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Abstract. Breast cancer is one of the most prevalent types of 
malignant tumor. Paclitaxel is widely used in the treatment 
of breast cancer; however, the major problem contributing to 
the failure of chemotherapy in breast cancer is the develop-
ment of drug resistance. Therefore, it is necessary to identify 
novel therapeutic targets and reversal agents for breast cancer. 
In the present study, the protein expression levels of SET, 
protein phosphatase  2A (PP2A) and phosphatidylinositol 
3‑kinase (PI3K)/Akt pathway were determined in MCF‑7/PTX 
human breast carcinoma paclitaxel‑resistant cells using western 
blot analysis. Small interference RNAs (siRNAs) were used to 
knock down the gene expression of SET in MCF‑7/PTX cells 
and the cell viability was assessed following treatment with 
paclitaxel, using 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl 
tetrazolium bromide assays and flow cytometry. In addition, 
western blot analysis was used to determined PI3K/Akt 
pathway activity following SET knockdown. Furthermore, the 
reversal effects of paeonol on paclitaxel, and its underlying 
mechanisms of action, were investigated using western blot 
analysis and reverse transcription‑quantitative polymerase 
chain reaction. The results demonstrated that increased levels 
of SET and PI3K/Akt pathway proteins were present in the 
MCF‑7/PTX cells, compared with normal MCF‑7  cells. 
Knockdown of SET significantly sensitized MCF‑7/PTX 
cells to paclitaxel and induced cell apoptosis. In addition, 
the expression levels of the adenosine triphosphate binding 
cassette  (ABC)  transporter proteins were significantly 

reduced in the MCF‑7/PTX cells compared with the normal 
MCF‑7 cells. SET‑induced paclitaxel resistance was found to 
be associated with the activation of the PI3K/Akt pathway. 
Paeonol significantly reduced the mRNA and protein expres-
sion levels of SET in the MCF‑7/PTX cells. Furthermore, 
paeonol significantly sensitized the MCF‑7/PTX to paclitaxel 
via regulation of ABC transporters, B cell lymphoma‑2 (Bcl‑2) 
and Bcl‑2‑associated X protein. In addition, paeonol inhibited 
SET‑mediated paclitaxel resistance by attenuating PI3K/Akt 
pathway activity in the MCF‑7/PTX cells. In conclusion, the 
results of the present study demonstrated that SET was associ-
ated with paclitaxel resistance in MCF‑7/PTX cells, and that 
paeonol reversed paclitaxel resistance in MCF‑7/PTX cells by 
downregulating the activity of the SET/PP2A/Akt pathway.

Introduction

Breast cancer is one of the most prevalent types of malignant 
tumor, which has a severe impact on the physical and mental 
health, and can be life‑threatening. In addition, the incidence 
rates of breast cancer have increased by at least double, 
almost triple, in the past few decades in Asian countries (1). 
Multidrug resistance in breast cancer is one of the primary 
obstacles leading to the clinical failure of chemotherapy (2). 
Paclitaxelas, a first‑line treatment with significant antitumor 
activity, is widely used in the treatment of breast cancer; 
however, its frequent use can lead to resistance (3). The poten-
tial mechanisms associated with paclitaxel resistance have 
been reported in several studies, and include the dysregulation 
of the P‑glycoprotein (P‑gp) drug efflux pump, variations in 
tubulin structure, altered signal transduction and inhibition 
of the activation of apoptotic pathways (4‑8). However, the 
intricate mechanisms of drug resistance have been associated 
with multiple targets and pathways in tumor cells, therefore, 
it is necessary to identify novel therapeutic molecular targets 
and signal transduction networks for the treatment of breast 
cancer  (1,2). In addition, effective chemotherapy reversal 
agents, which may reduce paclitaxel resistance in breast 
cancer remain to be elucidated. Traditional Chinese Medicines 
have been reported to be important in sensitizing cancer cells 
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to chemotherapy and overcoming drug‑resistance in clinical 
treatment (9). Therefore, herbs used in Traditional Chinese 
Medicine may offer promise in identifying efficient multidrug 
resistance reversal agents with low toxicity.

The peony phenol, 4‑methoxy‑2‑hydroxyacetophenone 
(paeonol), is derived from Traditional Chinese Medicine 
and is the primary active ingredient of cortex moutan from 
the root bark of Paeoniasuffruticosa andrews and the 
grass of the ricinuscommunissecco plant, XuChangqing 
(Pycnostel mapaniculatum k. schum) (10). Previous studies 
have demonstrated that paeonol has numerous pharmacolog-
ical properties, including antioxidant and anti‑inflammatory 
activities as well as the inhibition of allergic reactions and 
immune regulation (11‑14). It has been reported that paeonol 
is also involved in defense against tumors and the reversal 
of multidrug resistance in tumor cells. Xu et al (15) demon-
strated that paeonol has a significant growth‑inhibitory 
effect on the human HepG2 hepatoma cell line by inducing 
cell apoptosis and arresting the cell cycle in the S phase. In 
addition, Kim et al (16) reported that paeonol significantly 
inhibits the proliferation and migration of tumor cells, the 
mechanism of which involved, a least in part, inhibition of the 
phosphatidylinositol 3‑kinase (PI3K)/Akt signaling pathway 
and the activity of matrix metalloproteinase. Furthermore, 
paeonol reverses endoplasmic reticulum stress‑induced doxo-
rubicin resistance in human hepatocellular carcinoma cells by 
targeting the cycloxygenase (COX)‑2‑mediated inactivation 
of PI3K/Akt/CCAAT‑enhancer‑binding protein homologous 
protein (17). These studies indicated that, due to its significant 
antitumor and chemotherapy sensitization effects, paeonol 
may be a novel therapeutic reversal agent for use in the treat-
ment of drug‑resistant breast cancer.

The SET protein is a member of the nucleosome assembly 
protein family, characterized by a nitrogen end structure 
domain, a nucleosome assembly structure domain and a 
carboxylic acid structure of domain  (18). SET, which is 
distributed and expressed in multiple organs and tissues, has 
a wide variety of biological functions, which are involved in 
controlling cell cycle, nucleosome assembly, DNA transcrip-
tion, cell apoptosis, cell migration and histone binding (19‑23). 
A previous study demonstrated that the SET may be a poten-
tial molecular antitumor target. Boqun et al  (24) reported 
that the overexpression of SET in polycystic ovary syndrome 
led to a poor prognosis. Another study found that the expres-
sion levels of SET were over two times higher in uterine, 
stomach, colon and rectal cancer tissues compared with 
those in corresponding normal tissues (25). SET contributes 
to tumorigenesis, at least in part, by inhibiting endogenous 
protein phosphatase  2A  (PP2A), a cellular phosphatase, 
which negatively regulates multiple pro‑growth/prosurvival 
signaling pathways associated with the progression of cancer, 
including Akt, β‑catenin and c‑Myc (26). Taken together, SET 
is important in facilitating cellular growth and proliferation, 
and interacting with pathways that promote tumorigenesis and 
metastasis.

In our previous study, the protein profiles between pacli-
taxel‑resistant MCF‑7/PTX and sensitive MCF‑7 cells were 
analyzed using two‑dimensional gel electrophoresis (2‑DE) 
and matrix‑assisted laser desorption/ionization time of light 
mass spectrometry (MALDITOF‑MS), in which SET was one 

of the most significantly altered proteins (27). Therefore, it was 
hypothesized that SET may be important in the occurrence of 
drug‑resistance in the development of breast cancer. The present 
study aimed to detect whether the SET protein was associ-
ated with drug resistance in paclitaxel‑resistant MCF‑7/PTX 
human breast carcinoma cells. In addition, whether paeonol 
partially reversed drug resistance in MCF‑7/PTX cells, and 
the reversal mechanism by which this may proceed, was 
examined to determine the potential use of SET inhibitors to 
sensitize breast cancer to therapeutic drugs.

Materials and methods

Materials. Paclitaxel was purchased from Nanjing Luye 
Sike Pharmaceutical Co., Ltd (Nanjing, China). Paeonol 
was obtained from Ningbo Tianzhen Pharmaceutical Co., 
Ltd (Zhejiang, China). Verapamil was obtained from China 
Pharmaceutical Biological Products Analysis Institute 
(Beijing, China). Verapamil is a non‑specific P‑gp inhibitor, 
which acts an an efficient reversal agent for overcoming drug 
resistance (28). Verapamil has been used as a positive control 
in numerous studies regarding chemoresistance  (28-30). 
Furthermore, in our previous study verapamil was able to 
overcome paclitaxel resistance in MCF‑7/PTX cells  (31). 
Therefore, verapamil was used as a positive control in the 
present study. The 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl 
tetrazolium bromide (MTT) and dimethyl sulphoxide 
(DMSO) was purchased from Sigma‑Aldrich (St. Louis, MO, 
USA). A Lipofectamine 2000TM transfection reagent kit and 
annexin‑V FITC staining kit was purchased from Invitrogen 
Life Technologies (Carlsbad, CA, USA). Rabbit polyclonal 
primary antibodies against Akt (cat. no. 9272; 1:1,000 dilution), 
phophorylated (p)‑Akt (cat. no. 9271; 1:1,000 dilution), B cell 
lymphoma (Bcl‑2)‑associated X protein (Bax; cat. no. 2772; 
1:2,500 dilution), Bcl‑2 (cat. no. 1876; 1:2,500 dilution), caspase 9 
(cat.  no.  9501; 1:2,000 dilution), caspase 3  (cat.  no.  9661; 
1:2,000 dilution) and anti‑poly adenosine diphosphate‑ribose 
polymerase (PARP; cat.  no.  9542; 1:2,000 dilution) were 
obtained from Cell Signaling Technology (Beverly, MA, USA). 
Primary rabbit polyclonal β‑actin (cat. no. bs-0061R; 1:800 
dilution) antibody was purchased from Beijing Biosynthesis 
Biotechnology Co., Ltd. (Beijing, China). Rabbit polyclonal 
breast cancer resistance protein (BCRP; cat. no. sc-25822; 
1:500 dilution) and multidrug resistance‑associated 
protein 1 (MRP1; cat. no. sc-13960; 1:500 dilution) antibodies 
were obtained from Santa Cruz Biotechnology, Inc. (Dallas, 
TX, USA). Rabbit polyclonal SET  (cat.  no.  CTX106342; 
1:2,000 dilution), P-gp (cat.  no.  GTX108370; 1:500 dilu-
tion) and PP2A (cat.  no.  GTX101690; 1:5,000 dilution) 
antibodies were obtained from GeneTex (Irvine, CA, USA). 
Horseradish‑peroxidase‑conjugated goat anti‑rabbit secondary 
antibody (cat. no. CW0103; 1:20,000 dilution) was purchased 
from CW biotech (Beijing, China).

Cell culture generation. The human MCF‑7 breast carcinoma 
cell line was obtained from the Chinese Academy of Science 
(Shanghai, China). The paclitaxel‑resistant MCF‑7/PTX 
cells were established, as previously described (32). Briefly, 
the MCF‑7/PTX cell line was established after a continuous 
induction from 2 to 30 nM paclitaxel in a stepwise escalating 
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concentration manner. The half maximal inhibitory concentra-
tion (IC50) values of paclitaxel for MCF‑7/S and MCF‑7/PTX 
cells were 20±0.085 nM and 2291±125 nM, respectively. The 
reversal fold (RF) was 115. The MCF‑7 cells were cultured 
in 4  ml RPMI‑1640 medium (Gibco‑BRL, Carlsbad, CA, 
USA) supplemented with 10% heat‑inactivated fetal bovine 
serum (Gibco‑BRL) and 1% penicillin/streptomycin (Qilu 
Pharmaceutical Co., Ltd., Jinan, China) at 37˚C under a 
humidified atmosphere of 5% CO2. Furthermore, 100  µl 
culture medium was added to the control wells, and each 
group included four replicates. The culture conditions for the 
MCF‑7/PTX cells were the same to those of the MCF‑7 cell 
line, with the exception of the addition of 30 nM paclitaxel.

MTT cell viability assay. In order to determine cell viability, 
the cells were plated at 1x104 cells per well in 96‑well plates 
in volumes of 100 µl RPMI‑1640 medium. Following culture 
for 24 h at 37˚C and 5% CO2, the medium was removed and 
100 µl culture medium containing a series of concentrations of 
paeonol (15, 30, 60, 120, 250, 320 and 400 µM) or paclitaxel 
(0.75, 1.5, 2.0, 2.5, 3.0, 3.5and 4.0 µM) was added to each well. 
A total of 100 µl culture medium was added to the control wells 
and each group included four replicates. Following incubation 
for 48 h, 20 µl (0.5 mg/ml) MTT was added to each well for an 
additional 4 h. The blue MTT formazan precipitate was then 
dissolved in 100 µl DMSO and the culture plates were gently 
agitated for 15 min. Subsequently, the density of formazan was 
measured using a plate reader (ELx808; BioTek, Winooski, 
VT, USA) at a wavelength of 492 nm in each well. The IC50 
values were determined using GraphPad Prism5.0 software 
(GraphPad Sotware, Inc., La Jolla, CA, USA). The RF values, 
which indicated the potency of reversal, were calculated as 
the IC50 of the cytotoxic drug / IC50 of the cytotoxic drug with 
test‑drug pretreatment.

Small interference RNA (siRNA) synthesis and transient 
transfection of cells. Double strand siRNA oligonucleotides 
encoding human SET (SET siRNA1, siRNA2 and siRNA3) 
were designed by Shanghai GenePharma Co., Ltd (Shanghai, 
China). The negative control was scrambled siRNA, and 
the transfection efficiency was compared to that of siRNA 
nucleotides targeting β‑actin. For transient transfection, the 
MCF‑7/PTX cells were seeded into a six‑well plate at a density 
of 6x105 cells per well for 24 h at 37˚C. After 24 h, the cells 
were transfected with the siRNAs targeting SET for 48 h at 
a final concentration with Lipofectamine 2000™ reagent, 

according to the manufacturer's instructions. The scrambled 
siRNA was used as a negative control in the transfection assay. 
After 48 h, the mRNA and protein expression levels of SET 
were confirmed using reverse transcription‑quantitative poly-
merase chain reaction (RT‑qPCR) and immunoblotting with 
cellular extracts, and the cells were seeded for proliferation 
assays.

RT‑qPCR analysis. Total RNA was isolated using an RNA Fast 
2000 kit (Shanghai Fastagen Biotechnology Co., Ltd., Shanghai, 
China). RT‑qPCR was performed using a Prime Script RT 
Master Mix Perfect Real Time kit (cat. no. DRR036A; Takara 
Bio, Inc., Dalian, China) and SYBR Premix Ex Taq II (Takara 
Bio, Inc.), according to the manufacturer's instructions. The 
primer sequences and product lengths are listed in Table I. The 
cycle conditions for RT‑qPCR were as follows: 40 cycles of 
95˚C for 30 sec, 95˚C for 5 sec, various annealing tempera-
tures for 30 sec, depending on the target gene (58˚C for SET; 
60˚C for MDR1; 58˚C for MRP1 and 58˚C for BCRP), followed 
by 60˚C for 30 sec for cooling. The mRNA expression levels in 
each sample were normalized to that of β‑actin.

Western blot analysis. The cells from each treatment group 
were collected, at a density of 2x105 cells/ml, and lysed in 
120 µl radioimmunoprecipation assay lysis buffer (Beyotime 
Institute of Biotechnolgy, Haimen, China), and the protein 
concentrations were determined using bicinchoninic acid 
reagent (Beyotime Institute of Biotechnolgy). Subsequently, 
the lysates were subjected to 10% sodium dodecylsulfate-
polyacrylamide gel electrophoresis (Beyotime Institute of 
Biotechnolgy) and transferred onto polyvinylidene fluoride 
membranes (Millipore, Billerica, MA, USA). Prior to incuba-
tion with specific antibodies overnight at 4˚C, the blots were 
blocked with 5% non‑fat milk for 4 h at room temperature. The 
blots were then labeled with horseradish peroxidase‑conju-
gated goat anti‑rabbit secondary antibodies (1:20,000 dilution), 
visualized using BeyoECL Plus Detection system (Beyotime 
Institute of Biotechnology). All experiments were performed 
independently at least three times.

Flow cytometry assay. The cells from each treatment group 
were double stained with annexin V‑fluorescein isothiocya-
nate (FITC) and propidium iodide (PI) in the dark for 30 min 
at room temperature using an annexin V‑FITC/PI apoptosis 
detection kit, according to the manufacturer's instructions. 
Any cells, which were annexin V+/PI‑ were in early apoptosis, 

Table Ⅰ. Primer sequences for reverse transcription‑quantitative polymerase chain reaction.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')	 Product size (bp)

SET	 GGAGGAAGATGAAGAGGCAT	 TGGCTTTATTCTGCGTTTGAC	 242
MDR1	 GAGCCCATCCTGTTTGACTG	 GCTGCCCTCACAATCTCTTC	   92
BCRP	 AGCAGGGACGAACAATCATC	 GCCAATAAGGTGAGGCTATCA	   82
MRP1	 AAGGTGGACGAGAACCAGAA	 AACAGGGCAGCAAACAGAAC	 110
β‑actin	 TGACGTGGACATCCGCAAAG	 CTGGAAGGTGGACAGCGAGG	 205

MDR1, multidrug resistance gene 1; BCRP, breast cancer resistance protein; MRP1, multidrug resistance‑associated protein 1.
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whereas cells in the late apoptotic stage were Annexin V+/PI+. 
Analyses of the apoptosis profiles were performed using Coulter 
Elite 4.5 Multi cycle software (Beckman Coulter, Brea, CA, 
USA). Experiments were performed independently in triplicate.

Statistical analyses. The values are expressed as the mean ± stan-
dard deviation, unless otherwise indicated. Statistical analyses 
were performed using a one‑way analysis of variance with 
SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

SET/PP2A/Akt pathway is signif icantly activated in 
MCF‑7/PTX cells. According to a previous study, the activa-
tion of the PI3K/Akt pathway and drug resistance are closely 
associated (33). As a key upstream negative regulator of the 
PI3K/Akt pathway, PP2A reduces PI3K/Akt pathway activity 
and inhibits apoptosis in numerous types of cancer cell (26). In 
addition, SET is a potent physiological inhibitor of PP2A (19). In 
order to clarify whether the SET, PP2A and PI3K/Akt signaling 
pathways are activated in MCF‑7/PTX cells with the develop-
ment of acquired resistance to paclitaxel. Western blot analyses 
were performed to detect the protein expression levels of the 
SET, PP2A, PI3K/Akt signaling pathway and the downstream 
apoptosis‑associated factors of Akt, including Bax and Bcl‑2. 
As shown in Fig. 1, the protein expression levels of SET, p‑Akt 
and Bcl‑2 were markedly increased in the MCF‑7/PTX cells 
compared with that of normal MCF‑7 cells, whereas the protein 
expression levels of PP2A and Bax were reduced. The expression 
of total Akt was not altered between the two cell lines (Fig. 1). 
These results suggested that the SET/PP2A/Akt pathway may 
be involved in paclitaxel resistance in breast cancer.

SET knockdown using siRNAs significantly attenuates paclitaxel 
resistance in MCF‑7/PTX cells. SET may be associated with 
paclitaxel resistance in breast cancer. In order to detect whether 
the knockdown of SET affected the sensitivity of MCF‑7/PTX 
cells to paclitaxel, siRNAs targeting SET were transfected into 
the MCF‑7/PTX cells, and the transient transfection efficiencies 
were quantified using RT‑qPCR. As shown in Fig. 2A, at 48 h 
post‑transfection, the mRNA expression of SET was decreased 

significantly. In addition, 72 h post‑transfection, western blot 
analysis was used to detect the protein expression of SET, which 
was markedly reduced compared with that of the untransfected 
and siRNA control‑transfected MCF‑7 cells (Fig. 2A). Growth 
inhibition was determined using an MTT assay; the results of 
which revealed that, following 48 h paclitaxel treatment, knock-
down of SET in the MCF‑7/PTX cells sensitized the cells to 
paclitaxel (Fig. 2B).

The effects of SET knockdown on cell apoptosis in 
the MCF‑7/PTX cells were evaluated by flow cytometric 
analysis. As shown in Fig. 2C, following 48 h treatment with 
600 nM paclitaxel, the apoptosis rates were 9.18% in the parental 
MCF-7/PTX cells and 9.94% in the MCF-7/PTX cells trans-
fected with control siRNA (P>0.05), whereas the apoptotic cells 
were 16.02% in MCF-7/PTX SET siRNA cells (P<0.05). This 
result demonstrated that MCF-7/PTX cells with downregulation 
of SET were more sensitive to paclitaxel compared with the 
control group. However, compared with parental MCF‑7/PTX 
cells, the number of apoptotic cells was markedly increased in 
the SET‑knockdown MCF‑7/PTX cells (Fig. 2C). Overall, these 
results suggested that the knockdown of SET contributed to the 
sensitization of MCF‑7/PTX cells to paclitaxel.

SET knockdown markedly suppresses the PI3K/Akt signaling 
pathway. In order to further examine the potential mechanisms 
underlying SET knockdown‑induced paclitaxel resistance 
reversal in MCF‑7/PTX  cells, western blot analysis was used 
to detect the expression levels of ABC transporter proteins and 
the activity of the PI3K/Akt signaling pathway in MCF‑7/PTX 
cells transfected with SET siRNA. The results revealed that 
the mRNA and protein levels of classic multidrug resistance 
proteins, P‑gp, BCRP and MRP1 in the SET‑knockdown 
MCF‑7/PTX cells were significantly reduced compared with 
those in the untransfected or control siRNA‑transfected 
MCF‑7/PTX cells  (Fig.  3A). As shown in Fig.  3B, the 
SET‑knockdown MCF‑7/PTX cells had significantly increased 
protein expression of PP2A. These results demonstrated that 
knockdown of SET led to the reversal of paclitaxel resistance, 
which was closely associated with the expression of PP2A. As 
an important downstream factor of PP2A, Akt is important 
in tumor cell survival and drug resistance (26). Western blot 
analysis revealed that, in the SET‑knockdown MCF‑7/PTX 

Table Ⅱ. Effects of paeonol on the cytotoxicity of paclitaxel on MCF‑7/PTX cells.

		  IC50 of paclitaxel
Group	 Paeonol (µM)	 (nM)	 RF

Control	   0	 2290.87±125.2	‑
Paeonol	 15	 688.90±5.13	   3.32
	 30	 389.15±2.64	   5.88
	 60	 280.13±4.15	   8.18
Verapamil	 10	 225.28±2.24	 10.17

Effects of paeonol on the sensitivity of MCF‑7/PTX cells to paclitaxel were determined using a 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl tet-
razolium bromide assay. The MCF‑7/PTX cells were treated with various concentrations of paclitaxel (0.75, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 µM) 
in the presence of paeonol at the indicated concentration for 48 h. Verapamil was used as positive control drug. The IC50 of paclitaxel and 
RF values were calculated. Values are presented as the mean  ±  standard deviation of three independent experiments. MCF‑7/PTX cells, 
paclitaxel‑resistant MCF‑7 human breast carcinoma cells; IC50, half maximal inhibitory concentration; RF, reversal fold.
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cells, the protein expression of p‑Akt was significantly reduced 
(Fig. 3B). In addition, the protein expression of Bax was signifi-
cantly increased, whereas that of Bcl‑2 was decreased (Fig. 3B). 
These results suggested that SET mediated cellular apoptosis 
through the activation of the PI3K/Akt signaling pathway in the 
MCF‑7/PTX cells.

Intrinsic cytotoxicity of paeonol in the MCF‑7 and 
MCF‑7/PTX cells. The MCF‑7 and MCF‑7/PTX cells were 
treated with various concentrations of paeonol (15, 30, 60, 120, 
250, 320 and 400 µM) for 48 h, and the intrinsic cytotoxicity 
of paeonol was determined using an MTT assay. As shown in 
Fig. 4, paeonol inhibited the growth of MCF‑7 and MCF‑7/PTX 
cells in a dose‑dependent manner. According to the cell viability 
curves (Fig. 4A), three doses of Paeonol were identified (15, 
30 and 60 µM), which had the lowest cytotoxic effects on the 
MCF‑7/PTX cells and the inhibitory concentration was <5%. 
Therefore, to investigate the effect of paeonol on reversal effi-
ciency, with minimal effects on cell vitality, the concentrations 
of 15, 30 and 60 µM were selected for use. Verapamil was used 
as a positive control. MTT assays were performed and RF 
values were determined to examine whether paeonol reversed 
the resistance of MCF‑7/PTX cells to paclitaxel. As shown 
in Table Ⅱ, after 48 h of treatment with paeonol (15, 30 and 
60 µM), the RF values were 3.3, 5.9 and 8.2, respectively. RF>1 
indicated that the drug sensitized the MCF‑7/PTX cells to pacli-
taxel; RF=1 indicated no reversal effect; and RF<1 indicated 
that paeonol desensitized the cells to paclitaxel. The results 
demonstrated that paeonol significantly reduced the concentra-
tion of paclitaxel required to obtain 50% growth inhibition, and 
reversed paclitaxel resistance in the MCF‑7/PTX cells.

Paeonol potentiates apoptosis in MCF‑7/PTX cells. In order to 
investigate the mechanisms of sensitization induced by paeonol 
in the MCF‑7/PTX cells, the expression levels of apoptosis‑asso-
ciated proteins were investigated following paeonol treatment. 
As shown in Fig. 4B, the results indicated that paeonol mark-
edly increased the cleavage of full length caspase‑9, caspase‑3 
and PARP in the MCF‑7/PTX cells 72 h after treatment with 
paeonol compared with the untreated cells, and this occurred in 
a dose‑dependent manner. These results suggested that paeonol 
promoted cell apoptosis in the MCF‑7/PTX cells.

Paeonol suppresses the actvity of the PI3K/Akt signaling 
pathway through inhibition of SET. In order to detect whether 
SET and its downstream targets were modulated by paeonol, 
the MCF‑7/PTX cells were treated with 15, 30 and 60 µM 
paeonol for 48 h. RT‑qPCR and western blot analysis revealed 
that paeonol significantly decreased the mRNA and protein 
expression of SET in the MCF‑7/PTX cells, in a dose‑dependent 
manner (Fig. 5A). In addition, the mRNA and protein levels of 
P‑gp, MRP1 and BCRP, which were previously found to be 
overexpressed in the MCF‑7/PTX cells (Fig. 3A), were also 
significantly reduced (Fig. 5A). To further investigate the poten-
tial reversal mechanism of paeonol, the protein levels of PP2A, 
p‑Akt and Akt were detected by western blot analysis, following 
treatment with paeonol in the MCF‑7/PTX cells. The results 
demonstrated that, 72 h after treatment with 15, 30 and 60 µM 
paeonol in the MCF‑7/PTX cells, the protein expression of PP2A 
was significantly increased and those of p‑Akt were significantly 
decreased in a dose‑dependent manner (Fig. 5B). Furthermore, 
following treatment with increasing concentrations of paeonol, 
the protein expression of Bax was significantly increased and 
that of Bcl‑2 was significantly decreased (Fig. 5B). These results 
demonstrated that paeonol inhibited the PI3K/Akt pathway, 
enhancing the sensitivity to paclitaxel, possibly through down-
regulating SET in MCF‑7/PTX cells.

Discussion

As a novel anticancer drug, paclitaxel is widely used for 
chemotherapy in the treatment of breast cancer. However, 
drug resistance is one of the primary obstacles leading to the 
failure of chemotherapy in breast cancer (34). Previous studies 
have reported numerous mechanisms, which may be involved 
in paclitaxel resistance, including differences in the expression 
of drug efflux pump ABC transporter proteins, tubulin muta-
tion and inhibition of the apoptotic pathway (4‑8). The SET 
gene was first identified in patients with acute undifferentiated 
leukemia, and its biological function involves histone acetyla-
tion, apoptosis, transcription regulation, nucleosome assembly 
and other post‑translational modifications (18). In head and 
neck squamous cell carcinoma, SET inhibits the expression 
of its downstream tumor suppressor factor, PP2A, and acti-
vates the PI3K/Akt signaling pathway (35). Activation of the 

Figure 1. Expression levels of the SET/PP2A/Akt signaling pathway proteins in MCF‑7 and MCF‑7/PTX cells were determined using western blot analysis. 
Results are representative of three independent experiments. β‑actin was used as an internal control. PP2A, protein phosphatase 2A; p‑, phosphorylated; Bcl‑2, 
B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein; MCF‑7/PTX, paclitaxel‑resistant MCF‑7 human breast carcinoma cells.
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PI3K/Akt pathway inhibits cell apoptosis by mediating the 
endogenous expression of Bcl‑2 and Bax, which are mediators 
of apoptosis and are are the most frequently targeted genes 
regulating apoptosis in cells (36). In addition, activation of 
the PI3K/Akt pathway reduces the expression levels of P‑gp, 
BCRP, MRP1 and other members of the ABC transporter 
superfamily  (37-40). These two aspects of the PI3K/Akt 
pathway, at least in part, induce the development of drug 
resistance.

In the present study, siRNAs were used to knockdown the 
expression of SET in MCF‑7/PTX cells. This resulted in a 
significant increase in the sensitivity of MCF‑7/PTX cells to 
paclitaxel, including the promotion of apoptosis, decreased 
expression of ABC transporter proteins and Bcl‑2, and 
increased expression of Bax to attenuation chemoresistance 
in breast cancer cells. In further mechanistic investigations, 
the knockdown of SET increased the expression of down-
stream PP2A and significantly reduced the phosphorylation 

of Akt. These results suggested that the dysregulation of 
SET mediated cell apoptosis and the expression of ABC 
transporter proteins, eventually leading to drug resistance 
by promoting the activity of the PP2A/PI3K/Akt pathway. 
In contrast to previous studies on SET, which were only 
performed in tumor cells, the present study revealed the 
expression patterns of SET in drug‑resistant cells, using 
paclitaxel‑resistant breast cancer cells as a model to elucidate 
the mechanism of SET‑induced drug resistance. However, 
whether SET affects the activation of Akt signaling pathway 
and induces paclitaxel resistance in breast cancer primarily 
by inhibiting PP2A rather than other downstream factors, 
including tumor metastasis suppressor (nm‑23‑H1) or 
Ras‑related C3botulinum toxin substrate 1, requires further 
investigation (26).

Several previous studies have investigated the antitumor 
and drug‑resistance‑reversing effects of paeonol. A study 
demonstrated that paeonol induces apoptosis in ovarian 

Figure 2. SET knockdown using siRNAs significantly attenuates paclitaxel resistance in MCF‑7/PTX cells. (A) Reverse transcription‑quantitative polymerase 
chain reaction and western blot analysis of the gene and protein expression of SET, respectively, in MCF‑7/PTX cells transfected with either SET siRNA 
or control siRNA. β‑actin was used as an internal control. (B) Cell viabilities of the MCF‑7/PTX cells transfected with SET siRNA or control siRNA were 
determined using a 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl tetrazolium bromide assay. (C) MCF‑7/PTX cells transfected with SET siRNA or control siRNA 
were treated with paclitaxel for 48 h. The apoptotic rates of the cells were then detected using annexin V/PI‑double staining and analyzed by flow cytometry. 
The values are expressed as the mean ± standard deviation. *P<0.05 and **P<0.01 vs. control. siRNA, small interference RNA; PI, propidium iodide; FITC, 
fluorescein isothiocyanate; MCF‑7/PTX, paclitaxel‑resistant MCF‑7 human breast carcinoma cells.
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cancer cells by promoting the activation of caspase‑3 and 
inhibiting the protein expression of suvivin  (41). Paeonol 
also inhibits tumor cell proliferation and migration through 
inhibition of the classic Akt and mitogen‑activated protein 

kinase signaling transduction pathways (16). Furthermore, 
paeonol regulates expression of pro‑apoptotic transcription 
factor CCAAT‑enhancer‑binding protein homologous protein 
in HepG2 cells  (17), and paeonol significantly regulates 

Figure 4. Effects of paeonol on cell proliferation of the MCF‑7 and MCF‑7/PTX cells and apoptosis‑associated protein expression in MCF‑7/PTX cells. 
(A) Effect of paeonol on cell viability. The MCF‑7 and MCF‑7/PTX cells were treated various concentrations of paeonol for 48 h and cell viability was 
determined using a 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl tetrazolium bromide assay. (B) Protein levels of cleaved caspase‑9, cleaved caspase‑3 and 
PARP were enhanced by paeonol treatment in the MCF‑7/PTX cells, as determined using western blot analysis. β‑actin was used as an internal control. 
Values are presented as the mean ± standard deviation of three independent experiments. Pae, paeonol; PARP, poly adenosine diphosphate‑ribose poly-
merase; MCF‑7/PTX cells, paclitaxel‑resistant MCF‑7 human breast carcinoma cells.; MDRI, multidrug resistance gene 1; BCRP, breast cancer resistance 
protein.

  A   B

Figure 3. Adenosine triphosphate binding cassette transporter and PI3K/Akt pathway expression levels were evaluated using RT‑qPCR and western blot 
analysis. (A) RT‑qPCR and western blot analysis of the gene and protein expression levels of P‑gp, BCRP and MRP1, repsectively in MCF‑7/PTX cells 
transfected with either SET siRNA or control siRNA. (B) Protein expression levels of PP2A, p‑Akt, Akt, Bax and Bcl‑2 in MCF‑7/PTX cells transfected 
with either SET siRNA or control siRNA were determined using western blot analysis. β‑actin was used as an internal control. Results are presented as the 
mean ± standard deviation of three independent experiments. *P<0.05 and **P<0.01 vs. untransfected cells. PI3K, phosphatidylinositol 3‑kinase; RT‑qPCR, 
reverse transcription‑quantitative polymerase chain reaction; P‑gp, P‑glycoprotein; BCRP, breast cancer resistance protein; MRP1, multidrug resistance‑asso-
ciated protein 1; siRNA, small interference RNA; PP2A, protein phosphatase 2A; p‑, phosphorylated; Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated X 
protein; MCF‑7/PTX, paclitaxel‑resistant MCF‑7 human breast carcinoma cells.
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the expression of Bax and Bcl‑2 in various types of cancer 
cells (42). However, no previous studies have investigated 
whether the antitumor effects of paeonol involve SET, or 
whether paeonol can be applied in the reversal of paclitaxel 
resistance in breast cancer.

The present study used RT‑qPCR and western blot 
analysis to demonstrate that paeonol significantly upregulated 
the activated Akt downstream targets, cleaved‑caspase  9, 
cleaved‑caspase 3 and cleaved‑PARP, promoting their func-
tion in inducing cell apoptosis. In addition, paeonol decreased 
the expression levels of SET and ABC transporters in a 
dose‑dependent manner, promoting the expression of Bax and 
suppressing the expression of Bcl‑2, which reversed paclitaxel 
resistance in breast cancer cells. In examining the potential 
reversal mechanism of paeonol, paeonol treatment led to 
increased expression of PP2A and attenuated the phosphoryla-
tion of Akt in MCF‑7/PTX cells, in a dose‑dependent manner. 
These results suggested that, by inhibiting the SET/PP2A/Akt 
signaling pathway, paeonol induced cell apoptosis and reduced 
the expression of ABC transporters, which eventually reversed 
paclitaxel resistance in the breast cancer cells. In contrast with 
previous antitumor studies, the present study introduced the 
potential application of paeonol in the reversal of paclitaxel 
resistance in breast cancer cells, and discussed the reversal 
mechanism underlying paclitaxel resistance. However, 
it is possible that other mechanisms are also involved in 

paeonol‑regulated apoptosis in drug‑resistant cells. There are 
numerous key downstream targets of the PI3K/Akt pathway, 
including mammalian target of rapamycin and p70S6 kinase, 
which are also important in regulating apoptosis  (43). 
Therefore future studies are required to further investigate the 
reversal mechanisms of paeonol.

In conclusion, the present study provided the first 
evidence, to the best of our knowledge of SET protein as a 
potential molecular target in MCF‑7/PTX cells, and confirmed 
that SET regulated the PP2A and Akt tumor‑suppresor 
signaling pathways, including the expression of downstream 
apoptosis‑associated proteins and ABC transporter proteins. 
In addition, paeonol reversed paclitaxel resistance in breast 
cancer cells by inhibiting the expression of the SET‑mediated 
PI3K/Akt signaling pathway proteins in the paclitaxel‑resis-
tant cells. Therefore, paeonol may have potential as a novel 
reversal agent in the treatment of paclitaxel‑resistant breast 
cancer. However, the present study was performed at the 
cellular level, and animal models and human clinical trials 
have yet to be performed.

Acknowledgements

The present study was supported by grants from the National 
Natural Science Foundation of China (nos.  30973673  and 
30973578).

Figure 5. Effects of paeonol on the levels of SET, adenosine triphosphate binding cassette transporters and phosphatidylinositol 3‑kinase/Akt pathway 
proteins in MCF‑7/PTX cells. (A) Reverse transcription‑quantitative polymerase chain reaction and western blot analysis of the gene and protein expres-
sion, respectively, of SET, P‑gp, BCRP and MRP1 in the MCF‑7/PTX cells treated with paeonol (15, 30 and 60 µM). (B) Protein expression of PP2A, 
p‑Akt, Akt, Bax and Bcl‑2 in MCF‑7/PTX cells treated with various concentration of paeonol for 72 h were determined by western blot analysis. Values 
are presented as the mean ± standard deviation of three independent experiments. *P<0.05 and **P<0.01 vs. control. Pae, paeonol, P‑gp, P‑glycoprotein; 
BCRP, breast cancer resistance protein; MDRI, multidrug resistance gene 1; MRP1, multidrug resistance‑associated protein 1; PP2A, protein phos-
phatase 2A; p‑, phosphorylated; Bcl‑2, B cell lymphoma 2; Bax, Bcl‑2‑associated X protein; MCF‑7/PTX, paclitaxel‑resistant MCF‑7 human breast 
carcinoma cells.
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