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Abstract
Recent evidence shows that raddeanin A (RA), an oleanane-type triterpenoid saponin extracted from Anemone raddeana Regel, 
exerts remarkable cytotoxicity against cancer cells in vitro and in vivo. In addition, RA has also been found to activate autophagy in 
human gastric cancer cells. In this study, we investigated the molecular mechanisms underlying RA-induced autophagy as well as 
the relationship between RA-induced autophagy and its cytotoxicity in human breast cancer cells in vitro. Treatment with RA (2–8 
μmol/L) dose-dependently enhanced autophagy, as evidenced by increased LC3 levels in breast cancer cell lines T47D, MCF-7 and 
MDA-MB-231. Furthermore, the Akt-mTOR-eEF-2K signaling pathway was demonstrated to be involved in RA-induced activation of 
autophagy in the 3 breast cancer cell lines. Treatment with RA (2–10 μmol/L) dose-dependently induced apoptosis in the 3 breast 
cancer cell lines. Pretreatment with the autophagy inhibitor chloroquine (CQ, 20 μmol/L) significantly enhanced RA-caused cytotoxicity 
via promoting apoptosis. In conclusion, our results suggest that modulating autophagy can reinforce the cytotoxicity of RA against 
human breast cancer cells.
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Introduction
Raddeanin A (RA), an oleanane-type triterpenoid saponin, is 
extracted from the traditional Chinese herb Anemone raddeana 
Regel, which was used to treat rheumatism and arthritis in 
ancient China[1].  It has been reported that RA can induce apop-
tosis in human gastric cancer cells and colon cancer cells[2, 3].  The 
anticancer activity of RA has also been demonstrated in liver 
cancer and cervical cancer xenograft models[4].

Autophagy, also named as “type II programmed cell death”, 
is a highly conserved process through which cellular organ-
elles are digested and recycled, providing energy to promote 
cell survival in response to metabolic stress such as nutrient 
deficiency and hypoxia[5].  Numerous studies indicate that 

autophagy is activated in tumor cells exposed to certain types 
of chemotherapy, targeted therapy and radiotherapy and 
that inhibiting autophagy may increase the effectiveness of 
concomitant treatments[6].  For example, targeting autophagy-
mediated cell survival enhanced the anti-cancer effects of 
the growth factor inhibitors gefitinib and lapatinib in breast 
cancer cells[7].  Knock down of autophagy-related genes by 
genetic manipulation or pharmacological inhibition sensitized 
breast cancer cells to tamoxifen therapy[8-10].  In triple-negative 
breast cancer stem cells, hypoxia increased drug resistance by 
inducing autophagy, and molecular or chemical inhibition of 
autophagic pathways was able to reverse chemoresistance[11].  
Thus, modulation of autophagy is a promising new approach 
to cancer treatment.

Eukaryotic elongation factor 2 kinase (eEF-2K), a calcium/
calmodulin-dependent kinase, phosphorylates its only known 
substrate, eEF2, on Thr56, and terminates peptide elongation 
by impairing the ability of eEF2 to transfer peptidyl-tRNA 
from the ribosomal A to P site[12, 13].  eEF-2K is overexpressed 
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and constitutively activated in several types of cancer, includ-
ing breast cancer, and contributes to cell proliferation[14].  The 
activity of eEF-2K is negatively modulated by mTOR, a key 
regulator of autophagy, which blocks autophagy by inhibit-
ing the association between Atg1 and Atg13 or by inactivating 
ULK1 through phosphorylation[15-17].  We have reported that 
eEF-2K can act as a positive regulator of autophagy under 
metabolic or therapeutic stresses, including nutrient depriva-
tion, growth factor inhibition, ER stress and Akt inhibition[7, 18].  

More recently, Teng et al found that RA activates autophagy 
in human gastric cancer cells[19].  However, the exact molecu-
lar mechanisms regulating RA induction of autophagy are 
still unclear.  In this study, we demonstrated that RA induced 
autophagy in human breast cancer cells and that the Akt-
mTOR-eEF-2K signaling pathway is involved in RA activation 
of autophagy.  Inhibition of autophagy enhanced the cytotox-
icity of RA against breast cancer cells by promoting apoptosis.

Materials and methods
Reagents and antibodies
Raddeanin A was a generous gift from China Pharmaceutical 
University.  Chloroquine (CQ) was purchased from Sigma-
Aldrich.  MK2206 was a gift from APE×BIO.

Rabbit monoclonal antibodies against LC3, phospho-p70S6K 
(T389), p70S6K, phospho-Akt (S473), Akt, phospho-eEF2 (T56), 
eEF2, eEF-2K, cleaved caspase-3, PARP, Bcl-xL, Mcl-1 and 
Bcl-2 were purchased from Cell Signaling Technologies.  Anti-
β-actin was purchased from Proteintech.

Cell lines and cell culture
MCF-7 and T47D cells were cultured in DMEM high glucose 
medium supplemented with 10% FBS (Gibco), and maintained 
at 37 ̊ C with 5% CO2 in a humidified atmosphere.  MDA-
MB-231 cells were grown in L-15 medium supplemented with 
10% FBS, and cultured at 37 ̊ C with 100% air.

Western blot analysis
Cells were seeded in 6-well-plates.  After treatment, cells were 
lysed by RIPA buffer (Beyotime, Haimen, China) supple-
mented with a protease inhibitor cocktail and a phosphatase 
inhibitor cocktail (Selleck).  Protein concentrations were 
quantified with a BCA protein assay kit (Beyotime, Haimen, 
China).  The proteins were separated by 10%–12% SDS-PAGE 
and transferred to a PVDF membrane.  The PVDF membrane 
was incubated with primary antibody in 5% BSA/PBS buff-
ered with Tween 2.0 at 4 ̊ C overnight.  Membranes were then 
incubated with anti-rabbit or anti-mouse secondary antibodies 
at room temperature for 1 h.  Detection was accomplished by 
chemiluminescence using an ECL reagent.

Cell viability assay
Cells were seeded at 7×103 cells per well in 96-well-plates, and 
treated with a series of RA concentrations for 48 h.  At the end 
of the treatment, 10 μL of CCK8 reagent (Biotool) was added 
to each well, and the cells were incubated for 2 h.  At the end 
of this incubation, the absorbance at 450 nm wavelength was 

measured.

siRNA and plasmid transfection
siRNA targeting eEF-2K was purchased from Ribobio.  Non-
targeting siRNA was used as a control.  Transfection of siRNA 
was accomplished according to the manufacturer’s protocol.  
In brief, cells in the exponential phase of growth were plated 
in 6-well tissue culture plates at 1×105 cells per well, grown for 
24 h, then transfected with siRNA using Lipofectamine 2000 
(Invitrogen) and OPTI-MEM reduced serum medium.  For 
plasmid transfection, cells were transfected with a mixture 
of GFP-LC3 plasmid and Lipofectamine 2000 (Invitrogen) in 
OPTI-MEM reduced serum medium.

Hoechst 33258 staining
After treatment, the cells were washed with PBS and fixed 
with 4% paraformaldehyde for 30 min at room temperature, 
and then incubated with Hoechst 33258 (Beyotime) for 30 min 
at 37 ̊ C.  Apoptotic cells were identified by the presence of 
nuclear shrinkage and chromatin condensation and fragmen-
tation.

Caspase-3 activity assay
The activity of caspase-3 was evaluated using caspase-3 activ-
ity kit (Beyotime).  Briefly, 50 μL cell lysates were incubated 
with 50 μL reaction buffer containing 0.2 mmol/L caspase-3 
substrate (Ac-DEVD-pNA) in 96-well tissue plates for 2 h at 
37 ̊ C.  At the end of the incubation, the absorbance at 405 nm 
wavelength was measured.

Statistical analysis
A 2-sample t-test was used to analyze differences between 
samples treated with RA alone and samples treated with RA 
in combination with an autophagy inhibitor.  Differences 
between groups were considered statistically significant at 
P<0.05.

Results
RA induces autophagy in breast cancer cells
The breast cancer cell lines T47D, MCF-7 and MDA-MB-231 
were treated with RA, and the level of LC3, a hallmark of 
autophagy, was measured.  As shown in Figure 1A, RA 
increased the expression of LC3-II in a dose- and time-depen-
dent manner.  We further monitored autophagic flux and 
found that LC3-II accumulated in the presence of the autoph-
agy inhibitor chloroguine (CQ), indicating that autophagic 
flux was enhanced by RA (Figure 1B).  To further confirm the 
stimulatory effect of RA on autophagy, we transfected MCF-7 
cells with a GFP-LC3 plasmid and observed an increase in 
GFP-LC3 puncta in the cells treated with the compound (Fig-
ure 1C).  The above results demonstrate that RA can induce 
autophagy in breast cancer cells.

The Akt-mTOR-eEF-2K pathway is involved in the activation of 
autophagy induced by RA
Next, we explored the pathways that mediate the activation 
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of autophagy induced by RA.  We have identified eEF-2K as a 
regulator of autophagy under stress; therefore, we sought to 
determine whether this kinase could also regulate autophagy 
induced by RA.  As shown in Figure 2A, the phosphorylation 
of eEF2, the only known substrate of eEF-2K, was increased 
in a concentration- and time-dependent manner in the cells 
treated with RA, indicating that eEF-2K is activated by this 
compound.  To demonstrate the role of eEF-2K in the activa-
tion of autophagy by RA, we transfected cells with eEF-2K 
siRNA and measured autophagic activity.  Figure 2B shows 
that when eEF-2K was silenced, there was a decrease in the 
amount of LC3-II compared with that in the cells in which 
the kinase was not silenced, indicating that the autophagic 
response to RA treatment was blunted by inactivation of eEF-
2K.  To explore the pathway that mediates the activation of 
eEF-2K by RA, we examined mTOR activity, which acts as a 
negative regulator of eEF-2K by phosphorylation.  Figure 2C 
shows that RA decreased mTOR activity in a dose- and time-
dependent manner, as evidenced by a decrease in the level of 
p-S6K, the downstream effector of mTOR.  We next measured 
the activity of Akt, a positive upstream regulator of mTOR, 
and found that the level of p-Akt was downregulated in cells 
treated with this compound (Figure 2C).  To further validate 
the relationship between eEF-2K and Akt, we treated T47D or 
MCF-7 cells with MK2206, a small molecule allosteric inhibitor 
of Akt, and found that MK2206 increased the level of p-eEF2 
in a concentration-dependent manner (Figure 2D), indicating 
that inhibition of Akt activated eEF-2K.  These results suggest 

that induction of autophagy by RA is mediated via the Akt-
mTOR-eEF-2K pathway.

RA induces apoptosis in breast cancer cells
It has been reported that RA can inhibit cell proliferation and 
induce apoptosis in multiple cancer cell lines, including gas-
tric cancer and colon cancer cell lines[1, 3].  Accordingly, we 
examined the effect of RA on apoptosis in breast cancer cells.  
Figure 3A shows that treatment of breast cancer cells with RA 
resulted in a dose- and time- dependent downregulation of the 
levels of anti-apoptotic Bcl-2 family proteins, including Bcl-xL, 
Mcl-1, and Bcl-2.  Marked apoptotic morphologic alterations, 
including cell shrinkage, membrane blebbing and apoptosis 
bodies, were observed in breast cancer cells treated with RA 
(Figure 3B).  The activation of caspase-3 and PARP is involved 
in Bcl-2 family-mediated induction of apoptosis.  Figure 3C 
shows that in T47D and MCF-7 cells, the levels of cleaved 
caspase-3 and PARP increased in a concentration-dependent 
manner after treatment with RA.  Furthermore, Hoechst 33258 
staining revealed typical nuclear morphological changes of 
apoptosis in RA-treated cancer cells, characterized by nuclear 
shrinkage and chromatin condensation and fragmentation 
(Figure 3D).

Suppression of autophagy enhances the cytocidal effect of RA by 
promoting apoptosis in breast cancer cells
To further understand the relationship between autophagy 
activation and apoptosis in RA-treated cells, we measured the 

Figure 1.  RA induces autophagy in breast cancer cells.  (A) T47D, MCF-7 or MDA-MB-231 cells were treated with a series of concentrations of RA for 
24 h or with 8 μmol/L RA for different durations.  The levels of LC3 were measured by Western blot.  β-Actin was used as a loading control.  (B) T47D or 
MCF-7 cells were pretreated with 20 μmol/L CQ for 1 h, followed by treatment with RA for 24 h.  The level of LC3 was measured by Western blot.  β-Actin 
was used as a loading control.  (C) MCF-7 cells were transfected with a GFP-LC3 plasmid, followed by treatment with 5 μmol/L RA for 12 h.  GFP-LC3 
puncta were observed at 40×magnification under an inverted fluorescence microscope.
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Figure 2.  The Akt-mTOR-eEF-2K pathway is involved in the activation of autophagy induced by RA.  (A) T47D, MCF-7 or MDA-MB-231 cells were treated 
with a series of concentrations of RA for 24 h or with 8 μmol/L RA for different durations.  After treatment, the levels of phospho-eEF2 (T56) and eEF2 
were measured by Western blot.  β-Actin was used as a loading control.  (B) MDA-MB-231 or T47D cells were transfected with a non-targeting siRNA or an 
siRNA targeting eEF-2K, followed by treatment with 6 μmol/L RA for 24 h.  The levels of eEF-2K, phospho-eEF2 (T56), eEF2, and LC3 were measured by 
Western blot.  β-Actin was used as a loading control.  (C) T47D, MCF-7 or MDA-MB-231 cells were treated with a series of concentrations of RA for 24 h or 
with 8 μmol/L RA for different durations.  After treatment, the levels of phospho-p70S6K (T389), p70S6K, phospho-Akt (S473) and Akt were measured 
by Western blot.  β-Actin was used as a loading control.  (D) T47D or MCF-7 cells were treated with a series of concentrations of MK2206 for 24 h.  After 
treatment, the levels of phospho-eEF2 (T56), eEF2, phospho-Akt (S473) and Akt were measured by Western blot.  β-Actin was used as a loading control.

effect of autophagy on apoptosis.  Figure 4A shows that inhi-
bition of autophagy by CQ, a chemical inhibitor of autophagy, 

augmented apoptosis compared to treatment with RA alone, 
as determined by the downregulation of Bcl-2 and Mcl-1, and 
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Figure 3.  RA induces apoptosis in breast cancer cells.  (A) T47D, MCF-7, or MDA-MB-231 cells were treated with a series of concentrations of RA for 
24 h or with 8 μmol/L RA for different durations.  After treatment, the levels of Bcl-xL, Mcl-1 and Bcl-2 were measured by Western blot.  β-Actin was 
used as a loading control.  (B) T47D cells were treated with various concentrations of RA for 24 h, and cellular morphological changes were observed 
at 10×magnification under a microscope.  Arrows indicate apoptosis bodies.  The numbers of apoptotic cells were counted in more than 3 fields, with 
at least 100 cells for each group.  The results are displayed as the mean±SD of 3 experiments; **P<0.01 vs the control group.  (C) T47D or MCF-7 cells 
were treated with a series of concentrations of RA for 24 h.  After treatment, the levels of cleaved caspase-3 and PARP were measured by Western blot.  
β-Actin was used as a loading control.  (D) MCF-7 cells were treated with 10 μmol/L RA for 24 h.  Apoptotic morphology of nuclei were evaluated with 
Hoechst 33258 staining analysis and observed at 20×magnification under an inverted fluorescence microscope.  Arrows indicate nuclear shrinkage, 
chromatin condensation and fragmentation.  Scale bar=50 μm.
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increased expression of cleaved caspase-3 and PARP.  Inhibi-
tion of autophagy increased RA-induced apoptotic activity, 
and this was also confirmed by the observed increase in cas-
pase-3 activity (Figure 4B).  We further determined the effects 
of autophagy on breast cancer cell viability upon treatment 
with RA and observed that the cytocidal activity of RA was 
also markedly increased in cells simultaneously treated with 
CQ (Figure 4C), suggesting that inhibition of autophagy can 
sensitize tumor cells to this compound.

Discussion
Because of the successful discovery of anticancer drugs from 
natural products, such as vinca alkaloids and paclitaxel, 
medicinal plants are considered to be an important source of 
drugs for the treatment of different cancer types.  As a natural 
bioactive substance, RA has been demonstrated to exhibit anti-
cancer activity by inducing apoptosis in cancer cells, including 
gastric cancer, colon cancer and hepatocellular carcinoma[1, 3].  
A better understanding of the mechanisms of tumor cell death 
induced by RA could facilitate the development of this com-

pound as an anticancer agent.  In this study, we found that RA 
can induce autophagy and apoptosis in breast cancer cells.  In 
addition, this study reveals the signaling pathway underly-
ing the activation of autophagy and the relationship between 
autophagy and apoptosis in cancer cells exposed to RA.

Numerous studies indicate that autophagy is activated in 
tumor cells exposed to certain types of chemotherapy (eg, 
doxorubicin, temozolomide, etoposide, etc) and targeted 
therapy, and protects the viability of tumor cells by providing 
nutrients and energy[20].  Autophagy inhibitors, such as chlo-
roquine and hydroxychloroquine, can augment the anticancer 
activity of cyclophosphamide in Myc-driven lymphoma[21].  
Inhibiting autophagy also sensitized gastrointestinal stromal 
tumor cells to imatinib treatment, both in vitro and in vivo[22].  
Therefore, suppression of autophagy may exert therapeutic 
effects by promoting cell death.  Extensive investigation has 
focused on therapeutic targeting of the autophagy pathway 
as a new anticancer strategy.  Here, we found that the activa-
tion of autophagy induced by RA was cytoprotective in tumor 
cells, since suppression of autophagy promoted apoptotic cell 

Figure 4.  Suppression of autophagy enhances the cytotoxic effect of RA by promoting apoptosis in breast cancer cells.  (A) T47D or MCF-7 cells were 
pretreated with 20 μmol/L CQ for 1 h, followed by treatment with RA for 24 h.  After treatment, the levels of Bcl-2, Mcl-1, LC3, cleaved caspase-3 
and PARP were measured by Western blot.  β-Actin was used as a loading control.  (B) MDA-MB-231 cells were pretreated with 20 μmol/L CQ for 1 h, 
followed by treatment with 4 μmol/L RA for 12 h.  After treatment, caspase-3 activity was measured with a kit and normalized to the control.  The results 
are displayed as the mean±SD of 3 experiments; *P<0.05, **P<0.01, RA vs the control group, RA vs RA+CQ.  (C) MCF-7, T47D or MDA-MB-231 cells were 
treated with a series of concentrations of RA for 48 h in the absence or presence of 20 μmol/L CQ.  After treatment, cell viability was measured using 
a CCK8 reagent.  The results are displayed as the mean±SD of triplicate measurements from one of three identical experiments; *P<0.05, **P<0.01, 
t-test, RA vs RA+CQ.
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death and enhanced the cytotoxicity of the compound.  These 
results indicate that targeting autophagy may be exploited to 
enhance the anticancer effects of RA.

We have previously reported that eEF-2K can act as a posi-
tive regulator of autophagy in cancer cells in response to vari-
ous stresses.  Here, we demonstrated that RA can activate eEF-
2K and that knockdown of this kinase blocked the activity of 
autophagy induced by RA.  This study further underscores 
the importance of this kinase as a regulator of autophagy.  To 
explore the pathways underlying RA-mediated activation of 
eEF-2K, we tested the role of mTOR, which is a key regulator 
of cell growth and proliferation and has been demonstrated 
to be a negative regulator of autophagy.  eEF-2K can be inhib-
ited via phosphorylation at Ser78 and Ser366 by mTOR[16, 23].  
We found that RA downregulated the activity of mTOR, as 
determined by the decreased level of p-S6K.  We further found 
that RA inhibited the activity of Akt, an upstream regulator of 
mTOR.  Therefore, the activation of eEF-2K by RA is mediated 
through the Akt-mTOR pathway.

Based on these findings, we report here that the activation 
of autophagy in breast cancer cells by RA is mediated by the 
Akt-mTOR-eEF-2K signaling pathway and that inhibition of 
autophagy promotes apoptosis and sensitizes tumor cells to 
the cytotoxic effects of the compound.
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