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Abstract. Understanding the link between chemoresistance 
and cancer progression may identify future targeted therapy for 
breast cancer. One of the mechanisms by which chemoresistance 
is attained in cancer cells is mediated through the expression of 
multidrug resistance proteins (MRPs). Acquiring drug resistance 
has been correlated to the emergence of metastasis, accounting 
for the progression of the disease. One of the diagnostic markers 
of metastatic progression is the overexpression of a transmem-
brane protein called Mucin 1 (MUC1) which has been implicated 
in reduced survival rate. The objective of this study was to 
understand the relationship between MUC1 and MRP1 using 
natural phenolic compound isolated from Magnolia grandiflora, 
honokiol, in mammary carcinoma cells. We provide evidence that 
honokiol suppresses the expression level of MUC1 and MRP1 
in mammary carcinoma cells. In a time-dependent manner, 
honokiol-mediated reduction of MUC1 is followed by a reduc-
tion of MRP1 expression in the breast cancer cells. Additionally, 
silencing MUC1 suppresses the expression level of MRP1 and 
enhances the efficacy of doxorubicin, an MRP1 substrate. Taken 
together, these findings suggest MUC1 regulates the expression 
of MRP1 and provides a direct link between cancer progression 
and chemoresistance in mammary carcinoma cells.

Introduction

Breast cancer is the most common type of cancer in women, 
with over one million cases diagnosed worldwide (1,2). Despite 

improvements in the development of chemotherapeutic drugs 
for breast cancer treatment, cancer related death rates continue 
to rise. Over time patients develop multidrug resistance (MDR) 
to chemotherapeutic drugs and this is a major factor in the 
failure of many forms of therapy, which can ultimately lead to 
tumor metastasis, affecting the quality of life of survivors and 
contributing to the mortality rate (3,4). Thus, it is of significant 
value to investigate the mechanism and pathways linked to 
drug resistance and metastasis in order to improve therapeutic 
treatments.

The development of resistance to chemotherapeutic agents 
occurs frequently in breast cancer patients and is a major factor 
for poor prognosis, mortality and morbidity in these patients 
(5). Among the strategies by which cancer cells acquire drug 
resistance is via the overexpression of ATP-binding cassette 
(ABC) transporters (6) which function as an energy-depen-
dent efflux pump. The ABC transporters family include the 
P-glycoprotein (P-gp)/MDR belonging to the ABCB family 
(7). Included in the ABC superfamily are the multidrug resis-
tance-protein (MRP) family of transporter proteins encoded 
by ABCC1-6, 10-13, the ATP-gated chloride channel, CFTR 
(ABCC7) and the ATP-dependent sulfonylurea receptors, 
SUR (ABCC8, 9) (6). Of these, MRP1/ABCC1 is designated as 
a negative prognostic marker for early stage breast cancer, with 
reports linking a strong correlation of its expression to relapse 
and overall survival in several cancers (8-11). Although MRP1 
is expressed in normal tissues, several studies have demon-
strated overexpression of MRP1 in multiple solid tumors 
including breast, lung and prostate (6,12). Overexpression of 
MRP1 in breast cancer lymph nodes has been associated to 
the metastatic potential of the disease (13). Expression pattern 
of MRP1 makes this an optimal candidate for use as a marker 
for prediction of chemoresistance. Although the structure and 
function of ABC transporters have been explored in detail, 
developing effective agents against these transporters have not 
been translated into a clinical target (14).

Controlling cancer at the initial stage is vital in managing 
the disease. Tumor progression and metastasis within the body 
results in chemoresistance or an increase in chemotherapeutic 
dosage which ultimately causes cardiac toxicity (15). Hence, 
conventional therapeutic options have not been successful in 
halting the progression of the disease, and thus understanding 
the role of key proteins in the dissemination and metastasis 
of tumor cells will be essential in identifying effective and 

Regulation of Mucin 1 and multidrug resistance protein 1 by  
honokiol enhances the efficacy of doxorubicin-mediated 

growth suppression in mammary carcinoma cells
Padmamalini Thulasiraman  and  ANDREA Butts Johnson

Department of Biomedical Sciences, College of Allied Health, University of South Alabama, Mobile, AL 36688, USA

Received February 26, 2016;  Accepted April 6, 2016

DOI: 10.3892/ijo.2016.3534

Correspondence to: Dr Padmamalini Thulasiraman, Department 
of Biomedical Sciences, College of Allied Health, University of 
South Alabama, 5721 USA Drive North, Mobile, AL 36688, USA
E-mail: pthulasiraman@southalabama.edu

Abbreviations: MRP, multidrug resistance protein; MUC1, Mucin 1; 
MDR, multidrug resistance; ABC, ATP-binding cassette; P-gp, 
P-glycoprotein; DOX, doxorubicin; MTT, (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide; DMSO, dimethyl sulfoxide; 
qRT-PCR, quantitative real-time polymerase chain reaction; GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase

Key words: Mucin 1, multidrug resistance protein  1, honokiol, 
doxorubicin, drug resistance, breast cancer



Thulasiraman  and  butts Johnson:  Honokiol regulates MUC1 and MRP1480

innovative drug alternative to treat the disease at its initial 
or later stages. One of the diagnostic markers of metastatic 
progression is the overexpression of a transmembrane 
protein called Mucin 1 (MUC1) which has been implicated 
in reduced survival rate. Among the many functions associ-
ated with mucins, MUC1 is involved in cell growth, cell 
adhesion, motility and cell survival (16,17). MUC1 has also 
been implicated in chemoresistance and studies have shown 
that cancers overexpressing MUC1 are unresponsive to thera-
peutic chemotoxic drugs (18-20). A link between metastasis 
and chemoresistance has been observed in pancreatic cancer 
cells, whereby MUC1 has been shown to upregulate MRP1, 
lowering sensitivity to chemotherapeutic agents (18). This 
study from Nath et al (18) provides a mechanistic insight on 
the correlation between chemoresistance and metastasis in 
pancreatic cells. However, little is known on the relationship 
between MUC1 and MRP1 in mammary carcinoma cells. 
Targeting both MRP1 and MUC1 may provide an opportunity 
to intervene with drug resistance, and ultimately reduce the 
migration of cancer cells to other parts of the body, while 
augmenting the efficacy of chemotherapeutic drugs such as 
doxorubicin (DOX) against breast cancer cells.

Due to the cardiac toxicity associated with chemothera-
peutic drugs such as DOX (15), various approaches to enhance 
chemoresponse in cancer models have been explored, including 
combining standard chemotherapy agents with natural prod-
ucts (21,22). Honokiol, isolated from the bark of the magnolia 
tree, has been found to have anti-oxidant (23), anti-inflam-
matory (24) and anticancer properties (25,26), promoting 
its potential for targeting various diseases, including cancer, 
arthritis, and diabetes (25-29). In addition to the multifaceted 
effects of honokiol, it has improved the actions of conventional 
chemotherapies to promote growth suppression or overcome 
drug resistance in a variety of preclinical models of human 
cancer, including skin cancer (30), prostate cancer (31) and 
multiple myeloma (32).

The study was aimed to investigate the relationship 
between the process of chemoresistance and cancer progres-
sion in mammary carcinoma cells by characterizing the 
effect of honokiol on MRP1 and MUC1 gene expression, two 
proteins directly involved in these activities. In this study, we 
demonstrate that honokiol suppresses the expression of MUC1 
and MRP1 in mammary carcinoma cells. Based on these 
data, we provide mechanistic evidence that honokiol enhances 
the efficacy of DOX by regulating the expression of MUC1, 
which directly downregulates MRP1. Thus, understanding the 
mechanism by which honokiol promotes its anti-carcinogenic 
effects and prevents drug resistance may provide mechanistic 
insights into the underlying antitumor effects of honokiol, 
alone or in combination with chemotherapeutic agents, in 
breast cancer.

Materials and methods

Reagents. Antibodies against MUC1 were obtained from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA) and 
β-tubulin was purchased from Sigma Aldrich Co (St. Louis, 
MO, USA). Antibodies for MRP1 were obtained from Abcam 
(Cambridge, MA, USA). Anti-mouse and anti-rabbit immuno-
globulin horseradish peroxidase-conjugated antibodies were 

from Bio-Rad (Hercules, CA, USA), and anti-goat immu-
noglobulin was from Santa Cruz. Honokiol was obtained 
from LKT Laboratories (St. Paul, MN, USA) and DOX was 
purchased from Sigma. MTT reagent (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide) was purchased from 
Sigma. MUC1 and control siRNA were purchased from Santa 
Cruz Biotechnology.

Cell lines. MCF-7, MCF10A and MDA-MB-231 cells were 
maintained in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) with 
antibiotics-antimycotics. DMEM was obtained from Life 
Technologies (Grand Island, NY, USA). FBS and antibiotics-
antimycotics were purchased from Atlanta Biologicals 
(Flowery Branch, GA, USA). MCF-7 and MDA-MB-231 cells 
were a kind gift of Dr Ming Tan (Mitchell Cancer Institute, 
Mobile, AL, USA). MCF10A was purchased from American 
Type Culture Collection (ATCC, Manassas, VA, USA).

Honokiol and DOX preparation. Honokiol was prepared at a 
stock concentration of 10 mM in dimethyl sulfoxide (DMSO) 
and cells were treated at the appropriate concentration, using 
DMSO as control. DOX was prepared at a stock concentration 
of 2 mM in water and diluted at the appropriate concentration 
for the treatment of cells.

Western blot analyses. Cells were cultured in 100-mm plates 
and treated with honokiol for either 24 or 48 h. DMSO was 
used as control. Cells were lysed in ice-cold buffer containing 
150 mM NaCl, 10 mM Tris, pH 7.2., 0.1% SDS, 1% Triton X-100, 
1% deoxycholate, 5 mM EDTA, and 1 mM PMSF. Cells were 
lysed on ice for 1 h and protein concentration was determined 
by the Bradford assay. Cell lysate was resolved by SDS-PAGE 
and blotted onto a nitrocellulose membrane. The membrane 
was blocked in 10% bovine serum albumin in Tris-buffer 
saline containing 0.05% tween for 1 h at room temperature. 
The membrane was then incubated with primary antibody, 
MUC1 or MRP1 at a dilution of 1:1,000 overnight at 4˚C. 
For equal loading, β-tubulin (1:1,000) was incubated with the 
membrane for 1 h at 4˚C. The antigen-antibody complex was 
visualized with SuperSignal West Pico Chemiluminescent 
Substrate (Fisher, Hanover Park, IL, USA).

Quantitative real-time polymerase chain reaction (qRT-PCR). 
Cells were treated with honokiol for 48 h, and RNA was 
extracted using Trizol (Life Technologies). As described in 
the high capacity RNA to cDNA kit from Applied Biosystems, 
2 µg total RNA was reverse transcribed into cDNA. To deter-
mine expression of MUC1 and ABCC1, qRT-PCR was carried 
out by using commercially available Taqman Chemistry 
and Assay on Demand Probes (Applied Biosystems). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used for normalization. Detection and data analysis were 
carried out on the ABI Step One Plus Real‑Time PCR System. 
Relative quatity of gene expression was performed using 2-∆∆Ct 
method (33).

Cell viability assay. For cell proliferation assays, 5,000 cells 
of MDA-MB-231 and MCF-7 were seeded in a 96-well plate 
and allowed to adhere overnight. Cells were then treated with 
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honokiol in the presence or absence of DOX for 48 h. Controls 
were treated with or without DMSO depending on the drug 
treatment. After 48 h, 5  µg/ml MTT reagent was added 
directly to the cells for 3 h, or until crystals formed. The media 
was carefully removed from the plate, leaving the cells intact 
and the cells were then resuspended in 150 µl of 0.04 M HCl 
in isopropanol. Absorbance was read at 570 nm to determine 
cell proliferation.

Cell transfection. MCF-7 and MDA-MB-231 cells were 
transfected according to the protocol provided by Invitrogen 
(Grand Island, NY, USA). Briefly, 180 pmol of control or 
MUC1 siRNA was mixed with 2 ml Gibco Opti-MEM® I 
medium without serum by Life Technologies in a 100-mm 
plate. Lipofectamine™ RNAiMAX (25 µl) was added to the 
diluted RNAi mix and left for 20 min at room temperature. 
Cultured MCF-7 or MDA-MB-231 cells were subdivided and 
2x106 cells were diluted in the media. Cells were added to the 
plates containing the RNAi duplex/Lipofectamine™ mixture 
labeled with control or MUC1 siRNA. The cells were incu-
bated for 48 h at 37°C in a CO2 incubator. After 48 h, cells were 
lysed, protein was extracted, quantitated and protein extract 
was loaded onto a gel for SDS-PAGE. The blot was probed 
for MUC1 with MUC1 antibody to assay knockdown of the 
protein, and using the same extract, MRP1 protein expression 
was probed with MRP1 antibody.

Trypan blue exclusion assay. As described above, MCF-7 
and MDA-MB-231 cells were transfected with control or 
MUC1 siRNA overnight, followed by treatment with 1 µM 
DOX for 48 h. After 48 h, cells were trypsinized, collected 
and counted using trypan blue. Live cells are presented as 
number of cells/ml.

Statistical analysis. Statistical significance of differences 
between treatments was determined using two tailed Student's 
t-test and p-values were noted. Differences between groups 
were considered statistically significant at p<0.05.

Results

Honokiol enhances the efficacy of DOX in mammary carci-
noma cells. One of the advantages of honokiol is its lack of 
toxicity in non-tumorigenic cells, promoting its use with 
conventional chemotherapeutic agents (34). To compare the 
effects of honokiol on mammary carcinoma cells (MCF-7 
and MDA-MB-231) with normal human mammary epithe-
lial cells, we treated the cells with varying concentrations 
of honokiol. As observed previously (35,36), honokiol had 
moderate toxicity with a 50% decrease in cell proliferation at 
25 and 28 µM honokiol in MCF-7 and MDA-MB-231 cells, 
respectively, while MCF10A were less sensitive to the anti-
proliferative effects of honokiol (Fig. 1A).

Figure 1. Honokiol enhances the efficacy of DOX in mammary carcinoma cells. (A) MDA-MD-231, MCF-7 and MCF10A cells were plated in 96-well 
plates, treated with varying dose of honokiol for 48 h. The control was DMSO treated according to the concentration of the cells treated with honokiol. The 
percentage (%) cell proliferation for each of the treatment with honokiol for the designated concentration was calculated with respect to the treatment with 
DMSO for the corresponding dose. Data are mean of ± SE (n=3). (B) MCF-7 cells were plated in 96-well plates, and treated with 1 µM DOX in the presence 
or absence of 20 µM honokiol for 48 h. The percentage of cell proliferation for each of the treatment (DOX, honokiol or both) was calculated relative to their 
solvent, water, DMSO or the combination, respectively. The controls were set at 100%. Data are mean of ± SE (n=3). *p=0.01; **p=0.008. (C) MDA-MD-231 
cells were plated in 96-well plates, and treated with 1 µM DOX in the presence or absence of 20 µM honokiol for 48 h. The percentage (%) cell proliferation 
for each of the treatment (DOX, honokiol or both) was calculated relative to their solvent, water, DMSO or the combination, respectively. The controls were set 
at 100%. Data are mean of ± SE (n=3). *p=0.02; **p=0.002.
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Previous studies have shown that combining honokiol 
with chemotherapeutic agents in a variety of cancer cell 
lines increases the efficacy of chemotherapeutic agents by 
augmenting cell growth inhibition or inducing apoptosis 
(30-32,34,35). We evaluated the ability of honokiol to enhance 
the efficacy of DOX-mediated growth suppression in MCF-7 
and MDA-MB-231. Given that 20 µM honokiol suppressed 
mammary carcinoma cell growth by ~33 and 20% in MCF-7 
and MDA-MB-231 cells, respectively, we treated mammary 
carcinoma cells with 1  µM of DOX with a fixed 20  µM 
concentration of honokiol and analyzed cell proliferation using 
MTT assay. As shown in Fig. 1B and C, 1 µM DOX suppressed 
MCF-7 and MDA-MB-231 cell growth, respectively. As 
observed previously (Fig. 1A), honokiol at 20 µM reduced cell 
growth in MCF-7 and MDA-MB-231 cells (Fig. 1B and C). 
However, the combination of DOX with honokiol further 
increased the cell growth inhibitory properties of DOX and 
improved the potency of DOX in MCF-7 and MDA-MB-231 
cells (Fig. 1B and C). This indicates that honokiol improves 
the efficacy of DOX, ultimately reducing the toxic effects of 
DOX.

Honokiol regulates the expression of ABCC1/MRP1 in 
mammary carcinoma cells. DOX is a substrate of MRP1 
(37). To investigate whether the enhanced efficacy of DOX 
in mammary carcinoma cells (MCF-7 and MDA-MB-231) 
treated with honokiol was likely due to the associated 
changes of ABCC1 expression, we sought to assess the effect 
of honokiol on ABCC1 mRNA and protein expression in 
the non-metastatic MCF-7 cells and the highly aggressive 
MDA-MB-231 cells. To determine whether honokiol regulates 
the expression of ABCC1 in these mammary carcinoma cells, 
we treated MCF-7 and MDA-MB-231 mammary carcinoma 
cells with 10 and 20 µM honokiol for 48 h, and the levels of 

ABCC1 mRNA and protein were determined by qRT-PCR 
and western blotting, respectively. As shown in Fig.  2A, 
10 and 20 µM honokiol equally suppressed ABCC1 mRNA 
levels in MCF-7 cells, without a dose response. Similarly, both 
10 and 20 µM honokiol reduced ABCC1 mRNA expression in 
MDA-MB-231 cells by ~40 and 60%, respectively (Fig. 2B). 
The levels of the respective protein expression of ABCC1, 
MRP1 was also analyzed in these cells and consistent with 
ABCC1 mRNA expression in MCF-7 cells, 10 and 20 µM 
of honokiol reduced MRP1 protein expression in MCF-7 
cells (Fig. 2C). To determine whether the inhibitory effects 
of honokiol on ABCC1 mRNA expression in MDA-MB-231 
cells resulted in the suppression of MRP1 protein expression 
in MDA-MB-231 cells, western blotting was conducted. As 
shown in Fig. 2D, 20 µM honokiol suppressed MRP1 protein 
expression in MDA-MB-231 cells, while 10 µM honokiol 
had a moderate effect. These results indicate that honokiol 
suppresses ABCC1 mRNA and the expression of its respec-
tive protein, MRP1 in two different breast cancer cell lines, 
suggesting that the regulation of MRP1 by honokiol is a global 
effect among mammary carcinoma cells, emphasizing the 
importance of using honokiol to target drug resistance gene 
MRP1 in breast cancer.

MUC1 is regulated by honokiol in mammary carcinoma cells. 
Several studies have suggested the role of MUC1 in confer-
ring drug resistance in cancer cells (18-20), while a study in 
pancreatic cancer cells specifically demonstrated regulation of 
MRP1 by MUC1 (18). In order to determine whether honokiol 
regulates MUC1 in mammary carcinoma cells, MCF-7 and 
MDA-MB-231 cells were treated with honokiol (10 and 20 µM) 
for 48 h and MUC1 mRNA expression level was analyzed. As 
shown in Fig. 3A and B, 10 and 20 µM honokiol suppressed 
MUC1 mRNA expression in both MCF-7 and MDA-MB-231 

Figure 2. Honokiol suppresses the expression level of ABBC1/MRP1 in mammary carcinoma cells. Total RNA was collected from MCF-7 cells (A) and 
MDA‑MB-231 (B) cells treated with 10 or 20 µM honokiol for 48 h (DMSO was used for the control). Expression level of ABCC1 mRNA in MCF-7 cells (A) 
and MDA-MB-231 cells (B) were analyzed by qRT-PCR. GAPDH was used for normalization. Data are mean of ± SE (n=3). *p=0.0006 versus control treat-
ment; **p=0.016 versus control treatment; +p=0.01 versus control treatment; ++p=0.004 versus control treatment. MCF-7 (C) and MDA-MB-231 (D) cells were 
treated with 10 or 20 µM honokiol for 48 h (DMSO was used for the control) prior to cell lysis. Cell lysates were resolved with SDS-PAGE and immunoblotted 
with antibodies recognizing MRP1, and β-tubulin was used as a loading control.
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cells (Fig. 3A and B). Concomitantly, we examined the protein 
expression level of MUC1 in MCF-7 and MDA-MB-231 cells 
treated with honokiol and observed the downregulation of 
MUC1 protein in honokiol treated cells (Fig. 3C and D). These 
results demonstrate that honokiol suppresses MUC1 expres-
sion level in MCF-7 and MDA-MB-231 cells, suggesting 
the regulation of MUC1 by honokiol may be a global effect 
observed in breast cancer cells.

Relationship between MUC1 and MRP1 protein expression 
in mammary carcinoma cells. To further understand the rela-
tionship between MUC1 and MRP1 in mammary carcinoma 
cells, we specifically examined their protein expression level 
at 24 and 48 h of treatment with honokiol. Because significant 
downregulation of these proteins was observed with 20 µM 
honokiol, we treated MCF-7 and MDA-MB-231 cells with this 
concentration for 24 and 48 h, and analyzed the expression 
of these proteins at these two different time-points. Results 
from western blot analysis showed that 20 µM honokiol did 
not reduce either MUC1 or MRP1 expression at 24 h in either 

MCF-7 or MDA-MB-231 cells (Fig. 4). However, at 48 h, 
20 µM honokiol reduced MUC1 expression and concomitantly 
MRP1 protein expression was downregulated in these cell 
lines (Fig. 4). These data suggest that there may be a correla-
tion between the expression level of MUC1 and MRP1, and 
in fact reducing MUC1 suppresses MRP1 in mammary carci-
noma cells.

Suppression of MUC1 reduces the expression level of MRP1 
and enhances the efficacy of DOX in mammary carcinoma 
cells. To investigate whether regulation of MRP1 by honokiol 
is directly dependent on MUC1 pathway, we silenced MUC1 
in mammary carcinoma cells (MCF-7 and MDA-MB-231) 
with MUC1 siRNA using Lipofectamine RNAimax. For 
control, we used a non-specific control siRNA. Equal amounts 
of cell lysates from control and MUC1 knockdown cells were 
lysed and probed for MUC1 protein expression. As shown in 
Fig. 5, MUC1 was silenced in both MCF-7 and MDA-MB-231 
cells, respectively. Concomitantly, we examined the protein 
expression level of MRP1 in the control and MUC1 siRNA 

Figure 3. Honokiol suppresses the expression level of MUC1 in mammary carcinoma cells. Total RNA was collected from MCF-7 cells (A) and MDA‑MB‑231 (B) 
cells treated with 10 or 20 µM honokiol for 48 h (DMSO was used for the control). Expression level of MUC1 mRNA in MCF-7 cells (A) and MDA-MB-231 
cells (B) were analyzed by qRT-PCR. GAPDH was used for normalization. Data are mean of ± SE (n=3). *p=0.02 versus control treatment; **p=0.006 versus 
control treatment; +p=0.014 versus control treatment; ++p=0.004 versus control treatment. MCF-7 (C) and MDA-MB-231 (D) cells were treated with 10 or 
20 µM honokiol for 48 h (DMSO was used for the control) prior to cell lysis. Cell lysates were resolved with SDS-PAGE and immunoblotted with antibodies 
recognizing MUC1, and β-tubulin was used as a loading control.

Figure 4. Suppression of MUC1 by honokiol concomitantly reduces MRP1 expression. MCF-7 (A) and MDA-MB-231 (B) cells were treated with 20 µM 
honokiol for 24 and 48 h (DMSO was used for the control) prior to cell lysis. Cell lysates were resolved with SDS-PAGE and immunoblotted with antibodies 
recognizing MUC1 and MRP1. β-tubulin was used as a loading control.
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transfected cells. Knock-down of MUC1 protein in MCF-7 
cells suppressed MRP1 protein expression in these cells 
(Fig. 5A). Similarly, in MDA-MB-231 cells, MRP1 protein 
expression was suppressed in MUC1 silenced cells (Fig. 5B). 
With direct evidence to corroborate the findings from Fig. 4, 
these results suggest that MUC1 directly regulates MRP1 in 
mammary carcinoma cells.

Since MUC1 regulates MRP1, we next assessed the growth 
and inhibitory effects of DOX in mammary carcinoma cells 
transfected with control and MUC1 siRNA using trypan blue. 
MCF-7 and MDA-MB-231 cells were transfected with control 
or MUC1 siRNA, treated with 1 µM DOX for 48 h and cells 
were counted using trypan blue. The sensitivity to DOX in 
MUC1 siRNA transfected MCF-7 and MDA-MB-231 cells 
was significantly increased compared to the cells treated with 
the control siRNA (Fig. 5C and D). Taken together our results 
indicate that silencing MUC1 suppresses MRP1 which in turn 
enhances the efficacy of DOX-mediated growth suppression in 
mammary carcinoma cells.

Discussion

The role of MUC1 in promoting breast cancer development 
and its overexpression leading to mammary gland hyper-
plasia in mouse models is well established (38,39). MUC1 
is well known to induce chemoresistance in several cancer 
types (18-20). To understand the relationship between MUC1 
and MRP1 in breast cancer cells, we examined the effect of 
honokiol on these two proteins, while gaining insights on 
the functional consequence of regulating these genes. This 
study shows that honokiol downregulates the expression of 

MUC1 and MRP1 in breast cancer cell lines and increases 
the efficacy of DOX-mediated growth suppression. Silencing 
MUC1 gene expression in breast cancer cells reduces the 
expression of MRP1, and improves the potency of DOX to 
suppress cell growth. By examining the protein expression 
of MUC1 and MRP1 in honokiol-treated mammary carci-
noma cells, we have observed that honokiol reduces MRP1 
contingent upon the reduction of MUC1 expression. This 
report provides mechanistic data that regulation of MRP1 
is dependent on MUC1 in mammary carcinoma cells, and 
combining honokiol with DOX reduces the toxic effects of 
this chemotherapeutic agent by modulating MUC1-mediated 
MRP1 expression.

Though MUC1 is well known for its metastatic properties, 
several mechanisms by which MUC1 confers chemoresistance 
have been reported and these mechanisms may be cancer 
type-specific or dependent on the chemotherapeutic agent. For 
instance, in breast, colon and thyroid cancer, MUC1 has been 
involved in blocking apoptosis induced by genotoxic or chemo-
therapeutic agents such as cisplatin by controlling the release 
of cytochrome c (20,40,41). In pancreatic cancer cells, previous 
study demonstrated that overexpression of MUC1 decreases 
sensitivity to chemotherapeutic drugs by increasing the 
expression of MRP1 (18). MUC1 immmuotherapy, including 
antibodies, vaccines or inhibitors against MUC1, have long 
been sought as a target of investigation, however, none of these 
therapies for MUC1 are under clinical applications (42). In this 
study, natural product honokiol, which is not toxic to normal 
breast epithelial cells, suppresses MRP1 and MUC1 expres-
sion at both the mRNA and protein level, suggesting a novel 
therapeutic inhibitor to block both chemoresistance and cancer 

Figure 5. Knockdown of MUC1 reduces MRP1 expression and enhances the efficacy of doxorubicin. MCF-7 (A) and MDA-MB-231 (B) were transfected with 
control or MUC1 siRNA for 48 h, protein extracted and expression level of MUC1, MRP1 was examined by immunoblotting with antibodies recognizing 
MUC1 and MRP1, respectively. β-tubulin was used as loading control. MCF-7 (C) and MDA-MB-231 (D) were transfected with control or MUC1 siRNA, 
treated with 1 µM DOX for 48 h and live cells were counted using trypan blue. Data are mean of ± SE (n=3). *p=0.04 versus control; **p=0.01 versus control.
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progression in breast cancer. However, it is beyond the scope 
of this study to determine how honokiol regulates MUC1 and 
future studies will be initiated to investigate this question.

Here, we provide evidence that honokiol-mediated down-
regulation of MRP1 is directed by suppression of MUC1. 
Thus, MUC1 regulates MRP1 in mammary carcinoma cells. 
Though new chemosensitizers and novel ways such as RNA 
interference and epigenetic regulation are emerging as targets 
to overcome MDR, honokiol may provide an alternative means 
to regulate drug resistance and metastasis by suppressing the 
expression of the two proteins involved in this phenomenon, 
MRP1 and MUC1, respectively. Although honokiol has been 
shown to suppress MDR gene product P-glycoprotein (43), 
this study focuses on the effect of honokiol on MRP1, which 
has been associated to shorter disease-free survival of breast 
cancer patients (8,13). A significant correlation between high 
expression levels of MRP1 and response to treatment have 
been observed in breast tumors (8,13). Having observed that 
honokiol suppresses MRP1 in triple-negative breast cancer 
cell line, MDA-MB-231 cells and estrogen receptor-positive 
mammary carcinoma cell line, MCF-7 promotes further inves-
tigation of using honokiol, in combination with traditionally 
used chemotherapeutic agents in breast cancer.

To extend these observations in breast cancer cells, we 
evaluated the relationship between MUC1 and MRP1 in the 
mammary carcinoma cells MDA-MB-231 and MCF-7. We 
have shown that regulation of MRP1 is directly dependent 
on MUC1 expression in the estrogen receptor-positive and 
triple-negative breast cancer cell lines. This suggested that 
downregulation of MRP1 by MUC1 would likely sensitize 
mammary carcinoma cells to chemotherapeutic agents. In light 
of the mounting evidence that there is a correlation between 
MUC1 and MRP1, we explored the relationship between MUC1 
and MRP1 in regulating resistance to chemotherapeutic agent, 
DOX, a substrate of MRP1. Accordingly, abrogation of MUC1 
improved the responsiveness of mammary carcinoma cells to 
DOX. Interestingly, our data also showed that downregulation 
of MUC1 and MRP1 by honokiol enhances the efficacy of 
DOX-mediated growth suppression. We provide mechanistic 
evidence that downregulation of MUC1 by honokiol suppresses 
MRP1 which increases the potency of DOX.

Toxicity is an issue with chemotherapeutic drugs and 
limiting the dosage is a way to circumvent this problem. 
However, breast cancer patients may require higher dosages or 
may ultimately become resistant to chemotherapy. Along with 
existing drug treatments for breast cancer, the focus of clini-
cians and researchers have shifted towards exploring natural 
products. Various approaches to enhance chemoresponse in 
chemoresistant cancer models have been explored, including 
combining standard chemotherapy agents with natural 
products (44-46). Because of the toxicity associated with 
chemotherapeutic agents, combination with natural products 
that do not affect normal cells may improve the efficacy of 
chemotherapeutic drugs, while reducing the cardiac toxicity 
implicated with these agents. As shown in this study, the 
advantage of honokiol is that it does not affect normal breast 
cells and requires a high dose of honokiol (>50 µM) to even 
have a growth inhibitory effect in normal breast cancer cells. 
Combining DOX with honokiol improves the efficacy of 
DOX-mediated growth suppression in mammary carcinoma 

cells. By reducing the dosage of DOX by combinatorial treat-
ment with honokiol, toxicity associated with chemotherapeutic 
agents such as DOX can be reduced.

Mechanistically, we provide evidence that honokiol 
improves the efficacy of DOX by modulating the interplay 
between MUC1 and MRP1. The interaction of multiple 
proteins in cancer progression poses a therapeutic challenge 
in controlling and managing the disease. Combinatorial treat-
ment of chemotherapeutic regimen with agents that target 
different mechanisms of action in cancer progression, such 
as drug resistance and metastasis are warranted, especially 
in reducing the toxicity of standard chemotherapeutic agents. 
Future studies will further dissect the mechanism by which 
honokiol regulates MUC1 and its translational effect in cancer 
transformation. Nevertheless, this study demonstrates that 
honokiol enhances the efficacy of DOX by intervening in the 
crosstalk between MUC1 and MRP1 in mammary carcinoma 
cells.
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