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Abstract. MicroRNA (miR)‑125a‑5p represses tafazzin 
phospholipid‑lysophospholipid transacylases (TAFAZZIN) 
expression and inhibits the epithelial‑mesenchymal transi‑
tion (EMT) of ovarian cancer cells. EMT was found to have 
a crucial role in the acquisition of chemoresistance. Thus, 
the present study aimed to determine whether miR‑125a‑5p 
reverses EMT and restores drug sensitivity by negatively 
regulating TAFAZZIN in breast cancer. The expression of 
miR‑125a‑5p/TAFAZZIN and its association with chemo‑
therapy response were determined in tissue samples from 
patients with breast cancer. Furthermore, the effects of 
miR‑125a‑5p on breast cancer cells were elucidated using cell 
proliferation and cell apoptosis assays. Then, the regulatory 
mechanism of miR‑125a‑5p in breast cancer was investigated 
by reverse transcription‑quantitative PCR, western blotting, 
dual‑luciferase reporter and RNA immunoprecipitation 
assays. The results demonstrated that miR‑125a‑5p inhibited 
the EMT of MCF‑7/adriamycin (Adr) breast cancer cells, 
as well as decreased the proliferation and increased the 
apoptosis of breast cancer cells treated with Adr/docetaxel. 
In addition, miR‑125a‑5p downregulated the expression levels 
of TAFAZZIN, Transglutaminase 2, phosphorylated‑AKT, 
N‑cadherin, vimentin and proliferating cell nuclear antigen, and 
significantly increased those of E‑cadherin, cleaved caspase-3 
and Bax in MCF7/Adr cells. Similar results were obtained with 
small interfering RNA‑TAFAZZIN. Moreover, TAFAZZIN 

was identified as a direct target of miR‑125a‑5p in MCF7/Adr 
breast cancer cells. In addition, increased miR‑125a‑5p expres‑
sion was observed in breast tumors from patients exhibiting a 
chemotherapy response, and TAFAZZIN mRNA expression 
was elevated in patients with no chemotherapy response. 
Hence, miR‑125a‑5p expression was negatively correlated 
with TAFAZZIN mRNA expression in breast cancer tissues. 
All these data suggested that miR‑125a‑5p reverses EMT and 
restores drug sensitivity by negatively regulating TAFAZZIN 
in breast cancer and, therefore, has potential as a novel 
therapeutic target for this disease.

Introduction

In 2020, there were ~276,480 new cases of breast cancer in 
the United States, and breast cancer was the leading cause 
of cancer‑related death in women, thus seriously threatening 
women's physical and mental health (1). To date, the sequential 
administration of adriamycin (Adr) and docetaxel (Doc) is 
frequently used for neoadjuvant or adjuvant chemotherapy 
in breast cancer (2). Chemoresistance remains among the top 
challenges in current breast cancer treatment (3).

MicroRNAs (miRNAs/miRs) are a group of small 
non‑coding RNAs that structurally consist of 18‑25 nucleotides 
and mediate important biological and physiological processes, 
such as the proliferation, growth, apoptosis, differentiation, 
invasion, migration, metastasis and chemosensitivity of several 
cancer types, including breast cancer (4).

miR‑125a‑5p has a controversial role in cancer progression. 
Recent evidence indicates that this gene inhibits proliferation 
and induces apoptosis in hepatocellular carcinoma cells (5). 
Moreover, miR‑125a‑5p is widely expressed in different tissues 
and cells, and is a suppressor in various cancer types (6). For 
example, miR‑125a‑5p may act as a tumor suppressor miRNA 
and a marker of prognosis and recurrence in head and neck 
squamous cell carcinoma (7).

In cancer cells, the Hippo pathway is tightly regulated 
by mechanical force, cell‑cell contact and polarity, and is a 
central regulator that promotes tumor initiation and progres‑
sion (8,9). As the major downstream effector of the Hippo 
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pathway, tafazzin phospholipid‑lysophospholipid transac‑
ylases (TAFAZZIN) is involved in tissue homeostasis and 
tumorigenesis (10‑12). As a biologically potent transcriptional 
coactivator, TAFAZZIN serves an important role in the 
development and sustainability of neoplasia (10). miR‑125a‑5p 
overexpression can repress TAFAZZIN expression to inhibit 
the epithelial‑mesenchymal transition (EMT) of ovarian 
cancer cells (13). Furthermore, a decreased miR‑125 expres‑
sion promotes colorectal cancer cell proliferation and invasion, 
whereas miR‑125 inhibits colorectal cancer cell proliferation 
and invasion by targeting TAFAZZIN (14).

Our previous study reported that Transglutaminase  2 
(TG2) downregulation can reverse EMT and modulate the 
chemosensitivity of MDA‑MB‑231 breast cancer cells to 
Doc (15). However, the molecular mechanisms of resistance 
to drug (Adr/Doc) in breast cancer remain unknown. The 
present study aimed to determine whether miR‑125a‑5p 
suppresses EMT and reverses the drug resistance and restores 
the sensitivity to Adr/Doc of breast cancer cells by targeting 
TAFAZZIN.

Materials and methods

Cell lines and drugs. MCF‑7/Adr breast cancer cells, authen‑
ticated by short tandem repeat, were obtained from Qingqi 
(Shanghai) Biotechnology Development Co., Ltd. Cells were 
grown in RPMI‑1640 medium (Sigma‑Aldrich; Merck KGaA) 
supplemented with 10% FBS (Thermo Fisher Scientific, Inc.) 
and 1%  penicillin/streptomycin (10,000 U   penicillin and 
10 mg streptomycin) at 37˚C.

Direct and indirect assays were performed to detect myco‑
plasma contamination within MCF‑7/Adr cell cultures (16,17). 
Vero cells (mycoplasma‑free cells; cat. no. GDC0029; China 
Center for Type Culture Collection) and B6yH4 cells (myco‑
plasma positive hybridoma cells; cat. no. GDC0017; China 
Center for Type Culture Collection) were used as negative 
and positive controls, respectively. MCF‑7/Adr cell cultures 
were observed microscopically for mycoplasma colonies 
each week for ≥21 days. Extracellular fluorescence under a 
fluorescence microscope indicated mycoplasma contamina‑
tion. At an appropriate density (6,000 cells/well), the cells 
were seeded in 96‑well plates and incubated overnight at 37˚C 
after mycoplasma detection. Adr and Doc samples were 
acquired from the Clinical Department of Jiangxi Provincial 
Cancer Hospital (Nanchang, China) and originally purchased 
from Zhejiang Hisun Pharmaceuticals Co., Ltd., and Jiangsu 
Hengrui Medicine Co., Ltd., respectively. Breast cancer cells 
were seeded into 96‑well plates (6x103 cells/well), incubated 
for 48 h at 37˚C, treated with Adr or Doc and classified into 
the following groups: Negative control  (NC) group, miR 
group (transfected with miR‑125a‑5p), Adr/Doc group (treated 
with Adr or Doc) and miR/drug group (transfected with 
miR‑125a‑5p and treated with Adr or Doc). MCF7/Adr cells 
were initially treated with different concentrations (0.625, 1.25, 
2.5, 5, 10, 20 and 40 µM) of Adr or Doc and miR‑125a‑5p 
for 72 h at 37˚C, and cell viability was determined using a 
Cell Counting Kit‑8 (CCK‑8) assay. CCK‑8 reagent (Dojindo 
Molecular Technologies, Inc.) was incubated with the cells 
at 37˚C for 3 h. Then, the MCF7/Adr cells were treated with 
Adr (IC50 2.28 µM) or Doc (IC50 1.63 µM) at different time 

points, and cell viability was measured after 24, 48, 72, 96 
and 120 h of treatment.

Cell transfection. miR‑125a‑5p mimics (5'‑AGU​GUU​
CAA​UCC​CAG​AGU​CCC​U‑3') and NC (5'‑CUC​AUU​
CCC​AUA​UGG​UCG​CAA​G‑3') mimics were synthesized 
by Shanghai GenePharma Co., Ltd. Small interfering 
(si)RNA‑TAFAZZIN (5'‑GGA​UAC​AGG​AGA​AAA​CGC​A‑3') 
and si‑TAFAZZIN‑NC (siRNA NC) were obtained from 
Qiagen, Inc., to regulate the expression of TAFAZZIN. In 
accordance with the manufacturer's instructions, breast cancer 
cells were seeded into 96‑well plates (4x104 cells/well). The 
cells were transfected using Lipofectamine® 2000 (Invitrogen; 
Thermo  Fisher Scientific, Inc.) at room temperature for 
10 min. The complexes were added dropwise on the cells and 
the plates were incubated at 37˚C in 5% CO2. Following treat‑
ment of the breast cancer cells with miR‑125a‑5p for 6 days, 
the cells were then observed, and all images were captured 
on a Leica DM1 confocal microscope (magnification, x200; 
Leica Microsystems, Inc.).

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
from cultured cells and tissues was isolated using TRIzol® 
reagent (Sigma‑Aldrich; Merck KGaA) following the manu‑
facturer's protocol. RNA quality and quantity were quantified 
using a Nano‑drop 2000 spectrophotometer (Thermo Fisher 
Scientific, Inc.). Next, 2 µg total RNA was reverse transcribed 
into cDNA using PrimeScript RT Master mix (Takara Bio, 
Inc.) at 37˚C for 1 h. qPCR was performed under the following 
thermocycling conditions: 30 min at 50˚C followed by 10 min 
at 95˚C; 40 cycles of 60˚C for 1 min followed by 95˚C for 
15 sec. qPCR was performed using a SYBR Green qPCR 
Master Mix kit (Takara Bio, Inc.) with gene‑specific primers. 
GAPDH and U6 served as internal references for mRNA and 
miRNA, respectively. The sequences for the PCR primers are 
as follows: TAFAZZIN forward (FW), 5'‑ACA​CCC​TGC​AAT​
CTT​TCA​GAC​A‑3' and reverse (RV), 5'‑GAT​TCC​ACT​TTG​
CGT‑3'; miR‑125a‑5p FW, 5'‑CTGGAAACAGAGGGATGC‑3' 
and RV, 5'‑CCT​GGC​TCC​TCA​CTT​GGC‑3'; GAPDH FW, 
5'‑AAG​TAC​TCC​GTG​TGG​ATC​GG‑3' and RV, 5'‑ATG​CTA​
TCA​CCT​CCC​CTG​TG‑3'; and U6 FW, 5'‑CTC​GCT​TCG​GCA​
GCA​CA‑3' and RV, 5'‑AAC​GCT​TCA​CGA​ATT​TGC​GT‑3'. 
Differences in gene expression were calculated using the 2‑ΔΔCq 

method (18).

Western blotting examination. The cultured cells were washed 
and harvested in a lysis solution. Whole cell lysates were 
prepared using RIPA buffer (Sigma‑Aldrich; Merck KGaA) 
containing a protease cocktail inhibitor (Thermo  Fisher 
Scientific, Inc.), with quantification using the Pierce™ 
BCA Protein assay kit (Thermo Fisher Scientific, Inc.). The 
proteins were separated by SDS‑PAGE on 10% acrylamide 
gels, and subsequently transferred to PVDF membranes by 
electroblotting. Membranes were blocked with 2.5% non‑fat 
milk at room temperature for 2  h and washed in TBS 
containing 0.1% Tween‑20. Membranes were incubated with 
primary antibodies (1:1,000) for 12‑18 h at  4˚C, and then 
incubated for 1 h in HRP‑conjugated secondary antibodies 
(1:1,000; cat. nos. SA00001‑1 and SA00001‑2; ProteinTech 
Group, Inc.) at room temperature. The membranes were 
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probed using the following antibodies: Anti‑TAFAZZIN 
(cat.  no.  703032; Invitrogen; Thermo  Fisher Scientific, 
Inc.), anti‑TG2 (cat. no. ab109200; Abcam), anti‑E‑cadherin 
(cat. no. ab40772; Abcam), anti‑N‑cadherin (cat. no. ab18203; 
Abcam), anti‑vimentin (cat.  no.  ab217673; Abcam), 
anti‑GAPDH (cat. no. ab8245; Abcam), anti‑cleaved caspase-3 
(cat. no. 9661; Cell Signaling Technology, Inc.), anti‑caspase-3 
(cat. no. 9662; Cell Signaling Technology, Inc.), anti‑phos‑
phorylated (p)‑AKT (cat. no. 4060; Cell Signaling Technology, 
Inc.), anti‑total  (t)‑AKT (cat.  no.  4691; Cell Signaling 
Technology, Inc.), anti‑β‑catenin (cat. no. MA1‑301; Invitrogen; 
Thermo Fisher Scientific, Inc.), anti‑proliferating cell nuclear 
antigen (PCNA; cat. no. 13‑3900; Invitrogen; Thermo Fisher 
Scientific, Inc.), anti‑Bcl‑2 (cat.  no.  13‑8800; Invitrogen; 
Thermo Fisher Scientific, Inc.) and anti‑Bax (cat. no. ab32503; 
Abcam). The blots were reprobed with an antibody against 
GAPDH as the loading control. The membrane was exposed 
to an ECL solution (Beijing Solarbio Science & Technology 
Co., Ltd.) and imaged with a Bio‑Rad Versa Doc Imaging 
System (Bio‑Rad Laboratories, Inc.). Finally, the protein bands 
were analyzed by Image Lab software (version 6.0; Bio‑Rad 
Laboratories, Inc.).

Cell proliferation assay. Cell proliferation was analyzed 
using a Cell Counting Kit‑8 (CCK‑8; Dojindo Molecular 
Technologies, Inc.), in accordance with the manufacturer's 
protocols. The cells were harvested via trypsin digestion and 
passed through No. 400 stainless steel meshes, following which 
they were uniformly added into 96‑well plates at a concentra‑
tion of 3x103 cells/well. When the cells grew to a confluence 
of 60%, they were divided into groups according to treatment 
and incubated at 37˚C for 72 h. CCK‑8 reagent (10 µl/well) was 
added to culture medium and incubated with the cells at 37˚C 
for an additional 3 h. Absorbance was measured at 450 nm 
using a microplate reader (Molecular Devices, LLC), with 
the optical density (OD) values of each well representing the 
survival/proliferation of cells. The proliferation inhibition 
rates (%)=(the average OD value in all duplicates in control 
group‑the average OD value in medicine groups)/the average 
OD value in blank control group x100%. These experiments 
were repeated independently ≥3 times.

Cell apoptosis assay. Flow cytometry analysis was deter‑
mined using the annexin V/PI method (annexin V‑FITC/PI 
apoptosis kit; BestBio) in accordance with the manufacturer's 
protocols. The cells were seeded into 25‑ml flasks and divided 
into groups according to treatment. After 48 h, the cells were 
washed, harvested, resuspended in 100 µl 1X binding buffer 
and stained with 5 µl FITC‑annexin V and 5 µl PI for 15 min 
at room temperature in the dark. The samples were analyzed 
via flow cytometry (Excitation=488 nm; Emission=530 nm). 
The percentage distributions of normal, early apoptotic, late 
apoptotic and necrotic cells were calculated using ModFitLT 
v3.0 software (BD Biosciences) and the results were calculated 
from three independent experiments.

Dual‑luciferase reporter assay. Bioinformatics analysis 
was conducted using TargetScan Human Release  7.2 
(http://www.targetscan.org/vert_72/). The sequence of target 
genes 3'‑untranslated region (UTR) was cloned and inserted 

into the psiCHECK2 vector encoding dual‑luciferase (Promega 
Corporation). For luciferase assay, MCF‑7/Adr cells were 
co‑transfected with miR‑125a‑5p mimic or control miRNA 
mimics and luciferase vector containing the full‑length 3'‑UTR 
of TAFAZZIN using Lipofectamine®  2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.). At 24 h post co‑transfection, 
the cells were harvested, lysed and analyzed with the 
dual‑luciferase assay kit (Promega Corporation), according 
to the manufacturer's protocol, to determine the firefly and 
Renilla luciferase activity. The firefly luciferase activity was 
normalized according to the Renilla activity. Relative light 
units were examined, and the experiments were performed in 
triplicate.

R NA  i m m u n o p re c i p i t a t i o n  (R I P)  a s s a y.  A n 
Immunoprecipitation kit (cat.  no.  ab206996; Abcam) was 
used to perform the RIP assay, in accordance with the 
manufacturer's protocols. MCF‑7/Adr cells were treated with 
formaldehyde to cross‑link in vivo Protein‑RNA complexes, 
and harvested by trypsinization and resuspended in PBS, 
freshly prepared nuclear isolation buffer and water on ice 
for 20 min (with frequent mixing). Nuclei were pelleted by 
centrifugation at 2,500 x g at 4˚C for 15 min. The nuclear 
pellet was resuspended in freshly prepared RIP buffer (1 ml). 
Resuspended nuclei were split into two fractions of 500 ml 
each (for mock and IP) and were mechanically sheared using 
a Dounce homogenizer with 15‑20 strokes. Nuclear membrane 
and debris were pelleted by centrifugation at 6,500 x g at 4˚C 
for 10 min. Antibody to TAFAZZIN (10 µg; cat. no. 703032; 
Invitrogen; Thermo Fisher Scientific, Inc.) was added to the 
supernatant (10 mg) and incubated for 2 h (to overnight) at 4˚C 
with gentle shaking. Protein A/G beads (40 µl) were added 
and incubated for 1 h at 4˚C with gentle shaking. Beads were 
pelleted at 1,250 x g at 4˚C for 30 sec, the supernatant was 
removed and beads were resuspended in 500 ml RIP buffer. 
This was repeated for a total of three RIP washes, followed 
by one wash in PBS. Beads were resuspended in TRIzol RNA 
extraction reagent (1 ml). Co‑precipitated RNAs were isolated 
and Protein isolated by the beads was detected via western 
blotting, while RNA was detected via RT‑qPCR.

Tissue samples. Tumor samples were collected from 
45 patients with newly diagnosed locally advanced breast 
cancer female aged 45‑60 years, who received four cycles 
of Adr and cyclophosphamide, followed by four cycles of 
Doc (AC→T) neoadjuvant therapy for early breast cancer 
in Jiangxi Provincial Cancer Hospital (Nanchang, China) 
between January  2018 and December  2020. Exclusion 
criteria included patients who had received radiotherapy or 
chemotherapy. Written informed consent was obtained from 
all participants prior to experiments, which were conducted 
after  agreement  from the Ethics Committee of Jiangxi 
Provincial Cancer Hospital (approval no. 20180314).

The samples were immediately placed in  ‑80˚C refrig‑
erators until RNA extraction. At room temperature specimens 
were fixed in 10% formalin for 10 h. The tissues were cut into 
4‑µm thick slices and stained with hematoxylin and eosin 
(H&E) at 20˚C for 2 h, and imaged using a Leica DM1 confocal 
microscope (Leica Microsystems, Inc.). Using H&E‑stained 
breast tissue, pathologic responses to chemotherapy were 
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independently evaluated by two pathologists following the 
Miller and Payne  (MP) grading system  (19): Grade  1, no 
change in tumor lesions; Grade 2, a small number of tumor 
cells disappeared (<30%); Grade 3, most of the tumor tissues 
(30‑90%) disappeared; Grade 4, marked (>90%) disappearance 
of tumor cells; and Grade 5, no residual invasive carcinoma. 
Grade 3 to 5 cancer types were defined as chemosensitive group, 
and grade 1 and 2 tumors were classified into chemoresistant 
group (20). In total, 45 pre‑chemotherapy biopsy samples from 
chemosensitive (n=25) and chemoresistant cases (n=20) were 
selected for the detection of miR‑125a‑5p and TAFAZZIN 
expression using RT‑qPCR.

Statistical analysis. Statistical analysis was performed using 
SPSS 17.0 software (SPSS, Inc.). Data are presented as the 
mean  ±  SD from at least three independent experiments. 
Unpaired Student's t‑test and one‑way ANOVA followed by 
post hoc Tukey's  test were used to compare the data from 
different groups. Pearson's correlation was applied to examine 
the correlations between variables. P<0.05 was considered to 
indicate a statistically significant difference.

Results

miR‑125a‑5p reverses EMT in MCF7/Adr cells. The 
transfection efficiency was evaluated via RT‑qPCR. After 
transfection with mimics, the expression level of miR‑125a‑5p 
in MCF7/Adr cells was significantly increased (Fig.  1A). 
MCF7/Adr cell lines showed changes in morphology 6 days 
after miR‑125a‑5p treatment. Under a Leica DM1 confocal 
microscope, the cells of NC groups remained elongated and 
dispersed with a mesenchymal morphology, whereas the cells 
of miR‑125a‑5p groups were closely packed and rounded 
with a cobblestone epithelial morphology (Fig. 1B). These 
data suggested that miR‑125a‑5p may be associated with an 
epithelial morphology.

For further confirmation, the expression levels of typical 
epithelial and mesenchymal markers were examined. Western 
blot analysis (Fig. 1C‑E) demonstrated that after the breast 
cancer cells were treated with miR‑125a‑5p for 6 days, several 

EMT‑related transcriptional factors, including TG2, p‑AKT, 
N‑cadherin, vimentin and β‑catenin, were downregulated, 
while E‑cadherin (an adherens junction marker) expression 
was significantly increased compared with the NC group. The 
EMT marker analysis indicated that miR‑125a‑5p induced the 
epithelial program and possibly inhibited the EMT of breast 
cancer.

miR‑125a‑5p decreases the proliferation of MCF7/Adr breast 
cancer cells treated with Adr or Doc. The involvement of 
miR‑125a‑5p in the regulation of Adr/Doc resistance in 
MCF7/Adr cells was determined by examining the effect of 
these drugs on chemosensitivity. MCF7/Adr cells were initially 
treated with different concentrations of Adr or Doc and 
miR‑125a‑5p for 72 h, and cell viability was then determined. 
CCK‑8 assay results identified that Adr or Doc inhibited breast 
cancer cell proliferation in a concentration‑dependent manner, 
and miR‑125a‑5p enhanced this effect. After miR‑125a‑5p 
treatment, the IC50 was reduced from 5.99 to 2.28 µM in the 
MCF‑7/Adr cells treated with Adr, and from 5.01 to 1.63 µM in 
the cells treated with Doc (Fig. 2A and B).

The MCF7/Adr cells were then treated with Adr (2.28 µM) 
or Doc (1.63 µM) at different time points, and cell viability 
was measured after 5  days of treatment (Fig.  2C  and D ). 
The viability of cells transfected with miR‑125a‑5p was 
lower compared with that of control cells following Adr/Doc 
treatment, suggesting that miR‑125a‑5p resensitizes these 
cells to Adr/Doc. Therefore, the combination of Adr or Doc 
and miR‑125a‑5p has a synergistic antitumor effect, and 
miR‑125a‑5p promotes Adr or Doc sensitivity in MCF7/Adr 
breast cancer cells.

It was found that combination of miR‑125a‑5p and Adr 
or Doc significantly inhibited the proliferation of MCF7/Adr 
cells compared with the control groups. Moreover, a decrease 
in PCNA expression was observed in the combined treatment 
group (Fig. 2I, J, L and N).

miR‑125a‑5p promotes the apoptosis of MCF7/Adr cells treated 
with Adr or Doc. The apoptotic rates in MCF‑7/Adr cells treated 
with Adr or Doc for 48 h were assessed to further analyze 

Figure 1. miR‑125a‑5p reverses epithelial‑mesenchymal transition in MCF7/Adr cells. (A) Transfection efficiency of mimics was determined via reverse transcrip‑
tion‑quantitative PCR. miR‑125a‑5p was overexpressed after transfection of mimics in MCF‑7/Adr cells. (B) Cell morphological alterations after miR‑125a‑5p 
transfection, as indicated by arrows. Images of cells in medium. The cells of NC groups remained elongated and dispersed with a mesenchymal morphology, 
and the cells of miR‑125a‑5p groups were closely packed and rounded with a cobblestone epithelial morphology; magnification, x200 (scale bar, 20 µm). 
(C) Western blot analysis of TAFAZZIN, TG2, AKT, E‑cadherin, N‑cadherin, vimentin and β‑catenin in MCF7/Adr cells. (D and E) Semi‑quantification 
of protein expression results from panel (C). GAPDH served as an internal control. Data are presented as the mean ± SD. Similar results were obtained 
from three independent experiments. *P<0.05, as obtained via unpaired Student's t‑test. TAFAZZIN, tafazzin phospholipid‑lysophospholipid transacylases; 
miR, microRNA; p‑, phosphorylated; t‑, total; TG2, Transglutaminase 2; Adr, Adriamycin; NC, negative control.
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how miR‑125a‑5p affects Adr or Doc resistance. With 
miR‑125a‑5p transfection, the apoptotic rates were increased 
from 13.2 to 23.5% in the MCF‑7/Adr cells treated with Adr, 
and from 14.1 to 24.9% in the cells with treated with Doc. 
Annexin‑V binding results revealed that, compared with 
that in the MCF‑7/Adr cells, the number of apoptotic tumor 

cells was significantly increased in miR/Adr and miR/Doc 
groups. This finding suggested that miR‑125a‑5p transfec‑
tion enhanced the apoptosis and improved the anti‑cancer 
effect of Adr/Doc (Fig. 2E‑H).

Annexin‑V staining identified that the combination of 
miR‑125a‑5p and Adr or Doc significantly promoted the 

Figure 2. miR‑125a‑5p inhibits proliferation and promotes apoptosis via tafazzin phospholipid‑lysophospholipid transacylases signaling. Cellular inhibition 
rates were determined using CCK‑8 assays. MCF‑7/Adr cells were treated with various concentrations of Adr or Doc for 72 h. Inhibitory effects were increased 
with miR‑125a‑5p transfection. The IC50 was reduced from 5.99 µM (NC) to 2.28 µM (miR) in the MCF‑7/Adr cells (A) treated with Adr, and from 5.01 µM(NC) 
to 1.63 µM (miR) in the cells (B) treated with Doc. MCF‑7/Adr cells were transfected with miR‑125a‑5p and treated with (C) Adr (2.28 µM) or (D) Doc 
(1.63 µM) for 24, 48, 72, 96 and 120 h. The CCK‑8 assay results indicated that this combination inhibited MCF‑7/Adr cell viability. (E and G) Apoptotic rate of 
MCF‑7/Adr breast cancer cells treated with Adr, as detected via flow cytometry. (F and H) Apoptotic rate of MCF‑7/Adr breast cancer cells treated with Doc as 
detected via flow cytometry. a, NC group; b, drug group; c, miR (miR‑125a‑5p) group; d, miR/drug group. Caspase-3 activation and increased Bax expression 
were observed in MCF7/Adr cells transfected with miR‑125a‑5p and treated with (I) Adr or (J) Doc; the combination of miR‑125a‑5p and Adr or Doc kept 
Bcl‑2 and PCNA expression at the lowest level, as determined via western blot analysis. GAPDH served as an internal control. (K and L) Semi‑quantification of 
protein expression levels in panel (I). (M and N) Semi‑quantification of protein expression levels in panel (J). Data are shown as the mean ± SD. Similar results 
were obtained from three independent experiments. *P<0.05, as obtained via unpaired Student's t‑test; #P<0.05, as obtained via one‑way ANOVA with Tukey's 
post hoc test. miR, microRNA; CCK‑8, Cell Counting Kit‑8; Adr, Adriamycin; NC, negative control; Doc, docetaxel; PCNA, proliferating cell nuclear antigen.

https://www.spandidos-publications.com/10.3892/mmr.2021.12452


LI et al:  miR-125a-5p RESTORES DRUG SENSITIVITY BY TARGETING TAFAZZIN IN BREAST CANCER6

apoptosis of MCF7/Adr cells compared with each individual 
treatment. Caspase-3 activation, anti‑apoptotic protein Bcl‑2 
downregulation and increased pro‑apoptotic Bax protein 
expression were observed in the combined treatment group 
(Fig. 2I‑N). Therefore, it was suggested that miR‑125a‑5p 
resensitized MCF7/Adr cells to Adr and largely elevated the 
efficacy of Doc.

miR‑125a‑5p downregulates TAFAZZIN expression in 
MCF7/Adr cells. Although TAFAZZIN is reportedly regu‑
lated by miR‑125a‑5p (13,14), there is currently not sufficient 
evidence to determine the relationship between TAFAZZIN 
and miR‑125a‑5p in breast cancer. Hence, bioinformatics 
analysis was conducted and the results demonstrated 
that TAFAZZIN contains a putative binding site for 
miR‑125a‑5p (Fig. 3A) and, thus, is a potential target of this 
gene. TAFAZZIN 3'‑UTR sequences were then introduced 
into psiCHECK2 luciferase reporter vectors and co‑trans‑
fected with miR‑125a‑5p mimics into MCF7/Adr cells. 
Dual‑luciferase and RIP assays were performed to identify 
the association between miR‑125a‑5p and TAFAZZIN 
(Fig. 3A‑F). The results indicated that TAFAZZIN could 
be negatively controlled by miR‑125a‑5p. As shown in 
Fig. 3D‑F, TAFAZZIN mRNA and protein expression was 
decreased in the miR‑125a‑5p group compared with the 
control groups.

The luciferase activity was decreased in cells trans‑
fected with mimic and wild‑type TAFAZZIN. However, 
this phenomenon was not observed in the control group 
transfected with mutant (Fig. 3B). A RIP assay was used 
to verify this relationship. RT‑qPCR analysis revealed 
that TAFAZZIN and miR‑125a‑5p were enriched in 
Ago2‑binding beads compared with those in the input group 
(Fig. 3C), indicating that miR‑125a‑5p may directly bind to 
the target sites of TAFAZZIN 3'‑UTR. Hence, TAFAZZIN 
is a direct binding target of miR‑125a‑5p, and a possible 
interplay exists between these two factors.

siRNA‑TAFAZZIN induces changes in the expression 
levels of EMT‑ and drug resistance‑related proteins. 
TAFAZZIN expression in MCF7/Adr cells was decreased 
after transfection with siRNA‑TAFAZZIN to further 
analyze the function and signal pathway of the miR‑125a‑5p 
target gene in the EMT and drug resistance of breast 
carcinoma. The expression levels of TG2, p‑AKT, t‑AKT, 
epithelial protein (E‑cadherin), mesenchymal markers 
(N‑cadherin, vimentin and β‑catenin), pro‑apoptotic protein 
(Bax) and proliferation marker (PCNA) were examined 
in MCF7/Adr cells. Western  blot  analysis (Fig.  3G‑L) 
revealed that TAFAZZIN knockdown activated caspase-3, 
increased Bax and E‑cadherin expression and downregu‑
lated TAFAZZIN, TG2, p‑AKT, N‑cadherin, vimentin and 
PCNA expression compared with the NC group. These data 
suggested that TAFAZZIN knockdown may inhibit the 
EMT and drug resistance of MCF7/Adr cells. In addition, 
TAFAZZIN was reversely modulated by miR‑125a‑5p, and 
the miR‑125a‑5p/TAFAZZIN axis may play an important 
role in modulating the EMT of MCF‑7/Adr breast cancer. 
All these data indicated that miR‑125a‑5p and TAFAZZIN 
are associated with the likelihood of drug resistance.

miR‑125a‑5p and TAFAZZIN expression in relation to the 
neoadjuvant chemotherapy response. miR‑125a‑5p and 
TAFAZZIN mRNA expression in clinical breast tumor 
tissues was detected to determine the clinical importance 
of miR‑125a‑5p and TAFAZZIN in chemotherapy‑resistant 
breast tumors. According to the MP grading system, 25 chemo‑
sensitive cases and 20 chemoresistant cases who received 
neoadjuvant chemotherapy were selected (Fig.  4A)  (14). 
RT‑qPCR was used to detect miR‑125a‑5p and TAFAZZIN 
expression in the pre‑chemotherapy biopsy  samples from 
patients with breast cancer who received four cycles of Adr and 
cyclophosphamide, followed by four cycles of Doc (AC→T) 
neoadjuvant therapy. Increased miR‑125a‑5p expression 
was found in the breast tumors from patients who achieved 
chemotherapy response (chemosensitive group; Fig.  4B), 
while TAFAZZIN mRNA expression was increased in the 
chemoresistant group (Fig. 4C). This finding indicated a close 
relationship between miR‑125a‑5p/TAFAZZIN expression 
and chemotherapy response. Pearson's correlation analysis 
also indicated that the expression level of miR‑125a‑5p was 
negatively correlated with TAFAZZIN mRNA expression in 
breast cancer tissues (Fig. 4D).

Discussion

Drug‑resistant cancer cells display features of EMT; hence, 
the reversal of breast cancer cell EMT could inhibit cancer 
drug resistance (21). In the present study, it was identified that 
miR‑125a‑5p induced MCF‑7/Adr cells to undergo partial 
morphological alternation from fibroblast‑like to round 
cobblestone‑like cells, resulting in the upregulation of epithe‑
lial markers and the downregulation of mesenchymal markers. 
The expression levels of E‑cadherin, N‑cadherin, vimentin 
and β‑catenin were used as markers of epithelial and mesen‑
chymal phenotypes. The regulatory role of miR‑125a‑5p for 
EMT and its effect on the expression levels of EMT markers 
were analyzed. The results demonstrated that TAFAZZIN, 
TG2, N‑cadherin, vimentin and β‑catenin expression levels 
were significantly lower in MCF‑7/Adr cells transfected with 
miR‑125a‑5p compared with those in the NC groups. These 
results suggested that miR‑125a‑5p decreased the expression 
levels of TAFAZZIN, TG2, AKT, N‑cadherin, vimentin and 
β‑catenin, and consequently reverses EMT.

The role of miR‑125a‑5p in Adr and Doc resistance 
in breast  cancer was further examined. The miR‑125a‑5p 
transfection group exhibited suppressed proliferation, and 
all the miR‑125a‑5p transfection groups showed enhanced 
apoptotic rates compared with the control groups. In breast 
cancer cells, miR‑125a‑5p inhibited cancer growth by inhib‑
iting proliferation and inducing apoptosis. In breast cancer, 
miR‑125a‑5p suppressed cell proliferation and enhanced the 
anti‑cancer effect of Adr or Doc. Moreover, miR‑125a‑5p 
contributed to an increased sensitivity to the drugs. Tumor 
samples were collected from patients who received the 
sequential administration of Adr and Doc in neoadjuvant 
therapy for early breast cancer to investigate the relationship 
between miR‑125a‑5p/TAFAZZIN and the antitumor effect 
of Adr or Doc in  vivo. Increased miR‑125a‑5p expression 
was found in the breast tumors from patients who achieved 
chemotherapy response, and the mRNA expression level of 
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TAFAZZIN was upregulated in the patients who achieved 
no‑chemotherapy response. Hence, a close relationship was 
observed between miR‑125a‑5p/TAFAZZIN expression and 
chemotherapy response (Fig. 4E). These data suggested that 
miR‑125a‑5p/TAFAZZIN was significantly associated with 
the antitumor effect of Adr and Doc in patients with breast 
cancer.

TG2 downregulation can reverse EMT and modulate the 
chemosensitivity of MDA‑MB‑231 triple‑negative  breast 
cancer cells  (15). The present study demonstrated that 
miR‑125a‑5p downregulated TG2 expression, leading to 
the changes associated with EMT and the increase in the 
sensitivity of MCF‑7/Adr cells. This finding was consistent 
with our previous study (15). Furthermore, TG2 suppresses 

Figure 3. TAFAZZIN is a target of miR‑125a‑5p in MCF‑7/Adr cells. (A) Binding site of miR‑125a‑5p and TAFAZZIN 3'‑UTR according to online 
bioinformatics analysis. (B) Luciferase activity was decreased for wild‑type‑TAFAZZIN, but not for the mutant. (C) RNA immunoprecipitation assay indi‑
cated that miR‑125a‑5p and TAFAZZIN were conjunct in MCF‑7/Adr cell lines. (D) TAFAZZIN mRNA expression in miR‑125a‑5p and control groups 
as detected via reverse transcription‑quantitative PCR. (E) Western blot analysis of TAFAZZIN protein expression in miR‑125a‑5p and control groups. 
(F) Semi‑quantification of TAFAZZIN protein expression in panel (E). MCF‑7/Adr cells were treated with siRNA‑TAFAZZIN, and the expression levels 
of (G) TAFAZZIN, TG2, p‑AKT, t‑AKT, E‑cadherin, N‑cadherin, vimentin, β‑catenin, (H) cleaved caspase-3, caspase-3, pro‑apoptotic protein (Bax) and 
PCNA were detected via western blotting. Knockdown of TAFAZZIN expression could significantly reduce TAFAZZIN, TG2, p‑AKT, N‑cadherin, vimentin, 
β‑catenin, Bcl‑2 and PCNA protein expression and increase those of E‑cadherin and Bax, as well as activate caspase-3. (I‑L) Semi‑quantification of protein 
levels in panels (G and H). GAPDH was used as an internal reference. Data are shown as the mean ± SD. Similar results were obtained from three independent 
experiments. *P<0.05, as obtained via unpaired Student's t‑test; #P<0.05, as obtained via one‑way ANOVA with Tukey's post hoc test. TAFAZZIN, tafazzin 
phospholipid‑lysophospholipid transacylases; miR, microRNA; p‑, phosphorylated; t‑, total; TG2, Transglutaminase 2; Adr, Adriamycin; NC, negative control; 
UTR, untranslated region; siRNA/si, small interfering RNA; PCNA, proliferating cell nuclear antigen.

https://www.spandidos-publications.com/10.3892/mmr.2021.12452
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the activity of caspase-3 and serves an important role in the 
anti‑apoptosis in vivo, as shown using xenografts in athymic 
mice (22). EMT is a process that controls the acquisition of 
drug resistance. In the current research, transfection with 
miR‑125a‑5p suppressed the proliferation and increased the 
apoptosis of breast cancer cells in vitro. All these observations 
indicated that miR‑125a‑5p could resensitize drug‑resistant 
breast cancer cells by suppressing EMT.

miR‑125a‑5p downregulated the expression levels of 
PCNA and Bcl‑2, essential markers of cell proliferation 

and apoptosis  (23), enhanced caspase-3 activity, increased 
pro‑apoptotic protein Bax expression and decreased 
anti‑apoptotic Bcl‑2 expression. Suppression of miR‑125a‑5p 
downregulated caspase-3 activation, reduced Bax expression 
and upregulated anti‑apoptotic Bcl‑2 expression  (24,25). 
Furthermore, miR‑125a‑5p upregulates caspase-3 activation 
and suppresses in vitro cancer cell proliferation and migra‑
tion in DU145 and VCaP cells (26). It has been shown that 
miR‑125a‑5p mimics enhanced the apoptotic rate and cleaved 
caspase-3 expression in mouse granulosa cells (27). Moreover, 

Figure 4. miR‑125a‑5p increases drug sensitivity via TAFAZZIN signaling in breast cancer. (A) Morphological changes in breast cancer specimens 
(magnification, x200; scale bar, 50 µm; hematoxylin and eosin). Prechemo, before neoadjuvant chemotherapy; Postchemo, after neoadjuvant chemotherapy. 
Different mRNA expression levels of (B) miR‑125a‑5p and (C) TAFAZZIN in pre‑chemotherapy biopsy samples (45 pre‑chemotherapy biopsy samples 
from 25 chemosensitive cases and from 20 chemoresistant cases). Compared with that in chemoresistant group, the expression level of miR‑125a‑5p was 
elevated in chemosensitive group. Compared with that in chemosensitive group, TAFAZZIN mRNA expression was increased in the chemoresistant group. 
(D) Pearson's correlation analysis revealed that miR‑125a‑5 expression was negatively correlated with TAFAZZIN mRNA expression in breast tumor tissues 
(n=45). (E) Illustration depicting the role of miR‑125a‑5p in regulating TAFAZZIN expression in the EMT, proliferation and apoptosis in breast cancer cells. 
Data are shown as the mean ± SD. Similar results were obtained from three independent experiments. *P<0.05, as obtained via unpaired Student's t‑test. MPG, 
Miller and Payne Grading; miR, microRNA; TAFAZZIN, tafazzin phospholipid‑lysophospholipid transacylases; EMT, epithelial‑mesenchymal transition; 
TG2, Transglutaminase 2.
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miR‑125a‑3p upregulation reduced Doc chemoresistance by 
regulating the BRCA1 DNA repair associated signaling in 
breast cancer cells (28).

These results indicated that the miR‑125a‑5p/TAFAZZIN 
axis is associated with drug resistance in breast cancer cells, 
and the combination of miR‑125a‑5p and Adr/Doc treatment 
is a potential therapeutic strategy to treat drug‑resistant breast 
cancer.

miR‑125a‑5p can bind to 3'‑UTR of TAFAZZIN to 
directly inhibit its expression in ovarian cancer (13). In the 
present study, reporter plasmids carrying wild‑type and 
mutant TAFAZZIN 3'‑UTR were constructed to further 
examine whether miR‑125a‑5p directly binds to TAFAZZIN 
in MCF‑7/Adr cells. The transfection of miR‑125a‑5p 
mimic reduced the luciferase activity of TAFAZZIN 
3'‑UTR‑wild‑type but not of TAFAZZIN 3'‑UTR‑mutant in 
MCF7/Adr cells. Thus, miR‑125a‑5p may directly inhibit 
TAFAZZIN expression to modulate drug sensitivity in 
MCF‑7/Adr cells. Dual‑luciferase assay results also demon‑
strated that TAFAZZIN may be targeted by miR‑125a‑5p 
in MCF‑7/Adr cells. Moreover, TAFAZZIN expression was 
decreased significantly after the MCF‑7/Adr cells were trans‑
fected with miR‑125a‑5p.

In the current study, the western blot analysis revealed that 
TAFAZZIN knockdown downregulated TAFAZZIN, TG2 
and AKT expression. TAFAZZIN also regulates downstream 
TGM2, a promising therapeutic target in the treatment of glau‑
coma, in human trabecular meshwork cells (29,30). TG2 activates 
TAFAZZIN in pancreatic ductal adenocarcinoma cells (30). 
Suppressing TAFAZZIN can downregulate the expression level 
of AKT, and elevating TAFAZZIN can increase the phosphory‑
lation of AKT (31). TAFAZZIN is regulated by the PI3K/AKT 
pathway (32). Furthermore, miR‑125a‑5p controls the expres‑
sion levels of the important factors involved in AKT pathways 
in cervical cancer  (33). Suppressing TGM2 expression can 
promote meningioma cell death by reducing AKT phosphoryla‑
tion and caspase-3 (34), while AKT activation may drive normal 
breast mammary epithelial MCF10A cells into EMT via TG2 
signaling (35). Moreover, TGM2 silencing can suppress AKT 
activation in the Saos2‑cIS‑R cells (36). All these data suggest 
that the reduced expression of TG2(TGM2)/AKT may promote 
the drug sensitivity of cancer cells via EMT reversal.

The current western blotting results indicated that 
TAFAZZIN knockdown activated caspase-3, increased Bax 
expression and downregulated TAFAZZIN, TG2, p‑AKT, 
N‑cadherin, vimentin and PCNA expression. These data 
suggested that TAFAZZIN knockdown inhibited the EMT and 
drug resistance of MCF7/Adr cells. Suppressing TAFAZZIN 
can activate caspase-3 and promote apoptosis in MCF‑7/Adr 
breast cancer cells. TAFAZZIN also upregulated the expres‑
sion level of Bcl‑2, reduced Bax expression and activated 
the PI3K/AKT pathway, revealing its important role in cell 
proliferation and apoptosis (37). TAFAZZIN also inhibits cell 
apoptosis and promotes the cell proliferation, migration, inva‑
sion and EMT of multiple human cancer types (32). In addition, 
TAFAZZIN oncogenic activities can promote the aggressive‑
ness of pancreatic cancer (38), while its increased activation 
significantly promotes EMT and the acquisition of cancer stem 
cell‑like traits in breast cancer cells (39,40). TAFAZZIN also 
promotes hepatocyte proliferation and suppresses cell death 

after liver injury  (41). Furthermore, blocking TAFAZZIN 
signaling pathway restores drug sensitivity in non‑small cell 
lung cancer (42,43).

The present study identified that TAFAZZIN was important 
for drug resistance and may be a potential therapeutic target 
for breast carcinoma. A relationship between TAFAZZIN and 
drug resistance in breast cancer was observed. For instance, 
TAFAZZIN regulated the expression levels of EMT‑, prolif‑
eration‑ and apoptosis‑related markers of MCF7/Adr cells. The 
dual‑luciferase reporter assay results indicated that miR‑125a‑5p 
mimics significantly reduced the luciferase activity of 
TAFAZZIN 3'‑UTR. Western blot analysis results also suggested 
that miR‑125a‑5p downregulated TAFAZZIN expression in 
MCF7/Adr cells. Thus, the effect of miR‑125a‑5p on EMT, 
proliferation and apoptosis may be associated with the expres‑
sion of EMT‑, proliferation‑ and apoptosis‑related markers 
via TAFAZZIN downregulation. This finding suggested that 
miR‑125a‑5p could affect the expression of all three types of 
markers by negatively regulating TAFAZZIN signaling and, 
thus, inhibit EMT and proliferation and promote apoptosis.

In conclusion, the present study provided evidence that 
miR‑125a‑5p reversed EMT and restored drug sensitivity by 
negatively regulating TAFAZZIN signaling in breast cancer. The 
results revealed a relationship between EMT and drug resistance, 
such as the important roles of EMT in the regulation of drug 
resistance in biological processes. miR‑125a‑5p downregulated 
the expression level of TAFAZZIN, reversed EMT, suppressed 
proliferation and increased the apoptotic rates of breast cancer 
cells. TAFAZZIN knockdown regulated the EMT‑, prolifera‑
tion‑ and apoptosis‑related gene and protein expression levels 
in breast cancer. High miR‑125a‑5p expression and decreased 
TAFAZZIN mRNA expression were observed in breast tumors 
from patients who achieved a chemotherapy response, and 
opposite results were found in those with no response. In vitro 
and in vivo experiments revealed that miR‑125a‑5p reversed 
EMT and restored drug sensitivity by targeting TAFAZZIN in 
patients with breast cancer. Therefore, miR‑125a‑5p has potential 
as a novel therapeutic target in breast cancer treatment. In vitro 
experiments using various breast cancer cell lines and further 
prospective clinical trials on this topic are required to elucidate 
how the reduction of miR‑125a‑5p and TAFAZZIN cause drug 
resistance, and whether miR‑125a‑5p and TAFAZZIN could 
predict the treatment efficacy of Adr/Doc for patients with 
breast cancer.
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