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ABSTRACT
Parthenolide is the main bioactive component in feverfew, a common used herbal medicine, and has been extensively studied in relation to its
anti-cancer properties. However there have been very few in-depth studies of the activities of this compound at the molecular level. Here, we
showed that parthenolide increased reactive oxygen species (ROS), induced cell death, activated AMPK and autophagy, and led toM phase cell
cycle arrest in breast cancer cells. Removal of ROS inhibited all parthenolide-associated events, such as cell death, AMPK activation, autophagy
induction, and cell cycle arrest. Blockade of autophagy relieved cell cycle arrest, whereas inhibition of AMPK activity significantly repressed
the induction of both autophagy and cell cycle arrest. These observations clearly showed that parthenolide-driven ROS activated AMPK-
autophagy pathway. Furthermore, inhibition of either AMPK or autophagy significantly potentiated parthenolide-induced apoptosis.
Therefore, our results show that parthenolide activates both apoptosis pathway and AMPK-autophagy survival pathway through the
generation of ROS, and that suppression of AMPK or autophagy can potentially enhance the anti-cancer effect of parthenolide on breast cancer
cells. J. Cell. Biochem. 115: 1458–1466, 2014. © 2014 Wiley Periodicals, Inc.
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Breast cancer is one of the most common types of cancers
amongwomen in both developing and developed areas [Siegel

et al., 2011]. Although recent progress in therapy has increased the
survival of women with breast cancer, the further treatment
available for patients still remains a big challenge, and this has
boosted the extensive search for new targets and drugs.

In recent years, the search for effective plant-derived anti-cancer
agents or their synthetic analogs has continued to gain interest in
drug development. Among others, the sesquiterpene lactone,
parthenolide (PTL), isolated from feverfew (Tanacetum parthenium)
has been extensively studied in relation to its anti-cancer activities.

PTL was reported in vitro to inhibit proliferation and induce
apoptosis in various human cancers, such as colorectal cancer, breast
cancer, hepatoma, cholangiocarcinoma, and pancreatic cancer
[Zhang et al., 2004; Kim et al., 2005; Liu et al., 2010]. PTL-induced
apoptosis was associated with inhibition of transcription factor
nuclear factor-kappa B (NF-kB), mitochondrial dysfunction and
increase of reactive oxygen species (ROS) [Wen et al., 2002; Guzman
et al., 2005; Yip-Schneider et al., 2005; Wang et al., 2006; Zunino
et al., 2007].

Autophagy is a highly regulated process that can be involved in
the turnover of long-lived proteins and organelles [Levine and
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Kroemer, 2008]. Part of the cytoplasm and intracellular organelles
are sequestered within characteristic double- or multimembraned
autophagic vacuoles (named autophagosomes) and are finally
delivered to lysosomes for bulk degradation. These superfluous,
damaged, or aged cells or organelles are eliminated under various
cellular stress conditions, and thus autophagy can be considered
to assist cells to cope with unfavorable environments
[Maiuri et al., 2007; Levine and Kroemer, 2008; Rubinstein and
Kimchi, 2012]. On the other hand, autophagy can lead to
programmed cell death in order to prevent further damage to
surrounding healthy cells, given that the stress persists [Maiuri
et al., 2007]. Therefore, autophagy can be involved in cell death or
survival, depending on the environmental stimuli.

Autophagy can potentially cause resistance to therapeutic agents, a
sort of chemical stress in essence [Aredia and Scovassi, 2013; Jain
et al., 2013]. Here, we show that PTL induces autophagy throughROS-
AMPKpathway, and that the inhibitionautophagyorAMPKpromotes
PTL-induced apoptosis in MCF-7 breast cancer cells.

MATERIALS AND METHODS

CHEMICALS AND REAGENTS
Parthenolide (PTL), N-acetyl-L-cysteine (NAC), rotenone, compound
C and 3-Methyladenine (3-MA) were obtained from Sigma (USA).
NAC, an antioxidant, were dissolved in the growth medium. PTL,
rotenone, compound C and 3-MAwere dissolved in DMSO as a stock
buffer. ROS dyes H2DCFDA (5-(and-6)-chloromethyl-2070-dichlor-
odihydrofluorescein diacetate acetyl ester) and DNA staining
fluorescent dyeHoechst 33258were obtained from Invitrogen (USA).

GENE CONSTRUCTION
The cDNA of EGFP-fused LC3, an autophagy probe, was generated
by PCR, and the cDNA of mAG-hGem(1/110), a cell cycle probe, was
commercially synthesized (Genewiz, China) as described previously
[Sakaue-Sawano et al., 2008]. VC3AI, an apoptosis indicator, was
described in detail in our previous report [Zhang et al., 2013]. All
cDNAs were cloned into lentiviral expression vectors, pCDH-puro-
CMV or pCDH-Neo-CMV using the eFusion Recombinant Cloning
Kit (Biophay, China). The pLKO.1 lentiviral RNAi expression system
was used to construct lentiviral shRNA for AMPKa. The sequences of
shRNA used in this study included the following:

shScramble: CCGGCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGG-
GCGACTTAACCTTAGGTTTTT

shAMPKa1/2: CCGGATGATGTCAGATGGTGAATTTCTCGAGAAATT-
CACCATCTGACATCATTTTTT

CELL CULTURE
MCF-7 breast cancer cells were maintained in DMEM (high glucose)
supplemented with 10% fetal bovine serum (Hyclone, USA) and
50 IU penicillin/streptomycin (Invitrogen), and MCF-10A cells were
cultured in DMEM/F12 containing 5% horse serum (Hyclone), 20 ng/
ml EGF (Roche, USA), 0.5mg/ml hydrocortisone (Sigma, USA),
100 ng/ml cholera toxin (Sigma), 10mg/ml insulin (Sigma) and 50 IU
penicillin/streptomycin (Invitrogen) in a humidified atmosphere
with 5% CO2 at 37°C.

ROS ANALYSIS
Intracellular ROS production was monitored by the permeable
fluorescence dye, H2DCFDA. H2DCFDA can readily react with ROS
to form the fluorescent product 2,7-dichlo-rofluorescein (DCF)
[Robinson et al., 1994]. The intracellular fluorescence intensity of
DCF is proportional to the amount of ROS generated by the cells
[Huang et al., 2002]. After the indicated treatment, the cells were
incubated with 10mM of H2DCFDA dissolved in PBS for 30min and
then cells were harvested and resuspended in PBS (106 cells/ml). The
fluorescence intensity of intracellular DCF (excitation 488 nm,
emission 530 nm) was measured using FACScan (BD Biosciences,
USA).

IMAGING OF CULTURED CELLS
For live cell imaging, cells were grown in six-well plates, and after
the desired treatments, the fluorescence and phase-contrast imaging
was captured with a Nikon Eclipse TE2000-U fluorescence
microscope (Nikon, Japan).

For fixed cell imaging, after the desired treatments, cells grown in
six-well plate werefixedwith 4%paraformaldehyde in PBS for 30min,
and then carefully washed twice with PBS buffer. The fixed cells were
incubated with 2mg/ml of Hoechst33258 for 5min for nuclear DNA
staining. After washing twice with PBS, the cells were imaged.

CELL DEATH ASSAY
After desired treatments, cells grown in plates were fixed, stained
with Hoechst 33258 (Sigma) and imaged as described above. Cells
containing condensed chromatins were counted as dead.

As for apoptosis, VC3AI probewas used. VC3AI can be activated by
active caspase-3-like proteases and display fluorescence. Therefore,
after MCF-7 cells stably expressing VC3AI were treated as indicated,
the fluorescent cells were counted as apoptotic [Zhang et al., 2013].

CELL CYCLE ANALYSIS
For FACS analysis, after desired treatments, MCF-7 cells were
trypsinized to single cells, and then washed twice with PBS. One
milliliter of cells (about 106 cells) was aliquoted in a 15ml
polypropylene tube and 3ml of cold absolute ethanol was added
dropwise while vortexing. Cells were fixed overnight at 4°C, washed
twice with PBS, and then incubated with 1ml of PI staining buffer
(10mM Tris pH 7.5, 5mMMgCl2, 20mg/ml RNAse A and 5mg/ml PI)
for 30min at 37°C. Cells were analyzed using a FACScan (BD
Biosciences, USA). Cell cycle distribution was analyzed using FlowJo
(6.0) software (Tree Star).

For fluorescent probe analysis, mAG-hGem(1/110) was used to
analyze M phase of MCF-7 cells. mAG-hGem(1/110) is a fluorescent
protein mAG harnessed to antiphase oscillating protein that mark
cell-cycle transitions, and thus it is a cell-cycle-dependent biosensor
and indicates dividing cells by fluorescence. After MCF-7 cells
stably expressing mAG-hGem(1/110) were treated as indicated, the
fluorescent round cells were the cells arrested in M phase [Sakaue-
Sawano et al., 2008].

WESTERN BLOT
After desired treatments as specified as indicated, cells were washed
twice with PBS and lysed in buffer (20mM Tris-HCl, pH 7.5, 150mM
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NaCl, 1mMEDTA, 1% Triton X-100, 2.5mM sodium pyrophosphate,
1mM b-glycer-ophosphate, 1mM sodium vanadate, 1mg/ml
leupeptin, 1mM phenylmethyl-sulfonylfluoride). Equal amounts
of protein (30mg) were loaded onto 15% SDS–PAGE gels. Western
detection was carried out using a Li-Cor Odyssey image reader
(Li-Cor, USA). Anti-LC3, anti-AMPK, anti-p-AMPK, and anti-b-
actin antibodies were obtained from Cell Signaling Technology
(USA). All these primary antibodies were used with a dilution of
1:1,000. The goat anti-mouse immunoglobulin G (IgG) and
goat anti-rabbit IgG secondary antibodies were obtained from
Li-Cor. The final concentration of the secondary antibodies used was
0.1mg/ml.

LENTIVIRUS PRODUCTION
Viral packaging was done according to a previously described
protocol [al Yacoub et al., 2007]. Briefly, expression plasmids
pCDH-CMV-cDNA, pCMV-dR8.91, and pCMV-VSV-G were
co-transfected into 293T cells using the calcium phosphate
coprecipitation at 20:10:10mg (for a 10-cm dish). The transfection
medium containing calcium phosphate and plasmid mixture was
replaced with fresh complete medium after incubation for 5 h.
Media containing virus was collected 48 h after transfection and
then concentrated using Virus Concentrator Kit (Biophay, China).
The virus was resuspended in the appropriate amount of complete
growth medium and stored at�80°C. Cancer cells were infected with

the viruses at the titer of 100% infection in the presence of polybrene
(10mg/ml) for 48 h, and then cells were selected with puromycin or
neomycin.

RESULTS

PTL INDUCES CELL DEATH IN BREAST CANCER CELLS BY INCREASING
ROS LEVEL
Consistent with previous reports that PTL displayed potent anti-
cancer effects and induced cell death [Gunn et al., 2011; Mathema
et al., 2012], treatment of PTL induced significant level of cell death
in MCF-7 breast cancer cells but not in non-transformed mammary
epithelial cells, MCF-10A (Fig. 1a), indicating its specific effect on
cancer cells. Since PTL had been reported to induce ROS generation
in some cancer cells [Guzman et al., 2005; Wang et al., 2006; Zunino
et al., 2007], we further characterized the effect of PTL on the
generation of ROS in MCF-7 cells using fluorescent dye, H2DCFDA.
Indeed, treatment of MCF-7 cells with PTL led to ROS accumulation
in a concentration-dependent manner (Fig. 1b). After 5 h of PTL
treatment, an increase of two- to threefold in ROS was observed in
MCF-7 cells (Fig. 1b). ROS is often linked with the induction of cell
death, and therefore we investigated the effect of increased ROS
level on cell death of PTL-treated MCF-7 cells using a common
antioxidant, NAC. As shown in Figure 1a,b, NAC significantly

Fig. 1. PTL induced cell death and ROS generation in breast cancer cells. a: MCF-7 andMCF-10A cells were treated with different concentrations of PTL for 48 h in the presence
or absence of 10mM of NAC, an antioxidant, and then cell death was determined. b: MCF-7 breast cancer cells were treated with different concentrations of PTL for 5 h in the
presence or absence of 10mM of NAC, and then ROS was determined. c: MCF-7 cells stably expressing empty vector or human Bcl-XL were treated with PTL for 5 h, and then ROS
was determined. d: MCF-7 cells stably expressing empty vector or human Bcl-XL were treated PTL for 48 h, and then cell death was determined. Error bar in all panels
indicates� SD (n¼ 3).
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reduced ROS level and meantime suppressed cell death in MCF-7
cells treated with PTL. ROS can leak out of the mitochondria or be
generated in the cytoplasm. To figure out the main source of ROS, we
expressed Bcl-XL protein in MCF-7 cells. Bcl-XL protects the
mitochondrial membrane potential, suppresses mitochondria-driven
ROS and thus represses cell death. Our results showed that Bcl-XL
expression obviously inhibited PTL-induced ROS and cell death in
MCF-7 cells (Fig. 1c,d). These results strongly suggested that PTL-
induced cell death in MCF-7 cells was mediated by the elevated level
of ROS that mainly come from the mitochondria.

PTL INDUCES AUTOPHAGY IN BREAST CANCER CELLS
Because it had reported that PTL induced apoptosis in some cancer
cells [Cheng and Xie, 2011; Kim et al., 2012; Wyrebska et al., 2013],
we characterized the cell death of MCF-7 cells treated with PTL. We
stably expressed an apoptosis biosensor, VC3AI, in MCF-7 cells.
VC3AI, Venus-based caspase-3-like activity indicator, contains a
capase-3 cleavage site and acquires fluorescent activity only after
cleavage by activated caspase-3-like proteases, and thus it can
veridically indicate caspase-3-like activity, a well-characterized
event of apoptosis [Zhang et al., 2013]. As a positive control, we
treatedMCF-7/VC3AI cells with TNF-a for 48 h, and all the dead cells

showed significant Venus fluorescence (Fig. 2a,b), consistent with
our previous report [Zhang et al., 2013]. In contrast, some of dead
MCF-7 cells treated with PTL for 48 h were non-fluorescent
(Fig. 2a,b), suggesting the presence of non-apoptotic cell death.

Typically, cell death includes three types, apoptosis, necrosis, and
autophagy [Edinger and Thompson, 2004]. Since we observed the
shrunk morphological change in dead cells without fluorescence
(Fig. 2a), in contrast to the swelled morphological shape in necrotic
cells [Edinger and Thompson, 2004], we investigated the involve-
ment of autophagy in PTL-induced cell death in MCF-7 cells. The
microtubule-associated light chain 3 (LC3) is incorporated into
autophagosome upon autophagy induction, which can be visualized
by the foci formation of a GFP tagged LC3 (GFP-LC3) [Kimura
et al., 2007]. When MCF-7 cells expressing GFP-LC3 were treated
with PTL for 18 h, significant level of GFP-LC3 foci was observed
(Fig. 2c). Since ROS was reported to activate autophagy in some
conditions, we examined whether PTL-induced ROS contributed to
this autophagic progress. As shown in Figure 2d, antioxidant NAC
significantly blocked PTL-induced GFP-LC3 foci in MCF-7 cells
(Fig. 2d).

To further confirm the involvement of autophagy in PTL-treated
MCF-7 cells, we detected the level of LC3 protein. LC3 is cleaved

Fig. 2. PTL induced autophagy in breast cancer cells. a: MCF-7 cells expressing VC3AI were treated with 12.5mMof PTL or 20 ng of TNF-a for 48 h, and then werefixed for DNA
staining with Hoechst 33258. DNA staining indicates cell death (arrows) and Venus fluorescence from activated VC3AI indicates apoptosis. b: The fraction of dead or apoptotic
MCF-7/VC3AI cells after treatment as described in (a). Error bar indicates� SD (n¼ 3). c: MCF-7 cells expressing EGFP-LC3 were treated with 12.5mM of PTL for 18 h and were
imaged with a fluorescence microscope. d: The fraction of cells with GFP foci was determined after treatment as described in (c). Error bar indicates� SD (n¼ 3). e: MCF-7 cells
were treated with 12.5mMof PTL for the indicated periods, and LC3-I/II protein levels were determined byWestern blot analysis. f: MCF-7 cells were treated as indicated for 24 h,
and LC3-I/II protein levels were determined by Western blot analysis. Serum-free (SF) treatment was used as a positive control for autophagy induction.
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during autophagy to form the faster migrating LC3-II form. As
shown in Figure 2e, significant levels of LC3-II were detected after
24 h of PTL treatment. At the same time, our results showed that
NAC obviously repressed the PTL-activated LC3-II but did not affect
LC3-II level induced by serum deprivation that elicited autophagy
(Fig. 2f). Taken together, these data strongly demonstrated that PTL
promoted ROS generation and then induced autophagy in MCF-7
cells.

INHIBITION OF AUTOPHAGY POTENTIATES PTL-INDUCED APOPTOSIS
IN BREAST CANCER CELLS
Autophagy induced by persistent stress can finally lead to cell death,
at least in part including apoptosis [Rubinstein and Kimchi, 2012].
Therefore, we investigated whether PTL-induced cell death inMCF-7
cells resulted from autophagy. 3-MA is a widely used cell-permeable
autophagy inhibitor and it blocks autophagosome formation
during the early stage [Seglen and Gordon, 1982]. Surprisingly,
3-MAcompletely shifted cell death to apoptosis (Fig. 3a), andmeantime
significantly increased cell death (apoptosis) (Fig. 3a, compared to data
in Fig. 1a) in MCF-7 cells treated with PTL. As expected, 3-MA
apparently suppressed PTL-induced autophagy (Fig. 3c). These data
suggest that upon PTL treatment, MCF-7 cells try to conquer the
surrounding chemical stress through autophagy to survive.

PTL INDUCES CELL CYCLE ARREST IN BREAST CANCER CELLS
During the course of investigation, we found that PTL induced round
morphology in many MCF-7 cells even after 8 h of treatment, and
these round cells did not undergo apoptosis as indicated by VC3AI
(Fig. 4a). More importantly, most of these round cells restored their

growth upon the deprivation of PTL at 8 h (data not shown). This
suggests that these round cells just stayed in an adaptive state to
avoid chemical stress, and will resuscitate upon the removal of
nasties.

The disadvantageous conditions often lead to cell cycle arrest with
round cellular morphology in G2/M phase, and thus we analyzed cell
cycle in the PTL-treated MCF-7 cells. As analyzed by the flow
cytometry (Fig. 4b), PTL reduced the fraction of cells in G1 phase
while increased that in G2/M by about two folds, indicating that PTL
led to the cell cycle arrest in G2/M phase. However, this result did not
exactly reflect themorphological difference between the PTL-treated
and control MCF-7 cells we observed. In fact, PTL induced much
more round cells than the control (Fig. 3a). As the flow cytometry
was not able to distinguish the cells in G2 and M phases, we decided
to use a genetically encoded fluorescent probe, mAG-hGem(1/110)
[Sakaue-Sawano et al., 2008]. mAG-hGem(1/110) is the fluorescent
protein mAG harnessed to antiphase oscillating protein that marks
cell-cycle transitions, and thus it is a cell-cycle-dependent biosensor
and indicates dividing cells byfluorescence. The expression ofmAG-
hGem(1/110) can characterize cells inM phase withfluorescence and
round morphology (Fig. 4c) [Sakaue-Sawano et al., 2008]. We
treated MCF-7/mAG-hGem(1/110) cells with PTL for 8 h, and
observed a sixfold increase in the number of fluorescent round
cells arrested in M phase (Fig. 4d,e). Therefore, PTL mainly inhibited
the mitosis of MCF-7 cells. Rotenone, an inhibitor of electron
transport chain inmitochondria, can induce G2/M arrest [Armstrong
et al., 2001]. Here, as a positive control, rotenone indeed enhanced
the portion of cells in M phase (Fig. 4d,e). Although MCF-7 cells
arrested in M phase did not virtually undergo cell death after 8 h of

Fig. 3. Inhibition of autophagy potentiated PTL-induced apoptosis in breast cancer cells. a: MCF-7 cells expressing VC3AI were treated with 12.5mM of PTL for 48 h in the
presence or absence of 5mM of 3-MA, an inhibitor of autophagy, and were imaged with a fluorescence microscope. b: The fraction of apoptotic cells after treatment as described
in (a). Error bar indicates� SD (n¼ 3). c: The fraction of cells with GFP foci was determined after MCF-7 cells expressing EGFP-LC3 were treated with 12.5mMof PTL for 18 h in
the presence or absence of 5mM of 3-MA. Error bar indicates� SD (n¼ 3).

1462 INHIBITION OF AMPK/AUTOPHAGY POTENTIATES JOURNAL OF CELLULAR BIOCHEMISTRY



PTL treatment, they finally died given the persistent presence of
treatment (Fig. 4d).

Furthermore, our data showed that both 3-MA and NAC
significantly decreased PTL-induced cell cycle arrest (Fig. 4e). These
data showed that PTL-promoted ROS and autophagy preceded cell
cycle arrest in MCF-7 cells.

AMPK PATHWAY IS INVOLVED IN PTL-INDUCED AUTOPHAGY
The induction of ROS, autophagy and cell cycle arrest in MCF-7 cells
by PTL strongly implicated the presence of metabolic stress.
Therefore, we investigated the role of AMPK, a kinase involved in
metabolic stress, in PTL-treated MCF-7 cells. AMPK could be
activated via many pathways including ROS [Russo et al., 2013; She
et al., 2014]. The time-course results showed that PTL obviously
increased the level of phosphorylated AMPK protein in the very early
stages (Fig. 5a). PTL induced an increase of 1.5- to 2-fold in AMPK
phosphorylation during 6 h, and NAC significantly blocked PTL-
promoted AMPK phosphorylation, suggesting the contribution to
AMPK activation by PTL-driven ROS. In the meantime, we found
that compound C, a selective inhibitor of AMPK, decreased the

number of cells in M phase, suppressed autophagy, and synergically
increased apoptosis in PTL-treated MCF-7 cells (Fig. 5b–d).

To further confirm the role of AMPK pathway in PTL-treated
MCF-7 cells, we depleted AMPK expression level using a lentiviral
knockdown construct, shAMPK (Fig. 5e). Consistent with the results
obtained with compound C, the knockdown of AMPK attenuated
PTL-induced cell cycle arrest and autophagy while exacerbated PTL-
induced apoptosis (Fig. 5f–h). In addition, our data showed that
AMPK knockdown inhibited the active turnover of LC3, and thus
confirmed the requirement of AMPK for PTL-induced autophagy.
Taken all together, our data strongly demonstrated that AMPK
pathway was involved in PTL-induced cell cycle arrest, autophagy
and cell death in MCF-7 breast cancer cells (Fig. 6).

DISCUSSION

The sesquiterpene lactone, PTL, is the main bioactive component in
feverfew, an herbal medicine used for fever, migraine, and arthritis
[Knight, 1995], and shows a strong anti-cancer activity against a

Fig. 4. PTL induced cell cycle arrest in breast cancer cells. a: MCF-7 cells expressing VC3AI were treated with 12.5mM of PTL for 8 h, and were imaged with a fluorescence
microscope. b: Cell cycle of MCF-7 cells treated with control or 12.5mM of PTL for 8 h was analyzed by FACS. c: A fluorescent probe, mAG-hGem(1/110), that labels S/G2/M
phase nuclei green, from Sakaue-Sawano et al. (2008). The single round green cells were those arrested in M phase. d: MCF-7 cells expressing mAG-hGem(1/110) were treated
with 12.5mM of PTL for different time, or with 1mM of rotenone for 8 h, and were imaged with a fluorescence microscope. e: The fraction of MCF-7/mAG-hGem(1/110) cells
after treatments as indicated. Error bar indicates� SD (n¼ 3).
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wide variety of cancer cells [Zhang et al., 2004; Kim et al., 2005; Liu
et al., 2010]. In this report, we showed that PTL increased ROS level,
activated AMPK and induced autophagy in MCF-7 cells, and
that inhibition of AMPK or autophagy significantly potentiated
PTL-induced apoptosis in MCF-7 breast cancer cells (Fig. 6). In fact,
PTL showed the similar effects on another breast cancer cell lines,
MDA-MB-231 and T47D (data not shown). Therefore, this action
model of PTL might apply to breast cancers.

Effects of PTL on cancer cells were reported to include the
inductions of ROS, cell cycle arrest, and cell death [Wen et al., 2002;
Liu et al., 2010; Kreuger et al., 2012]. Here, we confirmed these
effects of PTL onMCF-7 breast cancer cells. Besides, we also revealed
that PTL activated AMPK pathway and autophagy. Reducing ROS
suppressed all the PTL-associated events, such as cell death, AMPK
activation, autophagy induction and cell cycle arrest, indicating the
apical role of increased ROS in the PTL-driven cascade. Blockade of
autophagy relieved cell cycle arrest, whereas inhibition of AMPK
activity significantly repressed the induction of both autophagy and
cell cycle arrest. Therefore, these observations clearly specify the
order of PTL-induced events in MCF-7 cells, as shown in Figure 6.
However, unlike ROS blockade, inhibition of either AMPK or
autophagy significantly potentiated PTL-induced cell death/
apoptosis in MCF-7 breast cancer cells, suggesting that PTL-
activated AMPK-autophagy pathway was involved in the survival
pathway. Considering that ROS scavenging inhibited cell death as
well as AMPK-autophagy pathway in PTL-treated MCF-7 breast
cancer cells, PTL-induced ROS appeared to activate both death
pathway and survival pathway at the same time. Therefore,
suppression of AMPK-autophagy survival pathway can potentially
enhance PTL-induced killing of MCF-7 breast cancer cells.

Fig. 5. PTL activated AMPK. a: MCF-7 cells were treated with 12.5mMof PTL for the indicated periods in the presence or absence of NAC, and total and phosphorylated AMPKa
protein levels were determined by Western blot analysis. The number shows the ratio of phosphorylated AMPKa to b-actin protein, because phosphorylated AMPKa represents
activated kinase. b: The fraction ofMCF-7/mAG-hGem(1/110) cells inM phase after treatment with 12.5mMof PTL for 8 h in the presence or absence of 5mMof compound C. c:
The fraction ofMCF-7/EGFP-LC3 cells with GFP foci after treatment with 12.5mMof PTL for 18 h in the presence or absence of 5mMof compound C. d: The fraction of apoptotic
MCF-7/VC3AI cells after treatment with 12.5mM of PTL for 48 h in the presence or absence of 5mM of compound C. e: MCF-7 cells were infected with lentivirus expressing
shAMPKa or scramble control (shScr). f: The fraction of MCF-7/shScr or shAMPKa cells in M phase after treatment with 12.5mM of PTL for 8 h. g: The fraction of MCF-7/shScr
or shAMPKa cells with GFP foci after treatment with 12.5mM of PTL for 18 h. h: The fraction of apoptotic MCF-7/shScr or shAMPKa cells after treatment with 12.5mM of PTL
for 48 h. Error bar in all panels indicates� SD (n¼ 3).

Fig. 6. A workingmodel for PTL-induced cell death in breast cancer cells. PTL-
driven ROS activates both apoptosis pathway and AMPK-autophagy survival
pathway at the same time. Inhibition of AMPK or autophagy potentiates PTL-
induced apoptosis in breast cancer cells. See Discussion Section for more
details.
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ROS can be induced by a wide variety of extracellular stimuli and
can potentially promote either cell survival or cell death. Here, our
results showed that PTL activated both branch pathways. Although
several reports have demonstrated that PTL-induced apoptosis is
mediated by increased ROS level in some cancer cells, such as
myeloma, leukemia, and colorectal cancer cells [Guzman et al., 2005;
Wang et al., 2006; Zunino et al., 2007], the detailed mechanism
largely remains to be explored. However, in other contexts, the
increased ROS is often found to trigger apoptosis by targeting
mitochondria [Bae et al., 2011]. Indeed, PTL-induced cell death is
highly associated with some mitochondrial proteins, such as Bcl-2,
Bcl-XL, and Bax, in some cell lines, such as cholangiocarcinoma and
sarcoma cells [Kim et al., 2005]. Therefore, PTL-induced ROS most
likely impairs mitochondrial function to elicit apoptosis, as
supported by our results that Bcl-XL expression inhibited both
PTL-induced ROS and cell death. On the other hand, ROS can
potentially activatemany kinases, such asMAPK andAMPK, and the
resulting pathways possibly facilitate cell survival [Kim et al., 2013].
Our results showed that PTL activated AMPK via ROS, because
antioxidant NAC totally blocked the activation of AMPK. Further-
more, our results indicated that in this context PTL-activated AMPK
pathway led to autophagy and subsequential cell cycle arrest.
Autophagy could be linked to cell death and survival [Rubinstein and
Kimchi, 2012]. Although we found that cells arrested in M phase
finally underwent cell death that at least in part resulted from non-
apoptosis, blockage of AMPK or autophagy, upstream of cell cycle
arrest, completely shifted cell death to apoptosis and, more
importantly, significantly increased PTL-induced cell death. In
fact, most of MCF-7 cells can survive from 8 h of PTL treatment,
although about 25% of cells were already arrested in M phase at that
time. These observations strongly suggest MCF-7 cells develop
autophagy as an adaptive strategy to cope with chemical stress of
PTL.

While we do not yet know the precise mechanisms underlying the
induction of autophagy and cell cycle arrest by PTL-activated
AMPK, previous studies on the connection between AMPK and
autophagy can offer some clues [Verhulst et al., 2012]. AMPK is able
to activate autophagy either by inactivating mTOR complex-1
(mTORC1) or by directly phosphorylating ULK1, a protein kinase,
that initiates autophagy. Recently, a report showed that a natural
compound, resveratrol, induced a G2/M phase arrest in glioblastoma
that also required the induction of autophagy, which possibly
involved the regulation of Cdc2, Rb, and cyclin A and B [Filippi-
Chiela et al., 2011]. Thereby, it will be interesting to determine
whether these pathways are involved in PTL-treated MCF-7 breast
cancer cells.

Since PTL has been undergoing clinical test for its anti-cancer
activity [Ghantous et al., 2010], dissection of the mechanism
underneath the killing of cancer cells by PTL is very important. In the
current study, we figure out a survival pathway accompanying with
PTL-induced cell death inMCF-7 breast cancer cells. The competitive
survival will attenuate the anti-cancer effect of the treatment. Our in
vitro observations that inhibition of the survival pathway by AMPK
inhibitors or autophagy blockers increases the anti-cancer activity of
PTL raise the possibility that combinations of PTL and AMPK
inhibitors or autophagy blockers can potentially be used as

chemoprevention agents to prevent the development of breast
cancers.
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