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A B S T R A C T

The important goal of cancer drug discovery is to develop therapeutic agents that are effective, safe, and
affordable. In the present study, we demonstrated that alantolactone, which is a sesquiterpene lactone,
has potential activity against triple-negative breast cancer MDA-MB-231 cells by suppressing the signal
transducer and activator of transcription 3 (STAT3) signaling pathway. Alantolactone effectively sup-
pressed both constitutive and inducible STAT3 activation at tyrosine 705. Alantolactone decreased STAT3
translocation to the nucleus, its DNA-binding, and STAT3 target gene expression. Alantolactone signifi-
cantly inhibits STAT3 activation with a marginal effect on MAPKs and on NF-κB transcription; however,
this effect is not mediated by inhibiting STAT3 upstream kinases. Although SHP-1, SHP-2, and PTEN, which
are protein tyrosine phosphatases (PTPs), were not affected by alantolactone, the treatment with a PTP
inhibitor reversed the alantolactone-induced suppression of STAT3 activation, indicating that PTP plays
an important role in the action of alantolactone. Finally, alantolactone treatment resulted in the inhibi-
tion of migration, invasion, adhesion, and colony formation. The in vivo administration of alantolactone
inhibited the growth of human breast xenograft tumors. These results provide preclinical evidence to
continue the development of alantolactone as a STAT3 inhibitor and as a potential therapeutic agent against
breast cancer.

© 2014 Elsevier Ireland Ltd. All rights reserved.

Introduction

Signal transducer and activator of transcription 3 (STAT3) is an
oncogenic transcription factor associated with the proliferation, me-
tastasis, angiogenesis, and chemo-resistance of cancer cells [1,2].
Under normal conditions, STAT3 activation is tightly regulated by
the presence or absence of polypeptide ligands bound to its recep-
tor. However, in cancer cells, cytokine and growth factor receptors
become constitutively activated, most commonly by autocrine or
paracrine expression of their respective ligands, similar to interleukin
6 (IL-6), epidermal growth factor (EGF), and platelet-derived growth
factor (PDGF) [3]. Consequently, activated STAT3 has been found in
numerous solid tumors, including breast, prostate, pancreas, and
ovarian cancers. Recent studies have shown that STAT3 is consti-
tutively activated in approximately 70% of breast cancers [4] but is
most associated with triple-negative breast cancer (TNBC), which
lacks estrogen receptors, progesterone receptors, and HER2 expres-
sion [5]. In breast cancer cells, active STAT3 was found in TNBC cells
alone. Surprisingly, 80% of TNBC cells express activated STAT3 [6].
TNBC cells additionally produce a high amount of IL-6, which allows

STAT3 activation to respond to IL-6 stimulation in an autocrine
manner [7]. Abnormal activation of STAT3, which is prevalent in
TNBC, plays a critical role in invasion and metastasis [8]. TNBC is
generally characterized by an aggressive clinical course, with poor
prognosis [9]. However, no proven targeted therapy is currently avail-
able for TNBC. Therefore, targeting STAT3 in TNBC could be an
important therapeutic approach in the treatment of TNBC.

STAT3 is an important point of convergence for several signal-
ing pathways in cancer cells. Activated STAT3 forms dimers through
reciprocal phosphotyrosine-SH2 interactions between STAT3 mono-
mers. In turn, STAT3 dimers translocate to the nucleus and activate
target gene transcription. STAT3 upregulates the expression of genes
that regulate protection against apoptosis, such as Bcl-2 and Bcl-
xL; the cell cycle, such as cyclin D1 and c-myc; proliferation, such
as COX-2; angiogenesis, such as VEGF; metastasis, such as CXCR4;
and invasion, such as MMP-9 [10]. Because these gene products are
closely related to tumor development, regulating the STAT3 sig-
naling pathway is critical to cell proliferation, invasion, angiogenesis,
and tumor immune evasion [11]. STAT3 is well established as a
crucial biological abnormality involved in the molecular pro-
cesses leading to cancer development [12]. Therefore, many efforts
are under way to discover small molecules that are able to direct-
ly inhibit STAT3 activation. Although several small molecules
reportedly inhibit STAT3 signaling, most of these molecules
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indirectly suppress STAT3 activation and act on targets other than
STAT3 [13]. Additionally, numerous small molecules with biochem-
ical targets block STAT3 signaling by inhibiting STAT3 upstream
kinases [12]. Therefore, finding a novel small molecule that can se-
lectively inhibit STAT3 activation is required.

Alantolactone, a major constituent of Inula helenium, has re-
cently been reported to possess various pharmacological activities,
such as anti-inflammation [14] and apoptosis induction [15];
however, the exact mechanism of this anticancer activity remains
unclear. In the present study, we investigated the inhibitory effect
of alantolactone on STAT3 activation, its molecular mechanism, and
its applications in TNBC MDA-MB-231 cells, which could play an
important role in the prevention and treatment of cancer.

Materials and methods

Chemicals and reagents

Alantolactone (purity >98%) was purchased from Tauto Biotech (Shanghai, China).
Alantolactone was dissolved in DMSO and the final concentration of DMSO in the
cell culture was kept below 0.05%. Dulbecco’s phosphate buffered saline (DPBS), a
protease inhibitor cocktail, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), SP600125, S3I-201, and doxorubicin were purchased from Sigma
Aldrich (St. Louis, MO). EGF and IL-6 were purchased from R&D Systems (Minne-
apolis, MN). Matrigel was purchased from BD Biosciences (San Jose, CA). The primary
antibodies for p-STAT3 (Tyr705), p-STAT3 (Ser727), STAT3, p-JAK1, p-JAK2, and CXCR4
were from Abcam (Cambridge, MA). The primary antibodies for PARP1, p-JNK, JNK,
p-ERK, ERK, COX-2, SHP-1, SHP-2, PTEN, p65, p50, c-Rel, p-STAT1, STAT1, p-STAT5,
STAT5, p-STAT6, STAT6, and β-actin and all secondary antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA). The primary antibodies for p-Akt, Akt, p-EGFR,
EGFR, cyclin D1, c-Jun, p-FAK, and FAK were from Epitomics (Burlingame, CA). The
primary antibodies for p-Src, Src, c-Myc, c-Fos, p-c-Jun, JAK1, and JAK2 were from
Cell Signaling Technology (Beverly, MA). The primary antibody for Ki-67 was from
Dako (Glostrup, Denmark). Penicillin, streptomycin, DMEM (high glucose), RPMI 1640
medium and fetal bovine serum (FBS) were obtained from GenDepot (Barker, TX).

Cell culture

MDA-MB-231 and MCF-7 human breast cancer cells were obtained from the Korea
Cell Bank (Seoul, Korea). MCF-10A human breast normal cells were obtained from
the American Type Culture Collection (Rockville, MD). MDA-MB-231 and MCF-7 cells
were maintained in DMEM supplemented with 10% FBS and antibiotics (penicillin
100 U/mL and streptomycin 100 μg/mL). MCF-10A cells were maintained in DMEM
supplemented with 10% FBS, 20 ng/mL EGF, 500 ng/mL hydrocortisone (Sigma Aldrich),
and antibiotics. Cultures were maintained in an incubator at 37 °C in 5% CO2.

Preparation of whole cell lysates and nuclear extracts

Whole cell lysates were prepared using a lysis buffer (20 mM HEPES, pH 7.6,
350 mM NaCl, 20% glycerol, 0.5 mM EDTA, 0.1 mM EGTA, 1% NP-40, 50 mM NaF,
0.1 mM DTT, 0.1 mM PMSF, and protease inhibitor cocktail) for 30 min on ice. The
lysates were centrifuged at 15,000 rpm for 10 min. Nuclear extracts were prepared
using a lysis buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,
1 mM DTT, 1 mM PMSF, and protease inhibitor cocktail) for 15 min on ice. Then, 10%
NP-40 was added and the mixtures were centrifuged for 5 min. The nuclear pellets
were resuspended in nuclear extraction buffer (20 mM HEPES, pH 7.9, 400 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, and protease inhibitor cocktail)
and centrifuged at 15,000 rpm for 10 min. The protein concentration was deter-
mined by the Bradford reagent (Bio-Rad, Hercules, CA).

Western blotting

Equal amounts of protein were separated on 8–12% SDS-PAGE and semi-dry trans-
ferred to nitrocellulose membranes. The membranes were blocked with 5% skim milk,
incubated with the respective antibodies overnight at 4 °C, and incubated with HRP-
conjugated secondary antibody for 2 h. Finally, the immunoreactive bands were
developed using a chemiluminescence kit (Intron Biotechnology, Seoul, Korea). Den-
sitometric measurements of the bands from Western blotting were performed using
the digitalized scientific software program UN-SCAN-IT (Silk Scientific Corpora-
tion, Orem, UT). The values above the figures represent the relative density of the
bands normalized to β-actin or PARP1.

Electophoretic mobility shift assay (EMSA)

To determine the STAT3, AP-1, or NF-κB DNA-binding activity, EMSA was per-
formed as previously described [16]. Briefly, the nuclear extracts were incubated with
a 32P-end-labeled double-stranded STAT3 consensus oligonucleotide (Santa Cruz Bio-

technology) with the sequence 5′-GATCCTTCTGGGATTTCCTAGATC-3′, AP-1 consensus
oligonucleotide (Promega, Madison, WI) with the sequence 5′-CGCTTGATGAGTCAG
CCGGAA-3′ or NF-κB consensus oligonucleotide (Promega) with the sequence 5′-
AGTTGAGGGGACTTTCCCAGGC-3′. For the competition assay, 100-fold excess of unlabeled
oligonucleotide was added to the binding reaction for 10 min before adding the labeled
probe. After binding, the DNA–protein complexes were subjected to 6% PAGE. The ra-
dioactive bands were analyzed using BAS-1500 image analyzer (Fujifilm, Tokyo, Japan).

Molecular docking

Our structure-based virtual screening employed molecular docking program Sybyl
(version 6.5) and Autodock (version 4.0). Schematic representation was generated
by Discovery Studio (version 3.0). The X-ray crystal structure of the STAT3 homodimer
bound to DNA solved at 2.25-Å resolution was retrieved from Protein Data Bank (PDB
code: 1BG1) for docking simulation. Double-stranded DNA, all crystallographic water,
and PO4

3− buffer molecules were removed. STAT3 monomer was added pol-
Hydrogen, given Kullman-Uni charge, and minimized by Sybyl. The native pTyr peptide
was extracted from the crystal structure of one of the monomers as a ligand. The
centroid of ligand is used as center of the gridbox, whose number grid points in XYZ
is 20 × 20 × 20, and spacing is 0.375-Å. The box could cover the entire region of STAT3
SH2 domain–pTyr interaction. The residues within the gridbox were used to con-
struct the grids for docking small-molecule alantolactone with STAT3 SH2 domain.

Wound-healing assay

To determine cell motility, the cells were seeded into 12-well plates and grown
to 80–90% confluence. A monolayer of cells was scratched with a sterile micropi-
pette tip, followed by washing with DPBS to remove cellular debris. The cells were
exposed to alantolactone, and cell migration was observed and counted under a CKX41
microscope (Olympus, Tokyo, Japan) at a magnification of 100×. The cells that mi-
grated across the black lines were counted in five randomly chosen fields from each
triplicate treatment. The percentage of inhibition was expressed using untreated wells
at 100%.

Cell invasion assay

Cell invasion assay was conducted using Transwell chambers (SPL, Seoul, Korea).
Transwell inserts with 8 μm pore size were coated with matrigel (1 mg/mL) and dried
for 30 min. The cells treated with alantolactone were suspended in serum-free DMEM.
Approximately 5 × 104 cells per insert were added to the upper chambers, and DMEM
was added to the lower chambers. After incubating for 24 h, the non-invasive cells
that remained on the upper side of the insert were removed using cotton swabs.
The cells that invaded on the lower side of the insert were stained with 2% crystal
violet and observed under a CKX41 microscope at a magnification of 200×. To
quantify the invasiveness of the cells, methanol was added to dissolve the stain and
the absorbance was determined at a wavelength of 595 nm.

Cell-matrix adhesion assay

Cell adhesion assay was carried out using the CytoSelectTM cell adhesion assay
(Cell Biolabs, San Diego, CA). The cells treated with alantolactone were suspended
in DMEM and added to each well coated with fibronectin, collagen type I, collagen
type IV, laminin, fibrinogen, or BSA. The plate was then incubated at 37 °C in 5% CO2

for 90 min. The cells were stained with stain solution, and the stained cells were
dissolved in extraction solution. The results were obtained by measuring the ab-
sorbance at a wavelength of 595 nm using a microplate reader (Molecular Devices,
Sunnyvale, CA).

Cell viability assay

Cell viability was evaluated using MTT assay. The cells were seeded into 96-
well plates and maintained at 37 °C for 24 h. The cells were treated with alantolactone
for 24 h. The MTT solution (0.5 mg/mL) was added to each well, and the cells were
incubated for another 3 h. The MTT formazan crystals were dissolved in DMSO. The
results were obtained by measuring the absorbance at a wavelength of 540 nm using
a microplate reader.

Gelatin zymography

Gelatin zymography was performed to determine the activity of MMP-9 in culture
medium as previously described [17]. Briefly, the cells were seeded into 12-well plates
and replaced with serum-free DMEM. The cells were then exposed to alantolactone
for 24 h, and the supernatants were subjected to 8% SDS-PAGE gels containing 0.1%
gelatin. The gels were washed with 2.5% Triton X-100 and incubated in developing
buffer (50 mM Tris–Cl, pH 7.6, 200 mM NaCl, 10 mM CaCl2) at 37 °C for 24 h. The
gelatinolytic activity of MMP-9 was visualized by staining the gels with 0.1% Coomassie
blue R-250 in 45% methanol/10% acetic acid for 30 min and destaining with 45%
methanol/10% acetic acid.
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Clonogenic assay

To determine long-term effects, the cells were cultured at 500 cells/well in a 24-
well plate with DMEM. The cells were then exposed to alantolactone for 24 h. After
being rinsed with fresh DMEM, cells were allowed to grow for 10 days until the colo-
nies were visible. Then, cells were fixed, stained with 2% crystal violet in ethanol,
and photographed.

Cell cycle analysis

Cell cycle phase distribution was assessed using a FACSCalibur flow cytometer
(BD Biosciences). After treatment with alantolactone, MDA-MB-231 cells were col-
lected by trypsinization and washed with DPBS. The cells were fixed with 70% ethanol
and incubated at −20 °C overnight. The cells were then collected by centrifugation.
The pellet was washed, suspended in DPBS, and incubated with RNase A (50 μg/
mL) at room temperature for 30 min. The cells were stained with PI (50 μg/mL) for
10 min, and the DNA content was measured using flow cytometry and analyzed using
the CellQuest software (BD Biosciences).

Tumor xenograft study and immunohistochemistry

Animal care and experimental procedures were conducted in accordance with the
guidelines of Seoul National University Institutional Animal Care and Use Committees
(approval ID: 130417-5). Female athymic BALB/c nude mice at the age of 6 weeks were
purchased from the NaraBiotech (Seoul, Korea). MDA-MB-231 cells (5 × 106 cells/
200 μL) were subcutaneously injected into the right flanks of the mice. Ten days after
the injection of cells, mice were randomly divided into treatment and control groups
(n = 5). The animals were administered alantolactone (2.5 mg/kg of body weight, sus-
pended in DMSO 0.1% v/v, 100 μL i.p. injection) every 2 days, whereas control animals
were treated with an equal volume of saline (DMSO 0.1% v/v, 100 μL i.p. injection).
Tumor volume was measured using a caliper according to the following formula:
length × width2 × π/6. After 14 days of treatment, the mice were sacrificed and the tumors
were removed, weighed, and fixed in 4% paraformaldehyde for immunohistochemical
analysis. Tumor tissues were embedded in paraffin, and the paraffin sections were in-
cubated with antibodies against Ki-67 and p-STAT3 (1:200 dilution). The sections were
developed using the HPR EnVision™ System (Dako), and the peroxidase binding sites
were detected by staining with 3,3′-diaminobenzidinetetrahydrochloride (Dako). Finally,
sections were counterstained with Mayer’s hematoxylin and mounted. The stained sec-
tions were observed under a microscope.

Statistical analysis

All the data are presented as the mean ± SD from at least three independent ex-
periments. An analysis of variance (ANOVA) with the Dunnett’s t-test was used for
the statistical analysis of multiple comparisons. A value of p < 0.05 was chosen as
the criterion for statistical significance.

Results

Alantolactone suppresses constitutive STAT3
tyrosine phosphorylation

To clarify the molecular mechanisms by which alantolactone in-
hibits STAT3 activation, first, we evaluated its effect on STAT3
phosphorylation at tyrosine 705 in MDA-MB-231 cells. Alantolactone
significantly inhibited STAT3 phosphorylation at all time points
studied, although alantolactone had a less inhibitory effect after 24 h
(Fig. 1A). These results suggest that the suppression of STAT3 phos-
phorylation by alantolactone lasted for 12 h with a maximum
inhibition. Moreover, at the initial time point, alantolactone inhib-
ited STAT3 phosphorylation at tyrosine 705 in a dose- and time-
dependent manner; however, this treatment did not affect STAT3
phosphorylation at serine 727. The total STAT3 protein levels were
not affected by alantolactone (Fig. 1B). Because STAT3 phosphory-
lation at tyrosine 705 leads to STAT3 dimerization and then nuclear
translocation, we determined whether alantolactone suppresses the
nuclear translocation of STAT3. Consistent with the inhibition of
STAT3 phosphorylation, alantolactone inhibited STAT3 transloca-
tion to the nucleus (Fig. 1C). Next, we confirmed that alantolactone
suppresses the DNA-binding activity of STAT3 (Fig. 1D). In addi-
tion, we investigated whether the alantolactone-induced inhibition
of STAT3 phosphorylation is reversible. The results demonstrated
that alantolactone suppressed STAT3 phosphorylation and that re-
moving alantolactone gradually increased STAT3 phosphorylation

without changing total STAT3 expression (Fig. 1E). Next, we used
several breast cell lines, MDA-MB-231, MCF-10A, and MCF-7. The
results demonstrated that alantolactone significantly inhibited STAT3
phosphorylation in MDA-MB-231 cells highly expressing active STAT3
(Fig. 1F). To investigate whether alantolactone selectively inhibits
STAT3 phosphorylation, we examined the effect of alantolactone on
the activation of other STATs, including STAT1, STAT3, STAT5, and
STAT6. We found that alantolactone did not inhibit the phospho-
rylation of STAT1 and slightly inhibited STAT5 and STAT6 phos-
phorylation. However, alantolactone treatment almost completely
inhibited STAT3 phosphorylation (Fig. 1G), suggesting that
alantolactone selectively inhibits STAT3 activation.

Alantolactone inhibits IL-6- or EGF-induced STAT3 phosphorylation

IL-6-stimulated STAT3 phosphorylation is an accepted model for
studying STAT3 inhibition [18]. Hence, we examined whether
alantolactone inhibits IL-6-stimulated STAT3 phosphorylation. As
shown in Fig. 2A, IL-6 (10 ng/mL) treatment resulted in STAT3 ac-
tivation. However, pretreatment with alantolactone significantly
inhibited IL-6-induced STAT3 activation. In addition, this pretreat-
ment decreased STAT3 activation to levels below that in unstimulated
cells. EGF activates STAT3 via gp130-independent EGFR [19]. We ex-
amined whether alantolactone inhibits EGF-stimulated STAT3
phosphorylation. As shown in Fig. 2B, EGF (100 ng/mL) treatment
resulted in EGFR and STAT3 activation. However, pretreatment with
alantolactone significantly inhibited EGF-induced STAT3 activa-
tion. Alantolactone treatment did not affect EGFR and Akt phosphory-
lation. We also confirmed that alantolactone inhibited IL-6-induced
STAT3 phosphorylation for 30 min and EGF-induced STAT3 phos-
phorylation for 10 min in a dose-dependent manner (Fig. 2C).

Tyrosine phosphatase inhibitor abrogates alantolactone-induced
inhibition of STAT3 phosphorylation

Tyrosine residues on STAT proteins are phosphorylated by various
upstream signaling cascades, including JAKs, Src, PI3K/Akt, and
MAPKs [20]. To determine whether the inhibitory effect of
alantolactone on STAT3 phosphorylation is due to the suppression
of upstream signaling pathways, we evaluated the effect of
alantolactone on the activation of JAK1, JAK2, and Src in MDA-MB-
231 cells. Alantolactone did not reduce the protein levels of
phosphorylated JAK1, JAK2, and Src (Fig. 2D). In contrast, JAK1 and
Src phosphorylation was slightly elevated by alantolactone. The total
protein levels of JAK1, JAK2, and Src were not altered by
alantolactone, suggesting that alantolactone inhibits STAT3 phos-
phorylation independent of the upstream kinases JAK1, JAK2, and
Src. Because protein tyrosine phosphatases (PTPs) have been re-
ported to negatively regulate STAT3 activation [13], we assessed the
potential role of upstream PTPs in the alantolactone-induced inhi-
bition of STAT3 phosphorylation. The PTPs implicated in regulating
STAT3 signaling include SHP-1, SHP-2, and PTEN [21]. However, the
protein expression levels of these three tyrosine phosphatases were
not affected by alantolactone (Fig. 2E). Conversely, treatment with
pervanadate, which is a broad-acting tyrosine phosphatase inhib-
itor, prevented the alantolactone-induced suppression of STAT3
activation (Fig. 2F). These results suggest that PTP activation plays
an important role in suppressing STAT3 phosphorylation by
alantolactone. In addition, alantolactone decreased the phosphory-
lation of FAK, EGFR, Akt, and ERK (Fig. 2G). These results also indicate
that STAT3 inhibition occurs as early as 30 min, when the phos-
phorylation of these proteins is scarcely affected. This finding
suggests that the decreased p-FAK, EGFR, Akt, and ERK levels at 4 h
could be events secondary to STAT3 inhibition and that the effects
of alantolactone are highly selective for the STAT3 pathway over the
FAK, EGFR, Akt, and ERK signaling pathways.
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Alantolactone is predicted to bind to STAT3 SH2 domain by
computational docking

We performed a structure-based molecular docking study ex-
plaining the significant interactions between alantolactone and
STAT3. The structural composition and topological analyses of the
STAT3 SH2 domain binding “hotspot” indicated three subpockets
on the STAT3 protein surface, including the key pTyr705-binding
region. The upper subpocket was composed of the residues Phe716,
Met660, Ile659, Tyr657, and Trp623. The left subpocket was com-
posed of the residues Arg609, Ser611, Glu612, Ser613, Val619,
Thr620, Thr622, Val637, Glu638, and Pro639. The right subpocket
was composed of the residues Lys 591, Glu594, Arg595, Ile634,
Gln635, and Ser636. The three solvent-accessible subpockets of the
SH2 domain surface were accessed by alantolactone. These results
indicated that alantolactone was predicted to project into the right
subpocket (Fig. 3A). Within the binding pocket, Arg595 was pre-
dicted to form hydrogen bonds with alantolactone (Fig. 3B).

Alantolactone sensitizes doxorubicin chemotherapy in
STAT3-overexpressing MDA-MB-231 cells

Aberrant STAT3 expression has been shown to confer drug
resistance. Recent studies have shown that doxorubicin-resistant
MDA-MB-231 cells show an abnormal increase in STAT3 activity
and that higher STAT3 activation correlates with drug resistant
profiles of recurrent tumors [22]. As shown in Fig. 3C, doxo-
rubicin exposure for 72 h notably increased STAT3 phos-
phorylation in MDA-MB-231 cells, indicating that doxorubicin
treatment further enhances STAT3 activation. However, alantolac-
tone significantly reduced STAT3 phosphorylation, suggesting
that suppressing STAT3 activation may overcome doxorubicin
resistance. In addition, alantolactone enhanced the anti-
proliferative effect of doxorubicin at 72 h (Fig. 3D). These results
suggest that the suppression of STAT3 activation by alantolac-
tone is a possible strategy to increase tumor cell response to cyto-
toxic agents.

Fig. 1. Inhibitory effect of alantolactone on STAT3 activation. (A) Effect of alantolactone on constitutively active STAT3 phosphorylation at Tyr705. The cells were treated
with alantolactone for 3, 6, 12, and 24 h. (B) Effect of alantolactone on STAT3 phosphorylation at Tyr705 and Ser727. The cells were treated with the indicated concentra-
tions of alantolactone for the indicated times. The cell lysates were subjected to Western blotting to determine the p-STAT3 (Tyr705 and Ser727) and STAT3 protein levels.
(C) Effect of alantolactone on STAT3 nuclear translocation. Nuclear extracts were subjected to Western blotting to determine STAT3 nuclear translocation. (D) Effect of alantolactone
on the DNA-binding activity of STAT3. Nuclear extracts were incubated with a 32P-labeled STAT3 consensus oligonucleotide and subjected to 6% PAGE. (E) Effect of alantolactone
on the reversibility of STAT3 inhibition. The cells were treated with alantolactone for 4 h, washed with DPBS to remove alantolactone, and then resuspended in fresh medium
for the indicated times. The whole cell lysates were analyzed using Western blotting. (F) Effect of alantolactone on STAT3 activation in MDA-MB-231, MCF-10A, and MCF-7
cells. (G) Effect of alantolactone on the activation of STAT1, STAT5, and STAT6. The cells were treated with alantolactone for 4 h. The cell lysates were subjected to Western
blotting for p-STATs and STATs.
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Alantolactone activates the JNK/AP-1 signaling pathway

To understand the possible upstream signaling pathways in
alantolactone-treated MDA-MB-231 cells, we evaluated JNK phos-
phorylation using Western blotting. Alantolactone increased JNK
phosphorylation at an early time point, when alantolactone-induced
STAT3 inhibition occurs (Fig. 4A). We investigated whether alantolactone
increases the protein level on c-Jun and c-Fos, which are components
of the AP-1 complex, which is a downstream target of the JNK pathway.
As shown in Fig. 4B, alantolactone increased c-Jun and p-c-Jun expres-
sion, but had no effect on c-Fos expression. As shown in Fig. 4C, the DNA-

binding activity of AP-1 was increased by alantolactone. These results
suggest that the JNK activation by alantolactone led to increased AP-1
transcriptional activity. To further determine whether the JNK/AP-1 ac-
tivation by alantolactone was associated with the inhibition of STAT3
activation, the cells were pretreated with the JNK inhibitor SP600125.
The results demonstrated that SP600125 suppressed alantolactone-
induced JNK phosphorylation. However, the SP600125-induced
inhibition of JNK phosphorylation did not block the alantolactone-
induced inhibition of STAT3 phosphorylation (Fig. 4D). We additionally
used S3I-201, a commercially available STAT3 inhibitor, which selec-
tively inhibited STAT3 activity and induced growth inhibition in cells

Fig. 2. Effect of alantolactone on inducible STAT3 activation and STAT3 upstream signaling pathways in MDA-MB-231 cells. (A) The cells were pretreated with alantolactone
for 4 h and stimulated with IL-6 (10 ng/mL) for the indicated times. (B) The cells were pretreated with alantolactone for 4 h and stimulated with EGF (100 ng/mL) for the
indicated times. (C) The cells were pretreated with the indicated concentration of alantolactone for 4 h and stimulated with IL-6 for 30 min and with EGF for 10 min. Whole
cell lysates were subjected to Western blotting to determine the p-STAT3 (Tyr705), STAT3, p-EGFR, EGFR, p-ERK, ERK, p-Akt, and Akt protein levels. (D) Effect of alantolactone
on the JAKs and Src signaling pathways. The cells were treated with the indicated concentrations of alantolactone for the indicated times. Cell lysates were subjected to
Western blotting with antibodies against p-JAK1, JAK1, p-JAK2, JAK2, p-Src, and Src. (E) Effect of alantolactone on three specific tyrosine phosphatases, including SHP-1, SHP-
2, and PTEN. The cell lysates were subjected to Western blotting with antibodies against SHP-1, SHP-2, and PTEN. (F) Effect of alantolactone on PTPs. First, the cells were
treated with the indicated concentration of pervanadate for 30 min, followed by 15 μM alantolactone for 4 h, and the cell lysates were subjected to Western blotting to
determine the p-STAT3 (Tyr705) and STAT3 protein levels. (G) Effect of alantolactone on the FAK, EGFR, Akt, and ERK pathways. Cell lysates were subjected to Western blot-
ting with antibodies against p-FAK, FAK, p-EGFR, EGFR, p-mTOR, mTOR, p-Akt, Akt, p-ERK, and ERK.
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with persistent pSTAT3 expression [23]. We compared the inhibitory
effect of alantolactone and S3I-201 on STAT3 activation to evaluate the
potency of alantolactone as a STAT3 inhibitor. As shown in Fig. 4E, S3I-
201 selectively inhibited STAT3 phosphorylation but increased
JNK phosphorylation in a dose-dependent manner. Importantly,
alantolactone had a greater inhibitory effect on STAT3 tyrosine phos-
phorylation and on cyclin D1 protein expression than S3I-201, despite
the low alantolactone concentration used. However, alantolactone did
not affect STAT3 serine phosphorylation, whereas S3I-201 inhibited
STAT3 serine phosphorylation. Altogether, these results suggest that
alantolactone selectively inhibits STAT3 tyrosine phosphorylation and
activates the JNK pathway independent of STAT3 inhibition.

Alantolactone inhibits NF-κB translocation to the nucleus

STAT3 is known to interact with NF-κB in various cancer models.
STAT3 and NF-κB have been shown to cooperate in promoting cell
growth by interacting at different levels of their activating path-
ways [24]. Therefore, we confirmed the changes in the nuclear
translocation and DNA-binding activity of NF-κB. As shown in Fig. 4F,
alantolactone suppressed NF-κB DNA-binding activity. Our results
also demonstrated that alantolactone inhibited the translocation of

NF-κB subunits, including c-Rel, p65, and p50 (Fig. 4G). These results
suggest that STAT3 inhibition could decrease NF-κB translocation
to the nucleus.

Alantolactone inhibits the migration, invasion, adhesion, growth, and
colony formation of MDA-MB-231 cells harboring constitutively
active STAT3

The data presented thus far demonstrate that alantolactone ef-
fectively blocks STAT3 activation and suppresses several signaling
pathways associated with malignant transformation. Therefore, we
investigated whether alantolactone suppresses the migration, in-
vasion, and adhesion of MDA-MB-231 cells. Alantolactone treatment
for 24 h significantly decreased cell motility (Fig. 5A) and cell in-
vasion (Fig. 5B) in a dose-dependent manner. Alantolactone
treatment for 24 h markedly reduced the number of cells at-
tached to ECM molecules (Fig. 5C). Furthermore, the inhibitory effect
of alantolactone on the reproductive ability of cells was deter-
mined using a colony formation assay with MDA-MB-231 cells. As
shown in Fig. 5D, alantolactone substantially suppressed colony
formation, suggesting that the effect of alantolactone on cancer cells
was irreversible. In addition, we compared the inhibitory effects of

Fig. 3. Computational modeling of alantolactone binding to the STAT3 SH2 domain and the combined effect of alantolactone and doxorubicin on STAT3 activation. (A) Sche-
matic representation of interactions between the STAT3 SH2 domain and alantolactone, generated using the Discovery Studio software. (B) H-bonding interactions are indicated
as blue arrows. (C) Combinational effect of alantolactone and doxorubicin on STAT3 activation. The cells were pretreated with 1 and 2 μM of doxorubicin for 72 h and exposed
to alantolactone for 4 h. The cell lysates were subjected to Western blotting to determine the p-STAT3 (Tyr705) and STAT3 protein levels. (D) Combined effect of alantolactone
and doxorubicin on MDA-MB-231 cell proliferation. The cells were pretreated with 1 and 2 μM of doxorubicin for 72 h and exposed to alantolactone for an additional 24 h.
Cell viability was determined using the MTT assay. Significant difference compared with the vehicle-treated control, ***p < 0.001. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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alantolactone on cell growth in MDA-MB-231, MCF-10A, and MCF-7
cells. As shown in Fig. 5E, alantolactone significantly inhibited cell
proliferation in MDA-MB-231 cells compared with MCF-10A and
MCF-7 cells. MMP-9 is a STAT3 target gene that contributes to mi-
gration and invasion [25]. Alantolactone markedly inhibited the
gelatinolytic activity of MMP-9 (Fig. 5F). Next, we assessed the effect
of alantolactone on STAT3 target genes products. The results dem-
onstrated that the expression levels of STAT3 target genes that
regulate proliferation (cyclin D1, c-myc, and COX-2) and metasta-
sis (CXCR4) were decreased by alantolactone (Fig. 5G). These results
suggest that inhibiting aberrantly active STAT3 suppresses STAT3-
dependent gene regulation. In addition, alantolactone induced a
depletion of cells in the G1 phase and a concomitant accumula-
tion of cells in the G2/M phase (Appendix: Supplementary Fig. S1).
We also evaluated whether alantolactone could indirectly affect
STAT3 upstream proteins, such as JAKs, Src, and ERK, at later time
points. As shown in Fig. 5H, alantolactone treatment for 24 h de-
creased the phosphorylation of STAT3 (Tyr705), JAK1, JAK2, Src, and

ERK without affecting their total protein levels. These results suggest
that alantolactone selectively inhibits STAT3 phosphorylation, thereby
inhibiting the secondary signaling events to STAT3 inhibition and
suppressing cell proliferation. Additionally, this inhibition might be
associated with IL-6 inhibition by repressing STAT3 transcrip-
tional activity.

Alantolactone inhibits the tumor growth of MDA-MB-231 xenografts
in nude mice

To confirm the antitumor effect of alantolactone in vivo, we per-
formed a xenograft assay of MDA-MB-231 cells. Athymic nude mice
were subcutaneously injected with the cells and i.p. administered
2.5 mg/kg of alantolactone for 14 days. We found that the average tumor
volume in the alantolactone-treated mice was approximately 2.17-
fold lower compared with that in the control mice (Fig. 6A). However,
the administration of alantolactone did not affect the overall body weight
during the experimental period, suggesting no apparent toxicity (Fig. 6B).

Fig. 4. Effect of alantolactone on JNK phosphorylation and NF-κB activation in MDA-MB-231 cells. (A) Dose and time-course study of the effect of alantolactone on JNK
phosphorylation. The cell lysates were subjected to Western blotting with antibodies against p-JNK and JNK. (B) Effect of alantolactone on c-Jun phosphorylation and the
total levels of c-Jun and c-Fos protein expression. The cell lysates were subjected to Western blotting with antibodies against p-c-Jun, c-Jun, and c-Fos. (C) Effect of alantolactone
on the DNA-binding activity of AP-1. Nuclear extracts were incubated with a 32P-labeled AP-1 consensus oligonucleotide and subjected to 6% PAGE. (D) Effect of the JNK
inhibitor (SP600125) on alantolactone-mediated STAT3 inhibition. SP600125 was applied for 4 h before alantolactone treatment for 4 h. The cell lysates were subjected to
Western blotting with antibodies against p-STAT3, STAT3, p-JNK, and JNK. (E) Effect of the STAT3 inhibitor S3I-201 and the potency of alantolactone as a STAT3 inhibitor.
The cells were treated with alantolactone or with S3I-201 for 6 h. Whole cell lysates were subjected to Western blotting for p-STAT3 (Tyr705), p-STAT3 (Ser727), STAT3,
p-JNK, JNK, and cyclin D1. (F) Effect of alantolactone on the DNA-binding activity of NF-κB. Nuclear extracts were incubated with a 32P-labeled NF-κB consensus oligonucle-
otide and subjected to 6% PAGE. (G) Effect of alantolactone on nuclear translocation. Nuclear extracts were subjected to Western blotting to determine the nuclear translocation
of NF-κB subunits, including c-Rel, p65, and p50.
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Additionally, the average tumor weight was significantly lower in the
alantolactone-treated mice compared with the control mice (Fig. 6C).
We additionally determined whether the alantolactone-mediated sup-
pression of tumor growth was accompanied by the inhibition of STAT3
activation and cell proliferation. The administration of alantolactone re-
sulted in a significant decrease in p-STAT3 and cyclin D1 expression in
the tumor tissues (Fig. 6D), consistent with the results from the in vitro
assay. Immunohistochemical studies demonstrated that the levels of
STAT3 and Ki-67 protein expression were lower in the alantolactone-

treated mice compared with those in the control mice (Fig. 6E). These
results fully support our in vitro results described above, suggesting that
alantolactone suppresses tumor growth by inhibiting STAT3 activa-
tion in the MDA-MB-231 xenograft tumors.

Discussion

STAT3 activation has been associated with the survival, prolif-
eration, metastasis, and chemo-resistance of cancer cells. Thus, STAT3

Fig. 5. Effect of alantolactone on MDA-MB-231 cell migration, invasiveness, ECM molecule adhesion, and colony formation. (A) For the migration assay, cell monolayers
were scratched with a micropipette tip, and the cells were exposed to alantolactone for 24 h. The cells were observed under a microscope at 100× magnification. (B) For the
invasion assay, the cells treated with alantolactone for 24 h were seeded onto Matrigel-coated Transwell chambers and incubated for 24 h. The invading cells were stained
with crystal violet and observed under a microscope at 200× magnification. (C) For the adhesion assay, the cells treated with alantolactone for 24 h were added to the in-
dicated ECM-coated plate. The adherent cells were stained with stain solution, and the absorbance was measured at 595 nm. Significant difference compared with vehicle-
treated control, *p < 0.01, **p < 0.01, and ***p < 0.001. (D) The cells were incubated with alantolactone for 24 h, changed with fresh medium, and allowed to grow into colonies
for 10 days. The cells were fixed, stained with crystal violet, and photographed. (E) The anti-proliferative effect of alantolactone on MDA-MB-231, MCF-10A, and MCF-7
cells. The cells were treated with alantolactone for 24 h. Cell viability was determined using MTT assay. Significant difference compared with the vehicle-treated control,
**p < 0.01 and ***p < 0.001. (F) Effect of alantolactone on the proteolytic activity of MMP-9. The cells were exposed to alantolactone for 24 h. The conditioned media were
subjected to gelatin zymography to analyze the proteolytic activity of MMP-9. (G) Effect of alantolactone on STAT3-regulated gene products. The cells were treated with
alantolactone for 24 h. Whole cell lysates were subjected to Western blotting for c-Myc, COX-2, cyclin D1, and CXCR4. (H) Effect of alantolactone on STAT3-associated protein
expression levels. The cell lysates were subjected to Western blotting for p-STAT3, STAT3, p-JAK1, JAK1, p-JAK2, JAK2, p-Src, Src, p-ERK, and ERK.

400 J. Chun et al./Cancer Letters 357 (2015) 393–403



inhibitors have potential uses in the treatment and prevention of
cancer [26]. In the present study, we identified alantolactone, which
is a sesquiterpene lactone primarily isolated from I. helenium, as a
novel STAT3 inhibitor. We demonstrated for the first time that
alantolactone can suppress STAT3 activation in the TNBC cell line
MDA-MB-231. By selectively inhibiting STAT3 phosphorylation at
Tyr705, alantolactone suppressed STAT3 nuclear translocation and
DNA-binding activities. Alantolactone also suppressed IL-6- or EGF-
induced STAT3 activation in MDA-MB-231 cells.

The mechanism by which alantolactone inhibits STAT3 activa-
tion was investigated in detail in the present study. STAT3 activation
is negatively regulated through numerous mechanisms, including
suppressor of cytokine signaling (SOCS) proteins and various PTPs
[27]. SOCS proteins directly inhibit JAKs by binding to the recep-
tor or to the JAK activation loop [28]. The activation of JAKs and Src

has been closely associated with STAT3 activation [23]. However,
alantolactone did not affect the levels of phosphorylated JAK1, JAK2,
and Src proteins. These results suggest that alantolactone selec-
tively inhibits STAT3 phosphorylation regardless of the upstream
kinases JAKs and Src in MDA-MB-231 cells. PTPs, such as SHP-1, SHP-
2, and PTEN, negatively regulate STAT3 activation. PTPs can directly
dephosphorylate the receptor tyrosine kinases, JAKs or STAT3, thus
ensuring STAT3 signaling termination [13]. However, PTP inhibi-
tion by pervanadate reversed the alantolactone-induced inhibition
of STAT3 phosphorylation, although the levels of PTPs were not af-
fected by alantolactone. Thus, we suggest that PTP also plays an
important role in the action of alantolactone. Many studies suggest
that PTP activity is negatively regulated by the SH2 domains and
the binding to SH2 domain stimulates the phosphatase activity [29];
however, further studies are required to understand the detailed

Fig. 6. Effect of alantolactone on tumor growth in xenografted nude mice. (A) BALB/c nude mice were subcutaneously injected with MDA-MB-231 cells and intraperitone-
ally administered 2.5 mg/kg of alantolactone or vehicle control for 14 days (every 2 days). Tumor volumes were measured with a caliper every 2nd day. Significant difference
compared with the control group, *p < 0.05 and **p < 0.01. (B) The body weight changes were monitored during the test period. (C) The average weight of the tumors from
mice. (D) Protein expressions in tumor tissues. The levels of p-STAT3 and cyclin D1 proteins in the tumor sections were assessed using Western blotting. (E) Expression of
Ki-67 and p-STAT3 (brown) in the tumor tissues, as determined by immunohistochemistry. Tumor tissues from representative animals were embedded in paraffin, and the
paraffin sections were incubated with the antibodies for Ki-67 and p-STAT3. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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mechanism of the STAT3-dephosphorylating PTPs activated by
alantolactone. Among other STAT family members (STAT1, STAT3,
STAT5, and STAT6), alantolactone notably inhibited STAT3 expres-
sion. The STAT3 protein regulates several aspects of growth, survival
and differentiation in cells by regulating the transcription of STAT3
target genes. The fact that alantolactone inhibits expression of c-myc,
COX-2, cyclin D1, and CXCR4 suggests that alantolactone acts as an
anticancer agent. STAT3 forms a homodimer or heterodimer with
STAT1 to activate the transcription of target genes. However, STAT3
homodimerization is the predominant form of activated STAT3 in
breast cancer cells [30]. Using computational modeling, we found
that alantolactone possibly directly binds to the SH2 domain of
STAT3. These findings further strengthen our hypothesis that
alantolactone selectively inhibits STAT3 activation. Recently, several
studies have suggested that the suppression of STAT3 activation can
be a potential target for chemosensitizing strategies because the con-
stitutive activation of STAT3 signaling confers cell resistance to
apoptosis in various cancer cells [31]. Our results confirmed that
STAT3 plays a role in the cell resistance to doxorubicin exhibited
by the TNBC cell line MDA-MB-231. Surprisingly, alantolactone
reduced the doxorubicin-induced STAT3 phosphorylation and ex-
hibited a chemosensitizing effect. These results suggest that
alantolactone, as an inhibitor of STAT3, may overcome resistance
to chemotherapy in TNBC.

Crosstalk between STAT3 and NF-κB has been demonstrated at
multiple levels, including STAT3 activation and cancer cell inva-
sion. STAT3 can trap constitutively activated NF-κB within the nucleus
of cancer cells [32]. Maintaining NF-κB activity in tumors requires
STAT3, which is constitutively activated as well [33]. In addition, both
STAT3 and NF-κB activation induces changes in the expression of
multiple target genes associated with survival, proliferation, and
apoptosis, including Bcl-2, cyclin D1, and c-myc [34]. Recent reports

indicated that the inhibition of STAT3 phosphorylation may syn-
ergistically affect the transcriptional activity of NF-κB [35]. In the
present study, alantolactone activated the JNK/AP-1 pathway in-
dependent of STAT3 inhibition. In addition, alantolactone inhibited
STAT3 phosphorylation after a shorter incubation and at concen-
trations lower than those required for NF-κB inhibition, suggesting
that alantolactone directly suppressed STAT3 phosphorylation and
was independent of NF-κB inhibition. Nevertheless, higher
alantolactone concentrations decreased NF-κB nuclear transloca-
tion and its DNA-binding activity, consistent with the inhibition of
STAT3 nuclear translocation and its DNA-binding activity. Altogeth-
er, alantolactone potentially inhibits the STAT3 and NF-κB
interconnecting signaling pathways.

We designed the current study to further evaluate the action of
alantolactone, particularly with respect to the STAT3 signaling
pathway. We performed our study by performing a functional assay,
which measures the motility, invasiveness, and adhesion of cancer
cells in vitro. We demonstrated that alantolactone inhibited the mi-
gration, invasion, and adhesion of MDA-MB-231 cells. Interestingly,
alantolactone treatment remarkably inhibited the growth of MDA-
MB-231 cells, which express constitutively activated STAT3, but had
little or no effect on the proliferation of MCF-10A and MCF-7 cells,
which do not express activated STAT3. In addition, alantolactone was
shown to inhibit colony formation. Several small molecule STAT3
inhibitors reduced the migration and invasion of these cancer cells,
and the effects of these inhibitors are known to cross-talk with NF-
κB signaling [26]. Our results are consistent with these reports
demonstrating that the inhibition of STAT3 signaling results in the
inhibition of migration, invasion, and adhesion. However,
alantolactone did not induce apoptosis in the range of 5–15 μM (data
not shown). These results suggest that the suppression of
STAT3 phosphorylation by alantolactone is not correlated with the

Fig. 7. A schematic model of alantolactone’s activity in the STAT3 signaling pathway.
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induction of apoptosis. Finally, we demonstrated that alantolactone
inhibits tumor growth in a human breast xenograft model. We ob-
served an in vivo inhibitory action of alantolactone consistent with
lowered p-STAT3 and cyclin D1 levels in tumor tissues, suggesting
that the inhibition of STAT3 signaling by alantolactone is an im-
portant mechanism for the in vivo efficacy of alantolactone.

In conclusion, alantolactone completely suppressed inducible and
constitutively activated STAT3 and blocked the nuclear translocation
and the DNA-binding activity of STAT3 in MDA-MB-231 cells (Fig. 7).
Alantolactone treatment additionally resulted in the inhibition of mi-
gration, invasion, adhesion, and colony formation. Alantolactone (2.5 mg/
kg) administration significantly suppressed the growth of human breast
cancer cell xenograft tumors. These results provide the preclinical ev-
idence for further development of alantolactone as a STAT3 inhibitor
and as a potential agent against TNBC.
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