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Abstract. While Taxol has been reported to improve the 
clinical survival of breast cancer patients, subsequently devel-
oped drug-resistance of the cancer cells limits its final efficacy 
and applications. Previous studies suggested that Aurora A is 
involved in the development of the Taxol-resistance of breast 
cancer. We established Taxol-resistant breast cancer MCF-7/T 
cells and xenograft models to explore the role of Aurora A in 
Taxol resistant ER-positive breast cancer. Compared with their 
parental MCF-7/C cells, the Taxol-resistant MCF-7/T cells 
exhibited enhanced colony formation, less cell death and higher 
invasive ability. The resistant cells presented overexpressed 
Aurora A, elevated phosphorylated SRC and upregulated Ras/
Raf/ERK and Akt/mTOR pathways. Silencing of Aurora A 
reduced the activity of SRC and downregulated the ERK 
and Akt/mTOR pathways, which led to re-sensitization of 
the resistant MCF-7/T cells to Taxol in vitro. These results 
suggested that the activation of Aurora A and the subsequent 
upregulation of ERK and Akt through SRC induced Taxol-
resistance in breast cancer cells, and inhibiting Aurora A and 
the related SRC/EKT/Akt pathway could restore the sensitivity 
of breast cancer cells to Taxol. These results might shed light 
on the development of strategies to circumvent Taxol-related 
chemoresistance in breast cancer clinical practice.

Introduction

Breast cancer is one of the major causes of cancer-related 
death in women. Moreover, the incidence of breast cancer 
continues to rise in the world. In the treatment of breast cancer, 
Taxol/Paclitaxel is still regarded as one of the most effective 
drugs (1), which could prolong the survival of breast cancer 
patients in combination with other chemotherapy drugs (2). 
Unfortunately, continuous use of Taxol results in the acquired 
resistance of tumor cells to this drug. However, the molecular 
mechanisms of resistance to Taxol in breast cancer are not 
fully understood (3-5).

Aurora kinase has been observed highly expressed and 
amplified in breast cancer, which is related to survival and 
tumorigenesis (6,7). Moreover, overexpression of Aurora A 
induces chemoresistance in breast cancer cells and ovarian 
cancer cells (8). In the clinical trials for breast cancer, the 
expression level of Aurora A was related with the resistance 
of cancer cells to Taxol. The exact role of Aurora A in Taxol-
resistant breast cancer remains unclear. A previous report has 
shown that inhibition of Aurora A expression could result in 
the enhancement of Taxol-induced apoptosis in a variety of 
cancer cell lines, such as head and neck, esophageal and breast 
cancer cell lines (9,10).

It has been established that Taxol inhibits signal pathways 
related to cell survival and growth, such as Ras/ERK and 
Akt kinase pathway (11-13). However, the Ras/ERK and Akt 
pathways were overexpressed in drug-resistant ovarian and 
colorectal cancers (14,15). Furthermore, the overexpression 
of Akt and Ras/Raf/ERK pathways might be associated with 
the phosphorylation of SRC (16). As Aurora A was reported 
to promote proliferation and invasion through activation 
of the SRC and upregulate downstream pathways such as 
Ras/Raf/ERK and Akt/mTOR pathway (17,18), we speculated 
that activated Aurora A might induce Taxol-resistance of breast 
cancer cells through SRC/ERK or SRC/Akt pathway. In the 
present study, by using our MCF-7/T cell and xenograft tumor 
models, we aimed to determine whether inhibition of Aurora A 
expression in Taxol-resistant breast cancer could downregulate 
the expression of SRC and downstream signaling pathways 
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such as Ras/ERK and Akt and would suppress the tumor cell 
growth and restore cancer cell chemosensitivity to Taxol.

Materials and methods

Cell lines. MCF-7 cells were obtained from the cell center of 
CAMS & PUMC (Beijing, China). The cells were maintained 
in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, 
Carlsbad CA, usa) (19) supplemented with 10% fetal bovine 
serum (FBS; Invitrogen), 100 IU/ml penicillin and 100 µg/ml 
streptomycin (Invitrogen) in a humidified incubator containing 
5% CO2 at 37˚C.

Establishment of the Taxol-resistant MCF-7 model in vitro 
and in vivo. In the present study, MCF-7 resistant cell line 
MCF-7/T was developed through continued administration 
of sub-lethal concentrations of Taxol to the cells. A highly 
invasive and low colony was obtained from the MCF-7/T cells. 
In brief, MCF-7/T colonies were selected after 18 pulse drug 
treatments with Taxol. The majority of the cells were dead 
following 24 h of exposure to Taxol. The survived cells were 
then washed with 0.01 mol/l phosphate-buffered saline (PBS) 
and cultured in Taxol growth medium. After 1-2 days, the 
dead cells were washed out with PBS and fresh Taxol medium 
was added. Once the cells reached 70-80% confluence, they 
were preserved for further study. The Taxol-resistant cell line 
was stabilized for ~6 months after treatment initiation and 
the resistant phenotype was developed. For the maintenance 
of Taxol-resistant cells, the MCF-7/T cells were grown in 
the presence of 0.001 µmol/l Taxol. Prior to experimenta-
tion, MCF-7/T cells were maintained in a Taxol-free culture 
medium and subcultured for at least three generations. The 
drug-resistant characteristics of the MCF-7/T cells were tested 
using various concentrations of Taxol. 

Taxol-resistant cells lose the resistant characteristics after 
injection into nude mice. To obtain an in vivo Taxol-resistant 
MCF-7 xenograft model (MCF-7/T) for studying resistance 
mechanisms frequently observed in a human therapeutic 
setting, MCF-7 cells were injected subcutaneously into the 
left flanks of the athymic nude mice (Balb/c-nu/nu females, 
6-8 weeks old) which were purchased from Vital River 
Laboratory Animal Technology, Co., Ltd. (Beijing, China) 
and housed in the controlled environment at 25˚C on a 12-h 
light/dark cycle. Mice were maintained following the rules of 
the National Institute of Health Guide for the Care and Use of 
Laboratory Animals. Taxol-resistant MCF-7 xenograft tumors 
were achieved after ten passages of Taxol treatment. For each 
passage, mice were treated with 30.0 mg/kg Taxol 24 h before 
sacrifice. Then, xenograft tumors were collected and trans-
planted into the new athymic nude mice. After ten passages 
(~12 months), drug-resistant characteristics of the xenografts 
were determined by the absence of tumor regression after 
treatment of Taxol.

Tissue culture from MCF-7 and Taxol-resistant MCF-7 xeno-
graft model. Tumor tissues from a Taxol-resistant MCF-7 and 
a parent MCF-7 xenograft model were cut into small pieces 
with surgical scissors and minced with sterile razor blades 
until the explants size was <1 mm3. The explants were trans-
ferred to flasks, trypsinized (Invitrogen) for 30 min, covered 

with complete medium and incubated in an atmosphere of 
5% CO2 and 95% air at 37˚C. The medium was replaced after 
48 h.

Generation of the stable knockdown Aurora A in the MCF-7 
and MCF-7/T cell. MCF-7 and MCF-7/T cell was seeded at 
a density of 1x105 cells/well in 6-well plates and incubated 
overnight or until cells reached 50% confluence. They were 
then transfected with either the AurA microRNAs, or control 
microRNA vector (BLOCK-iT™ Pol II miR RNAi Expression 
Vector kit with EmGFP, purchased from Invitrogen) through 
Lipofectamine 2000 (Invitrogen) following the manufac-
turer's protocol. The transfected cells were initially selected 
in DMEM medium containing 8 µg/ml Blasticidin S HCl 
(Invitrogen). Selective pressure was maintained in a medium 
containing 8 µg/ml Blasticidin S HCl for two weeks. Clones 
with green fluorescence were collected for further culture in 
regular media. Then, cells were harvested for western blot 
analysis of Aurora A expression. Two stable transfected cell 
clones with AurA microRNAs, were designated as MCF-7/T/
AurA1 and MCF-7/T/AurA2. Stable transfected cells 
with control microRNA were designated as MCF-7/C and 
MCF-7/T/C (10). Since Aurora A-miRNA silencing constructs 
express GFP (BLOCK-iT™ Pol II miR RNAi Expression 
Vector kit with EmGFP) which would interfere with the flow 
cytometry (Annexin V-FITC) and TUNEL assay, we did not 
use flow cytometry (Annexin V-FITC) and TUNEL assay to 
detect apoptosis in the following experiments.

Analysis of cell proliferation and viability. MCF-7/C, 
MCF-7/T/C, MCF-7/T/AurA1 and MCF-7/T/AurA2 cells were 
seeded in 96-well plates in DMEM medium supplemented 
with 10% fetal bovine serum (FBS). The proliferation of the 
cells was monitored by CCK-8 assay every day for 14 days. 
MCF-7/C, MCF-7/T/C, MCF-7/T/AurA1 and MCF-7/T/AurA2 
cells were seeded in 96-well plates in DMEM medium supple-
mented with 10% FBS. Cells were treated with dimethyl 
sulfoxide (DMSO) or Taxol for 72 h and then cell viability was 
measured with CCK-8 assay.

Colony formation assay. MCF-7/C, MCF-7/T/C, MCF-7/T/
AurA1 and MCF-7/T/AurA2 cells were trypsinized to single-
cell suspensions. Then, cells were diluted in DMEM culture 
medium containing 10% FBS, and 300-600 cells were plated 
in each well of the 6-well plates. Cells were incubated with 
5% CO2 at 37˚C for 14  days, and colonies were washed 
with PBS, fixed and stained with 0.005% crystal violet in 
methanol. Numbers of colonies were manually counted. 
Experiments were performed in triplicate and were repeated 
thrice.

Cell death and cell cycle analysis. MCF-7/C, MCF-7/T/C, 
MCF-7/T/AurA1 and MCF-7/T/AurA2 cells were treated 
with either Taxol, or 0.1% DMSO for 72 h, washed in PBS, 
and fixed with ice-cold 70% ethanol overnight. Cells were 
then suspended in PBS containing RNase A (100 µg/ml) and 
propidium iodide (50 µg/ml) and 0.1% Triton X-100, and incu-
bated in the dark for at least 1 h (20). Cell cycle profiles and 
death population were determined by flow cytometric (FCM) 
analysis.
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In vitro invasion assay. Invasion was determined using a varia-
tion of the Boyden chamber assay as previously described (21). 
Briefly, cells were trypsinized and counted; next, 1x106 cells 
(MCF-7/C, MCF-7/T/C, MCF-7/T/AurA1 and MCF-7/T/
AurA2) and cells cultured from tumor tissue (MCF-7, 
MCF-7/T xenograft model) suspended in 200 µl of DMEM 
containing 0.1% BSA. The cells were seeded into the upper 
compartment (Costar, Costar, Cambridge, MA, USA) coated 
polycarbonate filter with a pore size of 8.0 µm in a 24-well 
plate. Each polycarbonate filter was coated with 10 µl of 0.5% 
Matrigel before the addition of cells. DMEM medium (500 µl) 
containing 10% FBS was added to the lower compartment as 
a chemoattractant. After 18 h of incubation at 37˚C with 5% 
CO2, the cells on the lowerside of the filter were fixed to the 
membrane using methanol for 10 min. Filters were stained 
with hematoxylin and eosin (H&E) at room temperature. Cells 
in the upper compartment were removed using a cotton swab, 
leaving only the cells on the underside of the filter, repre-
senting those cells that had successfully invaded across the 
Matrigel-coated filter. The chambers were then photographed 
to compare the amount of invasive cells on the underside of 
the membrane. Five visual fields were photographed in every 
membrane and nuclear-stained cells were manually counted. 
All samples were run in triplicate.

Cell lysates and western blot analysis. Lysates (from MCF-7/C, 
MCF-7/T/C, MCF-7/T/AurA1 and MCF-7/T/AurA2 cells) were 
prepared following the method previously described. Portion 
of three randomly selected tumors from each group (MCF-7 
and MCF-7/T) were homogenized for lysate preparation as 
previously described (22). For western blot analysis, samples 
were transferred to a nitrocellulose membrane by semi-wet 
electrophoresis (Invitrogen), and incubated with primary 
antibodies (rabbit anti-Aurora A, rabbit anti-phosphorylated 
Aurora A (Thr288), rabbit anti-phosphorylated SRC (Tyr416), 

rabbit anti-SRC, rabbit anti-phosphorylated Akt (Ser473), 
rabbit anti-Akt, rabbit anti-phosphorylated mTOR, rabbit 
anti-mTOR, rabbit anti-phosphorylated p70s6 (Thr389), rabbit 
anti-phosphorylated c-Raf (Ser259), rabbit anti-c-Raf, rabbit 
anti-phosphorylated MEK, rabbit anti-MEK, rabbit anti-
phosphorylated p-ERK, rabbit anti-ERK, mouse anti-cyclin B, 
mouse anti-cdc2, rabbit anti-Bcl-2, rabbit anti-c-caspase 3, 
rabbit anti-c-PARP, rabbit anti-MMP9, rabbit anti-MMP2 and 
rabbit anti-β-actin) overnight at 4˚C, detected with horseradish 
peroxidase-conjugated anti-rabbit or anti-mouse IgG (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) and developed 
using an ECL Western blot detection and analysis system 
(Applygen Technologies, Inc., Beijing, China). Membranes 
were tested for equal loading by probing for β-actin.

ELISA assay. Lysates (portion of three randomly selected 
tumors from MCF-7 and MCF-7/T) were mixed and homog-
enized for lysate preparation as previously described (22). For 
ELISA assay, the protocol of Phospho-Aurora A (Thr288) 
sandwich ELISA kit (#7114; Cell Signaling Technology, 
Danvers, MA, USA) was followed.

Statistical analysis. All values were expressed as mean ± SD. 
Values were compared using the Student's t-test. P<0.05 was 
considered significant.

Results

Activation of Aurora A and SRC in Taxol-resistant MCF-7 
model (MCF-7/T) in vitro and in vivo. To examine whether 
Aurora A activation was related to the resistance of breast 
cancer to Taxol, we established a Taxol-resistant breast cancer 
cell clone MCF-7/T in  vitro and developed two xenograft 
tumor models, the Taxol-resistant MCF-7/T and the Taxol-
sensitive parental MCF-7. When a Taxol dose of 5.0 mg/kg was 

Table i. Effects of Taxol on MCF-7 tumors in athymic mice.

	 Body weight (g)	 Tumor size	 Tumor weight
	 dose	 No. of	 ---------------------------------------	 ------------------------------------------------------------------------	 ---------------------------------------------------
	 (mg/kg)	 animals (n)	 Start	 End	 Volume (mm3)	 RTV	 T/C (%)	 (g)	 Inhibition (%)

Control		  5/5	 22.6±0.6	 26.0±1.2	 1163.8±503.2	 5.06±2.46		  1.02±0.46
Taxol	 5.0	 5/5	 21.0±1.6	 22.8±2.3	 68.3±32.5a	 0.34±0.22a	 6.75	 0.04±0.02a	 96.36

aP<0.01 vs. control. T/C (%) = TRTV/CRTV x 100; RTV, relative tumor volume.

Table II. Effects of Taxol on MCF-7/T tumors in athymic mice.

	 Body weight (g)	 Tumor size	 Tumor weight
	 dose	 No. of	 ---------------------------------------	 ------------------------------------------------------------------------	 ---------------------------------------------------
	 (mg/kg)	 animals (n)	 Start	 End	 Volume (mm3)	 RTV	 T/C (%)	 (g)	 Inhibition (%)

Control		  5/5	 18.0±1.4	 18.6±2.4	 1373.5±363.1	 12.19±2.78		  1.26±0.24	
Taxol	 5.0	 5/4	 16.8±1.9	 17.5±2.1	 1871.0±981.5	 12.59±3.17	 103.3	 1.36±0.48	 -

T/C (%) = TRTV/CRTV x 100; RTV, relative tumor volume.
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Figure 1. Overexpression of the Aurora A in Taxol-resistant breast cancer in vitro and in vivo. (A) Taxol-treated MCF-7 and MCF-7/T xenograft tumors 
with controls. (B and C) establishment of Taxol-resistant MCF-7 xenograft model. Tumor resistance was achieved after ten passages of Taxol treatment 
in vivo through xenograft tumorigenesis in the flanks of athymic nude mice. In each passage, the nude mice (n=10) were treated with 30.0 mg/kg 24 h 
before being euthanized. Resistance was characterized by the absence of tumor regression (***P<0.001, Taxol-treatment group vs. the MCF-7 control group). 
(D) Western blot analysis of Aurora A and SRC expression in MCF-7/C and MCF-7/T/C cells. Cell lysates prepared from MCF-7/C and MCF-7/T/C were 
subjected to SDS‑PAGE and blotted with specific antibody. The expression level of p-Aurora A, Aurora A, p-SRC and SRC were higher in the Taxol-resistant 
MCF‑7/T/C cells compared to the MCF-7/C control. (E) Western blot analysis of Aurora A and SRC expression in the xenografted tumors (3 samples/group). 
A higher expression of p-Aurora A, Aurora A, p-SRC and SRC were observed in the Taxol-resistant xenograft group than that in the parent MCF-7 tumors. 
(F) p-Aurora A expression in MCF-7 and MCF-7/T xenograft tumors by ELISA assay. Tumor proteins extracted from MCF-7 and MCF-7/T groups were 
subjected to ELISA assay. The expression of p-Aurora A was higher in MCF-7/T tumors than that in MCF-7.
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adopted, the parental Taxol-sensitive MCF-7 tumors exhibited 
significant growth inhibition while the MCF-7/T xenografts 
presented resistance to Taxol. The relative tumor volume 
(RTV) of MCF-7 was 5.06±2.46 (control) vs. 0.34±0.22 (Taxol 
5.0 mg/kg) (Table I and Fig. 1A and B), whereas the RTV of 
MCF-7/T was 12.19±2.78 (control) vs. 12.59±3.17 (Taxol 
5.0 mg/kg) (Table II and Fig. 1A and C). The results indicated 
that MCF-7/T tumors had developed resistance to Taxol in vivo 
and was suitable for further study.

We further examined the expression of Aurora  A in 
MCF-7/C and MCF-7/T/C cell lines, as well as MCF-7 and 
MCF-7/T xenograft tumors. Western blot analysis revealed 
that both p-Aurora A and Aurora A were highly expressed in 
Taxol-resistant MCF-7/T cells and xenograft tumors analyzed 
(Fig. 1D and E). ELISA further confirmed that the Aurora A 
was activated in MCF-7/T xenograft tumors (Fig. 1F). Given 
previous report (23) suggested that Aurora A might function 
through phosphorylation of SRC at tyrosine 416, we herein 

Figure 2. Knockdown of Aurora A led to anti-proliferation in MCF-7/T cells. (A) Western analysis showed the expression of Aurora A, SRC, p-Aurora A, 
and p-SRC in silenced tumor cells (MCF-7/T/AurA1 and MCF-7/T/AurA2, transfected with Aurora A microRNA1 and Aurora A microRNA2, respectively) 
significantly reduced compared to the MCF-7/T cells (MCF-7/T/C) transfected with control microRNA. (Ba and Bb) there was no apparent growth difference 
between the Taxol-resistant MCF-7/T/C cells and the MCF-7/C parent cells after being transfected with the control microRNA. (Ca and Cb) the colony forma-
tion ability of the MCF-7 cells was lower than the Taxol-resistant MCF-7/T cells (Ca), whereas, the colony formation ability of Aurora A microRNA silenced 
cells (MCF-7/T/AurA1 and MCF-7/T/AurA2) significantly decreased (Cb). Error bars represented standard deviation. *P<0.05, **P<0.01 indicated statistically 
significant divergence from the parent cells (MCF-7/C). ###P<0.001 indicated statistically significant divergence from the negative control cells (MCF-7/T/C).
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validated that the level of p-SRC and SRC was upregulated 
in MCF-7/T cells and tumors as well (Fig. 1D and E). These 
results implied that the activation of Aurora A and SRC might 
be linked to the resistance of the breast cancer to Taxol.

Specific silencing of Aurora A in MCF-7/T cells led to down-
regulation of SRC phosphorylation. To further determine the 
partnership between Aurora A and SRC in resistance to Taxol, 
MCF-7/T cells were transfected with either vector-containing 

human-specific Aurora A microRNAs or a vector-containing 
control microRNA. Two Aurora A microRNA stable-expressing 
clones (named as MCF-7/T/AurA1 and MCF-7/T/AurA2) 
were chosen for subsequent experiments. Our western blot 
analyses displayed that Aurora A as well as p-Aurora A were 
downregulated significantly in MCF-7/T/AurA1 and MCF-7/T/
AurA2 cells compared to control microRNA-expressing cells 
(MCF-7/T/C) (Fig. 2A). Concurrently, SRC phosphorylation 
significantly decreased while the total of SRC was not influ-

Figure 3. Knockdown of Aurora A causes cell cycle arrest plus cell death in MCF-7/T cells. (Aa and Ab) Aurora A microRNAs induced cell death. MCF-7 
cells showed higher death than the Taxol-resistant MCF-7/T cells (MCF-7/T/C) when both of them were treated with control microRNAs (Aa). In contrast, 
MCF-7/T cells displayed higher death after treatment with the Aurora A microRNAs (MCF-7/T/AurA1 and MCF-7/T/AurA2) compared to the cells treated 
with control microRNA (MCF-7/T/C) (Ab). The treatment experiments in Aa and Ab were performed simultaneously, thus, the same MCF-7/C/T result was 
represented in both of Aa and Ab for comparison purpose. Cells were cultured for 72 h, stained with propidium iodide (PI) and analyzed by FCM. Error 
bars represent standard deviation. ***P<0.001 indicated statistically significant divergence from the parent cells MCF-7/C; ###P<0.001 indicated statistically 
significant divergence from the negative control cells (MCF-7/T/C). (Ba and Bb) Aurora A microRNAs knockdown mediated cell cycle arrest in G2/M phase 
in the Taxol-resistant MCF-7/T cells. Cells were cultured for 72 h, and then stained with propidium iodide (PI) and analyzed by FCM. Error bars represent 
standard deviation. **P<0.01 indicated statistically significant divergence from the parent cells MCF-7/C; ##P<0.01, ###P<0.001 indicated statistically significant 
divergence from the negative control cells.
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enced (Fig. 2A). These data indicated that SRC activity might 
be regulated by Aurora A in MCF-7/T cells.

Knockdown of Aurora A inhibits MCF-7/T cell proliferation. 
To explore whether high expression of Aurora A contributes to 
cell proliferation, the MCF-7/T/AurA1 and MCF-7/T/AurA2 
cells were monitored in vitro by CCK-8 assay for 14 days. 
While there was no significant cell viability difference 
between MCF-7/C and MCF-7/T/C (Fig. 2ba), the MCF-7/T 
cell proliferation significantly decreased upon silencing of 
Aurora A (MCF-7/T/AurA1 and MCF-7/T/AurA2) in a time-
dependent manner compared with the negative MCF-7/T/C 
controls, and the highest inhibitory rates were 65.1 and 47.5% 
(Fig. 2Bb) on the 8th day, respectively. In addition, our colony 
formation assay indicated that the number of colonies in the 
MCF-7/T/C cells was higher than in MCF-7/C cells (average 
colony number, 305.7±4.0 and 260.3±6.4, respectively) 
(Fig. 2Ca), whereas the number of colonies in the MCF-7/T/
AurA1 and MCF-7/T/AurA2 cells (average colony number, 
221.3±31.9 and 330.7±10.07, respectively) were significantly 
decreased compared to the MCF-7/T/C control cells (average 
colony number, 544.7±7.6) (Fig. 2Cb).

Silencing of Aurora A induces MCF-7/T cells death. To study 
the impact of Aurora A expression on cell death in Taxol resis-
tant breast cancer cells, we examined the percentage of SubG1 
phase in MCF-7/T sublines (MCF-7/T/C, MCF-7/T/AurA1 and 
MCF-7/T/AurA2) by FCM. The results revealed, that when 
both MCF-7/C and MCF-7/T/C cells were cultured for 72 h, 
the percentage of MCF-7/T/C cells in the SubG1 (3.8±0.9%) 
was lower than the parental MCF-7/C population (13.4±1.1%) 
(Fig.  3Aa). Moreover, in the silenced MCF-7/T/AurA1 
and MCF-7/T/AurA2 cells, the SubG1 phase percentage 
was increased by 20.2±2.3 and 19.5±2.0% compared with 
control MCF-7/T/C cells (3.8±0.9%) (Fig. 3Ab). These results 
demonstrated that downregulation of Aurora A could induce 
MCF-7/T cell death.

Knockdown of Aurora A causes G2/M arrest in MCF-7/T 
cells. As Aurora A could exert positive effects on the cell cycle 
in several cell lines in a dose-dependent manner, we further 
examined whether knockdown of Aurora A would lead to cell 
cycle arrest in MCF-7/T. The results showed that the percentage 
of G2/M phase in the Taxol-resistant MCF-7/T/C cells was 
lower than that in the MCF-7/C control cells. The percentages 
of the G2/M cells were 14.3±1.3% for MCF-7/C and 20.9±1.3 
for MCF-7/T/C (Fig. 3Ba). We observed that inhibition of 
Aurora A by microRNAs led to cell G2/M-phase accumulation 
(Fig. 3Bb) and G1-phase decrease in the Taxol-resistant cells. 
The cell percentages of G2/M phase in MCF-7/T/AurA1 and 
MCF-7/T/AurA2 cells increased by 26.4±0.8 and 25.4±0.7%, 
respectively, compared with 20.8±1.5% in MCF-7/T/C control 
cells (Fig. 3Bb).

Silencing of Aurora A inhibits MCF-7/T cell invasion in vitro. 
To determine the effect of elevated Aurora A on MCF-7/T 
invasive capacity, we further conducted invasion assay. The 
MCF-7/T sublines and MCF-7/C control cells were allowed to 
invade through a membrane coated with Matrigel, toward a 
chemo-attractant (10% FBS) for 18 h. While only 32.5±2.1/
well MCF-7/C cells exhibited invasion, there were 327.5±9.2/
well MCF-7/T/C cells invaded through the membrane, 
indicating MCF-7/T/C cells presented an enhanced inva-

Figure 4. Aurora A silencing leads to reduced invasion in the MCF-7/T cells. 
(A and B) MCF-7/T cells showed higher invasion compared to the parent 
MCF-7/C cells in both regular MCF-7 cell lines and xenograft-originated 
MCF-7 cells [MCF-7(vivo) and MCF-7/T(vivo)]. Error bars represent standard 
deviation. ***P<0.001 indicated statistically significant divergence from the 
parent cells MCF-7/C; #P<0.05 indicated statistically significant divergence 
from the parent cells MCF-7/C(vivo). (C and D) Aurora A microRNA-treated 
MCF-7/T cells presented lower invasion compared to the control microRNA-
treated ones. Error bars represented the standard deviation and an asterisk 
indicates statistically significant divergence from the negative control clones; 
**P<0.01, ***P<0.001.
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sive ability compared with MCF-7/C cells (Fig. 4A and B). 
Moreover, the xenograft-originated Taxol-resistant MCF-7 
cells [MCF-7/T(vivo)] were more invasive than the parent 
xenograft-originated MCF-7 cells [MCF-7(vivo)], [MCF-7/
T(vivo), 141.0±9.9 vs. MCF-7(vivo), 42.5±3.5] (Fig. 4A and B). 
After knockdown of Aurora A by microRNAs, the invaded 
cells decreased by 80.7% (MCF-7/T/AurA1, 60.5±4.9/well) 
and 71.0% (MCF-7/T/AurA2, 91.0±12.7/well) compared to 
the untreated control MCF-7/T/C cells (313.5±9.20/well) 
(Fig. 4C and D), suggesting that inhibition of Aurora could 
considerably reduce the invasive ability of MCF-7/T cells.

Suppression of Aurora A downregulates the Raf/ERK and Akt 
pathway in MCF-7/T cells. Aurora A interacts with several 
proteins related to proliferation, survival, cell cycle, apop-
tosis, and invasive signaling pathways such as Raf/ERK and 
Akt (24-26). We examined whether knockdown of Aurora A 

would downregulate the ERK and Akt pathways in the MCF-7 
and MCF-7/T subline cells and xenograft tumors. As shown in 
Fig. 5Aa, 5Ab, 5Ba and 5Bb, Akt, mTOR, p70s6, c-Raf, MEK 
and ERK were highly phosphorylated in the Taxol resistant 
MCF-7 cells and tumors. Whereas, the phosphorylation and 
basal levels of these proteins were remarkably reduced in 
MCF-7/T/AurA1 and MCF-7/T/AurA2 cells compared with 
the negative control MCF-7/T/C (Fig. 5Ac and 5Bc), indi-
cating inhibition of Aurora A significantly downregulated the 
Ras/Raf/ERK and Akt pathway.

Since cyclin B/cdc2 complex regulates cell cycle (27), we 
herein found that the cyclin B and cdc2 were overexpressed 
in MCF-7/T cells and xenograft tumors (Fig. 5Ca and 5Cb). 
Nevertheless, the expressions of cyclin  B and cdc2 were 
decreased in the MCF-7/T/AurA1 and MCF-7/T/AurA2 cells 
though the decrease of cyclin B was not significant in the 
MCF-7/T/AurA1 cells (Fig. 5Cc), suggesting that Aurora A 

Figure 5. Aurora A silencing downregulates pathways related to proliferation, invasion and cell cycle, and causes cell death in MCF-7/T cells in vitro and in vivo. 
(Aa-Ac) Western blot analysis indicated that the Akt signaling pathway was activated in the MCF-7/T/C cells (Aa) and the MCF-7/T tumors (Ab). Whereas, it 
was downregulated upon Aurora A silencing (Ac); (Ba-Bc) while the downstream c-Raf signaling pathway displayed high activity in the MCF‑7/T/C cells (Ba) 
and the MCF-7/T tumors (Bb), it was inhibited after Aurora A knockdown (Bc); 
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regulates cell cycle through cyclin B/cdc2 in MCF-7/T cells. 
In addition, knockdown of Aurora A downregulated Bcl-2 
and induced the cleavage of caspase-3 and PARP in MCF-7/T/
AurA1 and MCF-7/T/AurA2 cells, suggesting that knockdown 
of Aurora A might enhance apoptosis (Fig. 5Cc).

MMPs play an important role in degrading extracellular 
matrix components and promoting invasion of tumor cells (28). 
We observed that the expression of MMP2 and MMP9 was 
much higher in MCF-7/T/C cells than that in the MCF-7/T/
AurA1 and MCF-7/T/AurA2 cells (Fig. 5Da and Db), implying 
that silencing Aurora A might inhibit the invasion of MCF-7/T 
cells.

Inhibition of Aurora A restores the sensitivity of MCF-7/T/C 
to Taxol in  vitro. To investigate the chemosensitivity of 
MCF-7/T/C cells to Taxol after knockdown of Aurora A, we 
performed dose-response experiments to measure IC50 values 
with Taxol treatment for 72 h. As expected, the MCF-7/T/C cells 
showed lower sensitivity to Taxol (IC50=85.72±3.41 nmol/l) 
than MCF-7/C cells (IC50=0.43±0.022 nmol/l) (Fig. 6A). In 
contrast, inhibition of Aurora A increased the susceptibility of 
MCF-7/T/C to Taxol, the IC50 values for MCF-7/T/AurA1 and 
MCF-7/T/AurA2 reduced to 12.67±0.20 and 3.25±0.77 nmol/l, 
respectively. The sensitivity to Taxol advanced 6.8- and 
26.4-fold in MCF-7/T/AurA1 and MCF-7/T/AurA2 cells, 

respectively, as compared with that in the MCF-7/T/C cells 
(Fig. 6A). These results indicated that inhibition of Aurora A 
resulted in enhanced chemosensitivity in Taxol-resistant breast 
cancer cells.

Inhibition of Aurora A enhances the Taxol-induced MCF-7/T 
cell death. The MCF-7/T cells were administered with Taxol 
for 72 h and cell death (SubG1) was evaluated after PI staining 
by FCM. Taxol induced death in a dose-dependent manner. 
When the cells were treated with 1.0 nmol/l Taxol, the percent-
ages of death cells in MCF-7/C and Taxol-resistant MCF-7/T/C 
cells were 42.53±2.87 and 7.78±0.92%, respectively. The 
percentage of dead MCF-7/T/C cells elevated to 24.83±3.33% 
at a dose of 10.0 nmol/l of Taxol (Fig. 6B). Whereas, the 
MCF-7/T/AurA2 knockdown cells presented much higher 
dead cell percentages after Taxol treatment, 25.57±2.82% 
(1.0 nmol/l) and 48.03±2.58% (10.0 nmol/l), suggesting that 
inhibition of Aurora A in MCF-7/T cells could enhance Taxol-
mediated death.

Discussion

Taxol resistance is a major obstacle to successful chemo-
therapy in cancer patients. In our previous study, we detected 
that p-Aurora A, along with p-gp, was highly expressed in 

Figure 5. Continued. (Ca-Cc) the expression of cell cycle signaling pathways in MCF-7/T/C cells (Ca) and MCF-7/T tumors (Cb), and they were suppressed 
and apoptosis was induced in MCF-7/T cells after Aurora A silencing (Cc) (here the same western blot membrane used in Fig. 1D was adopted for Fig. 5Ca 
immunoblotting); (Da and Db) western blot analysis showed that the metastasis related proteins MMP2 and MMP9 were highly expressed in MCF-7/T/C cells 
(Da), and they were inhibited after Aurora A knockdown (Db). Representative western blots were shown for each experiment. β-actin was adopted as loading 
controls.
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MX-1/T and MCF-7/T cells, and demonstrated that kinase 
Aurora A was related with tumor resistance in Taxol resistance 
MX-1/T partly through p-ERK/P-gp (10). However, that study 
focused on the three triple-negative breast cancer cells, and the 
mechanism of drug-resistance was only involved in the P-gp 
and p-ERK. As is known, besides p-gp, Taxol resistance might 
be attributed to the upregulation of several factors including 
the Class III β-tubulin (TUBB3) in lung cancer  (19,29), 
PI3K/Akt/mTOR (30-33) in breast and renal tumors, NF-κB, 
FGFR2 and CHK2 (34) in gastric neoplasia (35,36) and SRC 
in ovarian carcinomas (16,37). In addition, overexpression of 
Aurora A has been identified in the chemo-resistant breast 
and ovarian cancer cells (8,38). Thus, we want to further elicit 
the function of Aurora A in Taxol-resistant ER-positive breast 
cancer, and investigate the mechanism of resistance related 
with Aurora A except p-gp.

In this study, we demonstrated that overexpressed Aurora A 
was associated with the proliferation, invasion, and Taxol-
resistance of the breast cancer cell line MCF-7/T in vitro and 
in vivo. Although both Aurora A and p-Aurora A may play 
a role in the chemoresistance of MCF-7/T cells, p-Aurora A 
is the dominate factor because the pathway is supposed to be 
activated through phosphorylation of Aurora A, and phosphor-
ylated Aurora A plays a more active role. Knockdown of the 
Aurora A concomitantly decreases the p-Aurora A in the same 
cell. In this study, silencing of Aurora A by microRNA could 
efficiently inhibit MCF-7/T growth, colony formation, and 
invasion. The knockdown of the Aurora A led to a significant 
accumulation of G2/M phase cells and death in vitro, which 
further confirmed that Aurora A played an important part in 
the Taxol-resistance of breast cancer cells. In addition, inhibi-
tion of Aurora A significantly enhanced the chemosensitivity 
of the resistant breast cancer cells to Taxol by increasing cell 
death. These results further elucidated that Aurora A contrib-
uted to the Taxol-resistance of breast cancer cells.

Although it has been established that Taxol inhibits cell 
survival and growth by downregulating Ras/ERK and Akt 
kinase pathway (11-13), several studies have demonstrated 
that the Ras/ERK and Akt pathways were overexpressed in 

drug-resistant ovarian and colorectal cancers (14,15), and the 
overexpression of Akt and Ras/Raf/ERK pathways might be 
related to the phosphorylation of SRC (16). Following these 
previous findings, we performed similar experiments and 
found that Aurora A, along with SRC, Ras/Raf/ERK and Akt 
pathway, was highly upregulated in the Taxol-resistant breast 
cancer cells and xenograft models. Silencing of Aurora A 
significantly reduced SRC phosphorylation and downregu-
lated the Ras/Raf/ERK and Akt pathway in the Taxol-resistant 
MCF-7/T cells. Studies indicated that inhibition of SRC tyrosine 
kinase could enhance the chemosensitivity to Taxol through 
downregulating several pathways such as Ras/Raf/ERK and 
PI3K/Akt (39,40), thus, re-sensitize resistant ovarian cancer 
cells to Taxol (41,42). Consistent with reported findings in 
ovarian cancer cells, our results showed that Aurora A was 
related to the Taxol-resistance of breast cancer cells through 
SRC, and these pathways might regulate the chemoresistance 
in the Taxol-resistant breast cancer cells. SRC might be a 
potent molecular target for the therapy of Taxol resistant breast 
cancer.

In addition, studies have revealed that the growth inhibi-
tion was more effective by blocking both Ras/Raf/ERK and 
PI3K/Akt/mTOR pathways simultaneously, which reduced 
Taxol resistance in several types of cancer (25,26,43). Likewise, 
Taxol-resistant MCF-7/T cells displayed simultaneous activa-
tion of SRC, Akt and ERK accompanied with high expression 
of Aurora A. Silencing Aurora A expression in MCF-7/T cells 
using microRNA targeting Aurora A led to the decrease of 
p-SRC Tyr416. Moreover, the silenced MCF-7/T cells showed 
not only significant low level of activated ERK and Akt, but 
also low malignancy and high sensitivity to Taxol.

Aurora kinase was the main regulator of cell cycle (44), and 
inhibition of Aurora A could induce G2/M phase cells. Our 
results showed the percentage of the G2/M phase in MCF-7/T 
cells significantly increased after silencing Aurora A. It has 
been proposed that inhibition of Aurora A could increase 
cleavage of procaspase-3 and reduce Bcl-2 expression through 
inhibition of Akt (45). Similarly, we observed that the cleaved 
caspase-3 and PARP proteins significantly increased while 

Figure 6. Silencing of Aurora A partially restored the Taxol-sensitivity of MCF-7/T cells in vitro. (A) MCF-7/C, MCF-7/T/C, MCF-7/T/AurA1 and MCF-7/T/
AurA2 cells were treated with various concentrations of Taxol for 72 h, and proliferation curves of these cells are shown. The Taxol-sensitivity of the silenced 
MCF-7/T/AurA1 and MCF-7/T/AurA2 cells was increased compared to the control cells. Cell viability was determined using the CCK-8 assay. The viability 
of the untreated cells was regarded as 100%. The points are the means of three independent experiments; bars are SD. (B) MCF-7/C, MCF-7/T/C, MCF-7/T/
AurA2 cells were treated with various concentrations of Taxol for 72 h. MCF-7/T/AurA2 displayed higher sensitive to Taxol than MCF-7/T/C cells. Dead cells 
were PI-positive as determined by FCM. Quantification of the PI staining data was determined through the percentages of the cell distribution. The error bars 
represent standard deviation. **p<0.01; ***p<0.001 (compared with DMSO control).
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Bcl-2 and p-Akt decreased in silenced Aurora A MCF-7/T 
cells. Therefore, we confirmed that silencing of Aurora A led 
to Akt-related tumor cell growth inhibition and cell death.

In addition, Ras/Raf/ERK and Akt/mTOR pathways have 
been reported to mediate critical signals for the regulation of 
MMP secretion and expression (28,32,46,47). In this study, we 
demonstrated that MMP2 and MMP9 were highly expressed in 
Taxol-resistant breast cancer cells, and inhibition of Aurora A 
caused the decrease of MMP2 and MMP9, accompanied with 
the downregulation of ERK and Akt activity.

In summary, our data demonstrated that the activated 
Aurora  A plays a critical role in Akt and ERK-mediated 
survival in Taxol-resistant human MCF-7 cells through 
p-SRC. Inhibition of Aurora A could enhance the sensitivity of 
drug-resistant MCF-7/T cells to Taxol. The findings provided 
evidence that Aurora A might provide an additional and effec-
tive target for small molecule chemotherapeutic intervention 
in drug-resistant breast cancer. In addition, pathways such 
as Ras/Raf/ERK and Akt/mTOR have been well-studied 
and related inhibitors are available (25,32,33), targeting 
Aurora A and Ras/Raf/ERK, and Akt/mTOR simultaneously 
may improve the sensitivity of breast cancer cells to Taxol, 
which could be a promising strategy for the treatment of 
patients with Taxol-resistant breast cancer. The insights into 
the mechanisms of Taxol resistance and sensitization would 
represent a useful basis for further development of strategies 
to circumvent Taxol-related chemoresistance in breast cancer 
clinical practice.
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