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Abstract. Drug resistance is a significant obstacle when 
treating triple‑negative breast cancer (TNBC). Several 
studies have demonstrated that microRNAs (miRNAs) have 
essential roles in regulating drug resistance in different types 
of cancer. miR‑33a‑5p has previously been reported to be a 
tumor suppressor in several types of cancer. However, its role 
in breast cancer remains unknown. The present study aimed 
to investigate the role of miR‑33a‑5p in the chemoresistance of 
TNBC and uncover its potential molecular mechanisms. Cell 
Counting Kit‑8 assay was used to examine cell proliferation, 
reverse transcription‑quantitative PCR analysis was used to 
examine miR‑33a levels, and western blotting and immuno-
fluorescence assays were used to examine the expression of 
epithelial‑mesenchymal transition (EMT)‑associated proteins 
and of eukaryotic translation initiation factor 5A2 (eIF5A2). 
The results indicated that miR‑33a‑5p expression was lower 
in TNBC cells compared with non‑TNBC cells. miR‑33a‑5p 
overexpression significantly improved the doxorubicin (Dox) 
sensitivity of TNBC cells, but not that of non‑TNBC cells. It 
was then observed that Dox treatment inhibited miR‑33a‑5p 
expression and induced EMT in TNBC cells, by increasing the 
expression levels of vimentin, while decreasing the expression 
levels of E‑cadherin. Furthermore, it was revealed that forced 
expression of miR‑33a‑5p attenuated Dox‑induced EMT. 
eIF5A2 was identified as a potential target of miR‑33a‑5p, 
and miR‑33a‑5p overexpression inhibited the expression of 
eIF5A2. eIF5A2 inhibition, via its inhibitor GC7, sensitized 
TNBC cells to Dox and reversed Dox‑induced EMT. Overall, 
the present study demonstrated that miR‑33a‑5p enhanced 

the sensitivity of TNBC cells to Dox, by suppressing eIF5A2 
expression and reversing Dox‑induced EMT, providing a 
potential therapeutic target for treating drug‑resistant TNBC.

Introduction

Breast cancer is the most common type of malignant cancer 
in women worldwide, accounting for 21% of all new cancer 
diagnoses (1). Of these, triple‑negative breast cancer (TNBC), 
which is characterized by tumors lacking expression of 
the estrogen receptor (ER), progesterone receptor (PR) and 
human epidermal growth factor receptor 2 (HER2), accounts 
for 10‑20% of all types of breast cancer (2,3). Patients with 
TNBC often experience a more aggressive clinical course 
with an increased risk of disease progression and a poorer 
overall survival, due to its aggressive clinical behavior and 
relative resistance to hormonal therapy and targeted drugs (4). 
Thus far, chemotherapy remains the only possible therapeutic 
method for cases of advanced TNBC. Unfortunately, systemic 
chemotherapy is often ineffective, due to the low sensitivity of 
TNBC cells to chemotherapeutic drugs (5). Doxorubicin (Dox) 
is a type of chemotherapy agent that is widely used to treat 
various types of cancer, including TNBC (6,7). However, the 
acquired resistance of TNBC cells to Dox limits its clinical 
effectiveness (8). Therefore, it is essential to investigate the 
molecular mechanisms underlying Dox resistance in TNBC to 
improve patient prognosis.

microRNAs (miRNAs) are a class of endogenous, small 
non‑coding RNAs that are ~22 nucleotides in length. They 
regulate gene expression by binding to the 3'‑untranslated 
region (3'‑UTR) of their target mRNAs, leading to mRNA 
degradation or translational inhibition (9). Emerging evidence 
has demonstrated that numerous miRNAs are dysregulated 
in TNBC and are involved in chemoresistance (10,11). For 
example, miR‑18a overexpression has been demonstrated to 
confer paclitaxel resistance to TNBC cells (12). Extracellular 
vesicles that deliver miR‑134 could decrease the aggres-
siveness of TNBC cells and increase their sensitivity to 
anti‑Hsp90 drugs (13). Dox treatment has been reported to 
induce miR‑181a, which has a critical role in promoting thera-
peutic resistance and aggressive behavior in TNBC cells (14). 
The aim of the present study was to investigate the role and 
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underlying molecular mechanism of miR‑33a‑5p in the Dox 
resistance of TNBC cells. Previously, miR‑33a‑5p has been 
demonstrated to increase radiosensitivity in melanoma (15) and 
resistance to chemotherapy in hepatocellular carcinoma (16). 
However, the role of miR‑33a‑5p in TNBC has not yet been 
elucidated.

In the present study, the potential role of miR‑33a‑5p in 
Dox resistance in TNBC was investigated. Forced expression 
of miR‑33a‑5p resulted in the enhancement of Dox sensitivity. 
Restoration of miR‑33a‑5p expression inhibited Dox‑induced 
epithelial‑ mesenchymal transition (EMT) by targeting 
eukaryotic translation initiation factor 5A2 (eIF5A2). In 
conclusion, the results from the present study provided novel 
insights into the role of the miR‑33a‑5p/eIF5A2/EMT axis in 
the Dox resistance of TNBC cells.

Materials and methods

Cell culture and reagents. The human breast cancer cell 
lines MDA‑MB‑468, HCC1937, MCF‑7 and 293T cells were 
purchased from the American Type Culture Collection. 
All cell lines were cultured in RMPI‑1640 medium (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 
1% penicillin‑streptomycin. All cells were maintained at 37˚C 
in a 5% CO2 incubator. Dox and GC7 were purchased from 
Sigma‑Aldrich (Merck KGaA).

The eIF5A2‑siRNA (sc‑77920) and negative control 
siRNA (sc29841; non‑targeting siRNA) were purchased 
from Santa Cruz Biotechnology, Inc. The miR‑33a mimic or 
inhibitor were purchased from Ribobio (Guangzhou RiboBio 
Co., Ltd.). The primer sequences were as follows: miR‑33a 
mimic: Forward, 5'‑GUG​CAU​UGU​AGU​UGC​AUU​GCA‑3'; 
reverse, 5'‑CAA​UGC​AAC​UAC​AAU​GCA​CUU‑3'; NC mimic: 
Forward, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'; reverse, 
5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'; miR‑33a inhibitor, 
5'‑UGC​AAU​GCA​ACU​ACA​AUG​CAC‑3'; NC inhibitor, 
5'‑CAG​UAC​UUU​UGU​GUA​GUA​CAA‑3'; eIF5A2‑homo‑251: 
5'‑GGA​GAU​GUC​AAC​UUC​CAA​ATT‑3'; Control siRNA: 
Forward, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'; reverse, 
5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'.

Cell viability assay. Breast cancer cells or siRNA‑transfected 
breast cancer cells were plated in 96‑well plates at a density 
of 3,000  cells/well. Then, the medium was replaced with 
serum‑free medium. After 24 h, the cells were treated with 
the indicated concentrations of drugs for another 48 h. Then, 
10  µl of Cell Counting Kit‑8 (CCK‑8) solution (Dojindo 
Molecular Technologies, Inc.) was added to each well, and the 
plates were incubated for 2 h. Absorbance was measured at 
450 nm using an MRX II microplate reader (Dynex). Finally, 
cell viability was calculated as a percentage relative to the 
untreated control.

Western blot analysis. Tumor cells were lysed in 50 µl of RIPA 
buffer (Cell Signaling Technology, Inc.) with 1 mM phenyl-
methylsulfonyl fluoride (Beyotime Institute of Biotechnology). 
The concentration of protein was measured using a BCA 
Protein Assay kit (Sigma‑Aldrich; Merck KGaA). Whole‑cell 
lysates were prepared, fractioned and separated (40 µg/lane) via 

SDS‑PAGE (10% gel). The separated proteins were transferred 
to polyvinylidene difluoride membranes (EMD Millipore) and 
were blocked with blocking buffer containing 5% non‑fat milk 
in Tris‑buffered saline and 0.1% Tween 20 (TBS‑T) at 37˚C for 
2 h. The membranes were subsequently incubated with primary 
antibodies against E‑cadherin (cat. no. ab15148), vimentin 
(cat. no. ab92547), GAPDH (cat. no. ab8245) or eIF5A2 (cat. 
no. ab150439) (all 1:1,000; all from Abcam) overnight at 4˚C. 
The membranes were washed three times with TBST and then 
incubated with the appropriate horseradish‑peroxidase‑conju-
gated secondary antibodies (1:2,000; cat. no. ab7090; Abcam) 
for 1 h at room temperature. Protein expression was detected 
by chemiluminescence (GE Healthcare) and visualized by 
autoradiography on X‑ray films.

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA from breast cancer cells was extracted 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). A transcriptional First‑Strand cDNA Synthesis kit 
(Takara Bio, Inc.) was used for the reverse transcription, and 
qPCR was performed using SYBR Green PCR Master Mix 
(Takara Bio, Inc.). The thermocycling conditions of the PCR 
were as follows: 15 sec at 95˚C, and 60 sec at 60˚C for 45 cycles. 
Primers for eIF5A2, β‑actin, miR‑33a‑5p and U6 were obtained 
from GeneCopoeia, Inc. U6 was used as the internal control 
for miR‑33a‑5p. β‑actin was used as the internal control for 
eIF5A2. Data were analyzed using the 2‑ΔΔCq method (17). The 
primer sequences were as follows: miR‑33a‑5p: 5'‑GTG​CAT​
TGT​AGT​TGC​ATT​GCA‑3'; eIF5A2: Forward, 5'‑TAT​GCA​
GTG​CTC​GGC​CTT​G‑3'; reverse, 5'‑TTG​GAA​CAT​CCA​TGT​
TGT​GAG​TAG​A‑3'; β‑actin: Forward, 5'‑TTC​CAG​CCT​TCC​
TTC​CTG‑3'; reverse, 5'‑CTT​TGC​GGA​TGT​CCA​CGT‑3'.

Immunofluorescence assays. Cells transfected with miR‑33a‑5p 
or NC, or blank cells, were seeded at 0.5‑1.0x105 cells per 
well on glass coverslips in 24‑well plates and cultured in 
medium containing Dox (2.110, 1.242 and 1.047 µg/ml for 
MDA‑MB‑468, HCC1937 and MCF‑7 cells, respectively). 
After 24 h, the cells were fixed in 4% paraformaldehyde at 
room temperature, permeabilized with 0.1% Triton X‑100, 
and blocked with 5% bovine serum albumin 37˚C for 30 min. 
The cells were then incubated with anti‑human vimentin (cat. 
no. 5741) or anti‑human E‑cadherin (cat. no. 14472) primary 
antibodies (all 1:200; all from Cell Signaling Technology, 
Inc.) overnight at 4˚C. The cells were incubated with goat 
anti‑mouse secondary antibodies (1:200; cat. nos. ab150113 
and ab150075; Abcam) at 4˚C for 2 h. Finally, cells were 
stained with DAPI (Sigma‑Aldrich; Merck KGaA) for 2 min 
at room temperature, washed twice with PBS, and observed 
using an inverted fluorescence microscope (magnification, 
x100; Olympus Corporation).

Cell transfection. Breast cancer cells were transfected 
with miR‑33a mimic (20 µM), miR‑33a inhibitor (20 µM), 
eIF5A‑2 siRNA (100 nM) or negative control siRNA using 
Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. The transfec-
tion medium was replaced with normal culture medium at 6 h 
post‑transfection. Subsequent experiments were performed at 
48 h post‑transfection and repeated in triplicate.
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Figure 1. Effect of miR‑33a‑5p on doxorubicin sensitivity. (A) Western blot analysis was used to examine ER, PR and HER2 expression levels in the three 
breast cancer cell lines. (B) miR‑33a‑5p expression levels in the three breast cancer cell lines determined b RT‑qPCR. The experiment was repeated three times. 

*P<0.05 vs. MCF‑7 (C) The three human breast cancer cell lines were incubated with doxorubicin for 48 h. Cell viability was measured using the CCK‑8 assay. 
*P<0.05; ***P<0.001 vs. MCF‑7. (D) Cell viability was measured using the CCK‑8 assay. The three cell lines without treatment (control), or after transfection 
with miR‑33a‑5p mimic or NC, were incubated with various concentrations of doxorubicin (0, 0.5, 1.0, 1.5 and 2.0 µg/ml) for 24 h. (E) Efficiency of miR‑33a‑5p 
overexpression by mimic transfection was confirmed by RT‑qPCR. *P<0.05 and **P<0.01, with comparison indicated by lines. (F) Cell viability was measured 
using the CCK‑8 assay. The three cell lines without treatment, or after transfection with miR‑33a‑5p inhibitor or NC, were incubated with various concentra-
tions of doxorubicin (0, 0.5, 1.0, 1.5 and 2.0 µg/ml) for 24 h. (G) Efficiency of miR‑33a‑5p silencing by inhibitor transfection was confirmed by RT‑qPCR. 
**P<0.01 and ***P<0.001. miR, microRNA; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; RT‑qPCR, 
reverse transcription‑quantitative PCR; IC50, half minimal inhibitory concentration; CCK‑8, Cell Counting Kit‑8; NC, negative control.
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Luciferase assay. Wild type EIF5A2‑3'UTR or mutant 
EIF5A2‑3'UTR were constructing by cloning the 3'‑UTR of 
eIF5A2 that included the binding sequence for miR‑33a‑5p or 
the mutated 3'‑UTR, respectively. Then, the reporter pRL‑TK 
Renilla luciferase plasmids (Shanghai GenePharma Co., Ltd.) 
with Wt or Mut 3'‑UTR of eIF5A2 and miR‑33a‑5p mimic were 
co‑transfected in 293T cells cultured in DMEM with 10% 
FBS in 12‑well plates using Lipofectamine™ 2000 at 37˚C in 
a 5% CO2 incubator. After 48 h of transfection, the luciferase 
reporter assay (Promega Corporation) was used to measure the 
luciferase activity of the wild type or mutant EIF5A2 3'‑UTR 
Firefly luciferase activity was normalized against the Renilla 
luciferase activity.

Statistical analysis. Data were analyzed using SPSS software 
(version 17.0; SPSS Inc.). Two‑way analysis of variance and 
Bonferroni's post‑hoc test was used to assess the effects of Dox 
and combined treatment. Unpaired Student's t‑test was used to 
compare results between two experimental groups. Results are 
presented as the mean ± standard error of the mean. P<0.05 
was considered to indicate a statistically significant difference.

Results

miR‑33a‑5p overexpression sensitizes TNBC cells to Dox 
treatment. To investigate the role of miR‑33a‑5p on Dox resis-
tance, the expression of ER, PR and HER2 was analyzed in three 
breast cancer cell lines. Two of these cell lines (MDA‑MB‑468 
and HCC1937) lacked ER, PR and HER2 expression and were 
confirmed as TNBC cells (Fig. 1A) (18). It was revealed that 
there were significantly lower miR‑33a‑5p expression levels in 
the aforementioned two TNBC cell lines compared with those 
in the non‑TNBC cell line, MCF‑7 (Fig. 1B). The effect of Dox 
on the cell viability of the three breast cancer cell lines was 
investigated next, and the results revealed that the two cell 
lines with higher miR‑33a‑5p levels had a lower cell viability 
and half maximal inhibitory concentration value of Dox 
(Fig. 1C; Table I). These findings suggested that low levels of 
miR‑33a‑5p may be associated with increased Dox resistance 
in TNBC cells.

To further investigate the association between miR‑33a‑5 
and Dox resistance, the effect of gain‑ and loss‑of‑function 
of miR‑33a‑5p was investigated in the three cancer cell lines. 
As predicted, transfection with miR‑33a‑5p mimic signifi-
cantly enhanced the antitumor effect of Dox in the TNBC 
cell lines (Fig. 1D), whereas miR‑33a‑5p inhibitors had the 
opposite effect (Fig. 1F). However, no effect of miR‑33a‑5p 
overexpression or inhibition was observed in the non‑TNBC 
cell line MCF‑7 (Fig. 1D and F). The transfection efficiencies 
of the miR‑33a‑5p mimic and inhibitor were confirmed using 

RT‑qPCR (Fig. 1E and G). Thus, the present results indicated 
that miR‑33a‑5p overexpression enhanced Dox sensitivity in 
TNBC cells, but not in a non‑TNBC cell line.

miR‑33a‑5p inhibits Dox‑induced EMT in TNBC cells. 
Several studies have demonstrated that the EMT process is 
vital for acquired drug resistance in cancer cells (19,20). Thus, 
the protein expression levels of EMT‑associated markers 
in the three breast cancer cell lines were investigated. The 
results of the western blot analysis revealed that Dox treat-
ment downregulated the epithelial marker E‑cadherin, while 
it upregulated the mesenchymal marker vimentin (Fig. 2A), 
suggesting that Dox could promote EMT in breast cancer 
cells. In addition, it was revealed that Dox could downregulate 
miR‑33a‑5p expression in TNBC cells but not in non‑TNBC 
cells (Fig. 2B). To investigate whether miR‑33a‑5p was involved 
in the mechanism of Dox‑induced EMT in TNBC cells, the 
expression levels of E‑cadherin and vimentin were detected in 
the two TNBC cell lines treated with Dox alone or Dox plus 
miR‑33a‑5p mimic. The results demonstrated that miR‑33a‑5p 
overexpression could reverse the Dox‑induced EMT, by 
upregulation of E‑cadherin and downregulation of vimentin 
in TNBC cells, while miR‑33a‑5p mimic does not reverse 
the Dox‑induced EMT in the MCF‑7 cell line (Fig. 2C). The 
results of immunofluorescence assays were consistent with the 
western blot analysis results (Fig. 2D), confirming that overex-
pression of miR‑33a‑5p inhibited Dox‑induced EMT. It can be 
speculated that the effect of miR‑33a‑5p on Dox‑induced EMT 
may be responsible for the increased sensitivity of TNBC cells 
to Dox.

miR‑33a‑5p directly inhibits eIF5A2 expression in TNBC 
cells by binding to its 3'‑UTR. To examine how miR‑33a‑5p 
regulates Dox‑induced EMT, a web‑based bioinformatics 
program (TargetScan) was used to predict the miR‑33a‑5p 
targets in TNBC cells (21). Of these, a currently undiscov-
ered candidate gene, eIF5A2, was identified, which harbored 
a potential miR‑33a‑5p‑binding site (Fig. 3A). To examine 
this hypothesis, a luciferase reporter assay was imple-
mented. The luciferase activity of wild‑type eIF5A2 3'‑UTR 
was decreased following transfection with miR‑33a‑5p 
mimic, while the activity of a mutant eIF5A2 3'‑UTR was 
unchanged (Fig. 3B). Further analysis revealed that overex-
pression of miR‑33a‑5p led to decreased eIF5A2 expression 
at the mRNA level compared with the NC, inhibitor NC 
and Control groups in TNBC cells, whereas no change was 
observed on the eIF5A2 expression in the non‑TNBC MCF‑7 
cells (Fig. 3C). The opposite effect was observed in TNBC 
cells when miR‑33a‑5p was inhibited (Fig. 3C). Therefore, 
the present results demonstrated that eIF5A2 was a target 
gene of miR‑33a‑5p in TNBC cells.

eIF5A2 is involved in Dox‑induced EMT and Dox resistance 
in TNBC cells. As eIF5A2 was a target gene of miR‑33a‑5p, 
it was investigated whether eIF5A2 contributed to Dox 
resistance in TNBC cells. To this end, the eIF5A2 inhibitor 
GC7 (22,23) was utilized. First, the effect of GC7 on breast 
cancer cell viability was investigated. The results revealed that 
GC7 could inhibit cell viability in a concentration‑dependent 
manner at concentrations >6.25 µM (Fig. 4A). Therefore, 

Table I. IC50 values of doxorubicin treatment in each cell line. 

Cell lines	 MDA‑MB‑468	 HCC‑1937	 MCF‑7 

IC50, µg/ml	 2.110±0.326	 1.242±0.062	 1.047±0.09

IC50, half maximal inhibitory concentration.
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subsequent experiments were performed using 6 µM GC7. 
The CCK‑8 assay results demonstrated that GC7 could 
enhance the sensitivity of TNBC cells to Dox, compared 
with the untreated control group (Fig. 4B). Furthermore, the 
results of western blot analysis revealed that GC7 treatment 
inhibited EMT by upregulating E‑cadherin expression while 
downregulating vimentin expression in TNBC cells (Fig. 4C). 
GC7 was also demonstrated to reverse Dox‑induced EMT 
(Fig. 4D), consistent with the effects of miR‑33a‑5p overex-
pression. Overall, these results indicated that eIF5A2 was 

involved in the regulation of Dox resistance by promoting 
EMT.

eIF5A2 participates in miR‑33a‑5p‑induced Dox sensitivity 
and EMT inhibition. Based on the results of the present study, 
it was speculated that the functional effect of miR‑33a‑5p on 
TNBC cells may be dependent on eIF5A2. The cell viability 
of the eIF5A2‑targeting siRNA‑transfected TNBC cells 
treated with Dox or with Dox plus miR‑33a‑5p inhibitor was 
then investigated. The results revealed that the miR‑33a‑5p 

Figure 2. miR‑33a‑5p regulates Dox‑induced EMT in TNBC cells. (A) Western blot analysis was used to examine E‑cadherin and vimentin expression 
levels in breast cancer cells treated with Dox. (B) miR‑33a‑5p expression levels in breast cancer cells treated with Dox were detected by RT‑qPCR. **P<0.01 
and ***P<0.001 vs. control. (C) Western blot analysis was used to examine the E‑cadherin and vimentin protein expression levels in cells treated with Dox 
alone or with Dox plus miR‑33a‑5p mimic. (D) Immunofluorescence was performed to analyze E‑cadherin and vimentin prtein expression levels in the two 
TNBC cell lines. miR, microRNA; Dox, doxorubicin; EMT, epithelial‑mesenchymal transition; TNBC, triple negative breast cancer; RT‑qPCR, reverse 
transcription‑quantitative PCR; NC, negative control.

Figure 3. eIF5A2 is a target of miR‑33a‑5p. (A) Predicted miR‑33a‑5p‑binding site in the 3'‑UTR of eIF5A2 mRNA, as identified by Targetscan. (B) Plasmids 
that carried Wt or Mut 3'‑UTR of eIF5A2 and miR‑33a‑5p mimic were co‑transfected in 293T cells. Firefly luciferase activity was normalized against the 
Renilla luciferase activity. **P<0.01 vs. miR‑NC. (C) eIF5A2 mRNA expression levels in breast cancer cells transfected with miR‑33a‑5p mimic or inhibitor or 
their corresponding NC were detected by RT‑qPCR. *P<0.05, **P<0.01 vs. control. eIF5A2, eukaryotic translation initiation factor 5A2; miR, microRNA; UTR, 
untranslated region; Wt, wild‑type; Mut, mutant; RT‑qPCR, reverse transcription‑quantitative PCR; NC, negative control.
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Figure 5. eIF5A2 knockdown abolishes the effect of miR‑33a‑5p in regulating Dox sensitivity. (A) Three human breast cancer cell lines transfected with 
eIF5A2 siRNA alone or with eIF5A2 siRNA plus miR‑33a‑5p inhibitor were incubated with different concentrations of doxorubicin (0, 0.5, 1.0, 1.5 and 
2.0 µg/ml) for 48 h. Cell viability was measured using the Cell Counting Kit‑8 assay. (B) Protein expression levels of E‑cadherin and vimentin were detected 
in the breast cancer cell lines transfected with eIF5A2 siRNA alone or with eIF5A2 siRNA plus miR‑33a‑5p inhibitor. eIF5A2, eukaryotic translation initiation 
factor 5A2; miR, microRNA; siRNA, small interfering RNA.

Figure 4. eIF5A2 inhibition improves sensitivity of breast cancer cells to Dox and reverses Dox‑induced EMT. (A) The effect of GC7 in breast cancer cell lines 
examined for 48 h by the Cell Counting Kit‑8 assay. ***P<0.001 vs. control. (B) Cell viability of breast cancer cell lines incubated with different concentrations 
of doxorubicin (0, 0.5, 1.0, 1.5 or 2.0 µg/ml) alone or with GC7 (6 µm). (C) The effect of GC7 on the expression levels of E‑cadherin and vimentin compared 
with control. (D) The expression of E‑cadherin and vimentin in breast cancer cell lines incubated with Dox (2.110, 1.242 and 1.047 µg/ml for MDA‑MB‑468, 
HCC1937 and MCF‑7 cells, respectively) alone or Dox plus GC7 for 48 h. eIF5A2, eukaryotic translation initiation factor 5A2; Dox, doxorubicin; EMT, 
epithelial‑to‑mesenchymal transition.
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inhibition‑mediated Dox resistance disappeared in the treated 
cells (Fig.  5A). Next, the expression levels of E‑cadherin 
and vimentin in the TNBC cells transfected with eIF5A2 
siRNA alone or in combination with miR‑33a‑5p inhibitor 
were investigated. As presented in Fig. 5B, TNBC cells that 
were co‑transfected with eIF5A2 siRNA and treated with 
miR‑33a‑5p inhibitor did not demonstrate any difference in the 
expression of E‑cadherin and vimentin. Overall, these results 
indicated that miR‑33a‑5p may regulate Dox sensitivity via 
downregulating eIF5A2 and inhibiting Dox‑induced EMT.

Discussion

As TNBC is not sensitive to endocrine therapy and 
HER2‑targeted therapy, cytotoxic chemotherapy is the main 
mode of treatment for TNBC (24). Dox alone or in combination 
with other chemotherapeutics have been widely used in TNBC 
treatment; however, chemoresistance of TNBC to Dox is the 
main cause of treatment failure (25). Recent research indicated 
that cells transfected with miRNA inhibitor or mimic with the 
aim of downregulating or upregulating the expression levels 
of a specific gene could regulate drug resistance in different 
types of cancer cells (26,27). It has also been demonstrated that 
abnormal miRNA expression post‑transcriptionally regulates 
chemotherapy‑associated genes, and is closely associated with 
Dox chemoresistance (28). miR‑33a‑5p has previously been 
demonstrated to be downregulated in a number of different 
types of cancer and is involved in tumor progression, chemo-
therapy resistance and radiosensitivity (15,16,29,30). However, 
the role of miR‑33a‑5p in the resistance of TNBC to Dox 
remains unknown. Therefore, the present study focused on the 
role and potential mechanism of miR‑33a‑5p on Dox resistance 
in TNBC. The results indicated that miR‑33a‑5p overexpression 
could sensitize TNBC cells to Dox by inhibiting Dox‑induced 
EMT. Furthermore, eIF5A2 was confirmed as the target gene of 
miR‑33a‑5p in TNBC, and it was involved in the regulation of 
miR‑33a‑5p‑mediated sensitivity of cells to Dox and the EMT 
process. Therefore, upregulation of miR‑33a‑5p could serve as 
a novel strategy for overcoming drug resistance in TNBC.

The EMT is a fundamental biological process in which 
epithelial cells undergo biochemical shifts to acquire mesen-
chymal properties (31). It is known that during EMT, epithelial 
cells gain a mesenchymal phenotype, resulting in increased 
invasion and metastasis in cancer (32). Consequently, epithe-
lial markers, such as E‑cadherin, are upregulated, while 
mesenchymal markers, such as vimentin, Snail, and Slug, are 
downregulated (33,34). Accumulating evidence has elucidated 
the essential role of EMT in the chemoresistance of TNBC. 
A number of studies have demonstrated that chemoresistance 
of TNBC was due to EMT, and inhibiting EMT in TNBC 
cells could suppress cancer drug resistance (35,36). These 
results suggested that EMT may serve an essential role in drug 
resistance of TNBC. In the present study, it was demonstrated 
that Dox induced EMT in TNBC, and for the first time, the 
results revealed that miR‑33a‑5p overexpression reversed 
Dox‑induced EMT, thus enhancing the sensitivity of TNBC 
to Dox.

miRNAs are known to regulate gene expression through 
translational inhibition or cleavage of target mRNAs (37). 
In the present study, the TargetScan database was used to 

predict candidate target genes for miR‑33a‑5p. Luciferase 
reporter assays were then used to confirm that eIF5A2 was a 
direct target gene of miR‑33a‑5p in TNBC. eIF5A2 is located 
in chromosome 3q26, and it encodes for the eIF5A2 transla-
tion initiation factor, which is specific for a small number 
of mRNAs  (38‑42). Numerous studies have reported that 
eIF5A2 is overexpressed in a number of different types of 
human cancer, including pancreatic cancer (43), hepatocel-
lular carcinoma (38,44), non‑small cell lung cancer (40,45), 
gastric cancer (46) and colorectal cancer (47). Furthermore, 
eIF5A2 has been demonstrated to be associated with chemo-
resistance in certain types of cancer, such as colorectal 
cancer, esophageal aquamous cell carcinoma and bladder 
cancer (47‑49). In breast cancer, eIF5A2 was indicated to 
be a gene that causes chemoresistance (50), and inhibition 
of this gene by the deoxyhypusine synthase inhibitor GC7 
has been indicated to enhance the sensitivity of estrogen 
receptor‑negative breast cancer cells to Dox by inhibiting 
EMT (51). In the present study, it was also indicated that 
inhibiting eIF5A2 expression by GC7 improved the sensi-
tivity of TNBC cells to Dox by reversing the Dox‑induced 
EMT. Furthermore, it was demonstrated that miR‑33b could 
regulate the expression of eIF5A2. Overall, these results 
indicate that miR‑33a‑5p enhanced the sensitivity of TNBC 
cells to Dox, by suppressing eIF5A2 expression and reversing 
Dox‑induced EMT.

The present study was not without limitations. Firstly, 
it was demonstrated that miR‑33a‑5p expression levels 
were lower in TNBC when compared with non‑TNBC cell; 
however, the reason for miR‑33a‑5p overexpression not 
being able to exert any effect on MCF‑7 with high expres-
sion remains unknown. It can be speculated that this may 
be associated with differences in other signaling pathways 
that regulate the metastatic potential of the cells and may be 
downstream of ER, PR and HER2 pathways. Secondly, the 
observation that GC7 treatment induced eIF5A2 downregu-
lation was only investigated in the three cell lines tested in 
the present study, including MCF‑7. However, sensitization 
was only obvious in TNBC. The mechanism for this unique 
specificity to TNBC is again unknown and may be associated 
with the ER, PR and HER2 pathways. Further research is 
required to elucidate the underlying molecular mechanism of 
miR‑33a‑5p in TNBC in the future.

In conclusion, the present study demonstrated that 
miR‑33a‑5p overexpression could enhance Dox sensi-
tivity in TNBC cells by suppressing eIF5A2 and reversing 
Dox‑induced EMT. miR‑33a‑5p overexpression appears to be 
a potential therapeutic approach against TNBC. Therefore, 
miR‑33a‑5p‑based therapy may be a promising strategy for 
overcoming the chemoresistance of TNBC.
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