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The role of miR-125b-mitochondria-caspase-3 pathway
in doxorubicin resistance and therapy in human breast cancer
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Abstract MicroRNAs (miRNAs) are a class of naturally oc-
curring, small, non-coding RNAs which play important roles
in diverse biological processes and are acting as key regulators
of tumorigenesis and chemotherapy resistance. In this study, a
downregulation of miR-125b was observed in breast cancer
cell lines, suggestingmiR-125b is a tumor suppressor in breast
cancer. Moreover, the miR-125b levels were significantly de-
creased in doxorubicin-resistant MCF-7 (MCF-7/DR) cells
compared with MCF-7 cells. Transfection of miR-125b sig-
nificantly enhanced the cytotoxicity of doxorubicin to MCF-
7/DR cells. However, the overexpression of miR-125b did not
influence the doxorubicin accumulation but downregulated
the myeloid cell leukemia-1 (Mcl-1) levels, which may be
the mechanism of apoptosis induction caused by doxorubicin
combining with miR-125b in MCF-7/DR cells. Furthermore,
luciferase reporter assay proved that Mcl-1 is the target of
miR-125b. Importantly, we found that the sensitization of
miR-125b to doxorubicin cytotoxicity is caspase-dependent
in MCF-7/DR cells, which can be inhibited by zVAD-fmk.
Finally, we indicated that the treatment of miR-125b plus
doxorubicin leads to loss of mitochondrial membrane poten-
tial (MMP) and mitochondria outer membrane permeability
(MOMP), which were interacted with the activation of
caspases. Thus, this study revealed the role of miR-125b in
doxorubicin resistance and therapy, which may provide novel
approaches for the treatment of breast cancer.
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Introduction

Breast cancer is the second leading cause of cancer-related
deaths in the USA and Europe [1], and its incidence is increas-
ing in China [2]. Mortality from this disease remains high
largely because of the resistance of cancer cells to chemother-
apeutic agents, resulting in the subsequent metastasis of tumor
cells [3]. Doxorubicin (DOX), an anthracycline drug, is wide-
ly used as a chemotherapeutic agent for the treatment breast
cancer [4]. Despite the remarkable anti-cancer activity of
DOX, the high dose of DOX causes serious side effects such
as cardiotoxicity, and drug resistance is the main limitation of
DOX clinical application [5]. Given this, combined treatment
with other drugs is desirable to decrease the dose of DOX and
overcome the DOX resistance.

MicroRNAs (miRNAs) belong to a large family of non-
coding single-stranded RNAs, which are composed of 19–
25 nucleotides in length. miRNAs are functional, which can
regulate the stability and translation of target messenger
RNAs (mRNAs) generally through binding to their 3′-un-
translated regions (3′-UTRs) [6]. Studies have demonstrated
that over 1000 miRNAs are known to be responsible for reg-
ulating more than 30 % of genes in the human genome [7].
Since then, miRNAs play important roles in various biological
processes, such as development, cell proliferation, differenti-
ation, and apoptosis [8, 9]. Dysregulation of miRNAs is es-
sential for the development of diseases, including cancer [10].

Recent studies showed a correlation between miRNAs and
chemoresistance in multiple cancers, such as lymphoma and
ovarian cancer, and miR-136 as well as miR-363 showed a
synergism in cisplatin treatment [11–13]. However, the
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molecular mechanisms underlying this process remains large-
ly unknown. Herein, we have provided evidences showing the
absence of miR-125b in breast cancer cell lines. Furthermore,
we found that miR-125b levels are decreased further in DOX-
resistant MCF-7 (MCF-7/DR) cells. Our data suggest that
downregulated miR-125b promotes myeloid cell leukemia-1
(Mcl-1) expression, which is an anti-apoptotic B cell lympho-
ma 2 (Bcl-2) family member [14], and plays an important role
in doxorubicin resistance and therapy in human breast cancer.

Materials and methods

Reagents and antibodies

Doxorubicin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), zVAD-fmk, digitonin, Annexin V-
FITC Apoptosis Detection Kit were obtained from Sigma-
Aldrich (USA). 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethyl-
imidacarbo-cyanine iodide (JC-1) was purchased fromMolec-
ular Probes (USA). Antibodies for anti-human Mcl-1, anti-
human caspase-3, anti-human poly-ADP-ribose polymerase
(PARP), anti-human cytochrome c, anti-human second
mitochondria-derived activator of caspases/direct IAP binding
protein with low pI (smac/DIABLO), and anti-human β-actin
were purchased from Cell Signaling (USA). miR-125b
mimics, miR-298 mimics, and negative control oligonucleo-
tide (NCO) were purchased from GenePharma Company
(China), and the sequences were as follows: miR-125b
mimics: 5′-AGUGUUCAAUCCCAGAGUCCCU-3′; 2′-O-
methyl modified miR-125b inhibitor: 5′-AGGGACUCUG
GGAUUGAACACU-3′; NCO: 5′-GUUUCAGCCACUCC
UACAGGUA-3′; miR-298 mimics: 5′-ACCCUCUUGGAG
GGACGA AGACGA-3′.

Cell culture

Normal breast epithelial cell line MCF-10A and breast cancer
cell lines including MDA-MB-435, T-47D, and MCF-7 were
from the Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences (Shanghai, China). MCF-10A cell line
was cultured in Dulbecco’s Modified Eagle’s medium
(DMEM)/F12 media (Gibco, USA) supplemented with 5 %
horse serum (Gibco, USA), 10 μg/ml insulin (Gibco, USA),
100 ng/ml cholera toxin (Sigma-Aldrich, USA), 20 ng/ml
EGF (Sigma-Aldrich, USA), and 0.5 ug/ml hydrocortisone
(Sigma-Aldrich, USA) at 37 °C in humidified incubator with
5 % CO2. Breast cancer cell lines were cultured in DMEM
basic medium (Gibco, USA) with 10 % fetal bovine serum
(FBS, Gibco, USA) at 37 °C in a humidified 5 % CO2 incu-
bator. MCF-7/DR cells were established by stepwise exposure
of MCF-7 cells to increasing concentrations of doxorubicin.
The cells were initially treated with DOX at 0.1 μg/ml for

2 months, and the DOX concentration was increased every
3 weeks by 0.02 μg/ml up to a final concentration of
0.3 μg/ml. The MCF-7/DR cells were exposed to DOX over
a time period of 12 months. DOX was removed from the
culture medium of MCF-7/DR cells for 2 weeks before the
following experiments were performed.

Transfection

After cells were plated at approximately 80 % confluence, the
firefly luciferase reporters (pMIR plasmid containing Mcl-1
3′-UTR, 2 μg/ml, Life Technologies, USA), Renilla luciferase
pRL-TK vector (100 ng/ml, Promega, USA), eukaryotic ex-
pression vector (pEGFP-N1 plasmid containing Mcl-1 open
reading frame, 2 μg/ml, Clontech, USA), and RNA oligonu-
cleotides (NCO, miR-125b mimics, miR-125b inhibitors, or
miR-298 mimics, 50 nM) were transiently transfected into the
MCF-7 cells with Lipofectamine 2000 reagent (Invitrogen,
USA) following the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction

Total cellular RNAwas isolated from cell lines using TRIzol
(Invitrogen, USA) and the complementary DNA (cDNA) was
synthesized using M-MLV Reverse Transcriptase (Invitrogen,
USA) following the manufacturer’s instructions. Reverse tran-
scription for miR-125b or endogenous control small nuclear
U6was performed by using total RNAwith stem-loop RT [15]
specific primers, and the sequences are as follows: miR-125b:
5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTT
GAGAGGGACTC-3′; U6: 5′-AACGCTTCACGAATTTGC
GT-3′. The expression of Mcl-1 mRNA was determined by
quantitative real-time polymerase chain reaction (qPCR)
using SYBR Green (TaKaRa, Japan) according to the manu-
facturer’s protocol, and the GAPDH mRNAwas taken as in-
ternal control. The primer sequences are as follows: Mcl-1 F:
5′-GGCTAAACACTTGAAGACCA-3′, R: 5′-TGGAAGAA
CTCCACAAACC-3′; GAPDH F: 5′-CACTCCTCCACCTT
TGA-3′, GAPDH R: 5′-CCACCACCCTGTTGCTG-3′. To
calculate expression of miR-125b and Mcl-1, 2−△△CT method
was used [16].

Plasmid construction and luciferase assay

The open reading frame of Mcl-1 gene without 3′-UTR was
amplified by PCR with the cDNA as template and cloned into
the pEGFP-N1 vector, and the recombinant plasmid was
named pEGFP-Mcl-1. For the luciferase assay, a pMIR-RE-
PORT™ miRNA Expression Reporter Vector consisting of
the firefly luciferase coding sequence followed by the Mcl-1
3′-UTR (GenBank accession no. NM_001197320) was con-
structed. The mutations of pMIR-Mcl-1 plasmid was generat-
ed by mutating the complementary site for the seed region of
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miR-125b (UCUCAGGGA to UCUGUCGGA) by using site-
directed mutagenesis kit (TaKaRa, Japan) based on the wild-
type plasmid. MCF-7/DR cells were incubated in 48-well
plates and cotransfected with miR-125b mimics plus pMIR-
Mcl-1 plasmid together with Renilla luciferase pRL-TK vec-
tor. Cells were collected 24 h after transfection and analyzed
using the dual-luciferase reporter system (Promega, USA) ac-
cording to the manufacturer’s instructions. Firefly luciferase
activity was normalized to the Renilla luciferase activity.

Doxorubicin accumulation detection

MCF-7/DR cells were transfected with miR-125b mimics,
miR-298 mimics, or NCO for 24 h, and then the cells were
treated with 2.5 μg/ml doxorubicin. After 2 h incubation, cells
were washed three times with phosphate buffered solution
(PBS), and the mean fluorescence intensity of intracellular
DOX was determined using flow cytometry at an excitation
wavelength of 488 nm and an emission wavelength of
575 nm.

Western blot analysis

Total cell lysates were quantified by BCA protein assay kit
(Pierce, USA), and 50 μg of the protein from each sample was
separated by 12.5 % SDS-PAGE and transferred onto PVDF
membranes. The following primary antibodies were used for
Western blot analysis: Mcl-1, caspase-3, PARP, cytochrome c,
smac/DIABLO, andβ-actin. In all cases, the membranes were
incubated overnight at 4 °C with the primary antibodies in
PBS with 5 % non-fat dry milk. After being washed with
PBS, the membranes were then incubated with horseradish
peroxidase-conjugated secondary antibody for 2 h. The pro-
teins were then visualized with an enhanced chemilumines-
cence detection kit (Pierce, USA).

Measurement of cell viability by MTT

The viability of the MCF-7 or MCF-7/DR cells was measured
with a MTT assay. Briefly, cells were seeded in triplicate in a
96-well plate at the density of 5×103 per well. After the cells
were transfected with RNA oligonucleotides and treated with
DOX for 48 h, MTT (20 ml, 5 mg/ml) was added to each well
and incubated for another 4 h. Mediumwas then aspirated and
100 μl DMSOwas added to each well. The absorbance values
were determined at 570/655 nm using an automated ELISA
plate reader. Results were represented as the ratio between the
various treatments and the negative control.

Apoptosis assay

MCF-7/DR cells were transfected with RNA oligonucleotides
for 24 h, and then the cells were treated with DOX for another

24 h. After treatment, cells were incubated with annexin Vand
propidium iodide (PI) for 15 min at room temperature accord-
ing to the manufacturer’s instructions and analyzed using flow
cytometry (Becton Dickinson, USA).

Mitochondrial membrane potential analysis

Mitochondrial membrane potential (MMP, ΔΨm) was detected
using JC-1 as an indicator. JC-1 accumulates in the mitochon-
dria emitting red fluorescence when the ΔΨm is high, but the
fluorescence will disappear if the ΔΨm collapses in cells [17].
MCF-7/DR cells were transfected with RNA oligonucleotides
for 24 h, and then the cells were treated with DOX for another
24 h. After treatment, cells were harvested then washed with
cold PBS and resuspended with PBS containing JC-1 at a final
concentration of 5 μM. Following a 20-min incubation period
at 37 °C in the dark, MMPwas determined by FACS analysis.

Mitochondria isolation

After being treated with miR-125b plus DOX, the MCF-7/DR
cells were resuspended in 60 μl PBS. Resuspended cells were
then lysed with the same volume of digitonin lysis buffer
(150 μg digitonin dissolved in 1 ml 500 mM sucrose solu-
tions) for 10 min at room temperature followed by centrifuga-
tion (3000 rpm) for 5 min at 4 °C. The supernatant was cen-
trifuged again (14,000 rpm) for 30 min at 4 °C. Then the
resulting supernatant was transferred into another tube and
used for Western blot as cytoplasmic fraction. The remaining
cell pellet that contains the mitochondrial fraction was resus-
pended and lysed on ice followed by centrifugation for 20 min
by 14,000 rpm. The supernatant was collected and performed
for Western blot as mitochondrial fraction.

Statistical analysis

Data analysis was performed with SPSS 11.0 statistical soft-
ware and expressed as mean±SE. Differences were assessed
by Student’s t test and ANOVA analysis. P<0.05 was consid-
ered to be statistically significant.

Results

miR-125b is downregulated in human breast cancer cell
lines and associated with doxorubicin resistance

Since recent researches suggested that miR-125b plays an
antitumor role inmultiple types of cancers [18, 19], we studied
the difference of miR-125b expression level between breast
cancer cell lines and normal mammary epithelial cell line. As
shown in Fig. 1a, the expression of miR-125b was significant-
ly lower in all of the three breast cancer cell lines (MDA-MB-
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435, T-47D, and MCF-7) compared with MCF-10Awhich is
the normal breast epithelial cell line, suggesting miR-125b

functions as a tumor suppressor miRNA in breast cancer.
More importantly, our date showed the miR-125b level was
further downregulated after the cancer cells (MCF-7) were
exposed to chemotherapeutics (doxorubicin) for a long time
(more than 12 months) (Fig. 1b). These results suggest that
miR-125b is a tumor suppressor and associated with doxoru-
bicin resistance in breast cancer.

miR-125b is essential for doxorubicin sensitivity toMCF-7
cells

To investigate the anti-cancer effect of DOX, different con-
centrations of DOX were added into culture medium, and cell
viability as well as 50 % cell death (IC50) was detected by
MTTassay after incubating for 48 h inMCF-7 cells andMCF-
7/DR cells, respectively. As shown in Fig. 2a, doxorubicin
markedly inhibited the viability of MCF-7 in a dose-
dependent manner, whereas the MCF-7/DR cells were resis-
tant to DOX for the IC50 between the parent and resistant
cells, which was 23.83-fold. To investigate whether miR-

Fig. 1 miR-125b is downregulated in human breast cancer cell lines and
associated with doxorubicin resistance. a Analysis of miR-125b expres-
sion in human breast cancer cell lines and normal mammary epithelial cell
line by RT-qPCR. *p<0.05 vs. MCF-10A cells. b miR-125b expression
was further downregulated in doxorubicin-resistant MCF-7/DR cells
compared with its parental MCF-7 cells. *p<0.05

Fig. 2 miR-125b plays an important role in DOX resistance for MCF-7
cells. a MCF-7 and MCF-7/DR cells were treated with different concen-
trations of doxorubicin, and cell viability was determined by MTT assay.
The IC50 was determined according to the survival curves. b miR-125b
mimics increased the miR-125b level in MCF-7/DR cells, and miR-125b
inhibitors decreased the miR-125b level in MCF-7 cells. The expression
level of miR-125b was detected by RT-qPCR analysis after the cells were

transfected with RNA oligonucleotides. c MTT assay was performed to
evaluate the viability ofMCF-7 cells after treatment of low doses of DOX
plus miR-125b inhibitor or NCO (50 nM). IC50 was determined accord-
ing to the survival curves. *p<0.05. d MTT assay was performed to
evaluate the viability of MCF-7/DR cells after treatment of high doses
of DOX plus miR-125b mimics or NCO. IC50 was determined according
to the survival curves. *p<0.05
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125b modulated chemosensitivity in breast cancer, miR-125b
mimics or miR-125b inhibitors were transfected into MCF-7/
DR cells and MCF-7 cells, respectively. We showed that miR-
125b mimics could significantly increase the miR-125b level
in MCF-7/DR cells. In contrast, the miR-125b expression was
downregulated after the transfection of miR-125b inhibitors in
MCF-7 cells (Fig. 2b). We subsequently used the MTTassays
to examine the effect of miR-125b on DOX treatment in
MCF-7 and MCF-7/DR cells. As shown in Fig. 2c, knock-
down ofmiR-125b by its inhibitors significantly decreased the
sensitivity of MCF-7 cells to DOX. In contrast, enforced ex-
pression of miR-125b plus DOX led to a more significant
decrease in the viability of MCF-7/DR cells, and the IC50
was lower compared to the group of DOX combined with
NCO (Fig. 2d). All these data strongly suggest that the expres-
sion level of miR-125b is negatively correlated with DOX
resistance in breast cancer cells.

miR-125b increases the apoptosis of MCF-7/DR cells
without influencing the doxorubicin accumulation

To explore the mechanisms why miR-125b reversed the DOX
resistance in MCF-7/DR cells, we measured the DOX accu-
mulation in MCF-7/DR cells transfected with miR-125b

mimics. Since a previous study reported overexpression of
miR-298 could increase the DOX accumulation via downreg-
ulating the P-glycoprotein, cells transfected withmiR-298was
considered as the positive control to increase the accumulation
of DOX [20]. Our results showed the transfection of miR-298
mimics significantly increased the uptake of DOX in MCF-7/
DR cells as described. However, the DOX accumulation in
MCF-7/DR cells was not influenced after miR-125b transfec-
tion, suggesting some other pathway is essential for the syn-
ergism of miR-125b and DOX (Fig. 3a). Therefore, in order to
further investigate the mechanisms, we examined the effect of
miR-125b as well as DOX on apoptosis. After analyzing cell
apoptosis of MCF-7/DR treated with miR-125b, DOX, and
their combination with annexin V assays using flow cytome-
try, we found that apoptotic rate for cells with combining
treatment of DOX and miR-125b is much higher than that
for the single-treatment cells (Fig. 3b). These data suggest that
the overexpression of miR-125b could reverse the DOX resis-
tance in MCF-7/DR cells through apoptosis pathways.

miR-125b modulates the expression of Mcl-1

To determine how miR-125b promotes cancer cell apoptosis,
we used public database TargetScan and found Mcl-1 maybe

Fig. 3 miR-125b increases the apoptosis of MCF-7/DR cells without
influencing the doxorubicin accumulation. a MCF-7/DR cells were
transfected with NCO, miR-125b, or miR-298. After 24 h incubation,
cells were treated with 2.5 μg/ml doxorubicin for another 2 h, and the

accumulation of DOXwas evaluated by flow cytometry analysis. bMiR-
125b or NCOwas transfected into MCF-7/DR cells for 24 h, and then the
cells were treated with/without 2.5 μg/ml DOX for another 24 h. The
percentage of apoptosis was evaluated by flow cytometry analysis

Tumor Biol. (2015) 36:7185–7194 7189



the putative target of miR-125b (Fig. 4a). The preceding re-
sults showed us that the miR-125b level in MCF-7/DR cells
was lower than its parental MCF-7 cells (Fig. 1b). Therefore,
the Mcl-1 expression level should be higher in MCF-7/DR
cells rather than MCF-7 cells if miR-125b modulates the ex-
pression of Mcl-1. Consistent with the inference, the expres-
sion of Mcl-1 was downregulated in MCF-7/DR cells at both
mRNA level and protein level (Fig. 4b). Moreover, decreased
Mcl-1 expression level was observed by qPCR and Western
blot analysis in MCF-7/DR cells transfected with miR-125b
compared with control cells (Fig. 4c). To validate whether
Mcl-1 is an actual target of miR-125b, the Mcl-1 3′-UTR

containing either a wild-type or mutant miR-125b binding
sites was cloned into pMIR reporter plasmid. The relative
luciferase activity of the wild-type reporter inMCF-7/DR cells
was significantly suppressed by miR-125b. In contrast, the
luciferase activity of the mutant reporter in the presence of
miR-125b was almost unaffected (Fig. 4d), indicating that
miR-125b may suppress the expression of Mcl-1 through the
binding sequence at its 3′-UTR. Furthermore, to study the
function of Mcl-1 which was downregulated by exogenous
miR-125b in MCF-7/DR cells with DOX treatment, we
transfected the MCF-7/DR cells with pEGFP-Mcl-1 plasmid
to examine whether enforced expression of Mcl-1 could

Fig. 4 miR-125b modulates the
expression of Mcl-1. a Putative
miR-125b binding sequence in
the 3′-UTR of Mcl-1 mRNA. b
The expression of Mcl-1 was
detected by qPCR and Western
blot analysis in MCF-7/DR cells
and MCF-7 cells. c Mcl-1
expression level was determined
after miR-125b transfection by
qPCR analysis and Western blot
analysis in MCF-7/DR cells. d
MCF-7/DR cells were
cotransfected with pMIR reporter,
pRL-TK vector, and miR-125b,
incubating for 24 h. Firefly
luciferase activity was measured
and normalized to Renilla
luciferase. e MCF-7/DR cells
were cotransfected with pEGFP-
Mcl-1 vector (or pEGFP-N1
control) and miR-125b for 24 h;
2.5 μg/ml DOX was then added
into the culture medium
incubating for another 24 h;
apoptotic rate of MCF-7/DR cells
was evaluated by flow cytometry
analysis
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Brescue^ the fate of MCF-7/DR cells treated with DOX plus
miR-125b. We found that the enforced expression of Mcl-1
significantly decreased the apoptotic rate of MCF-7/DR cells
with combining treatment of DOX plus miR-125b (Fig. 4e).
Taken together, these results suggest that the expression of
Mcl-1 was negatively regulated bymiR-125b, andMcl-1 gene
is the target of miR-125b to reverse the DOX resistance in
breast cancer cells.

The sensitization of miR-125b to doxorubicin-inducing
cell death is caspase-dependent in MCF-7/DR cells

Since our data showed the overexpression of miR-125b
reversed the DOX resistance in MCF-7/DR cells through
inducing apoptosis, we investigated whether the synergis-
tic effect of miR-125b on DOX-inducing cell death is
relevant with caspase pathway. As shown in Fig. 5a, treat-
ment with DOX plus miR-125b led to an obvious cleav-
age of caspase-3 and its substrate poly-ADP-ribose poly-
merase (PARP) compared with the single-treatment group,
which could be impaired by cell-permeable pan caspase
inhibitor zVAD-fmk [21]. More importantly, cell death
induced by DOX combining with miR-125b treatment
was inhibited in the presence of zVAD-fmk, suggesting
the sensitization of miR-125b to DOX-mediated cell death
is caspase-dependent in DOX-resistant breast cancer cells
(Fig. 5b). Our preceding results showed Mcl-1 gene is the
target of miR-125b to reverse the DOX resistance in
MCF-7/DR, so we studied the effect of exogenous Mcl-
1 on the activation of caspase-3 induced by the treatment
of DOX combing with miR-125b. Consistent with our
conclusion, transfection of pEGFP-Mcl-1 significantly de-
creased the activation of caspase-3 induced by DOX plus
miR-125b (Fig. 5c).

Downregulation ofMcl-1 bymiR-125b enhanced the effect
of doxorubicin to result in loss of MMP and release
of mitochondrial proteins

Destroying the mitochondria is one of the important mecha-
nisms for DOX to kill the cancer cells [22]. Mcl-1 suppression
allows disintegration of mitochondria by loss of MMP and
mitochondria outer membrane permeability (MOMP),
resulting in the release of proteins such as cytochrome c and
smac/DIABLO mitochondria that induces caspase-dependent
cell death [23–25]. To further dissect the impact of miR-125b
and DOX inMCF-7/DR cells, MMP was analyzed. As shown
in Fig. 6a, miR-125b alone treatment did not influence the
MMP of DOX-resistant MCF-7 cells, but significantly pro-
moted the DOX to destroy their mitochondria. Consistent with
our conclusion, exogenous Mcl-1 significantly inhibited the
sensitization of miR-125b to doxorubicin-inducing ΔΨm loss.
As miR-125b plus DOX induced caspase-dependent cell

death, and activation of caspases may escalate mitochondrial
dysfunction [26], we found miR-125b plus DOX-mediated
loss of MMP was partially blocked by zVAD-fmk, indicating
that the loss of MMP is caspase-dependent. As the opening of
mitochondrial permeability transition pore results in loss of
MMP [27], we found the mitochondria-derived apoptogenic
proteins, in particular cytochrome c and smac/DIABLO, were
released into the cytoplasm when the MCF-7/DR cells were
treated with miR-125b plus DOX. Importantly, the release of
mitochondrial proteins were inhibited by exogenous Mcl-1
transfection or zVAD-fmk addition, suggesting Mcl-1 sup-
pression promoted DOX-induced caspase-dependent release
of mitochondria-derived proteins in DOX-resistant breast can-
cer cells.

Discussion

Emerging evidence indicates that miR-125b acts as a tumor
suppressor in multiple cancer types. Guan et al. demonstrated
that down-expression of miR-125b was significantly correlat-
ed with proliferation and metastasis by targeting the proto-
oncogene B cell CLL/lymphoma 3 (BCL3) in ovarian cancer
[28]. Huang et al. showed that overexpression of miR-125b
inhibited the cell cycle in bladder cancer cells [29]. Consistent
with potential tumor suppressor gene function, miR-125b dys-
regulation is involved in breast cancer patients’ tumors [30].
In this paper, we conformed miR-125b is a tumor suppressor
in breast cancer.

Fig. 5 The sensitization of miR-125b to doxorubicin inducing cell death
is caspase-dependent inMCF-7/DR cells. aMCF-7/DR cells were treated
with DOX (2.5 μg/ml) plus miR-125b or NCO (50 nM) for 24 h in the
absence or presence of zVAD-fmk (10 μM), and Western blot analysis
was performed to measure the cleavage of caspase-3 and its substrate
PARP. b MCF-7/DR cells were treated with different concentrations of
DOX plus miR-125b (50 nm) for 48 h in the absence or presence of
zVAD-fmk (10 μM), and the cell viability was determined byMTTassay.
c MCF-7/DR cells were cotransfected with pEGFP-Mcl-1 vector (or
pEGFP-N1 control) and miR-125b for 24 h; 2.5 μg/ml DOX was then
added into the culture medium incubating for another 24 h; caspase-3
activation of MCF-7/DR cells was evaluated by Western blot analysis
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Previous researches showed that some miRNAs could
modulate the acquired resistance of cancer cells to chemother-
apeutic drugs, including breast cancer [31, 32]. However, the
molecular mechanisms of sensitization to chemotherapy
caused by miRNAs were still unclear. Our data suggested that
miR-125b is associated with drug resistance in breast cancer,
and then we reconfirmed that overexpression of miR-125b by
its mimics can effectively increase the sensitivity of MCF-7/
DR cells to DOX-induced cell death. Interestingly, DOX cy-
totoxicity to primary MCF-7 cells was significantly reduced

when the function of miR-125b was inhibited in MCF-7 cells.
These results directly support our conclusion that miR-125b
plays a key role for reversing DOX resistance in breast cancer
cells.

Since aberrant regulation of apoptosis plays a key role in
cancer formation and development, tumor cells must evolve a
variety of strategies to escape from apoptosis so that they can
survive in the harsh tumor microenvironment, where nutrient
deprivation and hypoxia are common [33]. More importantly,
the strategy of circumventing apoptosis is well used by tumor

Fig. 6 miR-125b combined with doxorubicin caused loss of MMP and
MOMP in MCF-7/DR cells. a MCF-7/DR cells were treated with DOX
(2.5 μg/ml) plus miR-125b or NCO (50 nM) for 24 h in the absence or
presence of zVAD-fmk (10 μM), and then the mitochondrial membrane

potential was analyzed by JC-1 assay. b After MCF-7/DR cells were
treated as describe above, cytochrome c and smac/DIABLO levels in
the mitochondria and cytoplasm were measured by Western blot analysis
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cells to develop the acquired chemotherapy resistance [34].
The Bcl-2 family, which consists of both pro- and anti-
apoptotic proteins, decides whether a cell continues to live
or undergoes death through the apoptotic pathway. Common-
ly, tumor cells increase the expression of anti-apoptotic regu-
lators (Bcl-2, Bcl-xL, Mcl-1, and Bcl-w) for surviving [35]. In
this study, we found Mcl-1 was significantly upregulated in
the doxorubicin-resistant cells, which is consistent with other
published studies [36, 37]. More importantly, our data con-
firmed the sensitization of miR-125b is dependent on the
downregulation of Mcl-1.

We further investigated whether the synergistic effect of
miR-125b on doxorubicin-inducing cell death is caspase-3-
dependent, whose cleavage is the common step in both extrin-
sic and apoptosis pathways [38]. Our results demonstrated the
overexpression of miR-125b enhanced the activation of
caspase-3 and its substrate induced by doxorubicin, which
could be inhibited by zVAD-fmk. More importantly,
overexpressedMcl-1 significantly decreased the caspase-3 ac-
tivation, further illustrating the mechanism of miR-125b on
drug resistance reversal.

Study deeply, we found downregulation of Mcl-1 caused
by miR-125 promoted doxorubicin-resistant MCF-7 cell
response to doxorubicin therapy by MOMP-mediated cell
death induction, activation of caspase-3, and caspase-
dependent release of mitochondria-derived proteins. Based
on these observations, we explained mitochondrial apopto-
sis is essential in doxorubicin therapy [39]. However, over-
expression of Mcl-1 protects the mitochondria in
doxorubicin-resistant breast cancer cells from the damage
by doxorubicin, making MCF-7/DR cells survive. MiR-
125b transfection modulated the Mcl-1 level in MCF-7/
DR cells, making their mitochondria lost the protection of
Mcl-1 from the doxorubicin treatment. Responding to
doxorubicin, the MMP decreased and the mitochondrial
permeability transition pore became open. And then, the
mitochondria-derived apoptogenic proteins, such as cyto-
chrome c and smac/DIABLO, released into the cytoplasm,
activating caspase-dependent apoptosis. Interestingly, we
found zVAD-fmk partially inhibited the loss of MMP, indi-
cating the activation of caspases may escalate mitochondri-
al dysfunction [26]. These findings show the indispensable
function of Mcl-1 as resistance factor that protects from
intrinsic pathway-induced cell death in MCF-7/DR cells.

In summary, we investigated the altered expression pat-
tern of miR-125b in breast cancer and its synergistic effect
on DOX-inducing cell death by promoting cell apoptosis
through the downregulation of Mcl-1 expression, resulting
in mitochondria damage and caspase-3 activation. Our data
demonstrated an important role for miR-125b in DOX-
based therapy, and the miR-125b-mitochondria-caspase-3
pathway may provide a novel therapeutic strategy for treat-
ment of breast cancer.
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