric cancer cell lines. As shown in
Figure 3(a), phosphorylation of JAK1, JAK2,
and SRC was not affected by 15puM CPT.

Next, we investigated the ability of CPT
to inhibit IL-6-induced STAT3 activation in
HGC27 cells, because they express low levels
of STAT3 pTyr705. The levels of STAT3
pTyr705 in HGC27 cells markedly increased
following stimulation with 10ng/mL IL-6
for 30 min and 60 min, whereas this effect
was abolished in the presence of 15 uM CPT
(Figure 3(b)).

CPT inhibits STAT3-regulated gene
expression in gastric cancer cells

STAT3 regulates the expression of genes
involved in its antiapoptotic functions,
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Figure 2. CPT inhibits the phosphorylation of STAT3 Tyr705 (pTyr705) in human gastric cancer cells.

(a) The human gastric cancer cell lines SGC7901, MKN45, and HGC27 were incubated with I5pM CPT
for 4 h, and the levels of STAT3 pTyr705 and pSer727 were determined using western blotting with [3-actin
(ACTB) as an internal reference. (b) SGC7901 and MKN45 cells were treated with the indicated
concentrations of CPT for 4 h. (c) SGC7901 or MKN45 cells were treated with 15 M CPT for the indicated
times. After treatment, western blotting analysis was used to determine the levels of STAT3 pTyr705 and

STAT3 pSer727.

such as members of the Bcl-2 family
and inhibitor of apoptosis proteins (IAPs).
To investigate the ability of CPT treat-
ment to downregulate STAT3 target genes,
gastric cancer SGC7901 cells were
treated with different concentrations of
CPT. As shown in Figure 4(a), the levels of
Bcl-xL, Mcl-1, survivin, and XIAP were
decreased. Furthermore, CPT or CPT
combined with DOXO decreased the levels
of Bcl-xL, Mcl-1, survivin, and XIAP
(Figure 4(b)).

STAT3 siRNA sensitizes gastric cancer
cells to DOXO-induced apoptosis

CPT potentiated DOXO-induced apoptosis
in human gastric cancer cells (Figure 1) and

reduced constitutive and IL-6-stimulated
STAT3 activation (Figure 2). Therefore,
we asked whether CPT increased the activity
of DOXO via suppression of STAT3. To
answer this question, we determined the
effect of siRNA-mediated STAT3 knock-
down on CPT- and DOXO-induced apop-
tosis in SGC7901 cells transfected with a
STAT3-specific siRNA. The levels of
p-STAT3 Tyr705, STAT3, Bcl-xL, Mcl-1,
survivin, and XIAP were reduced
(Figure 5(a)). Moreover, apoptosis was sig-
nificantly increased in the presence of
DOXO+STATS3 siRNA, DOXO + CPT, or
DOXO +STAT3 siRNA + CPT, whereas
there was no significant effect after expos-
ure to DOXO, STAT3 siRNA, or CPT
(Figure 5(b)).
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Figure 3. CPT inhibits IL6-induced phosphoryl-
ation of STAT3 (Y705) in human gastric cancer cells.
(a) The human gastric cancer cell lines SGC7901,
MKNA45, or HGC27 were incubated with 15 M
CPT for 4h, and the levels of phospho-JAKI,
phospho-JAK2, and phospho-SRC were determined
using western blotting. (b) HGC27 cells were
incubated with 15 uM CPT for 4 h and then
stimulated with 10 ng/ml IL-6 for 30 min or 60 min.
The levels of STAT3 pTyr705 and phospho-JAK2
were analyzed using western blotting.

Discussion

Accumulating evidence demonstrates that
CPT is a potent anticancer drug. For
example, the anticancer activities of CPT
include inhibition of cell proliferation and
angiogenesis as well as induction of apop-
tosis.?’ 2 Furthermore, CPT acts coopera-
tively with numerous chemotherapeutic
agents to inhibit the growth of carcin-
omas,””*® CPT enhances As,Os-induced
apoptosis of the multiple myeloma cell line
U266 through activation of the JNK signal-
ing pathway.** Here, we demonstrate that
CPT sensitized human gastric cancer cells to
DOXO-induced apoptosis via suppression
of the STAT3 signaling pathway.

DOXO is widely used to treat human
gastric cancer, although toxicity and drug
resistance limit its extensive application and
efficacy.” ® Therefore, methods are urgently

(a)
CPT(uM) 0 2.5 5 10 15

Bel-xL. [ |
Mel-1
Survivin
e
Braciin | e s— —— —]

(b)

CPT(15uM) —  + - +
DOXO(0.5ug/mly — - + +
Bel-xL
Mcl-1
Survivin
XIAP
B-actin

Figure 4. CPT decreases the expression of
proteins encoded by STAT3-regulated genes in
SGC7901 cells. (A) SGC7901 cells were treated
with indicated concentrations of CPT for 24 h and
then subjected to western blotting to detect Bcl-xL,
Mcl-1, survivin, and XIAP. (B) SGC7901 cells were
treated with 15 pM CPT, 0.5 pg/mL DOXO, or CPT
combined with DOXO for 24 h. Cell lysates were
subjected to western blotting using antibodies
against Bcl-xL, Mcl-1, survivin, XIAP, and ACTB
(internal control).

required to increase the sensitivity of gastric
cancer cells to DOXO. CPT potentiates the
cytotoxicity of DOXO in colon and hepato-
cellular cancer cells that overexpress
P-glycoprotein.**** However, to our know-
ledge, no report describes the effects of the
combination of CPT and DOXO on gastric
cancer. The aim of the current study there-
fore was to investigate whether CPT
increased the anticancer effect of DOXO at
low doses (i.e. safe and clinically achievable
doses) on gastric cancer cells. Our data
demonstrate that cell viability and apoptosis
were not significantly affected by 15uM of
CPT or a low dose of DOXO (0.5 pg/ml),
while their combination had a strong syner-
gistic effect on reducing cell viability and
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Figure 5. STAT3 siRNA decreases the expression of STAT3-regulated genes and enhances DOXO-induced
apoptosis in SGC7901 cells. (a) SGC7901 cells were transfected with a STAT 3-specific siRNA or a nonspecific
scrambled siRNA for 24 h. The cells were collected and subjected to western blotting to detect STAT3
pTyr705, STAT3 pSer727, STAT3, Bcl-xL, Mcl-1, survivin, and XIAP. (b) After STAT3 knockdown for 24 h,
SGC7901 cells were treated with the indicated concentrations of DOXO for an additional 24 h. Cells were
then double-stained with AnnexinV/Pl, and the apoptotic rates were determined using flow cytometry.

(c) SGC7901 cells transfected for 24 h with the STAT3 siRNA were treated with |5 tM of CPT or 0.5 pug/mL
of DOXO for another 24 h. Cells were then double-stained with AnnexinV/PI, and the apoptotic rates were

determined using flow cytometry.

inducing apoptosis (Figure 1). These results
suggest that CPT enhanced DOXO-induced
apoptosis in gastric cancer cells, indicating
that the combination of DOXO and CPT
may serve as potent novel strategy for
treating gastric cancer.

STATS3 plays an important role in drug
resistance and is closely associated with the
progression and prognosis of patients with
carcinomas.'> STAT3, which is activated
through phosphorylation on Tyr705 by the
upstream Janus kinases (JAKs), mediates
the transcription and expression of a variety
of downstream genes such as those that
encode the antiapoptotic proteins XIAP,
Bcl-2, Mcl-1 and survivin.*' STAT3 confers
resistance to DOXO through its antiapop-
totic effects on gastric cancer cells, and
abrogation of STAT3 activation reverses
the resistance to DOXO of cancer cell lines

and tumor cells studied using in vivo xeno-
graft models."* !> Moreover, CPT directly
inhibits the phosphorylation of STAT3
Tyr705.%

Here we show that CPT significantly
inhibited constitutive and IL-6-induced
phosphorylation of STAT3 Tyr705 in
human gastric cancer cells without altering
the phosphorylation of STAT3 Ser727
(pSer727), JAKI1, and JAK2. This effect
was accompanied by a reduction in the
levels of Bcl-xL, Mcl-1, survivin, and
XIAP, which act as downstream compo-
nents of STAT3 signaling and are encoded
by STAT3-target genes. These results are
consistent with previous studies of other
tumors.*” ** Therefore, we postulate that
the sensitizing effect of CPT on DOXO-
induced apoptosis may be caused by
inhibition of STAT3 activity by CPT.
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The down-regulation of Bcl-xL, Mcl-1,
survivin, and XIAP likely indicates an asso-
ciation between the inhibition of STATS3
activity and the capacity of CPT to enhance
DOXO-induced apoptosis in gastric cancer
cells.

As expected, STAT3 knockdown poten-
tiated DOXO-induced apoptosis and
decreased the expression levels of proteins
encoded by STAT3-regulated genes in gas-
tric cancer cells, in a manner similar to that
mediated by CPT treatment. Furthermore,
apoptosis was greatly increased in gastric
cancer cells treated with DOXO + STAT3
siRNA, DOXO + CPT or DOXO + STAT3
siRNA + CPT, whereas there was no signifi-
cant effect on cells exposed to DOXO,
STAT3-siRNA, or CPT. Other studies
show that knockdown of STAT3 using a
specific siRNA or an inhibitor does not
induce apoptosis, but greatly enhances the
sensitivity of cancer cell lines to cisplatin or
gefitinib by significantly reducing the expres-
sion levels of downstream signaling proteins
encoded by STAT3-target genes as well as
those of the antiapoptotic proteins Bcl-2,
Bel-xL, and survivin.***’ These observa-
tions indicate that CPT enhances the sensi-
tivity of gastric cancer cells to DOXO
through the inhibition of STAT3 activity
as well as the inhibition of the expression of
the STAT3-target genes Bcl-xL, Mcl-1,
survivin, and XIAP.

In summary, the results of our present
study demonstrate for the first time that
CPT increased the sensitivity of human
gastric cancer cells to DOXO by suppressing
STAT3 activity via a mechanism that
involves the reduction of the levels of the
antiapoptotic proteins Bcl-xL, Mcl-1, survi-
vin, and XIAP. Thus, the combination of
DOXO and CPT may serve as a novel
strategy for treating patients with gastric
carcinoma. Further in vivo studies are
required to fully elucidate the mechanisms
of the anticancer effects of this drug
combination.
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