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INTRODUCTION  
 

Breast cancer has become the most common female 

malignant tumor, with the morbidity and mortality 

both ranking first [1]. Multi-drug resistance (MDR) of 

cancer cells to chemotherapeutics is the main reason 

for the low cure rate in tumor therapy [2]. ATP-

binding cassette (ABC) transporters represented by 

multidrug resistance associated protein 1 (MRP1), P-

glycoprotein (P-gp) and breast cancer resistance 

protein (BCRP) play an important role in MDR [2ï4]. 

So developing safe and effective inhibitors of ABC 

transporters to overcome MDR has become top 

priority [5]. 
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ABSTRACT 
 

Although there are a lot of chemical drugs to treat breast cancer, increasing drug resistance of cancer cells has 
strongly hindered the effectiveness of chemotherapy. ATP-binding cassette transporters represented by  
P-glycoprotein (P-gp), multidrug resistance associated protein 1 (MRP1) and breast cancer resistance  
protein (BCRP) play an important role in drug resistance. This study aims to investigate the effect of  
7-O-geranylquercetin (GQ) combining microRNA-451(miR-451) on reversing drug resistance of breast cancer 
and reveal the mechanism related to P-gp. Real-time RT-PCR and western blot assays showed that miR-326, 
miR-328, miR-451 and miR-155 inhibitor down-regulated the expression of genes MRP1, BCRP, MDR1 and the 
corresponding proteins MRP1, BCRP, P-gp, respectively. Cell counting kit-8 (CCK-8) assay indicated that these 
miRNAs reversed the resistance of MCF-7/ADR cells to Adriamycin (ADR), and miR-451 showed the greatest 
reversal effect. Combination of GQ and miR-451 enhanced the inhibitory effects of ADR on the proliferation and 
migration of MCF-7/ADR cells, and attenuated the expression of MDR1 and P-gp in MCF-7/ADR cells. A 
xenograft tumor model was used to show that GQ and miR-451 amplified the antitumor effect of ADR in nude 
mice, while western blot and immunohistochemical assays revealed the decreased expression of P-gp in tumor 
tissues. These results suggest that GQ and miR-451 have synergistic effect on reversing drug resistance through 
reducing the expression of MDR1 and P-gp in breast cancer MCF-7/ADR cells. 
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Quercetin is a natural flavonoid compound that has ability 

to attenuate Adriamycin (ADR)-resistance induced by 

ABC transporters [6]. But its clinical application is 

restricted by the lower solubility [7]. Quercetin has to be 

administrated at high doses to reach the concentration  

for reversion of drug resistance, which may cause 

cytotoxicity to normal cells [8]. 7-O-Geranylquercetin 

(GQ) is a liposoluble modified product of quercetin in our 

laboratory [9]. We have found that high concentration of 

GQ restrained the growth and promoted the apoptosis of 

human gastric cancer, breast cancer and lung cancer cells 

[9ï11]. GQ could reverse ADR-resistance of breast 

cancer cells at low concentration, and showed stronger 

reversal effect than quercetin, indicating that it is a 

promising MDR reverser [12]. 

 

Many studies have revealed that occurrence, metastasis 

and MDR of tumors were closely related to the 

dysfunction of microRNAs (miRNAs) and confirmed 

that some miRNAs were involved in drug resistance by 

regulating ABC transporters [13]. So, these miRNAs are 

potential targets for drug-resistance reversion in tumor 

therapy. Most of these miRNAs reduce drug resistance 

by negatively regulating the expression of ABC 

transporters in tumor cells. For example, microRNA-451 

(miR-451), microRNA-326 (miR-326) and microRNA-

328 (miR-328) could amplify the drug sensitivity of 

tumor cells by down-regulating the expression of 

MDR1, MRP1 and BCRP genes, and consequently 

inhibiting the expression of P-gp [14], MRP1 and  

BCRP proteins [15], respectively. In contrast, a few 

microRNAs increase the expression of ABC transport 

proteins and then induce drug resistance in cancer cells, 

such as microRNA-155 (miR-155) [16]. 

 

Studies have shown that siRNA and small molecule 

agents, such as doxorubicin, carboplatin and paclitaxel, 

had synergistic effect on inhibiting tumor proliferation, 

metastasis and drug resistance [17, 18]. However, the 

cooperation of small molecule compounds with 

miRNAs in reversing drug resistance is seldom reported 

so far. This study explored the regulating effect of 

miRNAs on ABC transporters and further probed into 

the synergetic action of GQ and miR-451 on reversing 

P-gp-mediated drug resistance in MCF-7/ADR (ADR-

resistant) cells, aiming to provide new ideas for the 

clinical therapy of MDR tumors. 

 

RESULTS 
 

MiRNAs reversed ADR-resistance in MCF-7/ADR 

cells 
 

It was shown that miR-326, miR-328 and miR-451 

expressed at low levels in ADR-resistant cells while 

miR-155 expressed at a high level. On the contrary, 

miR-326, miR-328 and miR-451 showed high levels in 

MCF-7 cells, while miR-155 showed a low level 

(Figure 1A). This demonstrated that these four miRNAs 

might be related to ADR-resistance in breast cancer 

cells. 

 

When ADR-resistant cells were subjected to ADR for 

48 h, the proliferation rate of miR-NC-transfected cells 

was similar to that of untransfected cells, but the 

proliferation rates of the cells transfected with miR-326, 

miR-328, miR-451 and the inhibitor of miR-155 

dropped from 60-80% to 19%, 18%, 17% and 27%, 

respectively (Figure 1B). The results showed that these 

miRNAs reversed drug resistance in ADR-resistant 

cells. 

 

We also detected the reversal folds of miRNAs to ADR-

resistance. IC50 values of ADR to MCF-7 and ADR-

resistant cells were respectively 5.73 µM and 61.51 µM, 

and the resistance fold was 10.73. Drug resistance 

reversal folds of miR-326, miR-328, miR-451 and the 

inhibitor of miR-155 to ADR-resistant cells were 3.15, 

3.0, 3.76, 2.02, respectively (Table 1). These results 

indicated that miR-451, miR-326, miR-328 and the 

inhibitor of miR-155 could reverse ADR-resistance, and 

miR-451 showed the highest reversal effect. 

 

MiRNAs regulated the expression of MRP1, BCRP, 

MDR1 genes and MRP1, BCRP, P-gp proteins 

 

To disclose the mechanism of miRNAs reversing drug 

resistance, the expression levels of MRP1, BCRP, 

MDR1 genes and MRP1, BCRP, P-gp proteins in ADR-

resistant cells were tested after transfection of miRNAs. 

Real-time RT-PCR assay showed that miR-326 and 

miR-328 down-regulated the expression levels of 

MRP1, BCRP respectively, miR-451 and the inhibitor 

of miR-155 down-regulated the expression level of 

MDR1 (Figure 2). Western blot showed that miR-326 

and miR-328 suppressed the expression of MRP1 and 

BCRP, while miR-451 and the inhibitor of miR-155 

suppressed the expression of P-gp. MiR-451 showed the 

strongest inhibition effect on gene and protein 

expression (Figure 3). Above results revealed that 

miRNAs attenuated the expression of transporters 

MRP1, BCRP and P-gp by suppressing the expression 

of MRP1, BCRP and MDR1 genes in ADR-resistant 

cells. 

 

Combination of GQ and miR-451 enhanced the 

inhibit ory action of ADR on proliferation and 

migration of MCF -7/ADR cells 

 
With transfection of miR-451 into ADR-resistant cells, 

the IC50 of ADR decreased from 61.51 ɛM to 16.34 ɛM, 

and then to 2.93 ɛM with additional treatment of GQ. 
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Drug resistance reversal fold of miR-451 to ADR was 

3.76, while that of GQ combining miR-451 was 21.04 

(Table 1), indicating that combination of GQ and 

miRNA-451 more effectively reversed ADR-resistance 

in MCF-7/ADR cells. 

 

In scratch experiment, ADR, GQ, miR-451 alone or GQ 

combining miR-451 showed slight inhibition effect on 

the migration of ADR-resistant cells. The inhibitory 

action of ADR was enhanced via being combined  

with miR-451 or GQ, and ADR combined with GQ  

and miR-451 showed the strongest inhibition effect  

on cell migration (Figure 4). These data demonstrated 

that GQ combining with miR-451 exerted synergistic 

effect on reversing ADR-resistance in MCF-7/ADR 

cells. 

 

 
 

Figure 1. MiRNAs reversed ADR-resistance in MCF-7/ADR cells. (A) Expression of miR-326, miR-328, miR-451 and miR-155 in MCF-7 

and MCF-7/ADR cells were detected by Real-time RT-PCR. *** P < 0.001, comparing with MCF-7 cells. (B) MCF-7/ADR cells and MCF-7/ADR cells 
transfected with miRNAs were treated with ADR (43 µM) for 48 h. Cell viability was measured by CCK-8 assay. All data represent the means ± 
SD of three independent experiments. ** P < 0.01, *** P < 0.001, comparing with non-transfection group. 
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Table 1. Reversal effect of miRNAs on ADR-resistance in MCF-7/ADR cells. 

 MCF-7 MCF-7/ADR 
MCF-7/ ADR  

miR-326 miR-328  miR-451 miR-155 inhibitor miR-451 +GQ 

ADR IC50 (ɛM) 5.73±0.12 61.51±0.86 19.87±0.20 20.43±0.32 16.34±0.13 30.41±0.19 2.93±0.42 

Resistance fold ð 10.73 3.46***  3.57***  2.85***  5.31***  0.51***  

Reversal fold ð ð 3.15 3.0 3.76 2.02 21.04 

MCF-7 cells, MCF-7/ADR cells and MCF-7/ADR cells transfected with miRNAs were treated with ADR (172, 86, 43, 21.5, 10.75, 
рΦооΣ нΦстΣ мΦооΣ лΦст ŀƴŘ л ˃aύ ŦƻǊ пу ƘΦ Lƴ ŀŘŘƛǘƛƻƴΣ Ƴƛw-451-transfected MCF-7/ADR cells were treated with ADR and GQ 
(10 µM) for 48 h. Cell viability was detected by CCK-8 assay, and the IC50 values were calculated. All data represent the means 
± SD of three independent experiments. *** P < 0.001, comparing with MCF-7/ADR cells without transfection. 

 

Combination of GQ and miR-451 inhibited the 

expression of MDR1 and P-gp in MCF-7/ADR cells 

 

Real-time RT-PCR showed that both miR-451 and GQ 

significantly inhibited MDR1 expression in ADR-

treated MCF-7/ADR cells, and the inhibitory action of 

GQ combining miR-451 was more potent than that of 

GQ or miR-451 (Figure 5A). Western blot showed that 

miR-451 and GQ markedly inhibited P-gp expression 

in ADR-treated MCF-7/ADR cells, the inhibitory 

action of GQ combining miR-451 was stronger than 

that of GQ or miR-451 alone (Figure 5B). These 

indicated that GQ combining miR-451 inhibited 

MDR1 and P-gp expression, and had a stronger 

capability of reversing drug resistance as compared to 

either of them. 

 

 
 

Figure 2. MiRNAs regulated the expression of MRP1, BCRP, MDR1 genes. The expression levels of MRP1, BCRP and MDR1 in MCF-

7/ADR cells and MCF-7/ADR cells transfected with miRNAs were detected by Real-time RT-PCR. All data represent the means ± SD of three 
independent experiments. ** P < 0.01, *** P < 0.001, comparing with control group. 
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Figure 3. MiRNAs regulated the expression of MRP1, BCRP and P-gp proteins. (A) Western blot was conducted to detect the 

expression of MRP1, BCRP, P-gp ŀƴŘ ʲ-actin in MCF-7/ADR cells and MCF-7/ADR cells transfected with miRNAs. (B) Quantitative analysis of 
the results in (A). All data represent the means ± SD of three independent experiments. *P < 0.05, *** P < 0.001, comparing with control group. 

 

 
 

Figure 4. Effect of GQ and miR-451 on the migration inhibition of ADR to MCF-7/ADR cells. MCF-7/ADR cells or miR-451-

transfected MCF-7/ADR cells were seeded on 6-well plates with monolayer and divided on average with a UV-sterilized ruler and pipette tips. 
Then the cells were treated with GQ (10 µM), ADR (43 µM) or their combination for 48 h and photographed using an inverted microscope. 
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Combination of GQ and miR-451 enhanced the 

inhibition effect of ADR on tumor growth  

 

After proving the drug resistance reversing effect of 

GQ combining miR-451 in ADR-resistant cells, we 

then evaluated their synergetic drug resistance 

reversing effect on xenograft in mice. The tumor in 

mice treated only with GQ, ADR or miR-451 

continuously grew during the treatment, whereas the 

tumor growth rate in mice treated with GQ or ADR 

was slower than that in miR-451-transfected mice or 

control mice. The tumor volume of mice treated with 

ADR combined with GQ or/and miR-451 reduced 

obviously. The tumor growth inhibition effect of ADR 

combined with GQ and miR-451 was stronger than that 

of ADR combined with GQ or miR-451 (Figure 6A, 

6B). The body weight of mice treated with ADR or 

ADR combined with miR-451 showed a slight 

downward trend while that of mice in other groups had 

no significant change during the treatment, revealing 

that GQ, miR-451 and liposome CDO14 did not induce 

apparent toxicity in mice (Figure 6C). All of these 

suggested that GQ and miR-451 augmented tumor 

suppressive action of ADR in vivo. 

 

 
 

Figure 5. Combination of GQ and miR-451 inhibited the expression of MDR1 and P-gp. MCF-7/ADR cells and miR-451-transfected 

MCF-7/ADR cells were subjected to ADR (43 µM) or ADR (43 µM) combining GQ (10 µM) for 48 h. (A) Expression levels of MDR1 were 
detected by Real-time RT-PCR. The MCF-7/ADR cells only treated with ADR were regarded as control. (B) Expression levels of P-gp were 
detected by western blot. All data represent the means ± SD of three independent experiments. *P < 0.05, ** P < 0.01, *** P < 0.001, comparing 
with ADR group; #P < 0.05, ###P < 0.001, comparing with miR-451, GQ and ADR combination group. 
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Combination of GQ and miR-451 depressed P-gp 

expression in tumor tissues 

 

Immunohistochemistry (IHC) assay showed that P-gp-

positive area in tumor tissues of mice subjected to GQ, 

ADR combined with GQ or/and miR-451 was 

obviously less than that in control group, and P-gp-

positive area was the least in the group treated with 

ADR combined with GQ and miR-451 (Figure 7A, 7B). 

Western blot assay meanwhile demonstrated that the 

expression level of P-gp was the lowest in the tumors of 

ADR combined with GQ and miR-451 treatment group 

(Figure 7C). So, it was confirmed that GQ and miR-451 

reversed ADR-resistance in MCF-7/ADR cells by 

depressing P-gp expression, thereby increasing tumor 

suppression effect. 

 

DISCUSSION 
 

Up to now, three generations of P-gp inhibitors are  

in research and development, but few of them are 

satisfactory for clinical application [12]. Our previous 

study had shown that GQ could reverse ADR-

resistance in MCF-7/ADR cells [12]. This study 

proved that miRNAs also had reverse effect, and GQ 

combining miR-451 showed stronger reverse effect 

than either of them. 

 

MiRNAs regulate the expression of target genes 

through causing their degradation or translation 

inhibition, thereby changing the expression level of 

target proteins [19]. Studies showed that miRNAs 

were often abnormally expressed in tumor cells and 

associated with tumorigenesis, metastasis, invasion 

and drug resistance [20ï23]. Cancer-related miRNAs 

are divided into cancer promoter and suppressor.  

The endogenous level of miRNAs acting as tumor 

suppressor, such as miR-451, was lower in tumor 

tissues than in normal parts [24]. In contrast, the 

endogenous level of miRNAs acting as cancer 

promoter, such as miR-155, was higher in tumor 

tissues than in normal parts [25]. 

 

 
 

Figure 6. GQ and miR-451 enhanced the inhibitory effect of ADR on tumor growth in mice. Tumor-bearing mice were treated 
with ADR (3 mg/kg) or the complex of miR-451 (0.55 mg/kg) and liposome CDO14 (1.5 mg/kg) via tail vein injection, or treated with GQ  
(18 mg/kg) by gavage for 6 times at an interval of 3 days. (A) Tumors removed from the mice after treatment. (B) Volume of tumor in mice 
during the treatment. (C) Body weight of mice during the treatment. All data represent the means ± SD, n=3. *P < 0.05, ** P < 0.01, *** P < 
0.001, comparing with control group. 


