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Breast cancer is one of the most common cancers among women with high mortality and morbidity. The
present study was aimed to investigate the cytotoxic mechanism of SZC015, a synthetic oleanolic acid
(OA) derivative, in MCF-7 human breast cancer cells. SZC015 reduced MCF-7 cell viability with an IC50
value of only 24.19 mM at 24 h by activating both apoptosis and autophagy pathways. More specifically,
we found that SZC015 was able to activate intrinsic apoptosis, which was proved by activations of cas-
pase3, caspase9, release of cytochrome C, cleavage of PARP and increasing ratio of Bax/Bcl-2. SZC015
induced autophagy in MCF-7 cells evidenced by the increase of LC3II/LC3I and up-regulation of Atg5 and
beclin1. Moreover, these two cell death pathways were modulated by inhibiting phosphatidylinositide 3-
kinase/protein kinase B/mammalian target of rapamycin/nuclear factor-kB (PI3K/Akt/mTOR/NF-kB),
mitogen-activated protein kinase (MAPK) signaling pathways. SZC015 also induced S phase cell cycle
arrest in MCF-7 cells. Furthermore, analysis of topoisomerase I (Top I) and topoisomerase IIa (Top IIa)
proteins suggested that SZC015 may interfere the DNA topological phenomenon. The computer-assisted
molecular docking study also showed SZC015 had lower interaction energy with Top I and Top IIa than
that of OA. In conclusion, the current study revealed SZC015 played an important role in the regulation of
autophagy and apoptosis in breast cancer cells.

© 2015 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Breast cancer is the leading cause of cancer-related death among
women in the word [1]. Incidence rate of breast cancer among
Chinese women increases rapidly with the changes of life style [2].
Although current multidisciplinary therapies including mastec-
tomy, radiotherapy and adjuvant chemotherapy have shown their
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erved.
effects in some settings, several limitations of therapies still exist
[3]. Therefore, it's necessary to explore more efficient and prom-
ising therapies to reduce the risk of breast cancer.

It has been reported that a plant-based diet that limits high-fat
intake may be associated with decreasing risk of breast cancer [4].
In this regard, plants-derived ingredients, such as flavonoids and
polyphenolic antioxidants have been explored to reduce cancer-
related morbidity and mortality. Pentacyclic triterpenoids are a
group of structurally related phytochemicals with a proven broad
spectrum of anticancer activities. OA, a multifunctional pentacyclic
triterpenoid, has been successfully used for decades owing to its
several biological activities including anti-diabetes, anti-HIV, liver
protection and anti-inflammation [5e8]. A more interesting dis-
covery is that OA has marked anti-tumor activity [9]. However,
along with gradually in depth study, the increasing evidences
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indicate that although it shows promising biological activity, it also
possess various problems such as side effect, non-specificity and
poor water solubility [10]. Therefore, designing and synthesizing
derivatives of OA to overcome above limitations are urgent and
significant issues. Several novel derivatives of OA have been proved
to exhibit interesting effects. For example, CDDO-Me (C-28 methyl
ester) disturbs the proliferation of a variety of cancer types by
inducing apoptotic pathways, inhibiting NF-kB, COX-2, mTOR
signaling pathways and preventing angiogenesis [11e13].
HIMOXOL (methyl 3-hydroxyimino-11-oxoolean-12-en-28-oate)
induces cell death not only through apoptosis and the autophagy
pathways, but also modulates MAPK and NF-kB/p53 signaling
pathways [10].

In our study, we first synthesized four novel derivatives by
modifying OA chemical structure, named SZC009, 013, 014, 015. We
demonstrated the inhibition effect of SZC015, one of the most
potent compounds, on breast cancer cell line MCF-7. Additionally,
our findings indicated that SZC015 induced apoptosis and auto-
phagy via inhibiting PI3K/Akt/mTOR/NF-kB, MAPK, Top I and Top
IIa pathways.

2. Material and methods

2.1. Compounds and reagents

All reagents and chemicals were obtained from standard com-
mercial sources and used without further purification. Silica gel for
column chromatography is purchased from Qingdao Haiyang
Chemical Co. Ltd, NMR spectra were recorded at Bruker DRX-400
with TMS as a reference, electrospray ionization (ESI) mass
spectra was recorded at LC/Q-TOF MS spectrometer. Melting points
were measured at X-4 Digital Micro Melting Point Apparatus
(uncorrected).

2.1.1. 3-oxo-Olean- 12-en-28-oic acid (OA)
OA 2.0 g (4.4 mmol) was dissolved in 100 mL mixed solvent of

dichloromethane and acetone (volume ratio of 1:1). The solution
was cooled to 0 �C, and 2.0 mL Jones reagent was added dropwise
within 30 min. The reaction mixture was stirred for 30 min and
2mL isopropanol was added. After 10min, themixture was filtered,
and the filtrate was evaporated under reduced pressure to yield a
solid residue, which was dissolved in 50 mL ethyl acetate, then
washed with saturated brine (50 mL � 3). The organic phase was
dried with anhydrous sodium sulfate and concentrated in vacuo.
The crude product was purified by silica gel column chromatog-
raphy eluting with petroleum ether/ethyl acetate (20:1, V: V) to
afford 3-oxo-OA as a white solid (1.97 g, 98.2% yield). m p.
181~182 �C. Positive ESI-TOF-MS: m/z 499.2864 (Mþ 2NaeH)þ. 1H
NMR (CDCl3, 400 MHz): 0.81, 0.91, 0.93, 1.03, 1.05, 1.08, 1.15 (each s,
3H, 7 � CH3), 5.30 (1H, t, J ¼ 3.3 Hz, H-12), 2.84 (1H, dd, J ¼ 13.6,
3.8 Hz, H-18), 2.33~2.55 (2H, m, H-2).

2.1.2. 2-Morpholinomethyl -3-oxo-olean- 12-en-28-oic acid
(SZC015)

Morpholine hydrochloride 1.23 g (10.0 mmol), SnCl20.38 g
(2.0 mmol) and paraformaldehyde 0.3 g were added to a solution of
3-oxo-OA (0.91 g, 2.0 mmol) in 40mL ethanol. The reactionmixture
was heated at reflux for 20 h and then filtrated. The filtrate was
concentrated to dryness under reduced pressure. The residue was
dissolved in 200 mL ethyl acetate, then washed with saturated
brine (50 mL � 3). The organic layer was dried with anhydrous
sodium sulfate and concentrated in vacuo. The crude product was
purified by silica gel column chromatography eluting with chloro-
form/ethanol/water (15:1:0.1, V: V: V) to give compound SZC015 as
a pale yellow solid (0.17 g, 15.3% yield). mp 162~164 �C. MS(API-ES
Negative) m/z: 588.5 (M þ Cl)-; (API-ES Positive) m/z 554.5
(M þ H)þ. 1H NMR (CDCl3, 400 MHz), 0.83, 0.90, 0.93, 1.07, 1.10, 1.11,
1.22 (each s, 3H, 7 � CH3), 2.59 (t, 4H, N(CH2CH2)2O), 2.85 (dd, 1H,
J ¼ 3.4, 13.0 Hz, H-18), 3.77 (brs, 4H, N(CH2CH2)2O), 5.29 (brs, 1H,
J ¼ 3.3 Hz, H-12). 13C NMR (100 MHz, CDCl3), d: 207.4, 183.0, 143.7,
122.2, 66.4, 58.2, 54.1, 53.4, 52.8, 48.5, 47.9, 47.1, 47.0, 46.6, 45.4,
41.9, 41.9, 39.5, 39.1, 38.6, 36.7, 33.9, 32.5, 30.7, 29.7, 28.2, 25.8, 25.8,
25.4, 23.7, 20.2, 18.0, 17.3.

The derivatives were dissolved in DMSO and stored at 4 �C.
Dulbecco's modified Eagle medium (DMEM), trypsin EDTA, Fetal
bovine serum (FBS), and 3-(4,5-dimethylthiazolyl-2) 2,5-diphenyl-
tetrazolium bromide (MTT) were purchased from Gibco (Grand
Island, NY, USA). The propidium iodide (PI) were purchased from
Beyotime Institute of Biotechnology (Haimen, Jiangsu, China).
Rabbit anti-Bax, Bcl-2, Cyt C, caspase3, caspase9, LC3b, nuclear
factor-kB (NF-kB), IkBa, AKT, p-AKT, Top I and Top IIa, b-actin and
histone antibodies were purchased from Proteintech Group, Inc
(Wuhan, China). Rabbit anti- Poly (ADP-ribose) polymerase (PARP),
c-PARP, p-IkBa, beclin1, Atg5, PI3K (p110, p85), p-mTOR, MAPKs
antibodies were purchased from Cell Signaling Technology (USA).
The secondary antibody goat anti-rabbit IgG-horseradish peroxi-
dase was also obtained from Proteintech Group, Inc (Wuhan,
China).

2.2. Cell line and cell culture

The human breast cancer cell line MCF-7 (ERþ, HER2-) was
obtained from the Institute of Biochemistry Cell Biology (Shanghai,
China). The cells were maintained in a DMEM medium supple-
mented with 10% fetal bovine serum and 1% antibiotics. They were
cultured in 5% CO2 at 37 �C and in saturated humidity.

2.3. Cell viability assay

Cell viability was determined by MTT assay. Briefly, breast can-
cer cell line MCF-7 was seeded at 1 � 105 cells/well in 96-well flat
bottom microtiter plates. Cells were allowed to adhere for 12 h in a
saturated condition and then the cells were treated with fresh
medium containing various concentrations of SZC014, OA, SZC009,
013, 015 (0, 10, 20,40 and 80 mM) dissolved in DMSO (final con-
centration was under 0.05%). After 24 h incubation, cells were
treated with MTT (15 mL of 5 mg/mL) in each well. Then the for-
mazan crystals in plates were dissolved in 100 mL solubilization
buffer (10%SDS, 5%isobutyl alcohol, 0.01 mol/l HCl). Cell viability
was quantified through the color absorbance recorded at 570 nm
using an Enzyme mark instrument (Multiskan MK3; Pioneer Co;
China). The cell viability was assessed as the percent values
compared with untreated control group, IC50 (50% cell growth in-
hibition) was determined by interpolation from doseeresponse
curves. Data were obtained from three separate experiments.

2.4. Morphology observation under inverted phase contrast
microscope

MCF-7 cells were cultured in 24-well flat bottom microtiter
plates and treated with SZC015 (0, 10, 20, 30 mM) for 24 h. Then the
morphology of SZC015-treated MCF-7 cells was observed under an
inverted phase contrast microscope.

2.5. Transmission electron microscope

MCF-7 cells were treated with SZC015 (0, 10, 20, 30 mM) for 24 h.
Then cells were trypsinized, washed and fixed with 2.5% glutaral-
dehyde overnight at 4 �C. When processing resume, cells were
post-fixed in 1% osmium tetroxide buffer for 30 min, dehydrated in
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a graded series of ethanol and embedded in Epon 812 resin. The
ultrathin sections (60 nm) were cut on an ultramicrotome and
stained with saturated solutions of uranyl acetate and lead citrate.
The Electron micrographs were captured using a Transmission
Electron Microscope (JEM-2000EX; JEOL Co; Japan).

2.6. Preparation of cytoplasmic and nuclear protein extracts

Cytoplasmic and nuclear proteins were extracted using a
nuclear-cytosol extraction kit (Nanjing KeyGen Biotech. Co. Ltd,
Nanjing, China). After treatment with SZC015 (0, 10, 20, 30 mM),
MCF-7 cells were trypsinized, washed and pelleted by centrifuga-
tion at 1000X rpm for 5 min, then about 20 mL cell pellets were
resuspended in 200 mL buffer A (10 mmol/L Hepes 7.5, 10 mmol/L
KCl, 1.5 mmol/L MgCl2, 0.5 mmol/L DTT, 1 mmol/L NaF, 1 mmol/L
glycerol phosphate, 1 protease inhibitor). Then 22 mL buffer B (0.15%
of Nonidet P-40) were added after incubation in 4 �C for 20 min.
Waiting about 1 min, cells were centrifuged at 16000 g for 5 min,
and the supernatants were cytoplasmic fractions. Then, superna-
tant was abandoned and the residuum was resuspended in 100 mL
buffer C (20 mmol/L Hepes 7.5, 420 mmol/L NaCl, 1.5 mmol/L
MgCl2, 0.5 mmol/L DTT, 1 mmol/L NaF, 1 mmol/L glycerol phos-
phate, 1 mmol/L protease inhibitor). After incubation in 4 �C for
30 min, they were centrifuged at 16000 g for 10 min and the su-
pernatants were nuclear extracts.

2.7. Western blot analysis

The protein concentrations were quantifiedwith a bicinchoninic
acid BCA protein assay kit (Thermo Fisher Scientific Inc). Then
cytoplasmic and nuclear protein samples (30 mg protein/sample)
were loaded onto 10% SDSePAGE gels and electrotransferred to
polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford,
MA, USA). Then the membranes were blocked with 5% nonfat dry
milk in TBS buffer (20mM TriseHCl, pH 7.4, and 500mMNaCl), and
probed with primary antibody overnight at 4 �C. Thereafter, im-
munoblots were washed with TBS-T and incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies in 37 �C
for 1e2 h. Chemiluminescence reactions were carried out with Bio-
Image Lab (UVP, USA). b-actin and histone were used as loading
controls for cytoplasmic and nuclear proteins. The representative
bands (out of three times experiments) are shown.

2.8. PI staining for cell cycle detection

Cultures of MCF-7 cells were left treated with SZC015 (0, 10, 20,
30 mM) in serum-free DMEM medium for 24 h. The cells were
collected with 0.25% trypsin, thenwashed, centrifuged, fixed in 70%
cold ethanol (1000 mL) overnight at 4 �C and incubated with pro-
pidium iodide (PI) buffer (50 mg/mL propidium iodide (PI) and
20 mg/mL RNase A (Sigma, Munich, Germany)). After 30 min in the
dark, the flow cytometry (BD FACSAria II; BD Co; America) was
performed to determine the distribution of cell cycle, and the data
was analyzed using the multicycle program from Phoenix Flow
Systems (San Diego, CA). The procedure was repeated three times.

2.9. Molecular modeling

The PDB files of camptothecin, etoposide, oleanolic acid and
SZC015 were produced using PRODRG Server [14]. The crystal
structures of Top I (PDB code 1T8I [15]) and Top IIa (PDB code
1BGW [16]) were downloaded from RCSB Protein Data Bank, and
used as receptors for molecular docking analysis after removed all
of the crystallographic bound waters. Receptors were prepared by
the addition of polar hydrogen atoms, followed by the addition of
Kolloman charges. Ligands were prepared by the addition of Gas-
teiger charges. The rigid docking analysis was preformed by Auto-
dock Vina [17]. The docking center for Top I and Top IIawas located
at their key residue Argsine364 [15] and Tyrosine783 [16],
respectively. The size of docking boxes for both of the Top I and Top
IIa were settled to contain all of their individual activity-site resi-
dues. The identification of docking models was done by the eval-
uation of the interactive energies (between acceptors and ligands)
and the configurations of a number of candidate models. The
interactive energies (kcal/mol) were given by negative values. The
more negative interactive energy, the more binding favorite it was.
Camptothecin (a classical Top I inhibitor) and etoposide (a classical
Top IIa inhibitor) were used as control groups for comparison.

2.10. Statistical analysis

All experiments were repeated three times. Data were repre-
sented as mean ± standard deviation (SD). One-way ANOVA test
and Student's t-test were used to compare the statistical differences
between test and control samples. P < 0.05 was considered to be a
significant difference. SPSS 17.0 softwarewas used to analyze all the
data.

3. Results

3.1. Effect of SZC015 on breast cancer cells growth

The synthetic process of SZC015 and chemical structure of three
novel OA derivatives were shown in Fig. 1. To compare their effects
of cell proliferation on breast cancer, we usedMTTassay to evaluate
the cytotoxicity of these five compounds on breast cancer cell line
MCF-7. Results from MTT assay for cell viability revealed that
SZC015 inhibited MCF-7 cells growth in a concentration-dependent
manner and it's the strongest among them due the IC50 values of
OA, SZC014, 009, 013, 015 were 56.64, 57.17, 37.21, 27.37 and
24.19 mmol/L at 24 h respectively (Fig. 2A, B). Furthermore, we
observed the effect of SZC015 on MCF-7 cells morphology under
inverted phase contrast microscope. As shown in Fig. 2C, SZC015
markedly caused cells morphological changes including rounding,
blebbing, deformation and reduction of cell-to-cell contact.

3.2. Induction and regulation of apoptosis by SZC015 in MCF-7 cells

To investigate whether the anti-tumor activity of SZC015 was
associated with apoptosis in breast cancer, we discerned the ul-
trastructural changes of MCF-7 cells under transmission electron
microscope. Normal MCF-7 cells presented regular shapes, normal
organelles and abundant microvilli (Fig. 3A-a). After treated with
SZC015 (10, 20, 30 mM), a series of apoptotic features were
observed, such as decreased cell body in size, lost microvilli
(Fig. 3A-b), disappeared nucleolar zone, condensed chromatin,
fragmentated nuclei and wrinkled nuclear membranes (Fig. 3A-c,
d). The budding and the formation of the apoptotic bodies (Fig. 3A-
d) were also observed.

We detected the expressions of several classic markers of
apoptosis (Bax, Bcl-2, Cyt C, caspase3, caspase9, PAPP, c-PARP) by
Western Blot analysis which demonstrated that SZC015 induced
apoptosis by mitochondrial pathways. It has been proved that Bax
(which acts as an apoptotic promoter) can form heterodimer with
Bcl-2 (which anti-apoptosis), and the ratio of Bax/Bcl-2 plays a vital
role for determining whether cells into an apoptotic situation. We
observed that SZC015 treatment resulted in an increase of Bax
protein level and accompanied with the decreasing Bcl-2 protein
level, which led to a significant increase of Bax/Bcl-2 ratio by 90% in
30 mM treatment group, which suggested a pro-apoptotic state in



Fig. 1. (A) Synthetic route of SZC015. a. CrO3, H2SO4, dichloromethane/acetone, 0 �C, 30 min; b. Morpholine hydrochloride, SnCl2, paraformaldehyde, ethanol, reflux, 20 h. (B)
Chemical structure of SZC014, 009, 013.

Fig. 2. Effect of SZC015 on breast cancer cell growth. (A, B) MCF-7 cells were treated with OA, SZC015, SZC009, SZC013, SZC014 (0, 10, 20, 30 mM) for 24 h respectively. (A) The cell
viability was determined by a MTT assay. (B) IC50 values of SZC015 on MCF-7 cells were calculated and presented in a histogram. (C) The cell morphology changes in MCF-7 cells
treated by SZC015 (0, 10, 20, 30 mM) for 24 h were observed by inverted phase contrast microscope. Magnification, 10�. The data are presented as mean ± SD of three tests.
(*P < 0.05, **P < 0.01, significant differences between treated groups and control group).
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MCF-7 cells. In addition, we observed an increase of cytosolic Cyt C
protein in 10 mM and 20 mM treatment of SZC015 (52% and 59%,
respectively). Moreover, levels of caspase9 and caspase3 proteins
were observed decreased in a concentration-dependent manner in
SZC015-treated MCF-7 cells. PARP was down-regulated with a
concomitant cleaved fragment (89KD) (over 80%) (Fig. 3B). These



Fig. 3. SZC015 induced and regulated apoptosis in MCF-7 cells. (A) Electron micrographs of apoptosis in MCF-7 cells treated by SZC015. Untreated control cells showed normal
morphology (a), after treated with SZC015 at the indicated doses (0, 10, 20, 30 mM), cells showed decreased cell body and loss of microvilli (arrows in b), condensation of chromatin,
fragmentation of nuclei, wrinkling of nuclear membranes (arrows in c, d), budding and blebbing of cell membrane, and formation of the apoptosis bodies (arrows in d). (B) Western
Blot of the expression of several classic markers of apoptosis (Bax, Bcl-2, cytosolic Cyt C, caspase-3, caspase-9, PAPP, c-PARP) in MCF-7 cells treated with SZC015 (0, 10, 20, 30 mM) for
24 h. The data are presented as mean ± SD of three tests. (*P < 0.05, **P < 0.01, significant differences between treated groups and control group).
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findings indicated the mitochondrial apoptosis was the mechanism
of SZC015 treatment.
3.3. Induction and regulation of autophagy by SZC015 in MCF-7
cells

Autophagywas first discovered by TEM in the 1950s [18] and the
use of TEM has been a valid and indispensable method for analysis
of morphological changes about various autophagic structures. In
SZC015-treated cells, we observed the classical morphological
hallmarks of autophagy. As shown in Fig. 4A-b, c, therewere several
double membrane structures separated by an electron-lucent cleft
which were called initial autophagic vacuoles (AVi). We also
observed late/degradative autophagic vacuoles (AVd) which had
only one membrane and contain electron-dense materials, namely
degradative cytoplasmic materials and/or organelles (Fig. 4A-c, d).
We also analyzed the molecular basis of autophagy by Western
Blot analysis. Fig. 4B showed an increasing ratio of LC3-II/LC3-I. We
next examined the expression of Atg5 increased in a concentration-
dependent manner. Another autophagy-related protein, beclin1,
increased in 10 mM and 20 mM treatment while decreased in 30 mM
treatment compared with untreated groups. These results indi-
cated that SZC015 induced and regulated autophagy by stimulating
not only the conversion of LC3-I to LC3-II but also caused the
accumulation of Atg5 and Beclin1 proteins.
3.4. Inhibition effect of SZC015 on PI3K/Akt/mTOR/NF-kB, MAPK
pathways in MCF-7 cells

SZC015 markedly down-regulated the PI3K catalytic subunit
p110 and regulatory subunit p85 in a concentration-dependent
manner. Moreover, the p-Akt/Akt ratio significantly increased by



Fig. 4. SZC015 induced and regulated autophagy in MCF-7 cells. (A) Electron micrographs of autophagy in MCF-7 cells treated by SZC015. Untreated control cells showed normal
morphology (a), after treated with SZC015 at the indicated doses (0, 10, 20, 30 mM), initial autophagic vacuoles (AVi) and late/degradative autophagic vacuoles (AVd) were shown.
The AVi was identified by double membrane structures separated by an electron-lucent cleft (arrows in b, c). The AVd can be identified by its contents, namely partially degraded
and electron-dense materials (double arrows in c, d). The nucleus (N) was pointed out. (B) Western Blot of the expression of several classic markers of autophagy (LC3-I, LC3-II, Atg5
and Beclin1) in MCF-7 cells treated with SZC015 (0, 10, 20, 30 mM) for 24 h. The data are presented as mean ± SD of three tests. (*P < 0.05, **P < 0.01, significant differences between
treated groups and control group).
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58% in 30 mM treatment group. In addition, mTOR was phosphor-
ylated and down regulated by SZC015 treatment (Fig. 5). The results
in Fig. 7 showed that under treatment of the SZC015, the p-IkBa/
IkBa ratio and p65 protein level both in cytoplasm and nucleus
decreased in a concentration-dependent manner.

Several recent studies have shown that activation of MAPKs is
related to regulating apoptosis and autophagy [19]. We tested
whether this was the case in our model. The level of MAPKs, p38a,
JNK, and ERK1/2, and also their phosphorylated forms in the MCF-7
cells were investigated in SZC015-treated cells by Western blot
analysis. The decrease of the ratios of p-p38a/p38a, p-JNK1/JNK1
and p-ERK1/2/ERK1/2 were observed after treating the MCF-7 cells
with SZC015 respectively (Fig. 6). These results may support the
participation of MAPKs in SZC015 treated cells.
Fig. 5. SZC015 down-regulated PI3K/Akt/mTOR pathways in MCF-7 cells. Western blot an
mean ± SD of three tests. (*P < 0.05, **P < 0.01, significant differences between treated gro
3.5. SZC015 caused S phase cell cycle arrest in MCF-7 cells

We used flow cytometry assay to examine the effect of SZC015
on MCF-7 cell cycle distribution. Data suggested that compared
with control group, cells in high concentration group (30 mM)
revealed a dramatic decrease in the percent of G0-G1 phase
(70.30%e47.34%). Additionally, the increase of S-phase cells
(23.75%e39.16%) and G2-M phase cells (5.95%e13.50%) appeared,
which implied SZC015 increased the percent of significantly
arrested MCF-7 cells in the S phase by 15.41% compared to the
control group, which suggested that SZC015-induced MCF-7 cells
arrested in S phase (Fig. 8).
alysis of PI3K (p110, p85 subunit), Akt and mTOR proteins. The data are presented as
ups and control group).



Fig. 6. SZC015 down-regulated MAPK pathway in MCF-7 cells. Western Blot analysis of MAPKs, p38, JNK, ERK1/2, and their phosphorylated forms. The data are presented as
mean ± SD of three tests. (*P < 0.05, **P < 0.01, significant differences between treated groups and control group).

Fig. 7. SZC015 down-regulated NF-kB pathway in MCF-7 cells. Western blot analysis of cytoplasmic fraction (CF) and nuclear fraction (NF) of NF-kB (p65 subunit), IkBa and p-
IkBa. The data are presented as mean ± SD of three tests. (*P < 0.05, **P < 0.01, significant differences between treated groups and control group).
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3.6. SZC015 inhibited Top I and Top Ⅱa activities

Western blot analysis of Top Ⅰ and Top Ⅱa proteins decreased in a
concentration-dependent manner which indicated the inhibition
effect of SZC015 on topoisomerase. For the purpose to study inhi-
bition mechanisms of SZC015 on Top I and Top IIa, the binding
models were established by the use of computer Autodock Vina.We
compared the interaction energy of different compounds (camp-
tothecin, etoposide, SZC015 and OA) with Top I and Top IIa. The
more negative interaction energy, the more binding favorite it was
(Table 1). Results showed the interaction energies about Top I of
SZC015 was the lowest, which manifested that SZC015 exhibited
best docking and binding with Top I comparing with OA and a
classical TopI inhibitor, camptothecin. In addition, their interaction
energies about Top IIa were as follows: etoposide < SZC015 < OA,
which manifested that SZC015 exhibited better docking with Top
IIa than OA, and SZC105 had more energy than etoposide with only
0.2 kcal/mol (Table 1). The docking models of Top I and Top IIawith
OA and SZC015 were shown in Fig. 9B.
4. Discussion

The main objective of our study was to clarify the mechanisms
of action of SZC015 on breast cancer cell line MCF-7. Apoptosis is
programmed cell death which contributes to elimination of un-
wanted and/or unnecessary cells to maintain the balance between
cell survival and cell death in metazoan [20], while once the bal-
ance is perturbed, intracellular homeostasis will be disturbed and
the cellular susceptibility to cancer will increase [21]. Apoptosis is
generally executed via two main pathways including the extrinsic
(death receptor) pathway and the intrinsic (mitochondrial)
pathway [22]. The typical apoptotic changes were observed under
TEM in SZC015-treated MCF-7 cells. In further, our study suggested
that SZC015 induced mitochondrial apoptotic pathway with the
participation of some specific markers including cleaved caspase3,
caspase9, cytosolic Cyt C, PARP and increasing ratio of Bax/Bcl-2
[23,24].

Although apoptosis has been commonly considered to be a
prevailing anti-cancer mechanism about chemotherapy [20], many
basic and clinical studies confirm that apoptosis is not the only



Fig. 8. SZC015 induced cell cycle arrested in S phase in MCF-7 cells. Flow cytometry assay examined the effect of SZC015 (0, 10, 20, 30 mM) on the cell cycle distribution. The data
are presented as mean ± SD of three tests. (*P < 0.05, **P < 0.01, significant differences between treated groups and control group).

Table 1
Comparison of docking energies for different compounds with Top I and Top II a

Compounds Interaction energya (kcal/mol)

Top I Top IIa

Camptothecin �8.0 e

Etoposide e �10.0
Oleanolic acid �7.4 �9.1
SZC015 �8.3 �9.8

a Interaction energies (between acceptors and ligands) were given by Autodock
Vina.
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pathway and there are still other forms of cell death [25]. Auto-
phagy, an intracellular lysosomal degradation process, has been
recognized as type II cell death by many scholars. This form of cell
death is characterized with a large number of vesicles engulfing
cytoplasm and organelles, and they are degraded by the lysosome
system [26]. Our study about the effect of SZC015 on the induction
of autophagy by using TEM showed the typically autophagic
changes happened. Furthermore, we detected a significant con-
version of LC3I to LC3II, which is a classical hallmark of autophagy
[27]. While, the detection of LC3 was not sufficient to evidence
occurrence of autophagy, previous studies have shown that inter-
fering Atg5 and/or beclin1 expression could reduce autophagy and
protect against autophagic cell death [28], we detected Atg5 and
beclin1, which are essential for the formation of autophagosomal
precursor. Our data showed the up-regulation of Atg5, however, the
beclin1 has interesting changes that it increased in 10 mM and
20 mM treatment while decreased in 30 mM treatment. This
detection was consistent with a few previous investigations that
deregulated expression of beclin1 could be a logical phenomenon
which may contribute to the good prognosis of breast cancer pa-
tients. However, further studies needed to confirm it [29e31].

Given the fact that we discovered both apoptosis and autophagy
could be induced by SZC015 in the meantime in MCF-7 cells, it
aroused us to understand their interwoven relationships. We were
interested in the study of PI3K/Akt/mTOR/NF-kB signalling
pathway. PI3K/Akt is a major signal transduction pathway that
regulate cell proliferation, survival, apoptosis and is frequently
hyperactivated in most cancers [32]. PI3K is activated by binding
the ligand to the tyrosine kinase receptors, which activated p110
catalytic subunit and a p85 regulatory subunit of PI3K, resulting in
recruitment of class IA PI3Ks to the cell membrane where they
convert PIP2 to PIP3. The PIP3 generated at the cell membrane acts
as a second messenger which binds to the PH domain of Akt, a
serine/threonine-specific protein kinase [33,34]. In our study, PI3K
was suppressed by SZC015 with the decreased levels of p110 and
p85 subunits in treated groups. The significant increase of p-Akt/
Akt ratio may suggest that SZC015 activated the Akt pathway.



Fig. 9. Inhibition effect of SZC015 on Top I and Top ⅡⅡa. (A) Western blot analysis of Top I and Top Ⅱa proteins in MCF-7 cells treated by SZC015 (0, 10, 20, 30 mM). The data are
presented as mean ± SD of three tests. (*P < 0.05, **P < 0.01, significant differences between treated groups and control group). (B) Docking models of Top I (a, b) and II a (c, d) with
OA and SZC015. Docking area were shown in the black boxes in a and c. OA and SZC015 in both of b and d were shown as stick model and lines model, respectively. The potential
residues that may have interactions with ligands were shown as sticks in grey.
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Akt phosphorylates several downstream targets including pro-
growth mTOR signaling pathway and anti-apoptotic NF-kB
pathway [35]. mTOR controls cell growth, survival and is a target
for anticancer agents. Akt positively regulates mTOR, which is
believed to negatively regulate autophagy and act as a gatekeeper
of autophagy signal [34]. Our study observed SZC015 decreased the
level of p-mTOR in autophagic MCF-7 cells. NF-kB is proposed to
contribute to oncogenesis through the induction of genes encoding
proteins involved in suppressing apoptosis, promoting invasion and
angiogenesis [36]. The tumorigenic functions of NF-kB have been
shown to be involved in the activation of AKT by phosphorylating
p65 subunit. NF-kB (p65) combines with inhibitory proteins (IkBa)
to form inactive compounds in cytoplasm, once be activated, IkBa is
phosphorylated and the p65 subunit releases and translocates into
the nucleus, then contact with DNA and start or prevent the tran-
scription of related genes [37,38]. Therefore, to investigate whether
the inhibitory effect of SZC015 is mediated by NF-kB pathway, we
detected the levels of IkBa, p-IkBa, and cytoplasmic fraction (CF)
and nuclear fraction (NF) of NF-kB (p65 subunit) by western blot.
The results of decreased levels of p-IkBa/IkBa ratio and p65 protein
level both in cytoplasm and nucleus suggested the inhibition of
nucleus translocation activity of SZC015. From what has been dis-
cussed above, we conclude that in our study, the PI3K/Akt/mTOR/
NF-kB signal was activated, which may regulate both apoptosis and
autophagy.

MAPKs were studied in our work to explore the mechanism of
SCZ015 in MCF-7 cells. MAP kinases exist three subfamilies in
mammals including p38 kinase, c-Jun NH(2)-terminal kinase (JNK)
and extracellular-regulated kinase (ERK). They were initially iden-
tified as modulators of inflammatory responses and shown to
regulate the expression of different cytokines. It is well known that
p38 have joined the canonical signaling pathways involved in the
transformation process including protection against apoptotic cell
death. It is reported that 18% of human primary breast carcinomas
display p38 phosphatase amplification [39,40], so inhibitors of p38
are of great potential in breast cancer patients. Our work showed
that SZC015 may act as a p38 suppressor because it significantly
decreased p-p38a/p38a ratio in treated MCF-7 cells. Additionally,
hyperactivation of the JNK proteins has been found in multiple
cancer cell lines and tissue samples, the persistent activation of JNK
can promote cancer development and progression, so JNK inhibi-
tion may be involved and targetable in various cancer therapies
[41]. We detected JNK1/2 and p-JNK1, which are widely expressed
types in most tissues. The analysis of these proteins' levels showed
that SZC015 decreased the JNK1/2 level and the p-JNK1. Moreover,
the ERK signaling pathway plays a critical role in regulating cell
growth, survival, proliferation, differentiation and apoptosis of
various cancer types (bone, prostate, breast and lung) [42]. Potent
and selective inhibitors of ERK as potential anti-cancer compounds
have been identified [43]. This information is relevant to the pre-
sented results that SZC015 is engaged in the cytotoxic action
through down-regulated p-ERK1/2/ERK1/2 in breast MCF-7 cells.

Structurally, SZC015 was modified at position C2 and C3 of the
parent structure of OA. The N-, O-heterocyclic ring was added in the
position C2. It has been documented that derivatives containing a
nitrogen atom are characterized by higher activity [44,45]. In
addition, the replacement of the substituent with a more lipophilic
moiety in position C3 may enhances the inhibitory activity [46].
Furthermore, keeping pentacyclic ring structure and the double
bond between C12 and C13 have been believed essential for SZC015
to process anti-topoisomerase function. In brief, above consider-
ations were rational structural foundations to propose the hy-
pothesis that SZC015 would be a potential topoisomerase inhibitor.
DNA topoisomerases are ubiquitous enzymes that contribute to the
topological problems such as DNA knot and catenation during DNA
metabolic processes, which are related to vital genetic processes
such as replication, transcription and recombination [47]. There are
two classes of topoisomerase, type I and type II (a and b), which are
distinguished by the number of cleaved-DNA strands and their
respective mechanisms [48]. Topoisomerase inhibitors have been
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considered to be a kind of effective anti-cancer drug due to their
functions of interfering the DNA topology phenomenon, causing
transient DNA strand(s) cleavage, religation of broken strands and
eventually induce cells coming to the way of death [47]. In our
study, Top-related proteins were detected by western blot showing
that SZC015 could down-regulate the expression of protein Top Ⅰ
and Ⅱa in a concentration dependent manner. Cell cycle arrest is a
common response phenomenon after the treatment with Top in-
hibitors [49]. The fact that SZC015 prolonged S arrest with growth
inhibition in MCF-7 cells suggested that these slowly dying cells
may initiate cell death after the accumulation of cells in the S phase.

Computational docking implied that SZC015 exhibited better
binding with Top I and Ⅱa than OA. According to previous study, the
residue Argnine364 in Top I and Tyrosine783 in Top Ⅱa are key
residues in enzymatic reactions. Thus, the selection criteria of
binding models were as follows: the binding position of SZC015
was similar to that of OA and located in the activity pocket of Top I
and Top Ⅱa. In the selected binding models for SZC015 with Top I,
SZC015 lies down in the cavity of activity pocket of Top I that is
similar as OA, with several slight differences occurred in the two
terminals of SZC015. The hydrogen bonds between the carbonyl
oxygen of Threonine501, the nitrogen atoms of the amino group of
Lysine532 and Lysine493 and N-, O-heterocyclic ring of SZC015, the
nitro atoms of the amino group of Lysine425 and Arginine364, the
hydroxyl oxygen atom of Aspartic acid533 and the carbonic cyclic
part of SZC015 can well explain the facts that more interactions
between SZC015 and Top I have been formed. In addition, new van
deer Waals connections between the benzene ring of Phenylala-
nine361, Cb of Alanine499 and SZC015 also contribute to the
binding of SZC015 and Top I.

Inspection of the binding pattern of SZC015 in the binding
pocket of Top Ⅱa revealed new hydrogen bonds formed between
the carbonyl oxygen of Glutamate512, the oxygen atom of the hy-
droxyl group of Glutamine554, nitrogen atom of the amino group of
Argnine782, the benzene ring of the Phenylalanine628 of Top Ⅱa
and N-, O-heterocyclic ring of SZC015. New van deer Waals con-
nections also formed between Tyrosine511, Aspartic acid513,
Aspartic acid552, Isoleucine553, Leusine631, Glutamine632,
Alanine779 and Alanine780 of Top Ⅱa and pentacyclic ring part of
SZC015. In addition, SZC015 lies down in the whole activity pocket
of Top Ⅱa in the binding model, which means SZC015 occupies the
key functional region of Top Ⅱa. All of which can well explain why
SZC015 has lower interaction energy with Top I and Top Ⅱa than OA.

Taken together, for the first time we synthesized a new OA de-
rivative, SZC015. It could display cytotoxic effect on breast cancer
cells and act as a multi-target anti-cancer drug due to its ability of
leading apoptosis and autophagy, involving PI3K/Akt/mTOR/NF-kB,
MAPK pathways. These complicated network mechanisms were
closely involved in the breast cancer cells' decision to undergo
death. Furthermore, we discovered that SZC015 may interfere the
topoisomerase activities. However, further studies are needed to
determine more precise mechanisms of SZC015 on human breast
cancer.
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