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Combination of pristimerin and paclitaxel additively induces
autophagy in human breast cancer cells via ERK1/2 regulation
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Abstract. Pristimerin, a quinonemethide triterpenoid, has
demonstrated anticancer activity against a number of types
of cancer, including breast cancer. However, its mechanism
of action remains unclear. The present study investigated
the autophagy-induced anticancer efficacy of pristimerin on
MDA-MB-231 human breast cancer cells. Pristimerin inhib-
ited the growth of these cells in a concentration-dependent
manner. Treatment with pristimerin dose-dependently
induced an increase of light chain 3B (LC3-II), whereas
autophagy inhibitor 3-methyladenine (3-MA) inhibited pris-
timerin-induced LC3-II accumulation and cytotoxic effects.
Autophagy was also activated by paclitaxel as observed by
an elevated LC3-II level. Although 24 uM paclitaxel induced
autophagy without cytotoxicity, combined with pristimerin it
additively induced cell growth inhibition and autophagy induc-
tion. Autophagy induction was measured with an autophagy
detection kit and LC3-II levels were monitored by western blot
analysis. Treatment with 3-MA inhibited LC3-II accumula-
tion and cell death induced by a combination of paclitaxel and
pristimerin. Pristimerin and paclitaxel inhibited extracellular
signal-regulated kinase (ERK)1/2/p90RSK signaling, consis-
tent with autophagy indicators, namely p62 degradation and
beclin 1 expression. In addition, ERK activator ceramide C6
treatment suppressed the LC3-II levels induced by a combi-
nation of paclitaxel and pristimerin. These results suggested
that exposure to pristimerin induced autophagic cell death,
whereas a combination treatment of pristimerin and paclitaxel
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resulted in an additive effect on ERK-dependent autophagic
cell death.

Introduction

Breast cancer, one of the most common types of cancer in
women, is associated with high mortality (1). Treatment for
breast cancer includes hormonal therapy, chemotherapy, radio-
therapy, targeted therapy, surgery and various combinations of
these strategies. However, the prognosis of certain subtypes
remains poor (2).

Autophagy is a homeostatic cellular self-digestive process
responsible for degrading unnecessary or dysfunctional
cellular organelles and proteins in all living cells (3). Although
autophagy promotes a cell survival response, it also serves
a role in cell death (4). Previous studies have demonstrated
that autophagic cell death is triggered by numerous signaling
pathways including adenosine monophosphate-activated
protein kinase pathway (5), mammalian target of rapamycin
(mTOR) pathway (6), and mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK)1/2
pathway (7).

Medicinal plants and their extracts are commonly used
to prevent and treat numerous diseases, including cancer.
The World Health Organization has reported that ~4 million
people (80% of the population in developing countries),
depend on medicinal plants for primary healthcare (8).
Pristimerin, a quinonemethide triterpenoid compound, has
long been used as an anti-inflammatory, antioxidant, antima-
larial and insecticidal agent (9). Pristimerin also possesses
promising clinical potential as a therapeutic and chemo-
preventive agent for numerous types of cancer, including
colon cancer (10), prostate cancer (11), ovarian cancer (12)
and breast cancer (13). Pristimerin induces cell death via
several mechanisms, including proteasome inhibition (14),
caspase activation (15), inhibition of the human epidermal
growth factor receptor 2 (HER?2) (13), inhibition of protein
kinase B/nuclear factor-kB/mTOR signaling (12), cell cycle
arrest (12) and inhibition of migration and invasion (10).
However, the effect of pristimerin on autophagy in human
breast cancer has not been reported yet to the best of our
knowledge.
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The present study aimed to evaluate whether pristimerin
induces autophagy in human breast cancer cells. The results
of the present study demonstrated that pristimerin inhibited
cell proliferation by autophagy induction. The effects of
pristimerin were enhanced when combined with paclitaxel
treatment through suppression of ERK1/2/p90 ribosomal S6
kinase (p90RSK) signaling, which in turn activated autophagy.
These results indicated that pristimerin has potential to treat
breast cancer through autophagy and combination therapy can
enhance paclitaxel-induced anticancer activities.

Materials and methods

Chemicals. Pristimerin was obtained from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany) and dissolved in dimethyl
sulfoxide (DMSO) to give a stock solution of 100 mM and stored
at -20°C in aliquots. Paclitaxel was gifted by Boryung Co., Ltd.
(Seoul, Korea). Dulbecco's modified Eagle medium (DMEM),
fetal bovine serum (FBS) and penicillin/streptomycin were
obtained from GE Healthcare Life Sciences HyClone (Logan,
UT, USA). Trypsin/EDTA was purchased from Gibco™
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). The
following primary antibodies were used: Rabbit polyclonal
anti-human light chain (LC) 3-I/II (1:1,000; cat. no. 4108), rabbit
polyclonal anti-human phosphorylated (phospho)-p44/p42
MAPK (ERK1/2; Thr202/Tyr204; 1:1,000; cat. no. 9101), rabbit
monoclonal anti-human P-90RSK (1:1,000; cat. no. 9355), rabbit
polyclonal anti-human phospho-p90RSK (Ser380; 1:1000; cat.
no. 9314) were purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA) and rabbit polyclonal anti-human
ERK (1:1,000; cat. no. sc-94), mouse monoclonal anti-human
p62 (1:1,000; sc-48389), rabbit polyclonal anti-human beclinl
(1:1,000; cat. no. sc-11427) and rabbit polyclonal anti-human
GAPDH (1:1,000; cat. no. sc-25778) were obtained from Santa
Cruz Biotechnology, Inc., (Dallas, TX, USA). Horseradish
peroxidase-conjugated anti-mouse and anti-rabbit antibodies
were purchased from BD Biosciences, Pharmingen (San
Diego, CA, USA). SuperSignal® West Pico Chemiluminescent
Substrate was purchased from Pierce (Thermo Fisher Scientific,
Inc.). The Cell Counting Kit-8 (CCK-8) was purchased from
Dojindo Molecular Technologies, Inc., (Kumamoto, Japan) and
the Autophagy Detection kit (cat. no. ab139484) was purchased
from Abcam® (Cambridge, MA, USA). 3-MA, ceramide C6 and
all other reagents were obtained from Sigma-Aldrich (Merck
KGaA).

Cell line and cell culture. The MDA-MB-231 human breast
cancer cell line was purchased from American Type Culture
Collection (Manassas, MD, USA). Cells were grown in
DMEM supplemented with 10% (v/v) FBS, penicillin
(100 U/ml) /streptomycin (100 pg/ml) at 37°C in a humidified
CO, (5%)-controlled incubator.

Cellviability assay. Cells were seeded into 96-well microplates
at a density of 5x10° cells/ml and allowed to attach for 24 h.
Pristimerin (1, 2.5, 5 and 10 M) and paclitaxel (6, 12, 24 and
30 uM) were added to the medium at various concentrations.
Following treatment, the cell cytotoxicity and/or proliferation
was assessed using the CCK-8 assay. CCK-8 (10 ul) was added
to each well and incubated for 3 h at 37°C; cell proliferation
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and cytotoxicity were assessed by measuring the absorbance
at a wavelength of 450 nm using a microplate reader (Corning,
Inc., Corning, NY, USA). A total of three replicated wells were
used per experimental condition.

Western blotting analysis. Cells were harvested using
Trypsin-EDTA, washed twice with cold phosphate buffered
saline (PBS), lysed with lysis buffer (10 mM Tris, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% TritonX-100, 0.5% NP-40,
1 mM PI, 1 mM DTT and 1 mM PMSF), placed on ice for
1 h with occasional vortexing and centrifuged at 13,000 x g
for 10 min at 4°C to collect the supernatant. A Pierce BCA
Protein Assay kit (Pierce; Thermo Fisher Scientific Inc.)
was used to determine protein concentration. Cell lysates
(50 pug) were subjected to 8, 10, and 15% SDS-PAGE and
transferred to a polyvinylidene difluoride membrane. Blots
were blocked with 5% skim milk in PBS containing 0.05%
Tween-20 (PBST) for 1 h at 25°C and then incubated with
primary antibodies (1:1,000) overnight at 4°C. After washing
with PBST, membranes were incubated with anti-rabbit
horseradish peroxidase-conjugated IgG (1:3,000) at room
temperature for 2 h and visualized with enhanced chemilu-
minescence. Band intensity was quantified by densitometry
using ImagelJ (version 1.52) software (National Institutes of
Health, Bethesda, MD, USA) and was normalized to loading
controls. Quantification value was expressed as the fold
change vs. band numbered 1.0.

Autophagy detection assay. Autophagy determination was
performed using an Autophagy Detection kit according to
the manufacturer's protocol. According to product overview
by the company, the Autophagy Detection kit can measure
autophagic vacuoles and monitor autophagic flux in live cells
using a novel dye that selectively labels autophagic vacuoles.
The dye has been optimized through identification of titrat-
able functional moieties that allow for minimal staining
of lysosomes while exhibiting bright fluorescence upon
incorporation into pre-autophagosomes, autophagosomes
and autolysosomes (autophagolysosomes). Cells were seeded
into 8-well chamber slides at a density of 1x10 cells/ml and
treated with indicated drugs. Following drug treatment, cells
were washed with 1X assay buffer, following incubation with
100 pl microscopy dual detection reagent for 30 min at 37°C
in the dark. Following the incubation, cells were washed with
1X assay buffer to remove unbound detection reagent and
examined using a confocal microscope (LSMS5; Carl Zeiss
AG, Oberkochen, Germany).

Statistical analysis. All results presented were confirmed in
at least three independent experiments. Data were presented
as the mean + standard deviation. Statistical differences were
analyzed by one-way analysis of variance followed by a Tukey
test using IBM® SPSS® Statistics Version 24.0 (IBM Corp.,
Armonk, NY, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Pristimerin enhances cell death and activates autophagy
in MDA-MB-231 cells. Exposure to pristimerin for 24 h
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Figure 1. Pristimerin-induced cell death is associated with activation of autophagy. (A) Cell viability following treatment with pristimerin (0, 1, 2.5,
5 and 10 uM) in MDA-MB-231 human breast cancer cells. "P<0.05 vs. pristimerin (0 zM). (B) MDA-MB-231 breast cancer cells were treated with 0,
1,5 and 10 #M pristimerin for 24 h and expression levels of LC3-I and LC3-II were detected by western blot analysis. GAPDH was used as a loading
control. Values are expressed as the mean + standard deviation. "P<0.05 vs. control. (C) Cells were pre-incubated with or without 3-MA (2 mM) for 3 h
and then incubated with pristimerin (10 M) for 24 h, following which LC3-I and LC3-II levels were detected by western blotting analysis. (D) Cells
were pre-incubated with or without 3-MA (2 mM) for 3 h and then incubated with 0, 1, 5 and 10 M pristimerin, and cell viability was detected using
a Cell Counting Kit-8 assay. Data are expressed as the mean + standard deviation. "'P<0.05 vs. pristimerin single treatment. 3-MA, 3-methyladenine;

LC3-I, light chain 3.

significantly inhibited growth of MDA-MB-231 cells in a
concentration-dependent manner compared with control
treatment with a vehicle (P<0.05; Fig. 1A). Whether
pristimerin-mediated inhibition of MDA-MB-231 cells
originated from autophagy was further examined. Autophagy
can be accurately measured by assessing the expression of
microtubule-associated protein light chain 3 (LC3), namely
the conversion of LC3-I to LC3-II using western blot analysis.
Following treatment with pristimerin at 10 uM for 24 h, the
ratio of LC3-II/LC3-I as well as LC3-II levels were increased
(Fig. 1B). Co-treatment with 2 mM 3-MA (an autophagy
inhibitor) inhibited LC3-II accumulation induced by 10 uM
pristimerin (Fig. 1C) and promoted cell viability (Fig. 1D).
These results suggested that pristimerin exposure induced
autophagic cytotoxicity in MDA-MB-231 cells whereas

inhibition of pristimerin-induced autophagy by 3-MA
increased cell viability.

Paclitaxel induces autophagy in MDA-MB-231 cells. To
examine the inhibitory effect of paclitaxel on the proliferation of
MDA-MB-231 cells breast cancer cells, various concentrations
(0,6, 12,24 and 30 uM) of paclitaxel were evaluated by CCK-8
viability assay. Paclitaxel exhibited no significant toxicity to
MDA-MB-231 cells at any concentration evaluated up to 24 uM
(Fig. 2A). However, high concentrations of paclitaxel (over
48 uM) demonstrated strong toxicity (data not shown). Paclitaxel
can modulate autophagy (16,17), although its mode of action
remains controversial. In the present study, the effect of various
concentrations of paclitaxel on autophagy in MDA-MB-231 cells
was examined. Following treatment with paclitaxel at 12, 24,



4284

LC3-1 (16 kDa)
LC3-1l (14 kDa)

GAPDH
(37 kDa)
700
=
— 600 z
2
c
§ 500 mouM
5
2 400 x M 6uM
@
s Hi2uM
g 300
2 200 ®24uM
S
i1} 100 .. B 30um
0

LC3-II/LCS-I

Figure 2. Cell viability following treatment with paclitaxel in MDA-MB-231
human breast cancer cells. (A) Cell viability following treatment with various
concentrations (0, 6, 12, 24 and 30 xM) of paclitaxel. (B) Cells were treated
with paclitaxel for 24 h and the expression levels of LC3-1I/LC3-I were
detected by western blot analysis. GAPDH was used as a loading control.
Data are expressed as the mean + standard deviation. "P<0.05 vs. 0 uM treat-
ment. LC3-1, light chain 3.

or 30 uM for 24 h, the ratio of LC3-II/LC3-I was significantly
increased (P<0.05; Fig. 2B). These results demonstrated that
paclitaxel induced autophagy in MDA-MB-231 cells without
demonstrating significant cytotoxicity.

Involvement of autophagy in the additive action of pristimerin
in combination with paclitaxel. As illustrated in Fig. 3A,
combination treatment with 10 M pristimerin and 24 yM
paclitaxel additively inhibited cell viability. Further experi-
ments were performed to observe whether paclitaxel influenced
autophagic-cell death following treatment combined with
pristimerin. Cells were pretreated with paclitaxel for 2 h and
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then treated with pristimerin for another 24 h. It was observed
that the ratio of LC3-II/LC3-I as well as LC3-II levels were
significantly additively increased (P<0.05; Fig. 3B). Chemical
inhibition of autophagy using 3-MA significantly inhibited
LC3-IT accumulation induced by the combination of pris-
timerin and paclitaxel (P<0.05; Fig. 3B). Autophagy was
further assessed by a detection assay where a population of
green detection reagent-labeled vesicles co-localized with
LC3, a specific autophagosome marker. It was revealed that
paclitaxel or pristimerin treatment for 24 h resulted in the
appearance of green detection reagent while their combination
exhibited stronger green fluorescence (Fig. 3C). Autophagy
inhibitor (3-MA) inhibited the autophagy reaction (Fig. 3C).
Co-treatment with 3-MA significantly increased cell viability,
even in the presence of a combination of pristimerin and
paclitaxel (P<0.05; Fig. 3D). These results suggested that pris-
timerin enhanced the paclitaxel-induced growth inhibition of
MDA-MB-231 cells by enhancing cytotoxic autophagic cell
death.

Regulation of ERKI/2 signaling contributes to
pristimerin-induced autophagy in MDA-MB-231 cells. It is
well known that ERK1/2 and autophagy are closely linked (18).
Whether pristimerin treatment of MDA MB-231 cells could
affect the ERK 1/2 signaling pathway was investigated. Cells
were treated with various concentrations of pristimerin for
24 h, following which, phospho-ERK 1/2 and p90RSK, one
of the potentially important substrates of ERK, were assessed
by western blot analysis. Pristimerin dose-dependently
inhibited the phosphorylation of ERK1/2 and p90RSK
(Fig. 4A). It was also observed that beclin 1 expression and
p62 degradation, both autophagic proteins, were increased by
pristimerin treatment (Fig. 4A). Paclitaxel treatment (24 uM)
alone also inhibited ERK1/2/p90RSK phosphorylation levels
and increased the beclin 1 expression and p62 degradation
(Fig. 4A). Combined treatment of pristimerin and paclitaxel
additively inhibited ERK1/2 phosphorylation and signifi-
cantly increased the ratio of LC3-1I/LC3-I (P<0.05; Fig. 4B).
Co-treatment with an ERK activator (ceramide C6) increased
phosphorylation of ERK and inhibited LC3-II accumulation in
combination treatment of pristimerin and paclitaxel (Fig. 4B).
These results suggested that pristimerin-induced autophagy
was associated with ERK1/2 signaling and paclitaxel addi-
tively enhanced pristimerin-induced autophagic cell death in
MDA-MB-231 cells.

Discussion

Breast cancer is a complicated and heterogeneous disease with
a number of biomarkers, including estrogen receptor, proges-
terone receptor, HER2 and triple-negative breast cancer (19).
Each of them has different treatment strategies and prog-
nosis (19). A high mortality rate is associated with breast
cancer patients (19). Increasing effort has been focused on the
identification of novel anti-breast cancer agents. Medicinal
plants and their extracts are commonly used to prevent and
treat a number of diseases, including cancer. Developing novel
therapeutic agents from plants with fewer side-effects and high
efficacy is a promising strategy to reduce the mortality rate of
breast cancer.
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Figure 3. Involvement of autophagy in the additive action of pristimerin and paclitaxel. (A) Cell viability following treatment with pristimerin (0, 1, 2.5, 5
and 10 uM) and paclitaxel (24 uM) in MDA-MB-231 human breast cancer cells. "P<0.05 vs. pristimerin (10 xM) single treatment. (B) Cells were treated with
paclitaxel and pristimerin for 24 h and expression levels of LC3-II/LC3-I were detected by western blot analysis. GAPDH was used as a loading control. Data
are expressed as the mean + standard deviation. "P<0.05 vs. paclitaxel and ¥P<0.05 vs. pristimerin. “P<0.05 vs. paclitaxel and pristimerin combined treatment.
(C) An autophagy detection kit was used for the detection of autophagy in cells following treatment with indicated drugs. (D) Cells were pre-incubated with or
without 3-MA (2 mM) for 3 h and then incubated with pristimerin (10 #M), paclitaxel, and a combination of the two for 24 h. Cell viability was then measured.
Data are expressed as the mean + standard deviation. "P<0.05 vs. combined treatment with pristimerin and paclitaxel. “P<0.05 vs. pristimerin (10 M) single

treatment. LC3-1, light chain 3; 3-MA, 3-methyladenine.

Pristimerin, a quinonemethide triterpenoid, has been
isolated from several plants including Maytenus chuchuhuasca
and M. ilicifolia in South Africa (20). Promising anticancer
activities of pristimerin have been emphasized in terms of its
therapeutic potential for breast cancer (21). Previous studies
have demonstrated that pristimerin is involved in apoptotic
cell death of MDA-MB-231 (15) and SKBR3 human breast
cancer cells (13). It was demonstrated that the apoptotic
activity of pristimerin and pristimerin induced apoptosis
in MDA-MB-231 cells, as expected. However, the effect of

pristimerin on autophagy in human breast cancer has not been
fully understood. Certain studies have reported that triterpe-
noids can cause cell death by autophagy, including cimigenol
(KY17) (22), 2a, 3a., 24-thrihydroxyurs-12-en-28-oicacid (23),
ursolic acid (24) and cucurbitane (25). In the present study,
the autophagic effect of pristimerin on MDA-MB-231 human
breast cancer cells was examined.

Autophagy has been established as a type of programmed
cell death involving self-destruction characterized by distinct
morphological and biochemical features. Autophagy is
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Figure 4. Pristimerin-induced autophagy is regulated by ERK1/2 signaling in MDA-MB-231 cells. (A) Cells were treated with pristimerin and paclitaxel for
24 h and expression levels of p-ERK1/2, ERK1/2, p-p90RSK, p90RSK, beclin 1, and p62 were detected by western blot analysis. GAPDH was used as a loading
control. “P<0.05 vs. pristimerin (0 zM) (Lane no. 1) and “P<0.05 vs. paclitaxel (0 uM) (Lane no. 5). (B) Cells were treated with pristimerin and paclitaxel and
expression levels of p-ERK1/2, ERK1/2, LC3-II/LC3-I were detected by western blot analysis. Cells were pretreated with ERK activator ceramide C6 for
3 h prior to combined treatment with pristimerin and paclitaxel. GAPDH was used as a loading control. Data are expressed as the mean + standard deviation.
"P<0.05 vs. paclitaxel (lane no. 3), “P<0.05 vs. pristimerin (lane no. 2) and #P<0.01 vs. pristimerin and paclitaxel combined treatment without ceramide C6
(lane no. 4). p-ERK, phosphorylated extracellular signal-regulated kinase; LC3, light chain 3; p90RSK, p90 ribosomal S6 kinase.

generally considered to be pro-survival associated, or cyto-
protective under stressful conditions such as g-radiation and
chemotherapy (26). However, it is frequently activated in
response to anumber of environmental stresses, thereby leading
to cell death (27). LC3 is considered to be a strong marker of
autophagy. The conversion of LC3-I to LC3-II and LC3 puncta
usually demonstrate an activation of autophagy (28). In the
present study, pristimerin-induced autophagy in MDA-MB-231
human breast cancer cells was examined using western blot
analysis. As demonstrated in the results, LC3-II/LC3-I levels

were increased, which indicated that induction of autophagy
was concentration-dependent. This autophagy induction has the
same pattern as pristimerin-induced cell death. Furthermore,
it was observed that autophagy inhibition by 3-MA partially
decreased pristimerin-induced cytotoxicity and undermined
LC3-II levels. These data suggested that pristimerin-induced
autophagy can serve as a cell death pathway.

Paclitaxel is isolated from the bark of the yew tree. It
inhibits the growth of tumor cells. It is an important thera-
peutic drug in the treatment of a number of types of cancer,
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including breast cancer (29). It is known to stabilize micro-
tubules during DNA synthesis, thereby suppressing mitosis
of cancer cells. Paclitaxel is capable of inducing mitochon-
dria-mediated apoptosis involving caspase-dependent (via
caspase-3) and caspase-independent pathways (via apoptosis
inhibitory factor) (30). Apoptosis is frequently closely asso-
ciated with autophagy in cancer (31). Since autophagy has
a housekeeping role in clearing damaged organelles and
eliminating intracellular pathogens, autophagy is gener-
ally regarded as a survival mechanism. On the other hand,
autophagy has a key role in tumorigenesis, progression and
oncotherapy (30). Paclitaxel can induce autophagy in human
osteosarcoma cells (MG-63) (30), non-small cell lung cancer
cells (A549) (16) and cervical cancer (HeLa) (32). In the
present study, paclitaxel treatment promoted autophagy in
MDA-MB-231 cells at concentrations over 12 yM, and did
not demonstrate cytotoxicity at 12 M. However, higher
concentrations of paclitaxel (48 and 60 M) demonstrated
strong cytotoxicity along with autophagy induction (data not
shown). A relatively high concentration of paclitaxel was
used in the present experiment compared with other studies.
There may be certain differences in drug use. Paclitaxel
was obtained for intravenous use from Boryung Co., Ltd.
(Seoul, Korea). Other investigations purchased the drug from
Sigma-Aldrich; Merck KGaA. For unknown reasons, in the
present experiment, MDA-MB-231 cancer cell lines did not
respond to low concentrations at all, in contrary to results
of other papers. It was demonstrated that another previous
study also used a high concentration of paclitaxel (33).
The clinical use of paclitaxel is frequently limited due to
acquisition of anticancer drug resistance (34). Therefore,
combined treatment is often used to enhance the effective-
ness of chemotherapy and avoid chemo-resistance to a single
agent. All single anticancer agents could similarly be used at
reduced concentrations when they are combined with others
to synergistically induce cancer cell death (35). Pristimerin
in combination with taxol can synergistically induce the
death of cervical cancer cells (35). In the present study, pris-
timerin additively enhanced paclitaxel-induced cell death
by autophagic induction in MDA-MB-231 cells. To the best
of our knowledge, the present study is the first to propose
that autophagy in breast cancer cells may be stimulated by
pristimerin alone, as well as in combination with paclitaxel.

In the present experimental data (not shown), pris-
timerin-induced apoptotic activity was increased by addition
of paclitaxel. The mechanism involved in these effects is still
being investigated. There is a complex crosstalk between
autophagy and apoptosis (31). It is frequently unclear which
specific interactions may contribute to cancer cell death.
Cancer cell death in this experiment is not the effect of only
one mechanism, namely autophagy. However, autophagy may
be one of the mechanisms that contribute to cancer cell death,
which can be detected by a number of methods.

GTPase HRas/Raf proto-oncogene serine/threonine
protein kinase/Dual specificity mitogen-activated protein
kinase kinase mek/ERK pathway serves an important role
in autophagy. ERK phosphorylates and inhibits TSC1/TSC2
which then activates C1 and induces autophagy (36). Recently,
it has been demonstrated that a synthetic antihepatitis drug
(Bicyclol) can induce autophagy via the ERK signaling
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pathway in HepG2 hepatocellular carcinoma cells (37). To
understand the signaling cascade that mediates the autoph-
agic effect of pristimerin on MDA-MB-231 cells, modulation
of the activation of ERK1/2 by pristimerin was examined.
Pristimerin treatment suppressed phospho-ERK1/2 and
phospho-p90RSK levels in a dose-dependent manner,
although without affecting total ERK1/2 and total p9ORSK
expression. The function of pristimerin on ERK regulation
remains controversial. A previous study suggested that
pristimerin can decrease the level of p-ERK1/2 and mTOR
to induce cell death in SKBR3 breast cancer cells (13).
However, another study demonstrated that ERK phosphory-
lation is not altered by pristimerin treatment in HeLa cervical
cancer cells (35). In the present study, ERK1/2 inhibition by
pristimerin, paclitaxel, or the combination was confirmed to
induce autophagy (increased p62 degradation and increased
beclinl expression). These effects were reversed by treatment
with an ERK activator. These results suggested that pris-
timerin-induced autophagy served as a cell death pathway
via ERK1/2 inhibition, and that non-toxic doses of paclitaxel
can additively enhance these activities.

In conclusion, the results of the present study elucidated
the anti-cancer mechanism of pristimerin, and demonstrated
that non-toxic paclitaxel doses induced autophagy in breast
cancer cells. The current study provides sufficient evidence
that an autophagy inducer may be used as an adjuvant modality
during anti-cancer pharmacological treatment.
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