
INTERNATIONAL JOURNAL OF ONCOLOGY  39:  1501-1509,  2011

Abstract. Multidrug resistance is the most predominant 
phenomenon leading to chemotherapy treatment failure in breast 
cancer patients. Despite many studies having suggested that 
overexpression of epidermal growth factor receptor (EGFR) is a 
potent predictor of malignancy in cancers, systematic research 
of EGFR in multidrug resistant (MDR) breast cancer cells is 
lacking. In order to clarify the role of EGFR in MDR breast 
cancer cells, MCF7/Adr expressing relatively higher EGFR, and 
its parental cell line MCF7 expressing relatively lower EGFR, 
were chosen for this study. Knockdown of EGFR by siRNA in 
MCF7/Adr cells showed that EGFR siRNA inhibits cell migra-
tion, invasion and proliferation in vitro; converse effects were 
observed in MCF7 cells transfected with pcDNA3.0-EGFR 
plasmid. Moreover, we found that EGFR upregulated migration 
and invasion via EMMPRIN, MMP2 and MMP9 in addition 
to promoting cell cycle passage via elevation of cyclin D1 
and CDK4 in MDR breast cancer cells. Interestingly, MCF7/
Adr cells not expressing EGFR showed significant decrease 
of P-glycoprotein (P-gp) and ABCG2 expression levels, and 
became more sensitive to treatment of adriamycin (ADR) and 
paclitaxel (Taxol); the above results indicated that MDR of 
cancer cells is related to S-phase arrest. In conclusion, EGFR is 
an important factor enhancing the malignancy of MDR breast 
cancer cells, partially, inducing MDR. Anti-EGFR therapy may 
improve outcome in chemorefractory breast cancer patients.

Introduction

Breast cancer is the most prevalent health problem and is the 
second leading cause of death in women. Although chemo-
therapy treatment improved the survival rate in breast cancer 
for decades, more than 80% of patients who received chemo-

drugs will eventually develop multidrug resistance (MDR) after 
periods of treatment, leading to treatment failure. Therefore, 
new strategies to benefit MDR breast cancer patients is urgent 
required. Overexpression of ABC (ATP-binding-cassette) -trans-
porters including P-glycoprotein (P-gp), multidrug resistant 
protein 1-7 (MRP1-7) and ATP-binding cassette superfamily G 
member 2 (ABCG2) play important roles in effluxing different 
chemotherapy drugs out of tumor cells, which leads to the low 
concentration of drugs and treatment failure (1-3). Substantial 
evidence has shown inappropriate chemotherapy drugs use can 
enhance tumor malignancy (4). Moreover, our previous studies 
confirmed that MDR breast cancer cell line MCF7/Adr showed 
more aggressive malignant properties than its parental cell line 
MCF7 (5,6), but the underlying mechanism still needs further 
investigation.

EGFR is a member of HER tyrosine kinase family which 
can be activated by binding of specific ligands and leading to 
activation of downstream cellular signal transduction pathways. 
Numerous studies have shown that overexpression of EGFR is 
associated with poor prognosis in cancer (7-9). Interestingly, 
in MDR cells, EGFR appeared to be critically responsible for 
promoting invasion ability. Our previous study reported for the 
first time that treatment of MCF7/Adr cells with P-gp substrates 
could up-regulate the production of EGFR, extracellular matrix 
metalloproteinase inducer (EMMPRIN) and MMP2 and 9, 
consequently enhancing migratory/invasive abilities in vitro, 
moreover, the above pathway could be blocked by an EGFR 
inhibitor (6), suggesting EGFR may promote cell motility in 
MDR breast cancer cells, while the exact role of EGFR in 
MDR breast cancer still remains unclear.

Cell cycles are indispensable events that lead to cell divi-
sion and duplication, not only in normal cells, but also in MDR 
cancer cells. The development of drug resistance phenotype 
could be accompanied by changes in morphological structure, 
proliferative potential and adhesion properties of cells as well 
as changes in expression of proteins involved in cell cycle 
control. Cell cycle-mediated drug resistance is best described 
as a relative insensitivity to a chemotherapeutic agent because 
of the position of the cells in the cell cycle. Different func-
tions of EGFR in cell cycle regulation have been reported in 
various species, organs and cell lines (10,11). Whether EGFR is 
involved in modulating cell proliferation and chemosensitivity 
in MDR breast cancer cells is yet to be clarified.
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In this study, we demonstrate that EGFR promotes MDR 
breast cancer cell migration/invasion by up-regulating 
EMMPRIN, MMP2 and 9 protein, and enhances cell proliferation 
via accelerating the cell cycle passage. We also evaluated the 
differential chemosensitivity of the G1 and S-synchronized 
breast cancer cells, and suggest a critical role for EGFR in 
impairing resistance in the S population. These studies suggest 
anti-EGFR treatment as a promising therapeutic strategy in MDR 
breast cancer.

Materials and methods

Cell culture. MDR breast cell line MCF7/Adr was cultured 
in RPMI-1640 (Gibco-BRL, Karlsruhe, Germany), and 
its parental cell line MCF7 was cultured in DMEM (high 
glucose) (Gibco-BRL) supplemented with 0.01 mg/ml bovine 
insulin (Sigma, St. Louis, MO, USA). All cell culture media 
contained 10% fetal bovine serum (FBS; PAA Laboratories, 
Linz, Austria), 100 U/ml penicillin and 100 µg/ml strepto-
mycin. Cells were cultured at 37˚C in a humidified atmosphere 
containing 5% CO2. For consistent MDR-1 gene expression, 
MCF7/Adr cells were maintained in the presence of adria-
mycin (Sigma).

Immunofluorescence analysis. Cells seeded on 6-well chamber 
slides were fixed in 4% paraformaldehyde, permeabilized in 
0.1% Triton X-100, and blocked in 5% BSA. EGFR levels were 
detected using anti-EGFR (BD Biosciences, San Jose, USA), 
followed by incubation for 45 min with Cy3-conjugated anti-
mouse secondary Ab (Amersham Biosciences, Uppsala, Sweden), 
finally the nuclei were stained with Hoechst 33258 (Sigma) for 
5 min at room temperature. The labeled cells were analyzed by 
fluorescence microscopy (Zeiss, Oberkochen, Germany).

Inhibition of EGFR expression by RNA interference. Cells 
(2x105) were seeded in 6-well plates in triplicates and after an 
overnight incubation, the cells were transfected with various 
concentrations of siRNA using HiPerfect Reagent (Qiagen) 
as suggested by the manufacturer's instructions. The small 
interference RNA used to target EGFR mRNA sequence was 
synthesized by Qiagen.

Plasmid transfection. MCF7 cells were transfected with euka-
ryotic expression vector pcDNA3.0-EGFR (kindly provided 
by Professor Yosef Yarden) or pcDNA3.0 vector using Lipo-
fectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) following 
the manufacturer's protocol. For transfection, cells were grown 
to 80% confluence in a 6-well dish, 4 µg of plasmid DNA and 
10 µl of Lipofectamine 2000 complexes were added in 2 ml of 
Opti-MEM medium (Gibco-BRL). After 6 h incubation at 
37˚C, culture medium was changed to usual complete medium 
and cells were cultured at 37˚C for another 42 h until harvested.

Immunoblotting. Cells were collected and lysed in modified 
RIPA buffer [50 mM Tris (pH 7.8),150 mM NaCl, 5 mM EDTA, 
15 mM MgCl2, 1% NP-40,0.5% sodium deoxycholate, 1 mM 
DTT, and 20 mM N-ethylmaleimide) containing 1 tablet/50 ml 
of Complete Protease Inhibitor Cocktail (Roche Molecular 
Biochemical, Indianapolis, IN, USA). Total cell lysate (50 µg 
protein) was resolved by standard sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) and electro-
phoretically transferred onto polyvinylidene fluoride (PVDF) 
membranes (Millipore, Bedford, MA, USA). After blocking in 
5% non-fat milk for 1 h at room temperature, the membranes 
were first incubated overnight with primary antibodies against 
EGFR (BD Biosciences), β-actin (Sigma), EMMPRIN (Santa 
Cruz, USA), MMP2 (Cell Signaling Technology, USA), MMP9 
(Abcam, USA), cyclin D1 (Cell Signaling Technology), CDK4 
(Cell Signaling Technology), p21 (Cell Signaling Technology), 
p27 (Cell Signaling Technology), P-gp (Chemicon International, 
Temecula, CA), MRP1 (Santa Cruz) and ABCG2 (Santa Cruz) 
at 4˚C, respectively, and were then incubated for1 h at 4˚C 
with the appropriate HRP-conjugated secondary antibodies 
(Invitrogen). Detection of protein expression levels by enzyme-
linked chemiluminescence (ECL; Pierce, Rockford, USA) was 
performed according to the manufacturer's protocol.

Cell migration and invasion assays. For migration assay, Boyden 
dual chamber assay was performed using transwell chambers 
with 8-µm pore size membranes (BD Biosciences). A total of 
5x104 cells were suspended in serum-free media and added to 
the upper chamber, serum-positive media were used as chemo-
attractant in the lower chamber. After incubation for 48-72-h at 
37˚C with 5% CO2, the media and cells remaining in the upper 
chamber were removed using a cotton swab. The insert was 
fixed in methanol and stained using hematoxylin and eosin. The 
number of invading cells was counted in five random per high-
power fields and calculating the mean number of invading cells. 
All experiments were performed in triplicate.

The invasive capability of cells was assessed by using 
Boyden dual chamber assay as described previously with some 
modifications. The transwell chamber membranes were coated 
with 40 µl of growth-factor-reduced Matrigel (BD Biosciences) 
for 4 h at 37˚C, and the assays were subsequently performed 
similar to those of the cell migration assays.

Cell proliferation assay. Cell proliferation was evaluated by a 
modified 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 
bromide (MTT, Roche Applied Science, USA) assay. The 
transfected and counterpart control cells were harvested by 
trypsinization and seeded at a concentration of 1.0x104 cells per 
well into 96-well plates. After 1-6 or 8-days culture at 37˚C with 
5% CO2, the cells were washed twice with phosphate-buffered 
saline (PBS) and 100 µl of culture medium supplemented with 
20 µl of 1 mg/ml of MTT was added to each well and incubated 
further for 4 h. The medium containing MTT was then replaced 
with 150 µl of dimethyl sulfoxide (DMSO) for 10 min, and the 
spectrophotometric absorbancy was measured at 490 nm using 
ELISA multi-well spectrophotometer (Molecular Devices Corp., 
Sunnyvale, CA, USA). Each group contained 6-wells and was 
repeated three times.

DNA content analysis by flow cytometry was performed. In 
brief, cells were collected by trypsinization, pelleted by centri-
fugation and washed twice with PBS at 48 h after transfection, 
and then were resuspended and fixed overnight at -20˚C with 
70% ethanol pre-cooled. The relative data of DNA content was 
measured and analysized by using a fluorescent-activated cell 
sorter (FACS) Canto flow cytometer. The proportions of cells in 
G1, S and G2/M and the apototisis rates were calculated using 
FACS DiVa software package (BD Biosciences).
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Cell cycle synchronization. Cells arrested in G1-phase were 
achieved by 48 h incubation in serum-free medium. Double 
Thymidine (2 mM, 16 h) Block method is used for synchro-
nizing cells in S-phase. Cell cycle distributions were determined 
using flow cytometry as described.

Drug sensitivity assay. Multidrug chemosensitivity of trans-
fected cells and their corresponding control cells were plated 
in 96-well plates at a density of 104 cells/well and further incu-
bated for 24 h. The medium was then removed and replaced 
with fresh medium containing adriamycin (ADR) and pacli-
taxe l (Taxol) (Sigma), respectively, with different PPC (plasma 
peak concentrations, 0PPC, 0.1 PPC, 1.0 PPC and 10.0 PPC) 
for another 48 h. The assays were subsequently performed by 
MTT. The IC50 value was determined by the dose of drug that 
caused 50% cell viability. (1PPC of Adr: 0.4 µg/ml, 1PPC of 
Taxol: 4.5 µg/ml).

Statistical analysis. Statistics were calculated by SPSS software. 
All experiments were repeated at least three times and the the 
results are presented with mean ± standard errors (SEM). The 
differences were analysized by using the ANOVA and Student's 
t-test and the statistical significance was determined at p<0.05 
(two-tailed).

Results

EGFR-siRNA and pcDNA3.0-EGFR plasmid effectively down- 
or upregulated EGFR expression, respectively. To assess the 
role of EGFR in MDR breast cancer cells, EGFR-siRNA was 
transfected in MCF7/Adr cells while pcDNA3.0-EGFR plasmid 
was transfected in MCF7 cells as a control test. As shown in 
Fig. 1A, the fluorescence intensity which represented EGFR 
expression level in EGFR-siRNA and pcDNA3.0-EGFR- trans-
fectants displayed a significant reduction or promotion when 

Figure 1. Production of EGFR protein in MCF7/Adr, MCF7 cells were down- or upregulated after transfecting EGFR siRNA and pcDNA3.0-EGFR plasmid, 
respectively. (A) Transfection efficiencies identified by immunofluorescence, the nuclei were stained with Hoechst 33258. All fields are representative of multiple 
fields observed in at least three independent experiments. (B) EGFR protein assessed by Western blot analysis. β-actin served as control for sample loading.
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compared with their negative controls. In addition, Western 
blot analysis showed the responsive changes in corresponding 
transfectants (Fig. 1B).

EGFR enhances in vitro cell migration and invasion via upreg-
ulating EMMPRIN, MMP2 and MMP9 in MDR breast cancer 

cells. In order to verify whether EGFR modulate the migration 
and invasion ability, transwell assay without or with Matrigel 
was performed. EGFR-siRNA transfected MCF7/Adr cells 
showed significantly decreased migration and invasion ability 
compares to the control groups (Fig. 2). EMMPRIN, MMP2 
and MMP9 proteins have been reported to be important factors 

Figure 2. Effects of EGFR on migration and invasion in MCF7/Adr and MCF7 cells. (A) EGFR-knockdown and control groups; (B) EGFR-plasmid transfection 
and control groups. Migration (a) and invasion (b) were evaluated by using transwell chamber assays as described before. The bar graphs show the number of 
cells migrated or invaded in five fields for each experimental group as an average, corresponding to the upper figures. Statistical analysis was carried out with 
Dunnett's-test. **p<0.05 vs control cells.
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involved in promoting cancer cell migration and invasion. As 
shown in Fig. 3, EMMPRIN, MMP2 and MMP9 levels were 
significantly lower in EGFR-silenced MCF7/Adr cells than in 
control groups. As a converse test, EGFR-transfected MCF7 
cells showed the opposite results. These data confirmed that 
EGFR promotes in vitro cell migration and invasion not only 
in sensitive MCF7 cells, but also in MDR breast cancer cells.

EGFR enhances in vitro cell proliferation via upregulating 
cyclin D1, CDK4 and downregulating p21, p27 in MDR breast 
cancer cells. To determine the effect of EGFR on the tumori-
genic properties of MDR breast cancer cells, we assessed the 
growth capacity of EGFR-silenced MCF7/Adr cells using 
MTT assay. As shown in Fig. 4A, knockdown EGFR expres-
sion in MCF7/Adr cells efficiently suppressed cell growth, 
while elevated EGFR expression in MCF7 cells led to the 
opposite effect when compared with negative controls.

In order to confirm the observation, we examined the 
cell cycle distribution of EGFR-silenced MDR cells by flow 
cytometry. As shown in Fig. 4B and C, depletion of EGFR in 
MCF7/Adr cells override S-phase arrest while ectopic EGFR 
expression lead to S-phase arrest in MCF7 cells, without 
affecting the distribution of G2/M-phase and rate of apoptosis.

To investigate the preliminary mechanisms involved in the 
regulation of cell proliferation by EGFR in MDR breast cells, 
the expression of cyclin D1, CDK4, p21 and p27 in the EGFR-
siRNA transfected MCF7/Adr cells were analyzed by Western 
blot and compared with that of control cells (Fig. 4D). Our data 
revealed remarkable downregulation in the expression of cell 

cycle-related proteins cyclin D1 and CDK4, as well as elevation 
in the expression of p21 and p27. Whereas, pcDNA3.0-EGFR- 
transfected MCF7 showed the opposite effect when compared 
with negative controls (Fig. 4D).

Effect of EGFR in modulating chemosensitivity in MDR breast 
cancer cells. MDR is best described as a relatively insensitive 
to a chemotherapeutic agent, in order to verify the role of EGFR 
in regulating MDR properties, chemosensitivity to P-gp-related 
drugs ADR and Taxol was assessed by MTT assay in this study, 
as reported in Table I, The EGFR-silenced MCF7/Adr cells 
showed decreased resistance to ADM and Taxol compared with 
the control groups. However, all these effects were remarkably 
reversed upon EGFR upregulation in MCF7 cells.

To study the possible molecular mechanisms involved in 
the MDR of breast cancers, the expression level of 3 classical 
MDR molecules, P-gp, MRP1 and ABCG2, was examined by 
Western blot analyses. Interestingly, we found P-gp and ABCG2 
levels were obviously decreased after the knockdown of EGFR 
in MCF7/Adr cells paralleled with the control groups. Whereas, 
ectopic EGFR expression in MCF7 cells led to the opposite 
effects (Fig. 5). However, the expression of MRP1 remained 
unchanged (Fig. 5). These results indicated that EGFR had 
a crucial role in increasing MDR in breast cancer cells by 
enhancing P-gp and ABCG2 expression.

The MDR phenotype is cell cycle-dependent in breast cancer 
cells. The abnormal regulation of the cell cycle is known as 
one of the characteristic features of the malignant cells. In our 

Figure 3. Effects of EGFR on expression of EMMPRIN, MMP2 and MMP9 in MCF7/Adr and MCF7 cells. EMMPRIN, MMP2 and MMP9 protein levels 
assessed by Western blot analysis. β-actin served as control for sample loading. 

Table I. IC50 of chemotherapeutic agents in EGFR transfectants.

Drugs	 MCF7/Adr	 MCF7/Adr-EGFR siRNA	 MCF7/vector	 MCF7/EGFR

ADR	 17.5452±3.1202	 7.8393±0.7596a	 2.6152±1.1085	  4.2623±0.4949a

Taxol	 26.7799±1.4857	 7.6273±1.6012a	 3.5934±1.1031	 16.146±2.9152a

ADR, adriamycin; Taxol, paclitaxel; IC50 values were expressed in µg/ml and were evaluated as reported in Materials and methods. Standard 
deviations for all of the experiments performed in triplicate were <5%. ap<0.05 versus control cells.
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previous data, we found >50% of MCF7/Adr cells were arrested 
at S-phase, whereas most MCF7 cells were in G1-phase under 
normal culture conditions. To determine if the acquisition of the 
MDR phenotype was attributed to the S-phase arrest, MCF7 
cells were synchronized in the G1-phase or in the S-phase. 
It was observed that with double thymidine treatment, the 
S-arrested cells were significantly more resistant to ADR and 

Taxol in comparison with the cells arrested at G1-phase or the 
unsynchronized controls (Table II). P-gp, MRP1 and ABCG2 
were also examined in the cells synchronized at different phases. 
The expressions of both P-gp and ABCG2 in the S-arrested cells 
were remarkably higher than those in the G1-arrested cells and 
the unsynchronized cells (Fig. 6). However, the expression of 
MRP1 still remained unchanged upon cell cycle synchroniza-

Figure 4. Effects of EGFR on the cell growth in MCF7/Adr and MCF7 cells. MCF7/Adr and MCF7 cells were transfected with EGFR siRNA and pcDNA3.0-EGFR 
plasmid, respectively. (A) Cell growth curve measured by MTT assay. Each point indicates the mean of spectrometric absorbance ± SEM of three independent 
experiments. (B) Cells cycle analyzed by flow cytometry. Each bar indicates the distribution of cells cycle. (C) Cell apoptotic ratio analyzed by flow cytometry. Each 
bar indicates the mean of cell apoptosis ± SEM of three independent experiments. **p<0.05 vs. control cells. (D) Cyclin D1, CDK4, p21 and p27 protein assessed by 
Western blot analysis. β-actin served as control for sample loading.
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tion (Fig. 6). Taken together, we supposed that EGFR is able to 
induce MDR by accelerating G1/S transition, whch enabling 
higher P-gp and ABCG2 produced.

Discussion

Breast cancer is one of the most common neoplasms in women 
worldwide, and is also the principal cause of tumor-related 
death in women (12). Although over the past several decades, 

strategies for treatment of breast cancer has undergone great 
developments, no effective cure for breast cancer exists. 
Chemotherapy is a systemic treatment eliminated effectively 
cancer cells, however, American Cancer Society has reported 
that >90% of cancer patients do not fully respond to chemo-
drugs and multidrug resistance in the courses of treatment, 
finally results in treatment failure (i.e., cancer recurrence), so 
the effective handling of the MDR reversal constitutes the most 
urgent problem that calls for immediate solution.

EGFR is an important tyrosine kinase receptor linked 
with human cancer, locating on chromosomes 7p11.2 and 
encoding a 170-kDa transmembrane protein, involved in the 
ErbB signaling pathway (13). Remarkable association between 
EGFR expression and poor prognosis has been reported in 
breast cancer patients treated with different chemotherapy 
strategies but not in non-chemotherapy group (14), indicating 
that EGFR expression is probably connected to chemo-drug 
application. Correspondingly, we previously reported that 
EGFR expression was at higher level in MCF7/Adr breast 
cancer cells than in the sensitive MCF7 cells (9), however, 
the role EGFR plays in MDR breast cancer cells is still not 
fully elucidated. Therefore, in this study, we knocked down 
EGFR expression in MCF7/Adr cells by siRNA transfection, 
and were surprised to find the migrative/invasive abilities of 
transfected cells decreased significantly, whereas elevated 
EGFR expression in MCF7 cells showed the opposite effect. 
EMMPRIN (CD147 or basigin) is a transmembrane protein 
closely related to promoting migration/invasion in many types 
of solid tumors, including breast cancer, which can efficiently 
stimulate stromal cells and even cancer cells themselves to 
secrete matrix metalloproteases (MMPs) (15,16). MMP2 and 
MMP9 are the most correlative MMPs in enhancing breast 
cancer metastasis. We have reported before that EMMPRIN 
effectively promoted tumor invasion in vitro as well as 
increasing resistance to P-gp substrate drugs in MCF7/Adr 
cells, however, whether EGFR participated in the regulation 
of EMMPRIN in MCF7/Adr cells is still obscure. In this study, 
we tested the expression of EMMPRIN, MMP2 and MMP9 
after knockdown of EGFR expression in MCF7/adr cells, and 
the results showed all three migration-related proteins were 

Figure 5. Effects of EGFR on the MDR modulation in MCF7/Adr and MCF7 cells. P-gp, MRP1 and ABCG2 protein assessed by Western blot analysis. β-actin 
served as control for sample loading.

Table II. IC50 of chemotherapeutic agents in different cell cycle phases 
of MCF7 cells.

Drugs	 G1	 S	 Unsynchronized

ADR	 2.4842±0.7520	 8.5772±2.0353a	 2.6152±1.1086
Taxol	 3.0494±0.5890	 7.4993±1.1682a	 3.5934±1.1031

IC50 values were expressed in µg/ml and were evaluated as reported in 
Materials and methods. Standard deviations for all of the experiments 
performed in triplicate were <5%. ap<0.05 versus control cells.

Figure 6. Upregulation of P-gp and ABCG2 is cell cycle-dependent in breast 
cancer cells. After MCF7 cells were synchronized at G1 or S-phase, the 
expression level of P-gp, ABCG2 and MRP1 was determined by Western blot 
analysis. β-actin served as control for sample loading.
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extremely downregulated. As a reverse authentication, atopic 
EGFR expression in MCF7 cells was the opposite. In accor-
dance with our research, Menashi et al found amphiregulin (a 
kind of ligand for EGFR) evidently induced EMMPRIN and 
MMPs via EGFR tyrosine kinase activation in transformed 
human breast epithelial cells (17). All observations suggest 
that EGFR plays a crucial part in enhancing EMMPRIN 
and MMPs expression to establish favorable conditions for 
cell migration/invasion not only in generalized breast cancer 
cells, but also in MDR breast cancer cells, indicating MDR 
patients with EGFR overexpression might benefit from novel 
therapies targeting EGFR.

Cancer cell proliferation has been shown to be one of 
the most significant predictors of survival in breast cancer 
patients. Although research has linked EGFR overexpression 
with proliferation in certain types of cells in vivo or in vitro, 
whether the proliferation of MDR breast cancer cells is regu-
lated by EGFR was not clear. In the current study, reduction 
of EGFR expression in MCF7/Adr cells significantly inhibited 
the cell viability without affecting the apoptosis rate, while 
up-regulation of EGFR expression efficiently promoted cell 
proliferation in MCF7 cells. The marked impact of EGFR 
on cell proliferation may be related to the wide variety of 
signaling factors to which EGFR binds in a cell-type specific 
manner, such as EGF, TGF-α, amphiregulin, leading to acti-
vation of the downstream signaling pathway that resulted in 
accelerating cell growth (18). It is well known that cell cycle 
regulation is a prominent factor in normal cell proliferation, 
while defect in cell cycle control can cause unchecked growth 
in cancer cells (19). Our results showed G1-phase arrest in 
EGFR-silenced MCF7/Adr cells, accompanied by a signifi-
cant reduction in S-phase, illustrating the G1/S transition 
meets with obstruction, however, the percentage of G2/M-
phase was not influenced. To investigate the exact mechanism 
of EGFR affecting cell cycle in MDR breast cancer cells, 
cell cycle regulator related protein levels were assessed in 
EGFR-knockdown MCF7/Adr cells. The results showed that 
down-regulation of EGFR leading to inhibition of expression 
of cyclin D1 and CDK4, as well as increasing p21 and p27 
protein levels. These results are consistent with Grillo et al 
(20), and confirmed that cyclin D1/CDK4 complex is a key cell 
cycle regulator in increasing passage through G1/S boundary 
in MDR breast cancer cells, and their levels can be modulated 
by EGFR expression. Moreover, p21 and p27 were recognized 
as two universal inhibitors of cyclin-dependent kinase (CDK), 
and negative regulators in the G1/S transition. Although the p21 
and p27 may also act as oncogenes, down-regulation or loss 
of p21 expression were also found in a series of human solid 
tumors, and resulted in uncontrollable cell proliferation (21-23). 
In this study, we considered that p21 and p27 are involved in 
inhibiting cyclin-CDK activity, and consequently resulted in 
G1-phase arrest. Although cell cycle arrest by specific abroga-
tion of EGFR was reported in a series of cancer cells (24), this 
is the first demonstration that EGFR can modulate cell cycle 
progress in MDR breast cancer cells, which pave the way for 
application of anti-EGFR treatment in chemorefractory breast 
cancer patients.

MDR is mediated by complex mechanisms which are 
severe challenge for both basic and clinical researchers. The 
most investigated mechanism with known clinical significance 

is activation of the ABC transporter family that can act as cell 
membrane pumps effluxing different chemical substances from 
the cells (25). We report that P-gp, MRP1 and ABCG2 expres-
sion in EGFR knockdown MCF7/Adr cells, and find P-gp and 
ABCG2 expression decreased sharply after siRNA transfection. 
On the contrary, both of them were elevated in EGFR-transfected 
MCF7 cells, while the MRP1 showed no significant change in 
the experiments. Moreover, EGFR-silenced MCF7/Adr cells 
showed greater sensitivity towards ADR and Taxol, which were 
both recognized as P-gp substrates and used widely in breast 
cancer chemotherapy. A consistent finding was reported in 
HEK293 cells that EGFR tyrosine inhibitor AG1478 is able to 
inhibit the function of P-gp and with a more pronounced effect 
on ABCG2 (26). It is becoming increasingly apparent that the 
cell cycle plays a critical role in regulating chemosensitivity 
of cancer cells. Cell cycle-mediated drug resistance is best 
described as a relative insensitivity to a chemotherapeutic agent 
because of the position of the cells in the cell cycle. The degree 
of S-phase arrest was positively associated with the levels of 
MDR and proliferative rate in breast cancer cells. It has been 
suggested that tumor with a more rapid growth rate might be 
more sensitive to chemotherapy (27). We observed enhanced 
chemoresistance in breast cancer cells synchronized at S-phase, 
whereas a dramatic increased sensitivity to chemotherapeutic 
agents was detected in the cells at G1-phase. These results 
implied that the most likely factor that determines the suscep-
tibility of breast cancer cells to chemotherapeutic agents, and 
thus the tumor cell growth, lies in the cell cycle stages. In our 
study, the expression of cyclin D1 and CDK4 was found to be 
downregulated in MDR cells transfected with EGFR-siRNA. 
Taken together, EGFR might facilitate cell chemorefractory 
activity by accelerating the expression of cyclin D1 and CDK4.

Our study demonstrated the role of EGFR in modulating 
migration/invasion, proliferation and chemo-drug resistance 
in MDR breast cancer cells. Since a number of EGFR inhibi-
tors have been developed that can restore chemosensitivity and 
arrest tumor growth, a better understanding of the molecular 
mechanisms of action of EGFR in this study may contribute to 
the development of further strategies for integration of EGFR 
inhibitors with chemotherapy or radiation to potentiate their 
anticancer activity.
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