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Bigelovin inhibits STAT3 signaling by inactivating
JAK2 and induces apoptosis in human cancer cells
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Aim: To study the function and mechanism of bigelovin, a sesquiterpene lactone from the flower of Chinese herb Inula hupehensis, in

regulating JAK2/STAT3 signaling and cancer cell growth.

Methods: HepG2 cells stably transfected with the STAT3-responsive firefly luciferase reporter plasmid (HepG2/STAT3 cells), and a panel
of human cancer cell lines were used to identify active compounds. Cell viability was measured using MTT assay. Western blotting was
used to detect protein expression and phosphorylation. Kinase assays were performed and the reaction between bigelovin and thiol-

containing compounds was analyzed with LC-MS.

Results: Bigelovin (1-50 pmol/L) dose-dependently inhibited the IL-6-induced STAT3 activation in HepG2/STAT3 cells (IC5,=3.37 pmol/L)
and the constitutive STAT3 activation in A549 and MDA-MB-468 cells. Furthermore, bigelovin dose-dependently inhibited JAK2
phosphorylation in HeLa and MDA-MB-468 cells, as well as the enzymatic activity of JAK2 in vitro (IC5,=44.24 umol/L). Pretreatment
of the cells with DTT (500 pmol/L) or GSH (500 pmol/L) eliminated the inhibitory effects of bigelovin on the IL-6-induced and the
constitutive STAT3 activation. The results in LC-MS analysis suggested that bigelovin might react with cysteine residues of JAK2 leading
to inactivation of JAK2. Bigelovin (5 and 20 ymol/L) had no effects on the signaling pathways of growth factors EGF, PDGF or insulin.
Finally, bigelovin suppressed the cell viability and induced apoptosis in 10 different human cancer cell lines, particularly those with

constitutively activated STAT3.

Conclusion: Bigelovin potently inhibits STAT3 signaling by inactivating JAK2, and induces apoptosis of a variety of human cancer cells in

vitro.
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Introduction

The Inula flower, used as a well-known traditional herbal
medicine, is widely found in Europe, Asia and Africa. More
than 20 species of the genus Inula are found in China, many
of which have long been used in traditional Chinese medi-
cine to treat inflammation and cancer. Diversified biological
activities have been reported to account for the many applica-
tions of Inula, including antioxidant activity, modulation of
inflammatory molecules such as iNOS and cyclooxygenase-2,
and hepatoprotective activity™?. Bigelovin, a sesquiterpene
lactone isolated from the flowers of Inula hupehensis, has been
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5 However, few studies

have revealed its mode of action, and the molecular targets of

shown to have anticancer activity

bigelovin have not been identified.

The Janus kinase (JAK) and signal transducer and activa-
tor of transcription (STAT) pathway is responsible for signal
transduction of a large number of cytokines and mediates
many important physiological functions in immune modula-
tion, inflammation, cell proliferation, differentiation, develop-
ment, cell survival and apoptosis®”l. After the cytokines bind
to their cognate receptors, the JAKs are activated and proceed
to phosphorylate the STATs. The phosphorylated STATs
then form homodimers or heterodimers via reciprocal phos-
photyrosine-SH2 domain interactions and translocate into the
nucleus to regulate the expression of target genes®'".

Constitutive activation of the JAK/STAT pathway, particu-
larly those in which STAT3 is involved, is frequently associ-
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ated with cancer™ ™. Tt has been well established that STAT3
acts as an oncogene . The constitutive activation of STAT3
has been found to be required for tumor growth and survival
in many human cancers (including breast, pancreatic, ovarian,
head and neck, brain, and prostate carcinomas, as well as in
melanoma, leukemia and lymphoma)"*?", and blocking the
aberrant activation of STAT3 results in inhibition of tumor
growth and survival and the induction of apoptosis with few
side effects in normal cells. JAKs are also frequently found to
be activated in cancer and other proliferative diseases. JAK2
involvement in oncogenesis has been thoroughly studied™.
For example, abnormal translocation involving genes in the
JAK2 pathway have been implicated in the pathogenesis of
leukemia and other hematologic malignancies in humans™>/,
Abnormal fusion proteins, such as TEL-JAK2 and PCM1-
JAK2, resulting from such translocations usually cause con-
stitutive activation of JAK2 as well as its downstream signal
[24, 25]

pathway . Additionally, an activating mutation in JAK2
(V617F) is found in the majority of patients with polycythe-
mia vera and with other myeloproliferative disorders, such as
essential thrombocythemia and idiopathic myelofibrosis®**!.
Given the importance of the JAK2/STAT3 signaling path-
way in cancer development, the identification of inhibitors
of this pathway has received considerable interest. Here, we
identified bigelovin as a potent inhibitor of the JAK2/STAT3
signaling pathway that functions by inactivating JAK2. The
effects of bigelovin on the JAK2/STAT3 pathway are relatively
specific. It did not affect many other growth factor signal-
ing pathways. Furthermore, bigelovin inhibited growth and
induced tumor cell apoptosis with selectivity towards those
with constitutively activated STAT3. Our data provide a pos-
sible mechanism for the anti-tumor activity of bigelovin and
support its promise as a potential anticancer drug candidate.

Materials and methods

Reagents and antibodies

Bigelovin (purity >99%), isolated from the inflorescence of
Inula hupehensis, was provided by Dr Li-hong HU. Dithioth-
reitol (DTT), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) were purchased from Genebase
(Shanghai, China). Recombinant human interleukin(IL)-6
was purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Recombinant human EGF was purchased from Biosource
(Camarillo, CA, USA). Annexin V-FITC apoptosis detec-
tion kit was from Vazyme (Nanjing, China). The sources of
antibodies were as follows: anti-phospho-STAT3 (Tyr705),
anti-phospho-JAK2 (Tyr1007/1008), anti-phospho-ERK1/2
(Thr202/Tyr204), anti-phospho-IRS, anti-IRS, anti-poly(ADP-
ribose) polymerase (PARP), anti-phospho-STAT5 (Tyr694),
and anti-STAT5 (Cell Signaling Technology, Beverly, MA,
USA); anti-STAT3, anti-JAK2, anti-a-Tubulin, anti-p-actin,
anti-EGFR, anti-GP130, anti-phospho-platelet-derived growth
factor receptor (PDGFR, Santa Cruz Biotechnology, Dallas, TX,
USA); anti-phosphotyrosine 4G10 (Upstate, Millipore, Biller-
ica, MA, USA); anti-phospho-epidermal growth factor recep-
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tor (EGFR, Tyr1068, Abcam, Cambridge, UK); and secondary
HRP-conjugated antibody (Jackson ImmunoResearch, West
Grove, PA, USA).

Cell culture

The HepG2/GAS-luciferase cell line, in which HepG2 cells
were stably transfected with a STAT3-responsive firefly lucif-
erase reporter plasmid, was a gift from Prof Xin-yuan FU
(National University of Singapore, Singapore), and all other
cell lines were obtained from the American Type Culture Col-
lection. HeLa, HEK293, A549, H460, MDA-MB-468, MDA-
MB-453, and MDA-MB-231 cell lines were cultured in DMEM
containing 10% (v/v) fetal bovine serum (FBS, Hyclone,
Logan, UT, USA); the HepG2 cell line was cultured in a-MEM
containing 10% FBS; U937, HL-60, and Jurkat cell lines were
cultured in RPMI-1640 containing 10% FBS. All the cell lines
were cultured at 37°C in a humidified atmosphere of 5% CO.,.

Luciferase assay

HepG2/GAS-luciferase cells (1.5x10° per well) were seeded
into 24-well cell culture microplates (Corning, Tewksbury,
MA, USA) and allowed to grow for 24 h. The cells were
treated with corresponding treatments for 1 h followed by
stimulation with 10 ng/mL IL-6 for 5 h. Luciferase activity
was determined using Promega (Madison, WI, USA) luciferase
kits according to the manufacturer’s instruction. Cell num-
ber was counted at the time of seeding and was controlled by
equal seeding.

Western blot analysis

Whole-cell lysates were prepared in 1xLaemmli sample buffer
(Sigma-Aldrich) to extract total protein. Equivalent amounts
of total cellular protein were electrophoresed on an 8% SDS-
PAGE gel and transferred onto nitrocellulose membranes (Mil-
lipore). Membranes were blocked in 5% nonfat milk in TBS
containing 0.1% Tween 20 (TBST) for 1 h at room temperature
and then incubated with primary antibodies in 5% bovine
serum albumin (BSA) in TBST at 4°C overnight. Membranes
were then washed with TBST and incubated with horserad-
ish peroxidase-conjugated secondary antibody in 5% BSA in
TBST for 1 h at room temperature. Immune complexes were
detected by enhanced chemiluminescence (Pierce, Rockford,
IL, USA).

IL-6 receptor binding assay

The inhibitory effects on the binding of IL-6 and its receptor
were tested using a human IL-6 biotinylated fluorokine kit
(R&D System, Minneapolis, MN, USA) according to the manu-
facturer’s instruction. Briefly, HeLa cells were trypsinized,
centrifuged and re-suspended in culture medium. The sus-
pended HeLa cells were then treated with dimethyl sulfoxide
(DMSO, vehicle control) or 100 pmol/L bigelovin for 10 min.
Cells were then incubated with biotin-IL-6 at 4°C for 1 h fol-
lowed by the addition of avidin-FITC at 4°C for 30 min. The
intensity of fluorescence was analyzed by flow cytometry.



Co-immunoprecipitation

Cells were harvested on ice for 30 min using RIPA buffer
containing 50 mmol/L Tris (pH 7.5), 1% NP-40, 150 mmol/L
NaCl, 1 mmol/L EDTA, 1 mmol/L PMSF, 1 mmol/L Na;VO,,
1 mmol/L NaF, and a complete protease inhibitor cocktail
(Sigma-Aldrich). Cell lysates were precleared with protein
A/G plus agarose (Santa Cruz Biotechnology) for 1 h at 4°C
followed by incubating with primary antibody at 4°C over-
night with gentle agitation and with protein A/G plus agarose
for another 2 h. After the agarose pellets had been washed
five times with RIPA buffer, bound proteins were extracted
with Laemmli 2x sample buffer (Sigma-Aldrich) by heating at
100°C for 10 min and were subjected to Western blotting.

Kinase assay

The JAK2 kinase assay was performed using an HTScan
JAK kinase assay kit (Cell Signaling Technology) with JAK2
immunoprecipitates. Briefly, HEK293 cells were transfected
with a JAK2 expression plasmid for 24 h and then lysed in
50 mmol/L HEPES (pH 7.4), 0.1% Triton X-100, 150 mmol/L
NadCl, 0.5 mmol/L DTT, 2 mmol/L Na;VO,, 2 mmol/L NaF, 1
mmol/L PMSF, and protease inhibitor cocktail (1:1000; Sigma-
Aldrich) on ice. Sample lysates were collected and cleared.
Then, 500 pg of lysates were immuno-precipitated with 400 ng
of antibodies specific for JAK2 for 1 h at 4°C and rocked with
25 pL of protein A/G plus-agarose (Santa Cruz Biotechnology)
overnight at 4°C. The samples were then washed three times
with lysis buffer and once with kinase reaction buffer [60
mmol/L HEPES (pH 7.5), 5 mmol/L MgCl,, 5 mmol/L MnCl,,
3 umol/L Na;VO,, 0.5 mmol/L DTT]. Then, kinase reactions
were performed with the JAK2 immuno-precipitates and the
HTScan JAK kinase assay kit at 30°C for 30 min in a final vol-
ume of 50 pL of reaction buffer containing 20 pmol/L ATP
and 1.5 pmol/L peptide substrate. Samples were pretreated
with vehicle control (DMSO) or different concentrations of
bigelovin before the addition of ATP. Kinase activity was
measured according to the manufacturer’s instruction. Other
kinase assays in this paper were conducted by Millipore.

Conjugation of bigelovin with glutathione

Bigelovin (50 pmol/L) in DMSO was incubated with reduced
glutathione (250 pmol/L) in PBS buffer (pH7.4) at 37°C for 1 h.
Then, the sample was injected in the liquid chromatography-
mass spectrometry (LC-MS) system using acetonitrile/ water
(3:7) as the mobile phase at a rate of 3 mL/min, ESI-positive
mode. High performance liquid chromatography analysis
was performed using an Agilent HP 1100 series HPLC system
(Agilent Technologies, Santa Clara, CA, USA). Mass spec-
trometry was recorded using a LCQ Deca ion trap mass spec-
trometer (ThermoFinnigan, San Jose, CA, USA).

MTT analysis

Approximately 5000 cells per well were seeded into 96-well
plates. Twenty-four hours later, cells were treated with vehi-
cle control (DMSO) or increasing concentrations of bigelovin
for 72 h. Twenty microliters of MTT (5 mg/mL) was added to
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the culture medium. After incubating for 3 h at 37°C, the cells
were solubilized in DMSO, and the absorbance of each well
was measured at 570 nm with a spectrophotometer (Molecular
Device, Sunnyvale, CA, USA).

Statistical analysis

Triplicates were performed for each experiment, and data
were shown only if three independent experiments showed
consistent results. All results are expressed as the mean+SEM.
Statistical differences between groups were determined by
using the unpaired Student’s t-test. P<0.05 was considered sta-
tistically significant.

Results

Bigelovin inhibited IL-6-induced and constitutive STAT3 activation
In an attempt to discover novel anticancer drugs from natural
compounds targeting the JAK2/STAT3 signaling pathway,
traditional Chinese medicinal herb extracts, which have tra-
ditionally been used to treat cancer and inflammation, were
screened using an IL-6-induced STAT3-responsive luciferase
reporter assay in HepG2 cells. Bigelovin (Figure 1A), a sesqui-
terpene lactone isolated from the flowers of Inula hupehensis,
was found to strongly inhibit IL-6-induced STAT3-responsive
luciferase activity in a dose-dependent manner (Figure 1B).
The half maximal inhibition dose was 3.37 umol/L. In contrast
to the inhibition of STAT3 signaling, bigelovin only slightly
decreased the cell number of HepG2 cells (Figure 1C), suggest-
ing that the inhibition effects of bigelovin on STAT3 signaling
were not a result of reduced cell number. To map the action
site of bigelovin along the JAK2/STAT3 signaling pathway,
the effects of bigelovin on IL-6-induced STAT3 tyrosine phos-
phorylation, which is a prerequisite for STAT3 biological activ-
ity, were examined. Bigelovin inhibited IL-6-induced STAT3
tyrosine phosphorylation in a dose-dependent manner (Figure
1D) and completely inhibited IL-6-induced STAT3 tyrosine
phosphorylation at 10 pmol/L. Of note, the inhibition was
rapid. Treatment of HeLa cells with 10 umol/L bigelovin
for as few as 15 min was effective (Figure 1E). Bigelovin not
only inhibited IL-6-induced STAT3 phosphorylation but also
exhibited similar inhibitory effects on constitutive STAT3 tyro-
sine phosphorylation in A549 and MDA-MB-468 tumor cells
(Figure 1F). The latter two tumor cell lines have been reported
to express constitutively activated STAT3, and the continued
growth and survival of these cells seem to rely on STAT3 sig-
naling™ . Therefore, bigelovin inhibited both IL-6-induced
and constitutive activation of STAT3.

Bigelovin inhibited the kinase activity of JAK2 both in cells and in
vitro

The ability of bigelovin to suppress IL-6-induced tyrosine
phosphorylation of STAT3 suggests that this agent might
interfere with the upstream components of the STAT3 signal-
ing pathway. The binding of IL-6 to its receptors will lead to
IL-6 receptor and GP130 oligomerization, bringing JAK2 (the
major STAT3 kinase) and GP130 closer to each other. After
being juxtaposed, JAK2 is autoactivated by transphosphoryla-
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Figure 1. Bigelovin inhibited IL-6-induced and constitutive activation of STAT3 in human tumor cell lines. (A) The structure of bigelovin. (B) HepG2/
STAT3 cells were pretreated with bigelovin at the indicated concentrations for 1 h, and luciferase activity was measured following IL-6 stimulation (20
ng/mL) for 5 h. n=3 experiments. Mean+SEM. °P<0.01 vs control. (C) HepG2/STAT3 cells were treated with the indicated concentrations of bigelovin
for 6 h. Cell viability was determined by MTT assay. (D) Hela cells were pretreated with bigelovin at the indicated concentrations for 1 h before IL-6
stimulation (10 ng/mL) for 15 min. Whole-cell lysates were processed for Western blot analysis and probed with the indicated antibodies. Tubulin
served as a loading control. (E) Hela cells were pretreated with 10 umol/L bigelovin for various lengths of time (0-120 min) before stimulation with
IL-6 (10 ng/mL) for 10 min. Whole-cell lysates were subjected to Western blot analysis. (F) MDA-MB-468 and A549 cells were treated with bigelovin at
the indicated concentrations for 1 h. Whole-cell lysates were subjected to Western blot analysis.

tion and proceeds to phosphorylate GP130 and STATS3, result-
ing in the activation of downstream signaling events.

Upon the analysis of the effects of bigelovin on JAK2, it
was found that the phosphorylation of JAK2 induced by IL-6
was suppressed by bigelovin (Figure 2A), indicating that the
activation of JAK2 was inhibited. Bigelovin also significantly
inhibited the phosphorylation of JAK2 in both HeLa and A549
cells without IL-6 stimulation, further supporting the notion
that JAK2 might be the direct target of bigelovin (Figure 2B
and 2C). We next examined the effects of bigelovin on GP130
and found that bigelovin also inhibited the IL-6-induced phos-
phorylation of GP130 as expected (Figure 2D). To exclude the
possibility of inhibition of the ligand and receptor binding or
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protein-protein interactions, both of which could lead to JAK2
inactivation, we examined whether bigelovin could disrupt
the binding of IL-6 to its receptors using flow cytometric anal-
ysis (Figure 2E). The results indicated that bigelovin did not
inhibit the binding of IL-6 to its receptors at a concentration
of 100 pmol/L. We next examined the effects of bigelovin on
the interactions between GP130 and JAK2 (Figure 2F). The co-
immunoprecipitation experiments also showed no interference
of bigelovin with the interaction between GP130 and JAK2.

To determine whether bigelovin interacts with JAK2
directly, we examined the effects of bigelovin on JAK2 enzy-
matic activity in vitro (Figure 2G). Our results demonstrated
that bigelovin inhibited JAK2 activity with an ICs, of 44.24
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Figure 2. Bigelovin inhibited the JAK2/STAT3 pathway by inactivating JAK2. (A) HelLa cells were pretreated with bigelovin for 1 h before stimulation
with IL-6 (10 ng/mL) for 15 min. Whole-cell lysates were processed for Western blot analysis with the indicated antibodies. Relative band intensity was
normalized for JAK2 and expressed as a percentage compared with the value of untreated control. n=3 experiments. Mean+SEM. °P<0.01 vs control.
(B) Hela cells were pretreated with bigelovin for 2 h. Whole-cell lysates were processed for Western blot analysis with the indicated antibodies. (C)
A549 cells were pretreated with bigelovin for 1 h. Whole-cell lysates were processed for Western blot analysis with the indicated antibodies. (D) HelLa
cells were pretreated with bigelovin for 1 h before IL-6 stimulation (10 ng/mL) for 15 min. Next, the cells were harvested for imnmunoprecipitation with
an anti-phosphotyrosine antibody and probed with an anti-GP130 antibody to show the level of phosphorylated GP130. (E) Suspended Hela cells were
pretreated with vehicle or 100 pmol/L bigelovin for 10 min, incubated with biotin-IL-6 (10 ng/mL) for 1 h at 4°C, and then incubated with avidin-FITC
for 30 min at 4 °C followed by flow cytometric analysis. (F) HelLa cells were pretreated with bigelovin for 1 h before IL-6 stimulation (10 ng/mL) for 15
min, then the cells were harvested for co-immunoprecipitation to show interactions between GP130 and JAK2. (G) In vitro kinase assay of JAK2. The
JAK2 proteins immunoprecipitated from the HEK293 cells overexpressing JAK2 were subjected to an in vitro kinase assay in the presence of various
concentrations of bigelovin.
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pumol/L in vitro. Taken together, these data strongly suggested
that bigelovin inhibited the JAK2/STATS3 signaling pathway
by directly inactivating JAK2.

Bigelovin inhibited JAK/STAT3 signaling in a thiol-dependent
manner

Bigelovin contains an a, f-unsaturated carbonyl group and
an a-alkene-y-lactone, which are reactive with thiols. Previ-
ous studies have shown that covalent modification of certain
cysteine thiol groups of JAK2 by small molecule compounds
could lead to JAK2 inactivation® **. Therefore, we specu-
lated that bigelovin may react with thiols of the cysteines in
the JAK2 protein. If so, other thiol-containing reagents may
compete with the cysteines of JAK2 for bigelovin and allevi-
ate the inhibitory effects of bigelovin on JAK2. To test this
hypothesis, we preincubated bigelovin with the thiol-contain-

ing reagent DTT or reduced glutathione (GSH). As shown in
Figure 3A, the inhibition of IL-6-induced STAT3-responsive
luciferase reporter activity by bigelovin was abolished by DTT
or GSH. Additionally, the inhibitory effects of bigelovin on
both IL-6-induced and constitutively activated STAT3 tyrosine
phosphorylation were abrogated in the presence of DTT or
GSH (Figure 3B and 3C). These results suggested that bigel-
ovin inhibited the JAK2/STAT3 signaling pathway possibly
through interacting with the cysteine thiol groups of JAK2,
although there was no direct evidence that bigelovin acted
directly on the cysteines in JAK2.

To further confirm the bigelovin-thiol interaction, bigelovin
was incubated with GSH, and the products were examined
using LC-MS. The analysis detected one major component
at m/z 612.1 [Bigelovin+H+GSH]", indicating the addition of
one molecule of GSH to one molecule of bigelovin (Figure
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Figure 3. Inhibition of the JAK2/STAT3 signaling pathway by bigelovin is thiol-dependent. (A) HepG2/STAT3 cells were pretreated with DTT (500 pymol/L),
GSH (500 pmol/L), bigelovin (20 ymol/L), or a mixture for 1 h and then stimulated with IL-6 (10 ng/mL) for 5 h. Cells were harvested for luciferase

assay. n=2 experiments. Mean+SEM. °P<0.01 vs control.

(B) Hela cells were pretreated with DTT (500 pmol/L), GSH (500 pmol/L), bigelovin (20

umol/L), or a mixture for 1 h and then stimulated with IL-6 (10 ng/mL) for 10 min. Whole-cell lysates were processed for Western blot analysis using
antibodies as indicated. (C) Hela cells were pretreated with DTT (500 pumol/L), GSH (500 pmol/L), bigelovin (20 ymol/L), or a mixture for 1 h. Whole-

cell lysates were processed for Western blot analysis using antibodies as indicated.

(D) Bigelovin was incubated with 4 eq of GSH for 1 h at 37 °C, and

the mixture was resolved by mass spectrometry. Molecular weights of the molecules are indicated. Proposed reaction product is also illustrated.
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Figure 4. Specificity of bigelovin on JAK2/STAT3 signaling. (A) Hela cells were treated with bigelovin at the indicated concentrations for 1 h. Then,
the cells were lysed for Western blot analysis and probed with anti-tyro-phosphorylation antibody. (B) Effects of 50 umol/L bigelovin on activities of
human kinases. In vitro kinase assays were processed by Millipore Kinase Services. (C) Hela cells were pretreated with bigelovin at the indicated
concentrations for 1 h and then stimulated with EGF (100 ng/mL) or Insulin (100 nmol/L) for 10 min. Cells were harvested for Western blot analysis
using the indicated antibodies. (D) Hela cells were pretreated with bigelovin for 1 h before stimulation with IFN-y (20 ng/mL) for 15 min. Whole-cell
lysates were processed for Western blot analysis with the indicated antibodies. An anti-a-tubulin antibody was used as a loading control.

3D). The proposed reaction sites of bigelovin are illustrated in
Figure 3D. Taken together, these results provided strong evi-
dence in support of the observation that bigelovin reacts with
thiols, which results in the inactivation of JAK2.

The inhibitory effects of bigelovin on the JAK/STAT3 signaling
pathway were relatively specific
To investigate whether the inhibition of the JAK/STAT3 sig-
naling pathway by bigelovin is specific, the effects of bigelovin
on the total tyrosine phosphorylation of HeLa cell extracts
were analyzed by Western blotting (Figure 4A). No changes
in total tyrosine phosphorylation were observed, suggesting
that the effects of bigelovin on JAK/STAT3 were not due to
the nonspecific inhibition of protein tyrosine phosphorylation.
The effects of bigelovin on a panel of kinases were also ana-
lyzed by in vitro kinase assays. At a 50 umol/L concentration,
bigelovin had very few inhibitory effects on all of the kinases
analyzed except IKK-f (discussed below), confirming the rela-
tive specificity of bigelovin towards JAK2 (Figure 4B). Big-

elovin did not inhibit the kinase activity of the partial JAK2,
which contains only the JAK2 kinase domain (Figure 4B) but
inhibited the kinase activity of the full length JAK2 (Figure
2G), suggesting that bigelovin may interact with the non-
kinase domain of JAK2.

To further investigate the specificity of bigelovin on sig-
naling pathways, the effects of bigelovin on growth factor-
induced receptor phosphorylation, including EGF, PDGF and
insulin, were examined. Bigelovin did not affect any of these
growth factor-mediated signaling pathways (Figure 4C), again
suggesting that bigelovin acted in a relatively specific manner
on the JAK2/STAT3 pathway. Because STATS5 is also a sub-
strate of JAK2, we examined the effects of bigelovin on STAT5.
As shown in Figure 4D, bigelovin inhibited the phosphoryla-
tion of STAT5 as well.

Bigelovin inhibited growth and induced apoptosis of tumor cells
The JAK/STAT3 pathway transmits cell survival signals and
protects cells from apoptosis!*?!l. Therefore, the effects of big-
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Figure 5. Bigelovin inhibited growth and induced apoptosis of human cancer cells. (A) ICg, of bigelovin on the viability of human tumor cell lines. (B)
Lysates from two human lung cancer cell lines were processed for Western blot analysis with the indicated antibodies. (C) MDA-MB-468 cells were
treated with bigelovin at the indicated concentrations for 22 h. Cells were then stained with Annexin V-FITC and propidium iodide before an analysis
of apoptosis by flow cytometry. (D) A549 cells were treated with bigelovin at the indicated concentrations for 24 h and then harvested for Western blot
analysis using an anti-PARP antibody. An anti-o-tubulin antibody served as a loading control. (E) HeLa cells were incubated in serum free medium and
then treated with bigelovin (2 umol/L), IL-6 (100 ng/mL) or IL-6 together with bigelovin (2 umol/L) for 24 h. Cell growth was measured by a real-time
cell analysis (RTCA) system. n=3 experiments. Mean+SEM. °P<0.01 vs control.

elovin on the growth and survival of a panel of human tumor
cell lines from different tissues were examined. Bigelovin
inhibited the growth and survival of all the tumor cells tested
(Figure 5A). Although the sensitivity of these cell lines to
bigelovin treatment varied, leukemia cells seemed to be more
sensitive to bigelovin than other cells, which correlated with
the fact that JAK2/STAT3 was often constitutively activated
in leukemia cells. Additionally, the JAK2 inhibitor, AG490,
was first used against leukemia cells® *. It was also noticed
that the sensitivity of cells to bigelovin treatment varied in
cell lines from the same tissue. In three breast cancer cell lines
tested, bigelovin induced more death in the MDA-MB-231 and
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MDA-MB-468 cells, which had constitutively activated JAK2/
STAT3, than in the MDA-MB-453 cells, which lacked constitu-
tive activation of JAK2/STAT3P?. Similarly, in the two lung
cancer cell lines, bigelovin was more potent in A549 cells,
which had a higher level of constitutively activated JAK2/
STAT3 than in H460 cells (Figure 5B).

We further examined whether bigelovin could induce apop-
tosis in tumor cells. As shown in Figure 5C and 5D, bigelovin
induced tumor cell apoptosis, as indicated by the annexin
V-positive/Pl-negative staining and the induction of PARP
cleavage in a concentration-dependent manner.

Because IL-6 has been reported to induce tumor cell



growth!™), we analyzed the effect of bigelovin on IL-6 induced
cell growth in HeLa cells using a real-time cell analysis
(RTCA) system. As shown in Figure 5E, bigelovin inhibited
the IL-6-induced growth of HeLa cells.

Taken together, our data demonstrated the potential of
bigelovin to inhibit growth and induce apoptosis of human
cancer cells, particularly those with constitutively activated
STATS3.

Discussion

The Inula flower has traditionally been used to treat inflamma-
tion and cancer in China. However, little was known about
how it works. Bigelovin is one of the major sesquiterpene
lactones found in the plant. Here, we present evidence that
bigelovin is a potent inhibitor of the JAK2/STAT3 signaling
pathway. It inhibited constitutive as well as IL-6-induced acti-
vation of STAT3 and induced apoptosis in human cancer cells.

We also present evidence that bigelovin inhibited the JAK2/
STAT3 pathway through directly interacting with JAK2, the
key kinase of the signaling pathway. Bigelovin appears to
inactivate its enzymatic activity. As a consequence, the phos-
phorylation of both GP130 and STATS3, as well as downstream
signaling transduction, were blocked. However, we can-
not rule out the possibility that other pathways may also be
involved.

Although the detailed mechanisms by which bigelovin
interacts with JAK2 remain to be understood, there is some
evidence suggesting that bigelovin may form adducts with the
thiols of specific cysteines in the JAK2 protein. First, bigelovin
contains an a, f-unsaturated lactone, which is thiol reactive.
Second, the LC-MS analysis confirmed that one molecule of
GSH was added to one molecule of bigelovin in vitro. Third,
DTT treatment abolished the inhibitory effects of bigelovin
on JAK2/STATS3 signaling. Although there was no direct evi-
dence that bigelovin acted directly on the cysteines in JAK2, all
of these data suggest that bigelovin possibly interacted with
JAK2 through a covalent linkage. Interestingly, we found that
the reaction requires the conformation of the full-length pro-
tein. Bigelovin did not inhibit JAK2 enzymatic activity when
incubated with the C-portion of the protein (Figure 4B), which
contained the kinase domain of JAK2; it demonstrated inhibi-
tory effects only on the full-length JAK2 (Figure 2G).

The inhibition of bigelovin on JAK?2 is relatively specific.
It demonstrated very few inhibitory effects on many other
kinases we have analyzed except IKK-B. We infer that the
selectivity of bigelovin for target proteins relies, at least in
part, on the redox-sensitivity of the target proteins. It has
been reported that compounds containing thiol reactive
groups, such as arsenic, parthenolide, cyclopentenone pros-
taglandins, manumycin A, and herbimycin A, could bind
directly to IKK-p and inhibit IKK-B activity®™*’. Cys" in the
662 and Cys716
of IKK were reported to be plausible targets of the addition
reactions. Our data indicated that the JAKs were additional
examples of redox-sensitive proteins. Apart from bigelovin,

kinase loop, Cys” near the catalytic site and Cys

we also reported that a diterpenoid extracted from the Chinese
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medicinal herb Euphorbia Fischeriana steud, which contains an
a, B-unsaturated carbonyl group and two epoxy groups, could
cross-link JAK proteins and inhibit their enzymatic activity™.
Further studies are needed to identify the possible cysteines
involved in the reactions.

It has been reported that bigelovin could also target the
NF-xB and RXR pathways and trigger the proteolysis of
E2F1*!. These targets are all relevant to cancer cell survival
and growth. Therefore, the apoptosis of cancer cells induced
by bigelovin is probably a result of a combinational effect of
all these targets.

In summary, our findings provide the first evidence that
bigelovin extracted from the Inula flower is a potent inhibitor
of the JAK2/STATS3 signaling pathway. It suppressed both IL-
6-induced and constitutive STAT3 activation by inactivating
JAK2. Moreover, bigelovin is a relatively selective inhibitor of
the JAK2/STATS3 signaling pathway. It does not affect growth
factor signaling pathways, such as EGFR, PDGFR or IGF-1R.
Bigelovin also exhibited strong anticancer activity on a panel
of cancer cell lines. Given the importance of the STAT3 signal-
ing pathway in a variety of human cancers, these data strongly
support further development of bigelovin as a novel antican-
cer drug candidate.
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