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10,11-dehydrocurvularin exerts antitumor effect against
human breast cancer by suppressing STAT3 activation
Qun Zhao1, Yun Bi1, Jing Zhong1,2, Xiang Li1, Jian Guo1, Ying-xiang Liu1, Long-rui Pan1, Yan Tan1, Zhang-shuang Deng2 and
Xian-jun Yu1

Aberrant activation of signal transducer and activator of transcription 3 (STAT3) plays a critical role in many types of cancers. As a
result, STAT3 has been identified as a potential target for cancer therapy. In this study we identified 10,11-dehydrocurvularin (DCV),
a natural-product macrolide derived from marine fungus, as a selective STAT3 inhibitor. We showed that DCV (2–8 μM) dose-
dependently inhibited the proliferation, migration and invasion of human breast cancer cell lines MDA-MB-231 and MDA-MB-468,
and induced cell apoptosis. In the two breast cancer cell lines, DCV selectively inhibited the phosphorylation of STAT3 Tyr-705, but
did not affect the upstream components JAK1 and JAK2, as well as dephosphorylation of STAT3. Furthermore, DCV treatment
strongly inhibited IFN-γ-induced STAT3 phosphorylation but had no significant effect on IFN-γ-induced STAT1 and STAT5
phosphorylation in the two breast cancer cell lines. We demonstrated that the α, β-unsaturated carbonyl moiety of DCV was
essential for STAT3 inactivation. Cellular thermal shift assay (CETSA) further revealed the direct engagement of DCV with STAT3. In
nude mice bearing breast cancer cell line MDA-MB-231 xenografts, treatment with DCV (30 mg·kg−1·d−1, ip, for 14 days) markedly
suppressed the tumor growth via inhibition of STAT3 activation without observed toxicity. Our results demonstrate that DCV acts as
a selective STAT3 inhibitor for breast cancer intervention.
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INTRODUCTION
Breast cancer is the most common tumor in women, and ~400,000
breast cancer-related deaths are recorded annually worldwide
[1, 2]. Although advanced therapies are available to treat breast
cancer, the prognosis of patients is still poor, mainly because of
widespread metastasis and high recurrence rates [3, 4]. Che-
motherapy has become a promising strategy for breast cancer
treatment; however, it also has some undesirable side effects
[5, 6]. Thus, there is an urgent need to develop a novel therapeutic
strategy for breast cancer to improve the clinical outcome of
patients.
Signal transducer and activator of transcription 3 (STAT3) is an

important transcription factor in normal tissue development and
involution [7, 8]. In normal cells, STAT3 is expressed as an inactive
monomer in the cytoplasm. Cytokines, such as IL-6 and other
growth factors, can induce dimerization of the gp130 receptor and
activation of the receptor-associated JAK kinases, leading to
phosphorylation of STAT3 [9, 10]. Phosphorylated STAT3 forms
dimers and subsequently enters the nucleus and regulates the
transcription of target genes [11]. Constitutive activation of the
STAT3 signaling pathway contributes to tumor development and
progression in various cancers [12, 13]. With respect to breast

cancer, constitutive activation of STAT3 is strongly associated with
the prognosis of breast cancer and is found in more than 40% of
breast cancer cases [14]. Previous studies have shown that
aberrant and constitutively activated STAT3 is linked with
proliferation [15], apoptosis [16], metastasis [17, 18], and
chemoresistance [19, 20] in breast cancer. Pharmacologic suppres-
sion of STAT3 activation has been revealed as a novel therapeutic
strategy for the treatment of breast cancer [21–25]. Therefore,
STAT3 is deemed an attractive target for therapeutic intervention
in breast cancer.
10,11-dehydrocurvularin (DCV), a fungus-derived natural-pro-

duct macrolide exhibits anti-infective, anti-inflammatory, and
anticancer activities [26–30]. However, the detailed molecular
mechanisms of DCV remain elusive. Given the critical role of STAT3
in the development of cancer and the anticancer potential of DCV,
we postulated that DCV exerts anticancer effects through the
modulation of STAT3 activation. In this study, we report that DCV
potently inhibits STAT3 activation in vitro and in vivo. We found
that the Michael acceptor moiety on DCV is responsible for the
inhibition of STAT3 activation. In conclusion, these results imply
that DCV exerts anticancer activity in breast cancer by suppressing
STAT3 signaling.
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MATERIALS AND METHODS
Reagents and antibodies
DCV and curvularin (CV) have been previously described [26, 30].
DCV and CV were dissolved in dimethyl sulfoxide DMSO (Amresco,
Cleveland, OH, USA) at 20mM to generate stock solutions.
Antibodies for Western blotting used in this study included rabbit
anti-PARP (#9532, Cell Signaling Technology, Beverly, MA, USA;
1:1000), rabbit anti-cleaved caspase-3 (#9661), rabbit anti-Bcl-2
(#3498), rabbit anti-Bax (#2772), rabbit anti-phospho-STAT3 (Tyr705)
(#9145), rabbit anti-phospho-STAT3 Ser727 (#9134), mouse anti-
phospho-STAT3 (#9139), rabbit anti-phospho-STAT1 (#7649), rabbit
anti-STAT1 (#9172), rabbit anti-phospho-STAT5 (#9314), rabbit anti-
STAT5 (#94205), rabbit anti-phospho-JAK1 (#3331), rabbit anti-JAK1
(#3332), rabbit anti-phospho-JAK2 (#3776), rabbit anti-JAK2 (#3230).
Flag-beads (#A2220, Sigma, St. Louis, MO, USA), Flag (#A8592, Sigma,
St. Louis, MO, USA; 1:1000) and β-actin (#A3854, Sigma, St. Louis,
MO, USA; 1:5000) were also used in this study.

Cell line and culture
Human breast cancer cell lines (MDA-MB-231 and MDA-MB-468)
and normal breast epithelial cells (MCF-10A) were provided by
Prof Tao Zhu at the University of Science and Technology of China,
Hefei, Anhui, China [31]. Human embryonic kidney HEK293T cells
were purchased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). MDA-MB-231, MDA-MB-468, and
HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS,
Biological Industries, Israel), 100 U/mL penicillin, and 100 μg/mL
streptomycin (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
MCF-10A cells were maintained in DMEM/F12 medium (Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 5%
horse serum (HS), insulin (10 mg/mL), epidermal growth factor
(EGF, 20 ng/mL), cholera toxin (100mg/mL), hydrocortisone (0.5
mg/mL), penicillin (50 U/mL), and streptomycin (50 U/mL)
(obtained from PeproTech; Rocky Hill, NJ, USA). All cells were
maintained in a humidified 5% CO2 incubator at 37 °C.

Cell viability assay
Cells were seeded in 96-well microplates (5 × 104 cells/well) and
cultured for 24 h. The cells were treated with a series of
concentrations of compounds for the indicated periods. Cell
viability was determined by MTT assay in triplicate [32].

Colony formation assay
Cells were pretreated with the indicated concentrations of DCV for
12 h and then cultured in DMEM containing 10% FBS. After
14 days, the colonies were stained with 0.1% crystal violet and
quantified under a light microscope.

Cell apoptosis assay
Cells were resuspended in 1× binding buffer and then incubated
with annexin V and propidium iodide (PI) for 30 min in the dark at
room temperature, after which the number of apoptotic cells was
analyzed by flow cytometry.

Wound-healing migration assay
Cells (5 × 105) were seeded in a six-well plate after reaching
confluence. Cells were scratched with a 200 μL pipet tip and then
washed with PBS to remove unattached cells. The cells were treated
with the indicated concentrations of DCV in DMEM containing 10%
FBS. After 12 h of incubation, the cells were fixed, and randomly
chosen fields were imaged under a light microscope.

Invasion assay
The invasion assay was carried out using a coated polyvinyl-
pyrrolidone-free polycarbonate filter (Corning). Cells (2 × 104 cells/
well) were resuspended in medium with or without the indicated

concentrations of DCV and added to the Transwell insert.
Complete medium was added to the bottom well. Twelve hours
after seeding, the filter was fixed and stained with 2% ethanol
containing 0.2% crystal violet (15 min). After being dried, the
stained cells were counted under a light microscope.

Luciferase reporter assay
The STAT3 luciferase reporter plasmid pAPRE-luc (containing the
STAT3 responsive element) was used to detect the transcriptional
activity of STAT3 signaling and was a gift from Professor Guang-biao
Zhou. The assay was carried out as previously described [33]. Briefly,
cells were cotransfected with the STAT3 luciferase reporter plasmid
and SV40-Renilla-Luc (Promega, Madison, WI, USA) using Lipofecta-
mine 2000 (Invitrogen, USA) for 24 h. Then, the cells were pretreated
with DCV for 2 h, and IL-6 (R&D Systems, Minneapolis, MN, USA, 10
ng/mL) was added and incubated for an additional 24 h. Luciferase
activity was detected using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI, USA), and the relative reporter
activity was obtained by normalizing to the Renilla luciferase activity
according to the manufacturer’s instructions.

Western blotting
Cells and tissues were harvested and lysed in RIPA buffer
(containing protease and phosphatase inhibitor cocktail) for 30
min on ice. After centrifugation, protein samples were quantified
using a BCA protein assay kit (#P0011, Beyotime Institute of
Biotechnology, Shanghai, China). Equal amounts of proteins were
loaded onto SDS-PAGE gels at 100 V for 2 h and transferred to
PVDF membranes (Millipore, Plano, TX, USA). The membranes
were further blocked with 5% nonfat milk and incubated with
primary antibodies at 4 °C overnight. The membranes were further
incubated with HRP-conjugated secondary antibodies for 1 h at
room temperature and then detected by a chemiluminescence kit
(Millipore, Plano, TX, USA).

Isolation of cytosolic and nuclear extracts
Cells were treated with DCV for 2 h, followed by 20min of
stimulation with IL-6 (10 ng/mL, and cytosolic and nuclear extracts
were isolated using a nuclear extraction kit (#P0027, Beyotime
Biotechnology, Shanghai, China) according to the manufacturer’s
instructions. The extracts were quantified using the BCA assay.

Cellular thermal shift assay (CETSA)
CETSA was performed as previously described [30]. Briefly, MDA-
MB-231 and MDA-MB-468 cells were treated with or without 6 μM
DCV for 2 h. Cells were washed with PBS and suspended in 1mL
PBS (containing protease and phosphatase inhibitor cocktail) and
then divided into five PCR tubes. The tubes were heated at the
indicated temperatures for 3 min, followed immediately by
cooling on ice. The cells were lysed via three freeze (in dry ice)-
thaw (in 25 °C water bath) cycles. The cell lysates were centrifuged
at 20,000 × g for 20min at 4 °C. Soluble supernatants were
analyzed by gel electrophoresis and Western blotting.

Coimmunoprecipitation assay
Cells were collected with NP40 cell lysis buffer, and the protein
samples were incubated with the indicated antibodies overnight
at 4 °C. Then, immunoprecipitates were incubated with protein A/
G agarose beads for 2 h at 4 °C. Protein expression was detected
by Western blotting.

Tumor xenografts in nude mice
Female BALB/c-nu mice (Beijing HuaFuKang Bioscience Co., Ltd,
Beijing, China) were purchased at 4–5 weeks of age and housed in
a specific pathogen-free barrier facility. MDA-MB-231 cells (1 × 106)
in 100 μL PBS were subcutaneously injected into the right flanks of
mice. When the tumors were visible, the mice were randomly
divided into two groups (seven mice in each group): the vehicle
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group and the DCV (30mg·kg−1·d−1) group. The mice in the
vehicle group were injected intraperitoneally with 100 μL 95%
PBS+ 5% Cremophor daily, while the mice in the DCV group were
injected with DCV diluted with 95% PBS+ 5% Cremophor
(30 mg·kg−1·d−1). Body weights were monitored. The tumor size
was measured using slide calipers, and the tumor volume was
calculated as 0.5 × a × b2, where a is the length of the tumor, and
b is the width. At the time of the last treatment, the mice were
euthanized. The tumors were excised and weighed and then
frozen immediately in liquid nitrogen for further analysis.

Statistical analysis
All data represent at least three independent experiments and are
expressed as the mean ± standard deviation unless otherwise
noted. An unpaired t test was performed to compare two samples
to determine the statistical significance of the difference. P < 0.05
was considered to represent a statistically significant difference.

Ethical statement
All animal experiments were performed in accordance with the
guidelines for animal treatment of Hubei University of Medicine.
All experimental protocols in our study were approved by the
Ethics Committee of Hubei University of Medicine.

RESULTS
Inhibitory effects of DCV on breast cancer cells
To investigate the potential cell growth inhibitory effects of DCV
(Fig. 1a) in breast cancer cells, we first assessed the effect of DCV
on MDA-MB-231 and MDA-MB-468 cells. As shown in Fig. 1b, DCV
inhibited cell proliferation in both cancer cell lines in a
concentration- and time-dependent manner. However, the normal
human mammary epithelial cell line MCF-10A was less sensitive to
DCV (Fig. 1c). To further confirm the antiproliferative effect of DCV,
we performed a cell clonogenic assay. DCV significantly reduced
the clonogenic activity in the two cell lines (Fig. 1d). We next
examined whether DCV inhibited migration and invasion. The
migration and invasion of cells were effectively impaired by DCV
in a concentration-dependent manner (Fig. 1e, f). We then
investigated the apoptotic response to DCV treatment. DCV
treatment increased the proportion of annexin V/PI-positive cells
according to the flow cytometry analysis (Fig. 1g). In agreement
with the above findings, the levels of cleaved PARP and caspase-3
were significantly increased by DCV treatment in a concentration-
dependent manner (Fig. 1h). As further confirmation that DCV-
induced apoptosis in breast cancer cells, the results showed
upregulation of Bax and downregulation of Bcl-2 after exposure to
DCV (Fig. 1i). Collectively, these results indicate that DCV exhibits
anticancer activity in human breast cancer cells in vitro.

DCV specifically inhibits STAT3 activation
STAT3 is a transcription factor whose aberrant constitutive
activation contributes to cell growth and metastasis [34]. We
assessed whether DCV suppressed the transcriptional activation of
STAT3. A STAT3-responsive luciferase reporter assay system was
used to identify STAT3 signaling inhibitors [33]. We found that
DCV inhibited STAT3-responsive luciferase activity in a
concentration-dependent manner (Fig. 2a). Moreover, DCV also
significantly suppressed IL-6-induced STAT3-responsive luciferase
activity (Fig. 2b). To determine whether STAT3 was activated, we
examined the phosphorylation of STAT3 in MDA-MB-231 and
MDA-MB-468 cells by Western blotting. The results showed that
DCV inhibited constitutive STAT3 phosphorylation at Tyr705 in a
concentration-dependent manner but did not affect STAT3
phosphorylation at Ser727 (Fig. 2c). DCV also exerted similar
inhibitory effects on IL-6-induced STAT3 phosphorylation in a
concentration- and time-dependent manner (Fig. 2d, e). In
addition, compared with the STAT3 selective inhibitors

cryptotanshinone and BP-1-102, DCV showed a strong inhibitory
effect on STAT3 phosphorylation (Fig. S1).
One essential step for STAT3 activation is the nuclear

translocation of STAT3, which is critical for subsequent target
gene regulation [12]. To further confirm the inhibitory effect of
DCV on STAT3 activation, we examined the effects of DCV on
STAT3 nuclear translocation and target gene expression. DCV
markedly inhibited IL-6-induced nuclear translocation of STAT3 in
the two breast cancer cell lines, as demonstrated by cytoplasmic
and nuclear fractionation (Fig. 2f). Furthermore, DCV significantly
inhibited the expression of the STAT3 target genes Cyclin D1,
survivin, and c-Myc in a concentration-dependent manner
(Fig. 2g).
STAT1 and STAT5 are structurally similar to STAT3 but have

different functions [35, 36]. To determine whether DCV is a STAT3-
specific inhibitor, MDA-MB-231 and MDA-MB-468 cells were
stimulated with IFN-γ, and the effect of DCV was examined.
Interestingly, DCV strongly suppressed IFN-γ-induced STAT3
phosphorylation but had no significant effect on IFN-γ-induced
STAT1 or STAT5 phosphorylation (Fig. 2h), implying that DCV
specifically inhibits STAT3 phosphorylation. Therefore, these
results indicate that DCV inhibits STAT3 activation in human
breast cancer cells.

DCV does not affect the upstream components or
dephosphorylation of STAT3
The binding of the cytokine IL-6 to its receptor initiates the
activation of STAT3 upstream receptor-associated kinases, which
then activate STAT3. To explore whether DCV directly interacts with
IL-6, we incubated IL-6 with DCV. We observed that incubation of IL-
6 with DCV maintained the high expression of STAT3 phosphoryla-
tion, implying that DCV does not directly interact with IL-6 (Fig. 3a,
b). Receptor-associated kinases, such as JAK1 and JAK2, are the
upstream kinases of STAT3. We then examined whether STAT3
inhibition by DCV occurred through inhibition of JAK1 and JAK2.
DCV had no effects on the constitutive phosphorylation of JAK1 and
JAK2 (Fig. 3c). Moreover, DCV did not inhibit the IL-6-induced
phosphorylation of JAK1 and JAK2 (Fig. 3d). These results suggest
that inhibition of STAT3 by DCV is not mediated by inhibition of its
upstream receptor-associated kinases.
Protein tyrosine phosphatases (PTPs) have been implicated in

STAT3 activation. We assessed whether the DCV-induced inhibi-
tion of STAT3 phosphorylation could be due to the activation of
PTPs. Cells were stimulated with IL-6 and cultured in fresh medium
for the indicated time points, after which STAT3 phosphorylation
was detected. Treatment with DCV did not affect the depho-
sphorylation of STAT3 in either cell line (Fig. 3e, f). Importantly, the
tyrosine phosphatase inhibitor sodium orthovanadate did not
reverse the DCV-induced inhibition of STAT3 phosphorylation
(Fig. 3g, h). In conclusion, these results suggest that the inhibitory
effect of DCV on STAT3 phosphorylation did not affect its
upstream components or dephosphorylation.

Michael acceptor of DCV mediates STAT3 inactivation
DCV contains two α,β-unsaturated carbonyl units, which could
function as a Michael receptor to react with thiols of cysteine. To
investigate whether this moiety of DCV is essential for its
inhibitory effects on STAT3 signaling and cell viability, DCV was
coincubated with dithiothreitol (DTT) or glutathione (GSH). DTT
and GSH markedly blocked DCV-induced inhibition of STAT3
phosphorylation (Fig. 4a, b). Moreover, the DCV-induced loss of
cell viability was also attenuated by DTT (Fig. 4c).
To further determine whether the carbon-carbon double bond is

essential for STAT3 inhibition, we utilized CV synthesized by catalytic
hydrogenation of the double bond of DCV (Fig. 4d). The results
showed that DCV significantly reduced the levels of phosphorylated
STAT3, while CV did not inhibit the phosphorylation of STAT3 (Fig. 4e,
f). The phosphorylation of STAT3 results in STAT3 dimerization and
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Fig. 1 Inhibitory effects of DCV on breast cancer cells. a Chemical structure of DCV. bMDA-MB-231 and MDA-MB-468 cells were treated with
various concentrations of DCV for 12, 24, 48 and 72 h. Cell viability was analyzed by MTT assay. c The effect of DCV on the normal human
breast epithelial cells MCF-10A. d The results from the colony formation assay in MDA-MB-231 and MDA-MB-468 cells after DCV treatment are
shown. e The antimigration effect of DCV was evaluated by wound-healing assay. Confluent monolayers of MDA-MB-231 and MDA-MB-468
cells were wounded, and wound healing was monitored microscopically after 12 h of treatment with the indicated concentrations of DCV.
Bar= 100 μm. f The invasive capacities were determined by Transwell invasion assay. MDA-MB-231 and MDA-MB-468 cells were seeded into
the upper chamber of the Transwell inserts. Representative invasive cells after 12 h of incubation are shown. Bar= 100 μm. gMDA-MB-231 and
MDA-MB-468 cells were treated with 6 μM DCV for 48 h, and the percentage of apoptotic cells was determined by labeling with annexin-V and
PI followed by flow cytometry analysis. h MDA-MB-231 and MDA-MB-468 cells were incubated with various concentrations of DCV for 48 h.
The cell lysates were analyzed for PARP and caspase-3 expression. i The protein expression of Bcl-2 and Bax was measured in MDA-MB-231 and
MDA-MB-468 cells treated with the indicated concentrations of DCV for 48 h by Western blotting assay. The results from three independent
experiments are presented. *P < 0.05, **P < 0.01 and ***P < 0.001 versus control.
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Fig. 2 DCV specifically inhibits STAT3 activation. a MDA-MB-231 cells transfected with STAT3 luciferase reporter plasmid and SV40-Renilla-
Luc (as an internal control) for 24 h. Cells were then treated with DCV for 24 h, and luciferase activity was measured. b Luciferase assays were
performed using MDA-MB-231 cells transfected with STAT3 luciferase reporter plasmid and SV40-Renilla-Luc for 24 h. The cells were then
treated with DCV for 2 h, and luciferase activity was measured following stimulation with IL-6 (10 ng/mL) for 24 h. c Effect of DCV on
constitutively active STAT3 phosphorylation. MDA-MB-231 and MDA-MB-468 cells were treated with the indicated concentrations of DCV for 2
h. The cell lysates were subjected to Western blotting to determine the Tyr705 and Ser727 phosphorylation of STAT3 and the total STAT3
protein levels. d Effect of DCV on inducible STAT3 activation. The cells were pretreated with the indicated concentrations of DCV for 2 h and
stimulated with IL-6 (10 ng/mL) for 20min. Cells were then lysed and subjected to Western blotting with the indicated antibodies. e The cells
were pretreated with DCV (6 μM) for the indicated times and then stimulated with IL-6 (10 ng/mL) for 20min. Cells were then lysed and
subjected to Western blotting with the indicated antibodies. fMDA-MB-231 and MDA-MB-468 cells were treated with DCV for 2 h, followed by
stimulation with IL-6 (10 ng/mL) for 20min, and the cytoplasmic and nuclear extractions were subjected to Western blotting to determine the
distribution of STAT3. g MDA-MB-231 and MDA-MB-468 cells were treated with DCV for 24 h. Cells were then lysed, and the expression of
STAT3 target genes was analyzed by Western blotting with the indicated antibodies. h MDA-MB-231 and MDA-MB-468 cells were treated with
DCV at the indicated concentrations for 2 h, followed by stimulation with IFN-γ for 15 min. Whole-cell lysates were processed for Western blot
analysis using the indicated antibodies. The results from three independent experiments are presented. *P < 0.05, **P < 0.01 and ***P < 0.001
versus control.
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subsequent translocation to the nucleus [37]. We next addressed
whether DCV inhibited STAT3 dimerization. The results revealed that
endogenous STAT3 dimerization was impaired by DCV but not CV
(Fig. 4g). To further confirm that DCV disrupted STAT3 dimerization,
Myc-tagged, and Flag-tagged STAT3 plasmids were transiently
transfected into HEK293T cells. Coimmunoprecipitation assays

indicated that DCV suppressed the dimerization of STAT3, but CV
was unable to inhibit STAT3 dimerization (Fig. 4h).
Since DCV quickly inhibited the activation of STAT3, we

hypothesized that DCV can directly interact with STAT3. We
performed CETSA to examine whether STAT3 was engaged by
DCV. As shown in Fig. 4i, STAT3 was significantly stabilized in DCV-

Fig. 3 DCV does not affect the upstream components of STAT3 activation. IL-6 (10 ng/mL) was incubated with DCV at the indicated
concentrations in vitro for 30 min and then used to stimulate MDA-MB-231 (a) and MDA-MB-468 (b) cells for 20min. Cells were then lysed and
subjected to Western blotting with the indicated antibodies. c MDA-MB-231 cells were pretreated with the indicated concentrations of DCV
for 2 h, and whole-cell lysates were processed for Western blot analysis using antibodies as indicated. d MDA-MB-231 cells were pretreated
with DCV at the indicated concentrations for 2 h, followed by stimulation with IL-6 (10 ng/mL) for 20min. Whole-cell lysates were analyzed by
Western blotting using the indicated antibodies. MDA-MB-231 (e) and MDA-MB-468 (f) cells were stimulated by IL-6 (10 ng/mL) for 20min. The
media were then replaced by fresh media without IL-6 and incubated with or without DCV (6 μM) for the indicated time periods (0–240min).
Cells were lysed and subjected to Western blotting with the indicated antibodies. MDA-MB-231 (g) and MDA-MB-468 (h) cells were pretreated
with sodium orthovanadate (10 μM), DCV (6 μM) or both for 2 h and then stimulated with IL-6 (10 ng/mL) for 20min. Cells were lysed and
subjected to Western blotting with the indicated antibodies.
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Fig. 4 Michael acceptor of DCV disturbs STAT3 dimerization.MDA-MB-231 (a) and MDA-MB-468 (b) cells were pretreated with DTT (0.5 mM),
GSH (2mM), DCV (6 μM) or their mixture (DCV and DTT/GSH were preincubated at room temperature for 30 min) for 2 h and then stimulated
with IL-6 (10 ng/mL) for 20 min. Cells were lysed and subjected to Western blot analysis using antibodies as indicated. c MDA-MB-231 and
MDA-MB-468 cells were cultured in the presence of the indicated concentrations of DCV or DCV+DTT (0.5 mM) for 24 h, and then cell viability
was analyzed by MTT assay. d DCV has two α,β unsaturated carbonyl groups that are eliminated by curvularin (CV) by hydrogenating the
double bonds. e MDA-MB-231 cells were incubated with the indicated concentration of DCV or CV for 2 h. The cell lysates were subjected to
Western blotting to determine the p-STAT3 Tyr705 and STAT3 protein levels. f MDA-MB-231 cells were pretreated with the indicated
concentrations of DCV or CV for 2 h and stimulated with IL-6 (10 ng/mL) for 20min. The cell lysates were subjected to Western blotting to
determine the expression of p-STAT3 Tyr705 and STAT3. g MDA-MB-231 and MDA-MB-468 cells were treated with 6 μM DCV and CV for 2 h,
followed by stimulation with IL-6 (10 ng/mL) for 20min. The cells were harvested, and the lysate was immunoprecipitated with STAT3 and
Protein A/G agarose overnight. The level of STAT3 was detected by Western blotting. h HEK293T cells were transfected with Flag- and Myc-
tagged STAT3 plasmids and treated with 6 μM DCV and CV for 12 h.The total lysates were subjected to immunoprecipitation with Flag beads,
followed by detection with anti-Flag or Myc antibody. i MDA-MB-231 cells and MDA-MB-468 cells were treated with 6 μM DCV for 2 h and
subsequently heated at different temperatures for 3 min. After freeze-thaw cycles for cell lysis, the soluble STAT3 protein levels were examined
by Western blotting. The results from three independent experiments are presented. **P < 0.01 and ***P < 0.001 versus control. #P < 0.05,
##P < 0.01, ###P < 0.001 versus DCV treatment.
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Fig. 5 DCV inhibits breast cancer growth in xenograft tumors. a MDA-MB-231 cells were subcutaneously injected into BALB/c nude mice
(15 ± 2 g). Intraperitoneal treatment with vehicle or 30mg/kg DCV was administered once every day for 14 days (7 mice/group). The body
weights were calculated for the vehicle- and DCV-treated mice during the experiment. b The tumor volume was monitored. c At the end of
the experiment, the tumors were excised. Images of resected human breast tumors taken for the vehicle and DCV treatment groups. d The
tumors were weighed. e Representative images of Ki67, cleaved caspase-3 and Cyclin D1 immunostaining in vehicle- and DCV-treated tumor
tissues. Bar= 100 μm. f The tumor tissues were homogenized and lysed in RIPA buffer, and the expression of p-STAT3 Tyr705, STAT3, Cyclin D1,
survivin, c-Myc, and cleaved caspase-3 was detected by Western blotting. g Real-time RT-PCR assay was performed to assess the expression of
Cyclin D1, c-Myc and survivin. h Nude BALB/c mice were administered vehicle or DCV (30mg·kg−1·d−1) by intraperitoneal injection once every
day for 14 days. All animals were sacrificed after collecting blood samples and tissues. The results of plasma biochemical tests for ALT, AST, ALP,
BUN, and creatinine in vehicle- or DCV-treated mice. *P < 0.05, **P < 0.01 and ***P < 0.001 versus vehicle treatment.
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treated cells, suggesting the direct engagement of DCV with
STAT3. Collectively, these results indicate that the Michael
acceptor of DCV is responsible for the inhibition of STAT3
activation and function.

DCV suppresses breast cancer growth in xenograft tumors
To determine whether DCV inhibited tumors in vivo, MDA-MB-231
cells were subcutaneously injected into the right flanks of
nude mice. Tumor-bearing mice were treated with DCV at
30mg·kg−1·d−1 for 14 days. We found no significant differences
in body weight after DCV treatment, suggesting that DCV had no
obvious toxic side effects (Fig. 5a). However, tumor size and tumor
weight were markedly reduced in DCV-treated mice compared
with vehicle-treated mice (Fig. 5b–d).
To further confirm the in vitro results, we analyzed the

expression of the indicated proteins in tumor tissues by
immunohistochemistry and Western blot assays. A marked
reduction in the proliferation biomarkers Ki67 and Cyclin D1 was
observed in DCV-treated tumor tissues (Fig. 5e). To determine
whether the lower proliferation in DCV-treated tumor tissues is
linked with apoptosis, we measured apoptosis by detecting
cleaved caspase-3. DCV-treated tumor tissues showed more
caspase-3-positive cells than vehicle-treated tumor tissues (Fig. 5e).
These results were further strengthened by Western blotting
analysis (Fig. 5f). Furthermore, the level of phospho-STAT3 was
markedly decreased in DCV-treated tumor tissues compared with
vehicle-treated tumor tissues (Fig. 5f). Additionally, DCV-treated
tumor tissues showed a marked reduction in the STAT3 target
genes Cyclin D1, survivin, and c-Myc (Fig. 5f, g).
To evaluate the safety of DCV in vivo, we detected its toxicity in

blood, heart, liver, spleen, and kidney after DCV treatment. No
notable differences in blood biochemical parameters (ALT, AST, ALP,
BUN, and creatinine) were observed between the vehicle and DCV-
treated groups (Fig. 5h). Taken together, these results demonstrate
that DCV suppresses tumor growth and STAT3 activation in vivo.

DISCUSSION
Constitutively activated STAT3 contributes to tumor progression
and development in cancers, and STAT3 might become an
attractive molecular target for antitumor drug development [25].
Some natural products and derivatives, such as curcumin [38],
resveratrol [39], Eriocalyxin B [40], have gained much attention
because of their safety, efficacy, and availability. DCV, a natural-
product from a marine-derived fungus, has been found to exert
anti-inflammatory and antitumor effects [26–30]. However, the
molecular mechanism of DCV in breast cancer remains unclear.
Herein, we demonstrated that DCV acted as a potent STAT3
inhibitor. Further study suggested that the α,β-unsaturated
carbonyl unit of DCV was essential for its inhibitory effects on
STAT3 activation because a reduction in the carbon-carbon double
bond abrogated its inhibitory activity on STAT3. In addition, in vivo
models also revealed the anticancer efficacy of DCV, which is
mediated by its inhibition of STAT3 activation; in addition, DCV
had no obvious side effects.
Ligands and tyrosine kinases are considered crucial inducers of

STAT3 dimerization [37, 41]. Our results indicated that DCV did not
affect the upstream pathway components or the dephosphoryla-
tion of STAT3. Moreover, DCV also did not inhibit STAT3
phosphorylation at Ser727 and had no effect on STAT1 or STAT5
phosphorylation. Thus, we suggest a possible direct interaction
between DCV and STAT3. DCV contains an electrophilic α,β-
unsaturated carbonyl moiety that tends to react with a variety of
electron donors. Cysteine thiol residues ubiquitously present in
cellular proteins can be covalently modified. Many studies suggest
that electrophilic attack is a critical biological process [40, 42, 43].
Our previous study reported that DCV exhibited anticancer activity
based on the α, β-unsaturated carbonyl moiety [30]. In the present

study, the results indicated that the thiol-reducing agents DTT and
GSH reversed the DCV-mediated inhibition of STAT3 phosphoryla-
tion and loss of cell viability. In line with this finding, DCV
suppressed STAT3 phosphorylation and dimerization, while CV,
which lacks an α, β-unsaturated carbonyl moiety, was incapable of
inhibiting STAT3 activation. Furthermore, we found direct
engagement of DCV with STAT3 by CETSA. Therefore, our results
indicated that the direct modification of STAT3 by DCV prevented
STAT3 phosphorylation and dimerization and subsequently
suppressed STAT3 signaling.
Several reports have demonstrated the antitumor activities of

DCV [29, 30]. In line with this, our data indicated that DCV
significantly inhibited breast cancer cell growth and had little
cytotoxicity in normal human mammary epithelial cells. One of the
important findings of our work is that DCV displayed satisfactory
therapeutic effects in vivo. We found that DCV treatment
significantly inhibited breast cancer tumor growth. More impor-
tantly, STAT3 activation was also inhibited by DCV treatment
compared with vehicle treatment, suggesting that DCV is a
promising anti-breast cancer agent for clinical trials.
In conclusion, our studies demonstrated that DCV exhibited

inhibitory potential by directly engaging with STAT3, leading to
inactivation of STAT3 signaling. In addition, we found that DCV
inhibited tumor growth by inactivating STAT3 in vivo with no
obvious side effects. Therefore, our findings imply that DCV may
be useful in breast cancer prevention and treatment.
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