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Abstract. Previous studies have reported that triple-negative 
breast cancer is more sensitive to cytotoxic treatment, 
compared with estrogen receptor (ER)-positive cancer. 
However, the underlying molecular mechanisms remain to 
be fully elucidated. In the present study, we employed reverse 
transcription-quantitative polymerase chain reaction, western 
blot and in vivo assays to investigate the underlying mecha-
nisms. The sensitivities of cells to cisplatin were examined 
in ER-positive and ER-negative breast cancer cells, and it 
was found that the ER-negative cells were more sensitive to 
cisplatin, compared with the ER-positive cells. In addition, it 
was found that mitochondrial transcription factor A (TFAM), 
which functions in mitochondrial DNA replication and repair, 
was expressed at a high level in ER-positive cell lines and 
patient tissues, compared with ER-negative cell lines and 
tissues. It was also found that the sensitivity to cisplatin was 
decreased when TFAM was knocked down in the breast cancer 
cells, and these effects were reversed when TFAM was reintro-
duced to the cells. Similar results were observed in xenograft 
tumors. The results of the present study provided evidence 
that resistance to cisplatin chemotherapy in ER-positive breast 
cancer may be through TFAM and indicated that TFAM may 
be a target for chemoresistance in patients with breast cancer. 
These findings offer potential guidance for chemotherapy in 
patients with breast cancer.

Introduction

Breast cancer is the most common type of cancer diagnosed 
among women and, in America, one in eight women develop 

breast cancer in their lifetime, with breast cancer accounting 
for almost one in eight cases of cancer and being the second 
leading cause of cancer-associated mortality among women (1). 
Although there have been advances in breast cancer diagnosis 
and treatment, the molecular mechanisms underlying breast 
cancer remain to be fully elucidated, particularly regarding 
chemotherapy resistance (2).

It is known that cisplatin is one of the most potent anti-
tumor agents, exhibiting clinical activity against a wide 
variety of solid types of tumor, including breast cancer (3). 
Cisplatin can interact with nuclear DNA and mitochondrial 
DNA (mtDNA) to form DNA adducts, primarily intrastrand 
crosslink adducts, which activate several signal transduc-
tion pathways, including those involving ATR, p53, p73 and 
MAPK, which culminate in the activation of apoptosis (4-7). 
However, clinical studies have shown that patients with 
estrogen receptor (ER)-positive cancer are more likely to 
develop cisplatin resistance (8,9). These findings suggest that 
estrogen may protect breast cancer cell from cisplatin insult 
through activating ER.

Previous studies have shown that estrogen can bind to 
ERα and β to stimulate the transcription of nuclear respiratory 
factor 1 (NRF1), and the NRF1 transcription factor can regu-
late the transcription of mitochondrial transcription factor A 
(TFAM) (10,11). TFAM is essential in mtDNA replication and 
repair (12,13). It is known that cisplatin can destroy mtDNA 
to trigger cell death signaling (14). Therefore, the present 
study hypothesized that estrogen may activate ER and then 
elevate the expression of TFAM to promote cell survival from 
cisplatin treatment.

Materials and methods

Patients and ethics statement. A total of 16 fresh ER-positive 
breast cancer tissues and 16 triple-negative breast cancer 
tissues were collected from patients with pathologically and 
clinically confirmed breast cancer. The tissues were collected 
from patients with pathologically and clinically confirmed 
breast cancer. The age of these women patients ranged from 
27 to 55 years old, and were collected from the November 2012 
to December 2014, and the sizes ranged from 0.2x0.7 cm to 
2.4x2.6 cm. All human tumor tissues were obtained with 
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written informed consent from the patients. The Institutional 
Review Board of Cangzhou Central Hospital (Cangzhou, 
China) approved the use of the tumor samples in the present 
study.

Cell culture. MCF-7, T47D, MDA-MB-231 and MDA-MB-453 
cell lines were purchased from America Type Culture 
Collection (ATCC; Manassas, VA, USA). All cells were 
maintained under standard culture conditions of 37˚C and 5% 
CO2 in Dulbecco's modified Eagle's medium (Gibco; Thermo 
Fisher Scientific, Inc.), as recommended by ATCC.

RNA isolation and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR) analysis. Total RNA was 
purified from homogenized breast cancer tissues or cells using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., 
waltham, MA, USA) following the manufacturer's protocol. 
The RNA (2 µg) was reverse transcribed using SuperScript 
Reverse Transcriptase III (Invitrogen; Thermo Fisher 
Scientific, Inc.). qPCR analysis was performed using SYBR 
green Supermix (ABI; Thermo Fisher Scientific, Inc.) in an 
ABI 7900 PCR system (ABI; Thermo Fisher Scientific, Inc.). 
All the procedures were performed according to the manu-
facturer's recommended protocol. Reactions were incubated 
at 95˚C for 30 sec, followed by 40 cycles at 95˚C for 5 sec and 
60˚C for 31 sec, and finally 95˚C for 15 sec, 60˚C for 1 min and 
95˚C for 15 sec. The relative expression of NRF1 and TFAM 
was calculated using the 2-ΔΔCq method (15) with GAPDH 
RNA as the reference gene. The housekeeping gene, GAPDH, 
was used as an internal standard. The primers using in the 
present study are listed in Table I.

Western blot analysis. The cells were lysed in WB/IP lysis 
buffer (cat. no. P0013; Beyotime Institute of Biotechnology, 
Haimen, China) and nuclear proteins were extracted using lysis 
buffer (cat. no. P0028; Beyotime Institute of Biotechnology). 
All procedures were performed following the manufacturer's 
protocol. Protein concentrations were determined by bicincho-
ninic acid assay. Subsequently, the cell lysates were boiled in 
5X SDS-PAGE loading buffer for 10 min, 30-50 µg samples 
were resolved by 8% SDS‑PAGE and then transferred onto 
nitrocellulose membranes. The membranes were incubated 
with the following antibodies at 4˚C overnight (1:1,000 dilu-
tion): NRF1 (cat. no. 12482-1-AP; ProteinTech Group, Inc.; 
Chicago, IL, USA), TFAM (cat. no. 19998-1-AP; ProteinTech 
Group, Inc.), ERα (cat. no. 21244-1-AP; ProteinTech Group, 
Inc.) and GAPDH (cat. no. 2118; CST Biological Reagents 
Company Limited, Shanghai, China). Subsequently, the 
membranes were incubated with anti-rabbit (cat. no. 5127) 
and anti-mouse (cat. no. 58802) secondary antibodies (1:2,000 
dilution; Cell Signaling Technology, Inc., Danvers, MA, 
USA). The bound antibodies were visualized with an ECL kit 
(Thermo Fisher Scientific, Inc.).

Construction of stable cell lines. To generate stable 
TFAM-silenced cell lines, vectors containing short hairpin 
(sh)RNAs were purchased from Sigma-Aldrich; Merck 
Millipore (Darmstadt, Germany). 293T cells (ATCC) were 
transfected with these vectors using Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) with all procedures 

performed according to the manufacturer's protocols. The 
supernatant media containing the virus was collected by 
centrifugation (1.2x105  x g for 10 min) to remove cellular 
debris. The viruses were used to infect the indicated cells, and 
the transfected cells were then selected by exposure to 2 µg/ml 
puromycin for 2 weeks. The alterations of TFAM in these cells 
were confirmed using PCR and western blot analysis prior to 
further analysis. The sequences of the shRNAs used are listed 
in Table I. As Sh‑# 2 showed a lower relative efficiency, Sh‑#1 
was selected to perform the subsequent experiments.

Overexpression of TFAM. The constructed stable cell lines 
were transfected with pCDNA3.1 (Thermo Fisher Scientific, 
Inc.), which contained the open reading frame of TFAM, using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) to re-introduce TFAM to these cell lines. All procedures 
were performed according to the manufacturer's protocol.

Cell Counting Kit‑8 (CCK‑8) cell viability assays and 
caspase 3/7 apoptosis assays. The cells were seeded into 
a 96-well plate at a density of 3x103 cells per well with 
100 µl culture medium and MCF-7 cells were seeded in 
6-well plates at a density of 300,00 cells/well, and then cells 
were placed in phenol‑red media supplemented with 5% 
dextran-charcoal-stripped fetal bovine serum (Gibco; Thermo 
Fisher Scientific, Inc.), MEM nonessential amino acids 
(Gibco; Thermo Fisher Scientific, Inc.), gentamicin (MCE 
China, Shanghai, China) and 6 ng/ml bovine insulin (YuanYe 
Biotechnology Co., Ltd., Shanghai, China) for 48 h at 37˚C. 
The cells were then treated with estradiol (0.1 nM; Selleck 
Chemicals, Houston, TX, USA) or estradiol and fulvestrant 
(6 µg/ml; Selleck Chemicals) for 24 h at 37˚C, following 
which and the medium was replaced and the cells were 
treated with the indicated concentrations (0, 2, 5, 10, 15 and 
20 µM) of cisplatin (Sigma-Alrich; Merck Millipore) for 14 h 
at 37˚C. The cell viabilities were then quantified by the addi-
tion 10 µl of CCK-8 (Dojindo Molecular Technologies, Inc., 
Kumamoto, Japan). Following incubation for 1.5 h at 37˚C, 

Table I. Sequence of primers and shRNAs.

Primer/shRNA Sequence (5'-3')

NRF1 F: GGTCGCAGTCTCCACGG
 R: ATGTTCGGTTTGGGTCACTC
GAPDH F: AGCCTCAAGATCATCAGCAATGCC
 R: TGTGGTCATGAGTCCTTCCACGAT
TFAM F: TCCTCTCCAAAATGCCAGAG
 R: TCCAGTTTTCCTTTACAGTCTTCAG
Sh-#1 CCGGCGTGAGTATATTGATCCAGAAC
 TCGAGTTCTGGATCAATATACTCACG
 TTTTTG
Sh-#2 CCGGGTAAGTTCTTACCTTCGATTTCT
 CGAGAAATCGAAGGTAAGAACTTAC
 TTTTTG

shRNA, short hairpin RNA; NRF1, nuclear respiratory factor 1 
TFAM, mitochondrial transcription factor A; F, forward; R, reverse.
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the plates were monitored using a Power Wave XS microplate 
reader (BioTek Instruments, Inc., Winooski, VT, USA) at an 
absorbance 450 nm. Cell apoptosis assays were performed 
using a Caspase3/7 Glo kit (Promega Corporation, Madison, 
WI, USA) and all procedures were performed according to the 
manufacturer's protocols.

Tumorigenesis in vivo. All mice (n=48) were purchased from 
Shanghai Laboratory Animal Center (Shanghai, China). All 
the mice were 8 week-old females and were housed at 25˚C 
with access to sterile water and food. A total of 1.0x106 of 
the stably transfected MCF-7 cells (Sh-#1 or negative control 
shRNA) were implanted subcutaneously into the right flank of 
BALB/c (nu/nu) mice. At the same time, estradiol (0.06 mg) 
or estradiol and fulvestrant (0.06 mg) were injected every 
2 days for 2 months (eight in each treatment group). After the 
2 months, cisplatin was injected at a dose of 10 mg/kg body 
weight every 2 days for 2 months. After 8 weeks, the mice 
were sacrificed by cervical dislocation for the analysis of 
tumor burden. All procedures were performed in accordance 
with The Animal Care and Use Committee of the Second 
Military Medical University (Shanghai, China).

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation. Analysis was performed using SPPS software 
(version 19; IBM SPSS, Armonk, NY, USA) Two tail student's 

t-test was used for comparisons between control and test 
groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

ER‑positive breast cancer cells are more sensitive to cisplatin. 
Clinical studies have shown that patients with triple-negative 
breast cancer are more sensitive to cisplatin chemotherapy, 
compared with patients with non-triple-negative breast cancer, 
particularly those with ER-positive cancer (16). This suggests 
that ER may be essential in cisplatin chemoresistance, and 
the present study was performed to investigate the underlying 
mechanism. In the present study, ER-positive MCF-7 and 
T47D breast cancer cell lines, and ER-negative MDA-MB-231 
and MDA-MB-453 breast cancer cell lines (17-20) were 
selected to detect their sensitivies to cisplatin. All cell lines 
were treated with the indicated concentrations of cisplatin 
for 24 h, and their viabilities were examined using CCK-8 
assays. As shown in Fig. 1A and B, the results confirmed 
the clinical observation; ER-negative cells were more sensi-
tive to cisplatin treatment. These findings suggested that 
ER has an aggressive role in the chemoresistance of cells to 
cisplatin. Subsequently, MCF-7 and MDA-MB-231 cell lines 
were selected to examine the reactions when the cells were 
treated with estradiol or with estradiol and fulvestrant, an ER 

Figure 1. ER-positive breast cancer cell lines are more sensitive to cisplatin. (A) ER-positive MCF-7 and T47D breast cancer cell lines, and (B) ER-negative 
MDA-MB-231 and MDA-MB-453 breast cancer cell lines were treated with the indicated concentrations of cisplatin for 24 h. (C) MCF-7 cells and (D) T47D 
cells were pre-incubated with estradiol or estradiol and fulvestrant for 24 h, and then treated with the indicated concentrations of cisplatin for another 24 h. 
*P<0.05, **P<0.01 and ***P<0.001. All experiments were performed in triplicate. ER, estrogen receptor; OD, optical density.

  A   B

  C   D
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inhibitor. As shown in Fig. 1C and D, it was found that, when 
treated with estradiol, the MCF-7 and T47D cells exhibited a 
higher tolerance to the different concentrations of cisplatin, 
and this increased tolerance was reversed when the cells were 
incubated with estradiol and fulvestrant. Taken together, these 
results confirmed the oncogenic role of ER in cisplatin resis-
tance in breast cancer.

Levels of TFAM are positively correlated with NRF1 and 
ER. The mechanism underlying the effect of ER in cisplatin 
resistance in breast cancer remains to be fully elucidated. A 
previous report provided evidence to suggest that NRF1 may 
be essential during the chemoresistance process in breast 
cancer (21). In the present study, the mRNA level of NRF1 
was detected in 18 ER-positive patient tumor tissues and 
18 ER-negative tissues. As shown in Fig. 2A, the expression 
levels of NRF1 were significantly higher in the ER‑positive 
tissues, compared with the ER-negative tissues. The expres-
sion pattern of NRF1 in the breast cancer tissues prompted 
investigation to further elucidate the role of NRF1 in cisplatin 
resistance in breast cancer. NRF1 functions as a transcription 
factor and previous reports on the functions of NRF1 have 
revealed that TFAM, which encodes a key mitochondrial 
transcription factor, and is essential in mtDNA replication and 
repair, is usually transactivated by NRF1 (11). As is already 
known, cisplatin functions to destroy the double strand of 
DNA and mtDNA is usually damaged by cisplatin (22). The 
present study hypothesized that a high expression level of 

TFAM may protect ER-positive breast cancer cells from the 
insult of cisplatin (4). The present study detected the mRNA 
levels of TFAM in the same two groups of breast cancer 
tissues, and found that the levels of TFAM in the ER-positive 
tissues were significantly higher, compared with those in the 
ER-negative tissues (Fig. 2B). Furthermore, it was found that 
the expression of TFAM was positively correlated with the level 
of NRF1 in the ER-positive breast cancer tissues (Fig. 2B). To 
confirm the results from the breast cancer tissues, the present 
study examined the protein levels of NRF1, TFAM and ERα 
in the ER-positive and ER-negative cell lines. As shown in 
Fig. 2C, it was found that the protein levels of NRF1 and TFAM 
were positively correlated with the expression of ERα, and that 
NRF1 and TFAM were expressed at high levels in the MCF-7 
and T47D cells, and relatively lower in the MDA-MB-231 and 
MDA-MB-453 cells. To further validate the associations among 
ER, NRF and TFAM, the ER-positive MCF-7 and T47D cells 
were selected to examine the alterations when treated with 
estradiol. As shown in Fig. 2D, the levels of NRF1 and TFAM 
mRNA were significantly elevated when the cells were treated 
with estradiol. These findings indicated that estradiol activated 
ER and then transactivated the transcription of NRF1, followed 
by the elevated expression of TFAM to promote ER-positive 
breast cancer cell survival from cisplatin therapy.

TFAM knockdown elevates sensitivity to cisplatin in 
ER‑positive breast cancer cells. The present study further 
investigated whether TFAM regulates the sensitivity of 

Figure 2. Levels of TFAM are positively correlated with NRF1 and ER. The mRNA levels of (A) NRF1 and (B) TFAM were examined in 16 ER-positive and 
16 ER-negative fresh tissues from patients. (C) Protein levels of NRF1, TFAM and ERα were examined in four breast cancer cell lines. (D) mRNA levels 
of NRF1 and TFAM in MCF-7 and MDA-MB-231 cells following treatment with estradiol for 24 h. **P<0.01 and ***P<0.001. ER, estrogen receptor; ER (+), 
ER-positive cell; ER (-), ER-negative cell; NRF1, nuclear respiratory factor 1; TFAM, mitochondrial transcription factor A.

  A   B

  C   D
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Figure 3. Silencing of TFAM in MCF-7 and T47D cells increases sensitivity to cisplatin. Alterations in the (A) mRNA and (B) protein levels in MCF-7 and 
MDA-MB-231 cells following silencing of TFAM by the indicated shRNAs. β-actin was used as loading control. (C) Knockdown of TFAM in ER-positiive 
MCF-7 and T47D breast cancer cells increased sensitivity to cisplatin. (D) Activities of caspase 3/7 were enhanced in MCF-7 and T47D cells with TFAM knock-
down. (E) Reintroduction of TFAM to TFAM-knockdown cell lines rescued the increased sensitivities to cisplatin from TFAM knockdown. (F) Reintroduction 
of TFAM to TFAM-knockdown cell lines inhibited the activities of caspase 3/7. **P<0.01, comparison indicated by bracket. ER, estrogen receptor; TFAM, 
mitochondrial transcription factor A; OD, optical density; sh, short hairpin RNA; NC, negative control.

Figure 4. Silencing of mitochondrial transcription factor A increases sensitivity of MCF-7 cells to cisplatin in vivo. (A) Stably transfected MCF-7 cells were 
xenotransplanted into nude mice, which were then treated with estradiol or estradiol and fulvestrant every 2 days for 2 months, and then with 20 µM cisplatin 
every 2 days for 2 months. (B) Statistical analysis of tumor weights in each group. *P<0.05 and **P<0.01. sh, short hairpin RNA; NC, negative control.

  A   B

  C   D

  E   F

  A   B
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ER-positive breast cancer cell to cisplatin. For this investiga-
tion, two pairs of shRNAs (sh‑#1 and sh‑#2) specific against 
TFAM, were used to generate stable TFAM knockdown and 
control shRNA transfection in the MCF-7 and T47D cell 
lines. The results showed that sh-#1 effectively knocked down 
TFAM in these breast cancer cell lines (Fig. 3A and B).

The present study then examined the effect of TFAM 
knockdown on breast cancer cell viability when treated with 
different concentrations of cisplatin. As shown in Fig. 3C, 
TFAM knockdown significantly inhibited the cell viabilities. 
The activities of caspase 3/7 in these stable cell lines were 
also detected, and it was found that the cells with TFAM 
knockdown exhibited higher relative activities of caspase 3/7 
(Fig. 3D). Furthermore, to demonstrate that the effects on the 
were specifically due to the silencing of TFAM, TFAM was 
reintroduced into the sh-#1-transfected MCF-7 and T47D cells, 
and it was found that the re-expression of TFAM reversed the 
TFAM knockdown-induced cisplatin insult (Fig. 3E and F). 
Taken together, these findings indicated that TFAM may be 
closely associated with the sensitivity of breast cancer cells to 
cisplatin.

TFAM knockdown elevates sensitivity to cisplatin in 
ER‑positive breast cancer cells in vivo. The effects of TFAM 
knockdown in the breast cancer cells prompted the investiga-
tion of whether TFAM had the same effect in vivo. The present 
study used stably-transfected MCF-7 cell lines and performed 
xenograft tumor growth assays. As shown in Fig. 4A and B, 
it was found that the knockdown of TFAM resulted in the 
tumor size and weight being significantly smaller and lighter, 
respectively, compared with the control groups when treated 
with estradiol. These in vivo findings confirmed that TFAM 
was essential in cisplatin resistance in the ER-positive breast 
cancer.

Discussion

In the present study, it was found that TFAM promoted 
ER-positive breast cancer cell survival following cisplatin 
treatment. Previously, it has been shown that patients with 
ER-positive breast cancer are more likely to exhibit the 
features of cisplatin resistance (23). The present study provided 
preliminary clues to the molecular mechanism underlying this 
clinical observation.

Regarding the sensitivity of breast cancer cells to cisplatin, 
the findings of the present study were consistent with previous 
evidence showing that ER-negative breast cancer cells are 
more sensitive to cisplatin treatment, and ER-positive breast 
cancer cells are more tolerant to cisplatin (24). It is known 
that several oncogenic genes and tumor suppressors are asso-
ciated with cisplatin sensitivity, including AKT, c-myc and 
p53 (25-27); however, cisplatin resistance is a cell type- and 
tissue dependent-phenomenon, and the clinical mechanisms 
leading to cisplatin resistance are complex (28-30). In the 
present study, it was found that estrogen indirectly regulated 
TFAM, which may also be involved in cisplatin resistance.

ER can be activated by estrogen, and activated ER 
can activate the transcription of NRF1, which can regu-
late the expression of TFAM. TFAM is a mitochondrial 
transcription factor, which functions in mitochondrial 

transcription regulation, and also functions in mitochondrial 
DNA replication and repair (10,11). As the molecular mecha-
nism underlying the effect of cisplatin on cancer cell death is 
to disturb the double strand of DNA, including mtDNA (31), 
these previous studies indicate a potential mechanism by 
which TFAM can protect mtDNA from cisplatin-induced 
injury.

The in vitro and in vivo experiments performed in the 
present study confirmed the hypothesis that TFAM has a 
protective effect in ER-positive breast cancer cells exposed 
to cisplatin treatment. It is known that mitochondrial damage 
is a major trigger for the induction of cell apoptosis and 
necrosis (32), however, the detailed role of TFAM remains to 
be fully elucidated and requires further investigation.

In conclusion, the present study demonstrated that estrogen 
indirectly regulated the expression of TFAM to protect 
ER-positive breast cancer cells from cisplatin treatment. These 
results offer potential in guiding chemotherapy in patients 
with breast cancer.
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