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Abstract Resistance to breast cancer (BCa) chemotherapy severely hampers the patient’s prognosis.

MicroRNAs provide a potential therapeutic prospect for BCa. In this study, the reversal function of mi-

croRNA34a (miR34a) on doxorubicin (Dox) resistance of BCa and the possible mechanism was investi-

gated. We found that the relative level of miR34a was significantly decreased in Dox-resistant breast

cancer cell MCF-7 (MCF-7/A) compared with Dox-sensitive MCF-7 cells. Transfection with miR34a

significantly suppressed the invasion, migration, adhesion of MCF-7/A cells without inhibiting their

growth obviously. The combination of miR34a and Dox could significantly inhibit the proliferation,

migration, invasion and induce the apoptosis of MCF-7/A cells. The synergistic effect of this combination

on resistant MCF-7/A cells has no obvious relation with the expressions of classical drug-resistant pro-

teins P-GP, MRP and GST-p, while closely related with the down-regulation on TOP2A and BCRP.

Moreover, we found both protein and mRNA expression of Snail were significantly up-regulated in

MCF-7/A cells in comparison with MCF-7 cells. Transfection with small interfering RNA (siRNA) of

Snail could inhibit the invasion, migration and adhesion of drug-resistant MCF-7/A cells, while high-
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expression of Snail could remarkably promote the invasion, migration and adhesion of MCF-7 cells,

which might be related with regulation of N-cadherin and E-cadherin. Transfection with miR34a in

MCF-7/A cells induced a decrease of Snail expression. The potential binding sites of miR34a with 30

UTR of Snail were predicted by miRDB target prediction software, which was confirmed by luciferase

reporter gene method. Results showed that the relative activity of luciferase was reduced in MCF-7/A

cells after co-transfection of miR34a and wild type (wt)-Snail, while did not change by co-transfection

with miR34a and 30 UTR mutant type (mut) Snail. Combination of miR34a and Dox induced a stronger

decrease of Snail in MCF-7/A cells in comparison to miR34a or Dox treatment alone. What’ more, for the

first time, we also found miR34a combined with Dox could obviously inhibit the expression of Snail

through suppressing Notch/NF-kB and RAS/RAF/MEK/ERK pathway in MCF-7/A cells. In vivo study

indicated that combination of miR34a and Dox significantly slowed down tumor growth in MCF-7/A

nude mouse xenograft model compared with Dox alone, which was manifested by the down-regulation

of Snail and pro-apoptosis effect in tumor xenografts. These results together underline the relevance of

miR34a-driven regulation of Snail in drug resistance and co-administration of miR34a and Dox may pro-

duce an effective therapy outcome in the future in clinic.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Breast cancer (BCa), one of the frequently diagnosed malignant
carcinoma, was considered to be one of the most commonly
murderer of tumor-related death among women. In recent years,
although the survival rate of BCa patients has improved to a
certain extent and the recurrence rate has also decreased signifi-
cantly, chemotherapy resistance is still the most important factor
affecting the recurrence and reduction of overall survival rate of
BCa patients. Major challenges of therapy for BCa patients are
associated with high level of tumoral heterogeneity, distant me-
tastases, and so on, which resulted chemotherapy resistance
becoming the most serious problem that hinders tumor chemo-
therapy and prognosis1,2. Doxorubicin (Dox) is an anthracycline
antitumor drug, which inhibits the growth of tumor cells mainly
by targeting topoisomerase II (TOP 2A). Although Dox is a first-
line chemotherapy drug for breast cancer in clinic, its inhibitory
effect is not complete, especially for the patients in the late stage
of BCa. Once the BCa cells develop resistance, invasion and
metastasis are more likely to occur. Therefore, how to effectively
reverse the resistance of BCa toward Dox and improve the clinical
symptoms of BCa patients have become a top priority.

Currently, there are three commonly used methods to reverse
drug resistance in clinical practice: 1) application of chemo-
therapy sensitizers3 (such as inhibitors of P-GP, verapamil); 2)
traditional Chinese medicine monomer reversal agents4 (such as
tetrandrine, ligustrazine, matrine, emodin, etc.); 3) gene reversal
agents5 (such as RNA interference, microRNA, etc.). Most
chemotherapeutic sensitizers and traditional Chinese medicine
monomers have serious toxic and side effects due to the large dose
required to achieve effective reversal, and their effects are rela-
tively complex, which limits their further investigation and clin-
ical application. Therefore, the use of small molecular gene
regulators such as microRNA (miR) to reverse drug resistance has
become a research focus in recent years.

miR, which are of about 18e25 nucleotides size, mainly
involved in regulating the expression of target gene6. They
partially bind with 30 un-translated regions (UTRs) of target
mRNA, leading to a suppression effect on the specific protein.
miR expression imbalance is associated with a multitude of
diseases including BCa. And miR may also play a key role in
chemotherapy resistance in BCa. microRNA34a (miR34a) has
been proven participating in the genesis and development of
various tumors through multiple targets such as BCL-2, CD44,
c-MET, SIRT1, CDK, MYC, etc7. Recent studies showed that
miR34a could abrogate urothelial bladder cancer chemoresistance
via regulating Golgi phosphoprotein 38. Up-regulation of miR34a
might be a viable therapeutic agent for castration-resistance
prostate cancer9. And miR34a decreases the chemoresistance of
colon cancer toward 5-FU through targeting E2F3 and SIRT1. The
above studies indicated there is a correlation between miR34a and
chemoresistance.

Therefore, in this study, we intended to explore whether
miR34a could reverse Dox resistance in BCa, and proposed the
hypothesis that miR34a could be used in combination with Dox
for treating metastatic BCa, and then elucidated the possible
molecular mechanism and related signaling pathways.

2. Materials and methods

2.1. Cell culture

The human breast cancer cell line MCF-7, Dox-resistant breast
cancer cell line MCF-7 (termed MCF-7/A), human umbilical vein
endothelial cells (HUVECs), were acquired from National
Collection of Authenticated Cell Cultures (Shanghai, China).
HUVECs were routinely cultured in RPMI 1640 medium (Thermo
Fisher Scientific, Inc., USA), supplemented with 1% penicillin/
streptomycin (Meilunbio, Dalian, China) and 10% fetal bovine
serum (FBS; HONBIOTECH, China) in a humidified incubator at
37 �C with 5% CO2. MCF-7 and MCF-7/A cells were cultured in
RPMI-1640 medium plus 1% penicillin/streptomycin, 10% FBS
and insulin (2 mg/mL, Dalian Meilun Co., Ltd., China) in a hu-
midified 5% CO2 incubator at 37

�C.

2.2. In vitro cell transfection

Has-miR34a mimics (miR34a), hsa-miR negative control (NC),
Snail siRNA was obtained from Genepharm Co., Ltd. (Shanghai,

http://creativecommons.org/licenses/by-nc-nd/4.0/


Combination therapy with miR34a and doxorubicin synergistically inhibits Dox-resistant breast cancer 2821
China). Over-expression plasmid of Snail was constructed by
Jinan Weizhen Co., Ltd. MCF-7/A cells in exponential phase were
spread in a 6-well plate and cultured to 60% confluence before
transfection. Micropoly (Nantong Michaelui Biotechnology Co.,
Ltd.) was used as a transfection reagent, because of the less
cytotoxicity compared to routine transfection reagents (Lipo2000
and 3000) and highly effective cell transfection for DNA/RNA
transfection10. miR34a/Snail siRNA, over-expression plasmid of
Snail or NC were gently mixed with micropoly, leave for 10 min,
and were added into the culture medium. Then cells were incu-
bated for 24 h at 37 �C for further treatment.

The sequence of miR or siRNA are displayed as follows:
miR34a, 50e30: UGGCAGUGUCUUAGCUGGUUGU.
NC, 50e30: UUCUCCGAACGUGUCACGUTT.
Snail siRNA, 50e30: GGCCUUCAACUGCAAAUAUTT.

2.3. Cell viability analysis

MTT assay was employed to analyze the viability of MCF-7/A
cells. Cells (5000 cells/well) were spread into a 96-well plate, and
24 h later, cells were transfected with miR34a at different con-
centrations (50, 100, and 150 nmol/L), and Dox at different
concentrations for 48 h. Then MTT solution was added into the
wells and incubated for 4 h at 37 �C and the purple crystals were
dissolved with DMSO. The absorbance was determined at 570 nm
employing the microplate reader (Thermo Multiskan GO, USA).

2.4. Hoechst 33342 staining assay

MCF-7/A cells (5 � 104 cells/well) were spread into a 24-well
plate and administrated with miR34a and/or Dox for 48 h, then
methanol-glacial acetic acid (3:1, v/v) was added and cells were
stained for 15 min with Hoechst 33342. After washed with PBS,
cells were photographed under a fluorescence microscope (200�,
TE2000-S, Japan).

2.5. Annexin V-FITC/PI staining assay

MCF-7/A cells were paved into a 6-well plate (4 � 105 cells/well)
before administrated with miR34a and/or Dox for 48 h. Then cells
were collected, washed with PBS and were dual-stained with an
Annexin V-FITC/PI detection kit (Beyotime Biotechnology,
Shanghai, China) following the manufacturer’s protocols. Stained
cells were immediately analyzed with a FACScan flow cytometry
(Becton Dickinson, USA).

2.6. Wound scratch assay

MCF-7 and MCF-7/A cells (5 � 105 cells/well) was paved into a
6-well plate and grew until 80%e90% confluence monolayer was
obtained. A mechanical wound was gently created to produce a
scratch with a pipette tip. After administration with miR34a and/or
Dox, images of cells were taken at 0, 24 and 48 h, respectively,
after wounding employing the inverted fluorescence microscope.

2.7. Cell Transwell migration and matrigel invasion assay

Transwell assay was employed to evaluate the changes of cell
migratory and invasive abilities after treatment with miR34a and/
or Dox. Collected cells were resuspended in medium without
serum, 50,000 counted cells were spread into the upper chamber
and complete medium containing 20% FBS was put into the lower
compartment. 48 h later, cells that passed through the chamber
were fixed with glacial acetic acid, stained with crystal violet
(0.08%, v/v), and were photographed by taking six random fields
of per well under a fluorescence microscope. For the invasion
assay, Matrigel was firstly spread into the Transwell membrane
and incubated for 1 h, and the rest of procedures were similar to
the migration assay.

2.8. Cancer celleendothelial cell adhesion assay

Cancer celleendothelial cell adhesion assay was employed as
reported previously with a few changes11. MCF-7/A cells cultured
in complete medium were spread in a 6-well plate, while
HUVECs was seeded in a 24-well plate. miR34a or Snail-siRNA,
NC were transfected into tumor cells for 24 h. Then the trans-
fected cells were collected, counted and resuspended into serum-
free 1640 medium allowing dying with 5 mmol/L DIO dye for
30 min. After that, equal amounts of stained cells from different
groups were spread above HUVEC cells in the 24-well plate and
incubated at 37 �C for 40e50 min. Then the non-adherent tumor
cells were gently washed away with PBS. Finally, fluorescence
microscopy was used to randomly select 10 fields for photography
of adherent cells (100 magnifications).

2.9. Quantitative real-time PCR (qRT-PCR)

Cells were transfected with micropoly for 24 h. RNA was
extracted and complementary DNA (cDNA) was reverse-
transcribed with a specific miR34a/U6 RT primer. RT-PCR was
performed with a LightCycler 480 Detection system (Roche,
Switzerland). The primers for miR34a/U6 or Snail/b-actin were
displayed in Supporting Information Table S1. The reaction so-
lution of a 20 mL system contained 10 mL of SYBR Green
Realtime PCR Master Mix, 6.4 mL of distilled water, 1.6 mL of
primers (upstream and downstream, 10 mmol/L) and 2 mL of
cDNA. The conditions for PCR cycle are performed as follows:
denaturation at 95 �C for 5 min, followed by 40 cycles of dena-
turation at different temperatures (95 �C for 5 s, 55 �C for 10 s and
72 �C for 15 s). The relative expression level of miR34a or Snail
was normalized to the internal control U6 or b-actin.

2.10. miR34a target gene identification

miRDB (http://mirdb.org/) and starbase (http://starbase.sysu.edu.
cn/) was used to search the target genes of miR34a.

2.11. Dual luciferase activity assay

To verify the precise target of miR34a, dual luciferase assay
was performed in MCF-7/A cells. Cells were spread into a 24-well
plate until 80% confluence was reached before transfection.
The wild-type (wt) 30 UTR (which contain the putative target site
with miR34a) and mutant-type (mut) 30 UTR of Snail were
constructed into pmirGLO vector (Jinan Bo Shang Co., Ltd.).
500 ng (w/w) Snail-30 UTR and mut Snail-30 UTR vector together
with 50 nmol/L NC or miR34a were co-transfected with
micropoly into MCF-7/A cells for 48 h. Then the Firefly and
Renilla luciferase activity were determined employing a Firefly &
Renilla Luciferase Reporter Assay Kit (Dalian Meilun Co., Ltd.,
China) with a Microplate Luminometer (LB96, Berthold). The

http://mirdb.org/
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http://starbase.sysu.edu.cn/


2822 Xiaoxia Yang et al.
results for the relative luciferase activity ratios were set as the
Firefly luciferase/Renilla luciferase values for each sample.

2.12. Western blotting assay

MCF-7 and MCF-7/A cells planted in 6-well plates were treated
with miR34a and/or Dox for 48 h (5 � 105/well). Then cells were
lysated using lysis containing 1% proteinase inhibitors (PMSF)
and total protein was extracted. The concentrations were measured
employing a BCA protein kit (Thermo Scientific, USA). After
electrophoresis with SDS-PAGE gel was completed, the extracted
proteins were transferred for 1 h (or 1.5 h) and blocked for 4 h,
and then incubated with the corresponding primary antibody
(Snail, E-cadherin, N-cadherin, CD44, BCL-2, PARP, Notch, pan-
RAS, k-RAS, RAF, NF-kB, P-GP, GST-p, MRP1, BCRP, TOP2A,
MEK1/2, ERK1/2, p-MEK1/2, p-ERK1/2 purchase from Affinity
Co., Ltd., China) overnight. On the next day, the membrane was
washed with TBST and incubated with secondary antibody for 1 h,
and were imaged in the presence of ECL luminescent solution
using Chemidoc XRS imaging system (Bio-Rad, USA).

2.13. Immunofluorescence assay

MCF-7/A cells (5�103/well) was spread into a 24-well plate
and grew to 80% confluence. Cells were transfected with
miR34a/Snail siRNA/Snail plasmid or added with Dox alone or
combined treatment with miR34a and Dox for 48 h. Fixative
solution was added and cells were incubated for 10 min. After
washing with PBS, 3% Triton-X permeabilization treatment on
cells was performed for 10 min, and then sealed with 3% BSA
for 1 h. After washing with TBST for 2e3 times, immunoflu-
orescent dilution containing primary antibody was added and
samples were incubated at 4 �C overnight for more than 24 h.
Then the secondary antibody was added and incubated for 1 h,
anti-fluorescence quenching agent containing DAPI was added
for several seconds, cells photographs were immediately taken
under a fluorescence microscope or a laser confocal microscope.

2.14. Tumor xenograft assay

Female BALB/c nude mice (5e6 weeks old, 18e20 g) were ac-
quired from SiPeiFu (Beijing) Biotechnology Co., Ltd. and were
housed under conditions without pathogen. The experiment pro-
tocols were performed following the regulation of Welfare Com-
mittee and the Animal Care of Shandong University. MCF-7/A
xenograft were established by inoculating MCF-7/A cells
(1 � 107 cells) subcutaneously in the axilla of nude mice. Once
the volume of the xenograft reached 100 mm3, well-grown tumors
were extracted, cut and transplanted into the right flank of each
mouse under sterile conditions. When the tumor volume reached
80e100 mm3, mice with too large or too small tumors were
excluded, and 12 nude mice with uniform shape and size were left
and randomly divided into four groups (n Z 3): (1) Control group
(normal saline); (2) AgomiR34a group (2.5 nmol/L each mice
every 3 days); (3) Dox group (5 mg/kg each mice every 3 days);
(4) AgomiR34a (2.5 nmol/L) combined with Dox (5 mg/kg)
group. miR34a was administrated through intratumor injection in
the form of agomiR34a while Dox was administrated through tail
vein injection. AgomiR34a is a chemically modified form of
miR34a, which is a stable structure formed by cholesterol
modification and thio skeleton modification, and can be admin-
istered by systemic injection or local injection12. Tumor size and
body weight was determined every 3 days using Vernier calipers
for 21 days. The tumor volume (mm3) was calculated as
0.5 � length � width2. About 3 weeks later, the mice were
sacrificed, and tumors were separated, weighed and frozen for
immunofluorescence/immunohistochemical evaluation.

2.15. Statistical analysis

All experiments were performed and repeated at least three times.
Data were set as the mean value � standard deviation (SD) and
analyzed by Graph Pad Prism 5.0. Student’s t-test was employed
to calculate the significance difference between different groups.
P < 0.05 is considered statistically significant.
3. Results

3.1. Dox-resistant MCF-7/A cells showed stronger invasion,
metastasis and adhesion abilities than Dox-sensitive MCF-7 cells

Compared with Dox-sensitive MCF-7 cells, Dox-resistant
MCF-7/A cells showed a stronger ability of invasion and
migration, and a higher adhesion ability with HUVEC cells
(Fig. 1A and B). Moreover, the expressions of proteins asso-
ciated with invasion and migration were detected, and we found
that the expressions of N-cadherin and CD44 were significantly
increased while E-cadherin expression was significantly
decreased in Dox-resistant cells (Fig. 1C), indicating that
MCF-7/A cells are more prone to invade, migrate and adhere to
endothelial cells than MCF-7 cells, which might be related to a
decreased expression of E-cadherin and an increased expression
of N-cadherin and CD44.

3.2. Transfection of miR34a suppressed the proliferation,
invasion and migration of MCF-7/A cells and adhesion to
HUVECs

To investigate whether there existed different expressions of
miR34a between MCF-7 and MCF-7/A cells, qRT-PCR was firstly
performed and the result verified miR34a expression in MCF-7/A
cells was dramatically decreased in comparison with that in
MCF-7 cells (P < 0.001, Fig. 2A). To further understand the effect
of miR34a on the function of MCF-7/A cells, we conducted trans-
fection in vitro with micropoly and successfully over-expressed
miR34a in MCF-7/A cells (Fig. 2B). Cells were cultured with
miR34a at different concentrations (25, 50, and 100 nmol/L) and the
cell viability after miR34a transfection was slightly decreased
(Fig. 2C),whereas themigration, invasion and adhesion toHUVECs
of MCF-7/A cells were obviously inhibited with the increase of
miR34a concentration (Fig. 2D). Further scratch experiments
in vitro also confirmed that cell migration was inhibited at a high
concentration of miR34a (Fig. 2E). Furthermore, the expressions of
EMT related proteins were detected after transfection with miR34a
in MCF-7/A cells, and results showed the protein levels of N-cad-
herin and CD44 were down-regulated, while the level of E-cadherin
was up-regulated in comparison to blank control (BC) and negative
control (NC), indicating that the suppression effect ofmiR34a on the
invasion, migration and adhesion of MCF-7/A cells was related to



Figure 1 Differences between Dox-sensitive MCF-7 cells and Dox-resistant MCF-7/A cells. (A) Wound scratch assay was employed to

compare the migration difference between MCF-7 and MCF-7/A cells. (B) Transwell assay was used to compare the invasion and migration

ability between MCF-7 and MCF-7/A cells. Adhesion ability of MCF-7 or MCF-7/A cells with HUVEC cells was detected by adhesion assay. (C)

Expression differences of EMT-related proteins (N-cadherin, E-cadherin, CD44) between the MCF-7 and MCF-7/A cells were determined by

Western blotting assay. Scale bar Z 20 mm.
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the regulation of E-cadherin/N-cadherin and CD44 molecules
(Fig. 2F).

3.3. miR34a enhanced the susceptibility of MCF-7/A cells to
Dox through inhibiting the proliferation and promoting the
apoptosis

Firstly, the fold change of resistance between MCF-7 cells and
MCF-7/A cells was calculated after the IC50 values of Dox on
sensitive MCF-7 and Dox-resistant MCF-7/A cells were detected.
Results indicated that the IC50 of Dox on MCF-7 cells and MCF-
7/A cells was 4.25 and 106.7 mmol/L, respectively, thus the
resistance of MCF-7/A is 24.98-fold of MCF-7 cells.

Next, the IC50 of Dox on MCF-7/A cells after combination
treatment with different concentrations of miR34a (25, 50 and
100 nmol/L) for 48 h was measured and results showed that as
the increase of miR34a concentration, the IC50 of Dox in the co-
administration group decreased significantly, from 106.17 to
41.35, 29.28 and 14.08 mmol/L. Then the reversal multiple (also
called the synergy index, R) was calculated by the formula that
is the IC50 of Dox alone divide by the IC50 of Dox in combi-
nation with miR34a. R > 1 indicates a synergistic effect for Dox
combined with miR34a. R � 1 indicates that there is no syn-
ergistic effect between Dox and miR34a. The calculated R
values for the combination of Dox and miR34a (25, 50 and
100 nmol/L) are 2.57, 3.63 and 7.54, respectively, indicating
that there existed a dramatically synergistic effect of the com-
bination treatment (Fig. 3A). The above results indicated that
miR34a could improve the sensitivity of Dox toward resistant
MCF-7/A cells.

Based on the above results, 100 nmol/L miR34a combined
with different concentrations of Dox achieved the maximum
reversal multiple (synergism index) which is 7.54, so 100 nmol/L
miR34a was chosen for the combination treatment in the subse-
quent experiments. Moreover, the concentration of Dox for the
combination treatment was decided to be 10 mmol/L which is
lower than the IC50 of Dox on MCF/A cells when combined with
miR34a at 100 nmol/L which was 14.08 mmol/L. The results of
MTT assay indicated that after treatment of Dox at 10 mmol/L
combined with different concentrations of miR34a (25, 50, and
100 nmol/L), the inhibition rates on the survival of MCF-7/A cells
increased from 20% (Dox alone) to 27.31%, 31.85% and 40.56%,
respectively (Fig. 3B).

To study the impact of this combination on the apoptosis of
MCF-7/A cells, changes in cell morphology were firstly exam-
ined with Hoechst 33342 as a nuclear stain. As we can see in
Fig. 3C, the combined use of miR34a and Dox can induce
apoptosis with typical characteristics like nuclear fragmentation,
chromatin condensation and shrinkage in comparison with
control MCF-7/A cells. Then flow cytometry was further
employed to quantitatively determine the percentage of
apoptosis after cells were double-stained with Annexin V-FITC/
PI. Results showed that co-treatment of miR34a and Dox could
obviously increase the proportions of apoptotic cells (Fig. 3D
and F). Subsequently, the level of apoptosis-related proteins was
further verified by Western blotting, and the results indicated
that the co-administration of miR34a and Dox could decrease
the ratio of BCL-2/BAX by down-regulating BCL-2 and up-
regulating BAX, and dramatically increase the expression of
cleaved-PARP (Fig. 3E and G). These results suggested that
miR34a combined with Dox exhibit a synergistic pro-apoptotic
effect by decreasing the ratio of BCL-2/BAX and promoting the
cleavage of PARP protein.

3.4. Combination treatment of miR34a and Dox down-regulated
protein expressions of TOP2A and BCRP, without obvious impacts
on the expressions of P-GP, MRP and GST-p

To investigate whether miR34a can reverse drug-resistance of
breast cancer cell MCF-7/A to Dox, the levels of classical drug-
resistant proteins, P-GP, MRP, GST-p, BCRP and TOP2A were
examined. Results showed that MCF-7/A cells exhibited a higher
level of P-GP, MRP and GST-p in comparison with sensitive
MCF-7 cells. The combination treatment of miR34a and Dox
didn’t show significant effects on the expressions of three proteins
(Fig. 4). However, it could obviously down-regulate the



Figure 2 Transfection of miR34a inhibited the invasion, migration, and adhesion to HUVECs of MCF-7/A cells. (A) mRNA level of miR34a in

MCF-7/A cells or MCF-7 cells was detected by qRT-PCR. (B) mRNA level of miR34a after transfection with miR34a mimics at different

concentrations in MCF-7/A cells was detected by qRT-PCR. (C) Effects of miR34a at different concentrations on the proliferation were deter-

mined by MTT assay in MCF-7/A cells. (D) Effects of miR34a at different concentrations on the invasion, migration and adhesion to HUVECs of

MCF-7/A cells were detected. (E) The migration of MCF-7/A cells after transfection with miR34a at 100 nmol/L was detected by wound scratch

test. (F) The expression levels of EMT-related proteins (N-cadherin, E-cadherin, CD44) after transfection with miR34a for 48 h in MCF-7/A cells

were detected by Western blotting assay and the relative protein ratios were analyzed statistically (n � 3). *P < 0.05, scale bar Z 20 mm.
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expressions of BCRP and TOP2A in MCF-7/A cells, suggesting
that the reversal of miR34a on Dox resistance in breast cancer
cells might be associated with the down-regulation of BCRP and
TOP2A.

3.5. Co-administration of miR34a and Dox inhibited the
invasion and migration phenotype of MCF-7/A cells via regulating
the protein level of E-cadherin and N-cadherin

The effect of co-administration of miR34a and Dox on the inva-
sion and migration was detected by wound-healing assay and
Transwell assay in MCF-7/A cells. In order to reduce the impact
on cell proliferation, we selected 7 mmol/L Dox and 100 nmol/L
miR34a for combined experiments. In wound healing assay,
compared with MCF-7 cells, MCF-7/A cells displayed a faster
healing ability, indicating MCF-7/A cells are more likely to
migrate. However, after transfection of miR34a, the migration rate
of MCF-7/A cells was inhibited. What’s more, the combination of
miR34a and Dox induced a stronger inhibition on the wound
healing of MCF-7/A cells than Dox alone at 48 h (Fig. 5A and B).
In Transwell migration or Matrigel invasion assay, MCF-7/A cells
have a faster migration and invasion rate than that of sensitive
MCF-7 cells. miR34a obviously restrained the invasion and
metastasis of drug-resistant MCF-7/A cells, while Dox alone had
no significant effects on invasion and migration. However, miR34a
combined with Dox remarkably inhibited the invasion and
migration of MCF-7/A cells with a higher inhibition rate in
comparison to untreated group and Dox or miR34a treated alone
group (Fig. 5C and D). Subsequently, the effects of single or
combined use on the expressions of migration associated proteins



Figure 3 The combination of miR34a and Dox significantly suppressed the survival and induced the apoptosis in MCF-7/A cells. (A) The IC50

values of Dox on MCF-7/A cells when Dox is used alone or in combination with different concentrations of miR34a (25, 50, and 100 nmol/L) for

48 h were determined. (B) The combination of 100 nmol/L miR34a and 10 mmol/L Dox remarkably suppressed the survival of MCF-7/A cells

compared with Dox alone (n Z 3). ***P < 0.001 vs. untreated MCF-7/A, #P < 0.05 vs. Dox alone. (C) Hoechst 33342 was used to detect the

effects of 100 nmol/L miR34a alone, 10 mmol/L Dox alone or a combination on MCF-7/A cell apoptosis after treatment for 48 h. Blue indicates

the nucleus. Arrows indicate apoptotic cells. Scale bar Z 20 mm. (D) After treatment with miR34a or Dox alone or co-administration for 48 h,

MCF-7/A cells were double-stained with Annexin V-FITC/PI kit and analyzed with flow cytometer. (E) Protein levels of cleaved-PARP, BAX,

BCL-2 in MCF-7/A cells were analyzed by Western blotting. (F) Quantitative analysis of apoptosis rate which included early and late apoptotic

cells (n � 3). #P < 0.05 vs. Dox or miR34a alone. (G) The relative protein ratio of cleaved-PARP and the ratio of BCL-2/BAX were calculated

(n � 3). *P < 0.05, **P < 0.01 vs. untreated MCF-7/A cells. miR represents miR34a.
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in MCF-7/A and MCF-7 cells were tested by Western blotting. In
Fig. 5E, compared with sensitive MCF-7 cells, N-cadherin level
increased significantly, at the same time, E-cadherin level obvi-
ously decreased in MCF-7/A cells. After treatment with miR34a,
the level of N-cadherin down-regulated, while the level of E-
cadherin up-regulated. Moreover, the combination treatment of
miR34a and Dox induced an obvious increase of E-cadherin and
an obvious decrease of N-cadherin than Dox. These data indicate
that the combination of Dox and miR34a restrained the invasion
and migration of MCF-7/A cells through down-regulation of
N-cadherin and up-regulation of E-cadherin.

3.6. Combination treatment of miR34a and Dox resulted a
decrease of Snail expression and miR34a targeted Snail directly in
MCF-7/A cells

Next, the effect of co-administration of miR34a (100 nmol/L) and
Dox (7 mmol/L) on the localization of intracellular Snail using
immunofluorescence experiments was explored. Results showed
that in MCF-7/A cells, Snail was mainly spread in the nucleus
and scattered in the cytoplasm. After transfection of miR34a or
treatment with Dox alone, fluorescence intensity of Snail in
MCF-7/A cells slightly weakened. Surprisingly, miR34a com-
bined with Dox could significantly reduce the fluorescence
intensity of Snail in MCF-7/A cells (Fig. 6A and B). This indi-
cated that combination of miR34a and Dox reduced the level of
Snail in Dox resistant MCF-7/A cells obviously. Furthermore, the
effects of Dox alone or in combination with miR34a on the
expression of Snail were also detected. Result showed that com-
bination of Dox and miR34a could significantly reduce the protein
level of Snail, while Dox alone or combination of Dox and NC did
not down-regulate Snail expression (Fig. 6C). These results indi-
cate that the combination of miR34a and Dox could inhibit Snail
expression in Dox-resistant MCF-7/A cells which mainly induced
by miR34a.

Based on the miRDB database and starbase website (http://
starbase.sysu.edu.cn/), the underlying binding sites of miR34a in
the 30 UTR of Snail were forecast (Fig. 6D). To verify the binding
between miR34a and Snail, we constructed the human Snail wild
type (Snail-wt-30 UTR, including putative miR34a binding site)
and mutant type (Snail-mut-30 UTR) into the pmiRGLO vector
(Fig. 6G). Compared with NC, miR34a significantly reduced the
relative luciferase activity of wt-Snail 30 UTR while no obvious
decrease of mut-Snail 30 UTR whether NC or miR34a was co-
transfected (Fig. 6H). To further confirm that miR34a targets
Snail directly, the effects of miR34a on protein or mRNA level of
Snail were determined separately employing Western blotting and
qRT-PCR. Results showed transfection of miR34a led to a

http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/


Figure 4 Effects of miR34a and Dox co-administration on the expression of drug resistant associated proteins. (A) The expressions of P-GP,

GST-p, MRP, BCRP and TOP2A in MCF-7/A cells were determined by Western blotting assay. (BeF) Statistical analysis of P-GP (B), GST-p

(C), MRP (D), TOP2A (E) and BCRP (F). Data are set as the mean value � SD (n � 3). *P < 0.05, **P < 0.01, vs. untreated MCF-7/A cells. miR

represents miR34a.

Figure 5 Combination of miR34a and Dox inhibited the migration and invasion phenotype of MCF-7/A via regulating the level of E-cadherin,

N-cadherin. (A) After treatment with miR34a (100 nmol/L) and/or Dox (7 mmol/L), scratch test was employed to detect the changes of migration

in MCF-7/A cells. Representative photographs for each group were taken under a microscopy, and the migration distance and relative mobility

were calculated at 0, 24 and 48 h. (B) Statistical analysis of relative migration rate which was calculated as (width at 0 h�width at 24/48 h)/(width

at 0 h) (n Z 3), *P < 0.05, **P < 0.01, ***P < 0.001 vs. untreated MCF-7/A control, #P < 0.05 vs. Dox alone. (C) The migration and invasion

capacities of MCF-7/A cells after treatment of miR34a (Dox) alone and combination were assessed by Transwell chamber assay. Representative

photographs were taken under a fluorescence microscope. (D) Statistical analysis of relative migration and invasive cells (n Z 3). **P < 0.01,

***P < 0.001 vs. untreated MCF-7/A control, #P < 0.05 vs. Dox or miR34a alone, ##P < 0.01 vs. Dox alone. (E) The protein levels of N-cadherin,

E-cadherin were detected using Western blotting analysis. (F) Statistical analysis of protein expression. Data are expressed as the mean � SD

(n � 4). *P < 0.05 vs. untreated MCF-7/A control, #P < 0.05 vs. Dox or miR34a alone, scale bar Z 20 mm, miR represents miR34a.
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Figure 6 Combination of miR34a and Dox inhibited Snail expression and miR34a targets Snail directly in MCF-7/A cells. (A) The intracellular

localization of Snail was analyzed using immunofluorescence experiments. Blue fluorescence: cell nucleus, Green fluorescence: Snail.

Bar Z 20 mm. (B) The expression of Snail in the two cells was determined and analyzed by Western blotting (n � 3). *P < 0.05 vs. untreated

MCF-7/A control, #P < 0.05 vs. miR34a alone. (C) The expression of Snail in MCF-7/A cells after various treatments was determined and

analyzed by Western blotting (n � 3). *P < 0.05 vs. Dox group, **P < 0.01 vs. DoxþNC group. (D) Binding sites between hsa-miR34a-5p and

Snail were predicted by miRDB website. (E) and (F) The protein expression and mRNA level of Snail in MCF-7/A cells after transfection with

miR34a and NC were detected by Western blotting and qRT-PCR (n � 3). *P < 0.05 vs. NC. (G) Mutant and wild type Snail fragments with

putative binding sites to miR34a were constructed. (H) The binding of miR34a and Snail was determined by luciferase reporter assay using co-

transfection of miR34a/NC and wt-Snail, or miR34a/NC and mut-Snail. The ratio of Firefly and Renilla luciferase signals represented relative

luciferase activity. *P < 0.05 vs. NC. miR represents miR34a.
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significant reduction of Snail at protein and gene level (Fig. 6E
and F). The above experiments indicated that miR34a down-
regulated the protein and gene level of Snail by binding to 30

UTR region of Snail directly.

3.7. Down-regulation of intracellular Snail suppressed the
invasion, migration and adhesion of MCF-7/A cells while over-
expression of Snail promoted the invasion, migration and adhesion
of sensitive MCF-7 cells.

To clarify the role of Snail involved in the proliferation, migration,
invasion, and adhesion to HUVECs of drug-resistant cells, small
interfering RNA of Snail (si-Snail) was introduced to suppress the
level of Snail in MCF-7/A cells. Results suggested that the
expression level of Snail significantly decreased in MCF-7/A cells
by si-Snail which was determined by immunofluorescence assay
and Western blotting assay (Fig. 7B, C and F). In the following
MTT, Transwell migration, invasion, and adhesion experiment, it
was found that si-Snail could significantly inhibit MCF-7/A cell
invasion, migration and adhesion to HUVECs (Fig. 7D and E),
while only slightly inhibited the survival of cells (Fig. 7A). Then
we detected the protein levels of N-cadherin, CD44, and E-cad-
herin after Snail interference. We found that si-Snail could
significantly down-regulate the protein level of N-cadherin and
CD44, while up-regulate the level of E-cadherin (Fig. 7B). The
above experiments indicated that suppression of Snail expression
could inhibit the invasion, metastasis and adhesion of drug-
resistant MCF-7/A cells.



Figure 7 Knock down of Snail by siRNA inhibited the invasion, migration and adhesion to HUVECs of MCF-7/A cells while over-expression

of Snail promoted the invasion, migration and adhesion of MCF-7 cells. BC: Blank control group, NC: Negative control group, si-Snail: Snail

siRNA group, Snail: Snail over-expression group. (A) Cell viability of MCF-7/A cells cultured with si-Snail for 48 h was tested by MTT assay

(n Z 3). *P < 0.05 vs. NC. (B) The protein levels of N-cadherin, E-cadherin and Snail in MCF-7/A cells treated with si-Snail for 48 h were

determined by Western blotting. (C) and (J) Statistical analysis of E-cadherin, N-cadherin, CD44 and Snail proteins was performed. *P < 0.05 vs.

BC or NC, #P < 0.05, &P < 0.05 vs. NC. (D) The migration of MCF-7/A cells after incubation with si-Snail for 48 h was measured by wound

scratch assay. (E) Transwell assay and cell adhesion assay were further employed to examine the migration, invasion and adhesion of MCF-7/A

cells after incubation with Snail siRNA, respectively. (F) The protein level of Snail in MCF-7/A cells cultured with si-Snail for 48 h was observed

by immunofluorescence assay. (G) The mRNA level of Snail in MCF-7 cells was determined by qRT-PCR. **P < 0.01 vs. BC, ##P < 0.01 vs. NC.

(H) The cell survival rate after over-expression of Snail in MCF-7 cells was detected by MTT assay (n Z 3). “ns” indicates no significance. (I)

The expressions of Snail, N-cadherin and E-cadherin in MCF-7 cells were examined by Western blotting. (K) The migration of MCF-7 cells after

over-expression of Snail was observed by scratch assay. (L) The invasion, migration and adhesion abilities of MCF-7 cells were detected by

Transwell assay and adhesion assay. Bar Z 20 mm. (M) Snail expression in MCF-7 cells was detected by immunofluorescence assay.
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To further clarify the function of Snail in the migration, in-
vasion in sensitive cancer cells, Snail was over-expressed by
plasmid transfection in MCF-7 cells for 48 h. The successful high
expression of Snail in sensitive MCF-7 cells was determined by
qRT-PCR, immunofluorescence assay and Western blotting
(Fig. 7G, I and M). Then the effects of over-expression of Snail on
the growth, invasion, metastasis and adhesion of MCF-7 cells
were observed. Results indicated that over-expression of Snail had
no significant impact on the proliferation of MCF-7 cells
(Fig. 7H); however, it could significantly promote their migration,
invasion and adhesion with HUVECs (Fig. 7K and L). The pro-
motion effect on the invasion and migration in MCF-7 cells after
Snail over-expression might be related to the up-regulation of
CD44, N-cadherin protein and down-regulation of E-cadherin
protein (Fig. 7I).

3.8. Co-administration of miR34a and Dox down-regulated
Notch/NF-kB and RAS/RAF/MEK/ERK pathway in MCF-7/A cells

Notch signaling pathway is known to be involved in the formation
and progression of tumors through participating cell growth,
apoptosis, invasion, adhesion and metastasis13. It has been re-
ported that miR34a can directly target Notch to regulate the
sensitivity of breast cancer cells to Dox14. At the same time,
miR34a can also regulate the apoptosis and oxidative stress
induced by visfatin through NF-kB pathway15, indicating the
correlation between miR34a and NF-kB. Therefore, we further
examined the effects of miR34a and Dox combination on Notch/
NF-kB signaling pathways. As shown in Fig. 8A, the expressions
of Notch and Snail were abnormally activated in MCF-7/A cells.
Both miR34a (100 nmol/L) and Dox (10 mmol/L) alone could
reduce the protein level of Notch in MCF-7/A cells; moreover, a
significant down-regulation of Notch was detected in the combi-
nation group. It was reported that Notch signaling pathway
induced invasion and migration of MDA-MB-231 cells via up-
regulating NF-kB transcriptional factor’s activity16. Therefore,
the effect of miR34a combination with Dox on NF-kB expression
in MCF-7/A cells was examined. As displayed in Fig. 8A, either
miR34a or Dox reduced the protein level of NF-kB in MCF-7/A
cells and combination treatment of miR34a and Dox caused a
stronger suppression effect than Dox alone. In order to further
investigate whether Notch can regulate Snail expression via NF-
kB, Notch inhibitor DAPT was introduced to detect the change of
NF-kB and Snail expression. Results suggested that DAPT could
down-regulate the protein expressions of Notch, NF-kB and Snail.
In addition, for the combined miR34a and Dox group, DAPT
could dose-dependently reduce the protein expressions of Notch,
NF-kB and Snail. Furthermore, PDTC, an inhibitor of NF-kB,
could also reduce the protein level of Snail in a dose-related
pattern in MCF-7/A cells after co-administration with miR34a
and Dox (Fig. 8D). These experiments suggested that Notch/NF-
kB/Snail were regulated by miR34a and Dox in MCF-7/A cells.

RAS/RAF/MEK/ERK pathway also plays an indispensable
role in regulating cell proliferation, differentiation, apoptosis,
metastasis and metabolism17. It has been reported that miR34a not
only regulates cell proliferation through PDGFReb/RASeMAPK
signaling pathway in mesangial cells or by inhibiting MEK1
expression in K562 cells18,19, but also regulates apoptosis of
epithelial cells through RAS/RAF/MEK/ERK and PI3K/AKT/
mTOR signaling pathways20. Therefore, we studied the effects of
miR34a combined with Dox on RAS associated signaling path-
ways. Results suggested that administration of MCF-7/A cells
with Dox alone could significantly reduce the expression of p-
ERK, pan-RAS and k-RAS, and treatment with miR34a alone
could induce a significant decrease of pan-RAS and k-RAS.
What’s more, co-treatment of Dox and miR34a caused a syner-
gistic down-regulation on the protein expressions of pan-RAS,
RAF, k-RAS, p-ERK, p-MEK in MCF-7/A cells (Fig. 8B and
C). To further verify whether RAS/RAF/MEK/ERK pathway
could regulate the expression of Snail, RAS inhibitor salirasib and
MEK inhibitor pimasertib was introduced to observe the changes
of Snail expression. The results showed that for the combined
group, pimasertib could reduce the level of MEK1/2, p-MEK1/2
and Snail in a dose-dependent pattern (Fig. 8D). Meanwhile,
salirasib could decrease the expression of k-RAS and Snail in a
dose-dependent pattern in the co-administration group. In all, the
above data together indicated that co-administration of miR34 and
Dox suppressed RAS/RAF/MEK/ERK signaling pathway in
MCF-7/A cells.

3.9. Co-administration of miR34a and Dox suppressed tumor
growth and metastasis in nude mice implanted with MCF-7/A cells
by inhibiting Snail expression in vivo

The synergistic effect of miR34a and Dox on Dox-resistant breast
cancer were evaluated by a mice xenograft model. The combi-
nation group significantly inhibited the MCF-7/A tumor growth in
nude mice. Compared with the Control group, the co-
administration group induced 55% tumor reduction, while Dox
alone group resulted in 37.5% tumor reduction (Fig. 9A and D).
The tumor suppression effect of the combination therapy was also
verified by the slow increase in tumor volume (Fig. 9C). No
remarkable changes of body weight or other responses in the mice
were found between the combination group and Control group
(Fig. 9B). Moreover, the expressions of Snail, BCL-2, BAX and
cleaved PARP in tumor tissues were also detected. As displayed in
Fig. 9E and F, co-administration of agomiR34a and Dox induced a
distinct decrease of Snail and BCL-2/BAX and an increase of
cleaved PARP in MCF-7/A xenografts compared with Dox group.
What’s more, the level of Snail in tumor xenografts was also
further analyzed by immunofluorescence and immunohistochem-
ical analysis (Fig. 9G and H), the results showed the protein level
of Snail in combination group was clearly lower than that in
Control group and Dox group, which was in accordance with the
results of in vitro experiment. H&E staining was also employed to
assess tumor growth, and it was found the pathological features of
tumors for co-administration group were quite different from that
of normal saline group. Apoptosis in different degree, a weakened
nuclear staining and irregular shape were found in co-
administration group (Fig. 9H). Taken together, these results
indicate that up-regulation of miR34a combined with Dox
significantly suppress the tumor growth which might be closely
related to the down-regulation of Snail in MCF-7/A xenografts.
4. Discussion

Resistance towards chemotherapy has become a global chal-
lenge threatening human’s health for patients with breast and
other cancers. In particular, for BCa patients in the late stage due
to single drug resistance, multi-drug resistance, distal metastasis
and increased invasive ability are more easily to emerge21.
Overcome drug resistance through inhibition metastasis related
genes may provide an alternative strategy. Efforts have been



Figure 8 Co-administration of miR34a and Dox down-regulated Notch/NF-kB and RAS/RAF/MEK/ERK pathway in MCF-7/A cells. (A) The

protein expressions of Notch and NF-kB were determined by Western blotting. (B) The levels of pan-RAS, k-RAS, RAF, MEK1/2, ERK, p-

MEK1/2, p-ERK were determined by Western blotting assay. (C) Statistical analysis of protein expression of Notch, NF-kB, MEK1/2, p-MEK1/2,

RAF, p-ERK, ERK, pan-RAS and k-RAS was performed (n � 3). *P < 0.05, **P < 0.01 vs. Untreated MCF-7/A control. #P < 0.05 vs. Dox

alone. (D) Effects of Notch inhibitor DAPT, NF-kB inhibitor PDTC, k-RAS inhibitor salirasib and MEK inhibitor pimasertib at different con-

centrations on the pathway associated protein expression were determined by Western blotting assay (n � 3). *P < 0.05, **P < 0.01,

***P < 0.001; #P < 0.05; &P < 0.05. miR represents miR34a.
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Figure 9 Combination of agomiR34a and Dox slowed down the xenograft growth of MCF-7/A cells in vivo. (A) Representative images of

xenografts after administration of agomiR34a, Dox or agomiR34a combined with Dox for 21 days. (B) and (C) Body weight and tumor volume

were determined every three days for 21 days (n Z 3). ***P < 0.001 vs. Control. (D) After the experiment was over, nude mice were sacrificed

and the tumor tissues were weighed. *P < 0.05 vs. Dox, #P < 0.05 vs. AgomiR34a. (E) The protein expressions of Snail, BCL-2, BAX and

cleaved PARP in MCF-7/A tumor tissues were detected and analyzed using Western blotting (n � 3). (F) Statistical analysis of relative expression

of cleaved PARP, Snail and the ratio of BCL-2/BAX was performed. *P < 0.05 vs. Dox, #P < 0.05 vs. AgomiR34a. (G) Expressions of Snail in

tumor xenograft were analyzed by immunofluorescence assay. (H) H&E staining and immunohistochemical assay were performed for tumors in

different groups. Scale bar Z 20 mm.
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devoted to find potential predictors and driver genes for
improving therapeutic responses. miR34a is deemed to be a
potent tumor-suppressor gene in different types of cancers22e25,
and exerts an important role among cell migration, invasion,
proliferation, differentiation and immuno-regulation26,27.
Recently, evidence suggested that miR34a is also correlated with
drug resistance. However, the mechanism by which miR34a
regulates Dox resistance and whether the combination of
miR34a and chemotherapeutic drug could produce synergistic
effects to inhibit tumor growth and metastasis still needs to be
illustrated. In this study, we demonstrated that miR34a could
directly target Snail to increase the sensitivity of Dox-resistant
BCa cells (MCF-7/A) to Dox. miR34a combined with Dox
down-regulated the expression of Snail through Notch/NF-kB
and RAS/RAF/MEK/ERK pathway to produce a suppression on
proliferation, migration, invasion, and apoptosis induction, thus
reversing drug resistance of breast cancer MCF-7/A cells.

Firstly, combinationuse ofmiR34aandDoxcould synergistically
inhibit the growth of MCF-7/A cells with the highest reversal (7.54-
fold) inducedby100nmol/LmiR34a,so100nmol/Lwaschosenas the
transfectionconcentrationofmiR34a in the combination treatment.At
the same time, 10 mmol/LDox for apoptosis assay, and 7 mmol/L Dox
for invasionandmigrationassaywereused incombination treatment to
avoid the cytotoxic effect of Dox. We observed that combination of
100 nmol/L miR34a and 10 mmol/L Dox could clearly inhibit the
survivaland induceapoptosisofMCF-7/Acellsbydecreasing the ratio
ofBCL-2/BAXand increasingPARPexpressionwhichwere related to
the promotion of mitochondrial apoptosis pathway28. At the same
time, interestingly, in comparison to parental sensitive MCF-7 cells,
MCF-7/A cells showed an improved cell mobility, indicating drug
resistant cells were more prone to migrate and invade due to an
aggressive phenotype. Fortunately, the combination of miR34a and
Doxcould significantly ameliorate this trend,whichmaybeassociated
with a decrease of N-cadherin and an increase of E-cadherin, thus
indicating an inhibition towardEMT.Moreover, it’sworthmentioning
that this change was largely due to the introduction of miR34a.

EMT is a very complex stepwise pathological process that
commonly existed in wound healing, embryonic development,



Figure 10 The proposed pathway of synergistic anti-tumor effects of miR34a and Dox in MCF-7/A cells.
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organ fibrosis, and tumor metastasis29e31. It is reported that EMT
can be modulated by stimulation of extracellular signals and
activation of related transcription factors, such as TWIST1 (Twist-
related protein 1), Snail, ZEB (zinc-finger E-box-binding), SLUG
(zinc finger protein SNAI2), which are main moderators of the
EMT program32. To further explore the molecular target of
miR34a inhibiting EMT, target prediction using miRDB database
and starbase software was performed. We found there existed a
binding sequence between the 30 UTR region of Snail and the seed
region of miR34a (Fig. 6D), indicating Snail might be a direct
target of miR34a. Then luciferase reporter gene detection system
was further employed to verify the binding of miR34a with Snail.
Moreover, we confirmed that miR34a could reduce Snail expres-
sion at protein and mRNA levels through binding with Snail at the
30 UTR region directly.

Snail, the first discovered transcriptional regulator of E-cad-
herin, which plays a vital role in the process of EMT. It is reported
that the expression of Snail in BCa is involved in tumor recur-
rence, metastasis and poor prognosis33. In the present study, we
found that knock-down of Snail could suppress the invasion,
migration of MCF-7/A cells and the adhesion to HUVECs, while
over-expression of Snail could accelerate the invasion, migration
and adhesion of MCF-7 cells, indicating that metastasis is more
prone to happen in drug resistant cells. Furthermore, the combi-
nation of Dox and miR34a significantly reduced Snail expression
in MCF-7/A cells in vitro and in vivo.

It has long been recognized that EMT related transcription
factors (EMT-TFs) could facilitate the acquisition of resistance
phenotypes34. And many ABC transporter genes have the pro-
moter region that could bind with EMT-TFs; hence, the activation
of EMT program could simultaneously increase drug resistance35.
However, EMT-TFs can also induce drug resistance in other forms
independent of ABC transporters, such as inducing apoptosis,
cycle arrest or some other ways36. And Snail has also been re-
ported to induce chemoresistance by increasing the expression of
ABC binding members such as BCRP and P-GP or independently
of ABC transporters37. In the present study, we demonstrated that
the co-administration of miR34a and Dox could not distinctly
reduce the expression of P-GP, MRP and GST-p. However, the
combination treatment could dramatically down-regulate the
protein expressions of BCRP and TOP2A. BCRP is a specific
ATP-binding cassette efflux transporter, whose high expression
was related with multidrug resistance38, and there is a high cor-
relation between Snail and BCRP in breast cancer39. The down-
regulation of BCRP induced by co-administration of Dox and
miR34a might be caused by the introduction of miR34a, leading to
a down-regulation of Snail37. TOP2A was a known target of Dox,
which mediated the breaking and binding of DNA40, and the level
of miR34a was also correlated to TOP2A in BCa tissue samples41.
Therefore, this makes sense why the decrease of TOP2Awas more
obvious in the combination group.

Notch related pathway is reported to be a highly conserved
signaling pathway, whose imbalance is highly related to tumori-
genesis, metabolism and cell differentiation. Recent studies
showed that Notch related pathway might be participated in tumor
drug resistance, through increasing the invasion and metastasis
abilities of tumor cells42. In addition, evidence have shown that
Notch signaling pathway also promote tumor progression through
cross-talk with other carcinogenic pathways, such as mTOR,
AKT, WNT, RAS, Androgen receptor and NF-kB43. It is reported
that NF-kB could activate both mitochondrial (intrinsic) and death
receptor (extrinsic) pathways to suppress cell apoptosis through
up-regulating BCL-2 family44. Moreover, studies have shown that
miR34a can target Notch to inhibit EMT progression45. In this
study, we found that the protein level of Notch in MCF-7/A cells
was distinctly increased and combination of miR34a and Dox
significantly inhibited its expression. What’s more, the protein
level of NF-kB in the combination group was also significantly
suppressed. Earlier reports showed Notch could regulate the
expression of Snail through binding with Notch intracellular
domain46. After Notch or NF-kB inhibitor (DAPT and PDTC) was
introduced to inhibit the expression of Notch and NF-kB,
Snail expression was significantly decreased, indicating that
Notch/NF-kB signaling pathway could regulate Snail expression.

RAS/RAF/MEK/ERK pathway is a highly activated signaling
pathway involved in regulating apoptosis, survival, metastasis and
invasion47. It has been demonstrated that miR34a participated in
the abnormal regulation of RAS/RAF/MEK/ERK pathway. For
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example, miR34a suppressed RAS/RAF/MEK/ERK pathway
through decreasing the expression of c-SRC in K-562 cells48.
Furthermore, miR34a could inhibit cell survival through suppress-
ing the RAS/RAF/MEK/ERK pathway in mesangial cells18. RAS,
as a member of oncogene family, plays a key role in the control of
cell growth and differentiation49. It mainly existed in three forms
including n-RAS, h-RAS, and k-RAS (the most commonly acti-
vated member in cancer)50. In the present study, we found that pan-
RAS is obviously activated in drug-resistant MCF-7/A cells. The
co-administration of miR34a and Dox significantly reduced the
protein level of k-RAS, pan-RAS, RAF, p-MEK, p-ERK and ERK.
It is reported that Snail was a downstream effector of ERK
pathway51. So RAS inhibitor (salirasib) and MEK inhibitor
(pimasertib) were introduced to inhibit RAS/RAF/MEK/ERK
pathway, then we observed that the relative expression of Snail was
significantly reduced, indicating that RAS/RAF/MEK/ERK
pathway involved in the drug resistance by up-regulating Snail
expression. Therefore, we deduced that combination of miR34a and
Dox inhibited Notch/NF-kB and RAS/RAF/MEK/ERK pathway,
resulting in the down-regulation of Snail in MCF-7/A cells.

In addition, RAS-dependent signaling pathways can regulate
gene expression through activation of transcription factors, such as
activation of NF-kB52. Previous studies have reported that RAS
oncoprotein could target trans-activation region in the P65 subunit
of NF-kB to regulate the transcriptional activity of NF-kB, thereby
regulating cell apoptosis53. RAS could also activate NF-kB
through PI3K-AKT-dependent pathway tomediate cell survival54,
resulting in up-regulating genes involved in apoptosis and prolif-
eration. It is reported that the aberrant activation of Notch pathway
is a common early event in breast cancer55. However, interactions
between the Notch and RAS signaling pathways have always
remain controversial formanyyears,which are reported toproduce
cooperative or antagonistic effects depending on specific con-
texts56. In the present study, we found both RAS and Notch related
proteins were abnormally activated in Dox resistant MCF-7/A
cells, nevertheless they were significantly suppressed after treat-
ment of miR34a and Dox, which indicated similar effects existed
between Notch and RAS pathway in Dox resistant breast cancer
cells. The proposed synergistic anti-tumor mechanism of Dox and
miR34a was summarized in Fig. 10.

In conclusion, miR34a combined with Dox synergistically
inhibited the survival, invasion and metastasis, and promoted
apoptosis of Dox-resistant breast cancer MCF-7/A cells in vitro
and in vivo. The underlying mechanism was related to the down-
regulation of Snail directly and through Notch/NF-kB and RAS/
RAF/MEK/ERK pathways. The research provides an experi-
mental basis for miR as an adjuvant agent to enhance the sensi-
tivity of chemotherapeutic drugs clinically. The combined use of
miR34a and Dox has a desirable potential for treatment on Dox-
resistant breast cancer, especially for patients with advanced
metastasis.
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