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Abstract
Acquired resistance to chemotherapy is a major obstacle in breast cancer (BC) treatment. Accumulated evidence has
uncovered that microRNAs (miRNAs) are vital regulators of chemoresistance in cancer. Growing studies reveal that
miR-137 acts as a suppressor in tumor progression. However, it remains obscure the role of miR-137 in modulating the
sensitivity of BC cells to doxorubicin (DOX). In this study, we demonstrate that miR-137 exerts a significant effect on
repressing the development of chemoresistance of BC cells in response to DOX via attenuating epithelial-
mesenchymal transition (EMT) of tumor cells in vitro and in vivo. MiR-137 overexpression dramatically elevated the
sensitivity of BC cells to DOX as well as impaired the DOX-promoted EMT of tumor cells. Mechanistically, miR-137
directly targeted dual-specificity phosphatase 4 (DUSP4) to impact on the EMT and chemoresistance of BC cells upon
DOX treatment. Consistently, decreased DUSP4 efficiently enhanced the sensitivity of BC cells to DOX while
overexpressed DUSP4 significantly diminished the beneficial effect of miR-137 on BC cells chemoresistance. Moreover,
the increased miR-137 heightened the sensitivity of BC cells-derived tumors to DOX through targeting DUSP4 in vivo.
Together, our results provide a novel insight into the DOX resistance of BC cells and miR-137 may serve as a new
promising therapeutic target for overcoming chemoresistance in BC.

Introduction
Breast cancer (BC) is one of the most frequently diag-

nosed cancers in women worldwide1. Although surgery
may be effective in some early cases, adjuvant che-
motherapy is important for improving survival, especially
in patients with end-stage disease2,3. Doxorubicin (DOX)
and its analog epirubicin are widely used in most che-
motherapeutic regimens in BC4. However, intrinsic or
acquired resistance to DOX limits the clinical outcomes

of DOX-based regimens5. The potential mechanisms
underlying DOX resistance remain to be explored.
Epithelial-mesenchymal transition (EMT) is the biolo-

gical process by which epithelial cells are transformed into
mesenchymal-phenotype cells. EMT plays a vital role in
embryogenesis, wound healing, and tumor pathogen-
esis6,7. Highly active EMT is often detected in cancer
progression, and the abnormally activated EMT enables
cells to acquire highly malignant properties, including
mobility, invasiveness, and distant metastasis ability8,9.
Moreover, an increasing number of studies have indicated
that cancer cells that undergo EMT acquire cancer stem
cell characteristics, significantly promoting the develop-
ment of chemoresistance10. In fact, targeting EMT can
overcome chemoresistance and suppress tumor metas-
tasis6. In BC, accumulating evidence has demonstrated
that EMT is involved in drug resistance.
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MicroRNAs (miRNAs) are a recently discovered class of
non-coding RNAs that play key roles in regulating gene
expression at post-transcriptional level by binding the 3′
untranslated region (3′-UTR) of mRNA. Aberrant
expression of miRNAs contributes to the overactivation of
specific oncogenes, enhancing cancer development11,12.
Abnormal miRNA expression has also been identified in
BC and is closely correlated with proliferation, invasion,
metastasis, and chemoresistance13,14. miR-137 is fre-
quently downregulated in some solid tumors, including
colon cancer15, non-small cell lung cancer16, pancreatic
cancer17, gastric cancer18, and osteosarcoma19, and
potentially acts as a tumor suppressor in these tumors.
Though miR-137 is involved in chemoresistance in several
cancers20–22, its physiological role in DOX resistance of
BC is not well elucidated.
In the present study, we demonstrate that overexpressed

miR-137 alleviated the development of DOX resistance in
BC cells and dual-specificity phosphatase 4 (DUSP4) is a
novel target gene of miR-137. Though targeting DUSP4,
miR-137 attenuated the EMT of BC cells in the setting of
DOX treatment.

Results
miR-137 played a role in DOX chemoresistance of BC cells
To investigate the biological role of miR-137 in DOX

resistance of BC, we first studied the viability of four BC
cell lines (MCF-7/ADR [adriamycin-resistant], MDA-
MB-468, HCC1937, MCF-7) following exposure to dif-
ferent concentrations of DOX. Upon DOX treatment,
MCF-7/ADR cell line displayed the highest levels of
viability and median inhibitory concentration (IC50)
while MCF-7 cell line showed the lowest (Fig. 1a). Then,
we evaluated the expression levels of miR-137 in the four
BC cell lines. Surprisingly, the levels of miR-137
expression exhibited an opposite trend relative to that
of cell viability and IC50 value (Fig. 1b), indicating a
positive correlation between miR-137 expression and
DOX sensitivity in BC cells.
To further explore the function of miR-137 in che-

moresistance to DOX, miR-137 expression in BC cell
lines were manipulated using miR-137 mimics and
inhibitor. After transfected with miR-137 mimics or
inhibitor, the viability of the tumor cells was evaluated
in the presence of DOX. miR-137 overexpression
robustly amplified the inhibitory effects of DOX on BC
cells (Fig. 1c–g), while decreased miR-137 significantly
enhanced the resistance to DOX of BC cells (Fig. 1h–l).
Consistently, IC50 of DOX in BC cells was also reduced
after miR-137 overexpression while increased by miR-
137 abrogation (Fig. S1). These results indicate a vital
role for miR-137 in repressing the development of DOX
resistance in BC cells.

miR-137 inhibited DOX-induced EMT in BC cells
As acting an important role in chemoresistance in BC,

EMT of tumor cells were explored to determine whether
EMT is involved in DOX sensitivity mediated by miR-137
in BC cells. We first tested the expression of the epidermal
marker E-cadherin, the mesenchymal marker Vimentin,
and miR-137 in three BC cell lines (MDA-MB-468,
HCC1937, MCF-7) when treated with DOX at a con-
centration of their respective IC50. The treatment of
DOX significantly increased Vimentin protein levels and
decreased E-cadherin levels in three cell lines, suggesting
the induction of EMT in BC cells (Fig. 2a). Meanwhile, the
levels of miR-137 were obviously reduced in the three cell
lines upon the DOX treatment (Fig. 2b). Next, BC cells
were transfected with miR-137 mimics and then subjected
to DOX treatment. We found that overexpressed miR-137
efficiently reversed the EMT of BC cells which was
induced by DOX (Fig. 2c). Furthermore, the similar
changes of EMT-associated proteins E-cadherin and
Vimentin were observed in BC cells by immuno-
fluorescence staining (Fig. 2d). These findings reveal that
miR‐137 act as a repressor in regulating DOX-induced
EMT in BC cells.

DUSP4 is a direct target of miR‐137
To investigate the detailed mechanism underlying miR‐

137-regulating DOX resistance of BC cells, we used a
miRNA target prediction website (targetscan.org) to
screen for miR‐137 target genes, and identified DUSP4,
which contains the binding sequence of miR‐137, as a
tentative target of miR‐137 (Fig. 3a). To investigate the
association between miR‐137 and DUSP4 expression, we
explored DUSP4 expression levels in BC cell lines with
miR‐137 overexpression or inhibition. Both mRNA and
protein levels of DUSP4 were significantly decreased in
miR‐137-overexpressing cells compared to that of the
control cells (Fig. 3b, c). In contrast, inhibition of miR‐137
increased DUSP4 expression at both mRNA and protein
levels (Fig. 3b, d).

DUSP4 mediated the effect of miR‐137 on regulating DOX
resistance and EMT
To identify the association between DUSP4 and miR-

137 in BC, we tested protein levels of DUSP4 in MCF-7
and MCF-7/ADR cells. Relative to that of MCF-7 cells,
DUSP4 was higher in the MCF-7/ADR cells (Fig. 4a). The
results of Cell Counting Kit-8 (CCK-8) assays showed that
the abrogation of DUSP4 sensitized BC cells to DOX (Fig.
4b, c), and the results of western blotting confirmed the
RNA interference efficiency of small interfering RNA
(siRNA) targeting DUSP4 (Fig. 4d). Finally, we investi-
gated the role of DUSP4 in regulating DOX-mediated
EMT. Similar to that of miR-137 overexpression, DUSP4
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knockdown reversed DOX-mediated EMT of BC cells
(Fig. 4e). These results indicate that DUSP4 may be
involved in the effect of miR-137 on BC cells.
To confirm this, we performed rescue experiments by

transfecting DOX-treated MCF-7 and MCF-7/ADR cells
with DUSP4 siRNA combined with miR-137 inhibitor, or
DUSP4 overexpression vector combined with miR-137
mimics. The results of CCK-8 assays showed that DUSP4
knockdown disrupt the miR-137 inhibition-mediated
DOX resistance when compared with that of the control
group (Fig. 5a, b). The results of western blotting showed
no differences of E-cadherin and Vimentin expression
between the DUSP4 siRNA group and DUSP4 siRNA plus
miR-137 inhibitor group (Fig. 5c), which demonstrated
that DUSP4 is involved in miR-137-regulating EMT in the
presence of DOX. These results were confirmed by the
data from DUSP4 and miR-137 co-overexpression
experiments (Fig. 6).

miR‐137 overexpression promoted DOX sensitivity in vivo
To explore the role of miR-137 in DOX resistance

in vivo, we confirmed the results of in vitro experiments
using a mouse xenograft model. The animal experiment
results clearly showed that, in the MCF-7 xenograft

model, the treatment of miR‐137 agomir combined with
DOX exhibited more dramatical inhibition on tumor
growth than vehicle control or single-drug treatment
(Fig. 7). Immunohistochemistry analyses revealed marked
reduction of Ki-67-positive cells in combination treat-
ment group (Fig. S2). Consistently, the results of terminal
deoxyribonucleotidyl transferase (TDT)-mediated dUTP-
digoxigenin nick end labeling (TUNEL) assays revealed
that combination treatment group displayed significantly
increased amount of apoptotic cells (Fig. S2). Additionally,
immunohistochemistry analyses also showed that miR-
137 agomir treatment reduced the DUSP4 expression
(Fig. S2). The efficiency of miR-137 agomir in the xeno-
graft model tumor tissues was quantified by qPCR
(Fig. S3). Taken together, these findings show that miR‐
137 correlates negatively with DOX resistance in BC and
that miR‐137 overexpression may be a useful strategy for
enhancing chemosensitivity in the treatment of BC.

Discussion
Although the application of chemotherapy drugs and

the development of chemotherapy regimens have sig-
nificantly improved the survival rate of patients with BC,
the development of multi-drug resistance (MDR) remains

Fig. 1 miR-137 overexpression sensitized BC cells to DOX. a CCK-8 showing viability of BC cell lines under DOX treatment (0, 0.3125, 0.625, 1.25,
2.5, 5, 10, 20 μg/ml) for 48 h; the IC50 value was calculated based on the CCK-8 results. b Detection of miR-137 expression in BC cells; the result was
quantified by comparing with the internal control U6. c–g Detection of viability of BC cells transfected with miR-137 mimics (5 nM) or negative
control (NC) RNA and cultured with 0, 0.5, 1.0, 1.5, and 2.0 µg/ml DOX for 48 h. h–l Detection of viability of BC cells transfected with miR-137 inhibitor
(5 nM) or NC RNA and cultured with 0, 0.5, 1.0, 1.5, and 2.0 µg/ml DOX for 48 h. All data are representative of three independent experiments.
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one of the main reasons for treatment failure23,24. miR-
NAs inhibit gene expression by inhibiting transcription or
inducing degradation of the targeted gene25. Much evi-
dence shows that miRNA expression is frequently
abnormal in BC and that miRNAs participate in che-
moresistance of BC26,27. However, the miRNA regulatory
network is quite complex, and miRNA biological roles in
chemoresistance of BC have not been fully elucidated.
In cancer, miR-137 is often downregulated due to

hypermethylation of its CpG island28. miR-137 hyper-
methylation leads to its inhibition in many tumors, such
as colorectal cancer, pancreatic cancer, and endometrial
cancer29–31. Functional analysis has indicated that miR-
137 can inhibit cell proliferation, cell cycle arrest and
apoptosis, cell migration and invasion, and affect che-
moresistance32–36. For example, miR-137 overexpression
sensitized resistant colon cancer cells to oxaliplatin20. In
hepatocellular carcinoma, miR-137 upregulation reverses
sorafenib resistance and cancer-initiating cell phenotypes

by degrading solute carrier family 25 member 5 (ANT2)21.
Zhu et al. reported that miR-137 was involved in MDR in
BC through modulation of P-glycoprotein (P-gp) by tar-
geting Y-box binding protein 1 (YB-1)37. Cheng et al. have
reported that the miR-137-FSTL1-integrin beta 3-Wnt-
β-catenin signaling axis in BC cells can regulate stemness
and chemoresistance38. In the present study, we con-
firmed that miR-137 is involved in DOX resistance of BC.
Here, we also clarify the EMT inhibitory mechanism of

miR‐137 in BC. EMT occurs when epithelial cells lose
contact with the environment and present mesenchymal
phenotypes, promoting their entry into the bloodstream
and migration to distant locations. BC is an aggressive
cancer with high EMT-related metastasis39. Interestingly,
recent studies have shown that EMT is also closely related
to the development of chemoresistance and that inhibit-
ing EMT can eliminate chemoresistance in BC40. EMT is
an important therapeutic target in BC metastasis and
chemotherapy resistance in BC41. In the present study, we

Fig. 2 miR-137 overexpression inhibited DOX-induced EMT in BC cells. a Effect of DOX (IC50) on E-cadherin and vimentin expression in BC cell
lines determined by western blotting. b Effect of DOX (IC50) on miR-137 expression in BC cell lines detected by qPCR. cWestern blotting detection of
E-cadherin and vimentin expression levels in BC cells treated with control, DOX, or DOX plus miR-137 mimics. d Immunofluorescence detection of
E-cadherin and vimentin expression in BC cells treated with control, DOX, or DOX plus miR-137 mimics. *P < 0.05 versus control. All data are
representative of three independent experiments.
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found for the first time that miR‐137 regulates EMT
negatively to improve DOX sensitivity in BC cells.
Bioinformatics analysis identified DUSP4 as a novel

target of miR‐137 in BC cells. Herein, our data show that
restoring miR‐137 expression in BC cells led to the sup-
pression of DUSP4 expression. DUSP4 upregulation has
been reported in relation to drug resistance and patient
outcome in BC42–44. Silencing DUSP4 significantly sen-
sitized BC cells to trastuzumab45. DUSP4 knockdown
reversed EMT in MCF-7/ADR cells and increased DOX
chemosensitivity of MCF-7/ADR cells46. These findings
suggest that DUSP4 is an important gene that modulates
MDR in BC cells. Our results confirm that miR-137 can
directly target the 3′-UTR of DUSP4 mRNA and thereby
decrease its expression in BC cells. We also observed that
both miR-137 overexpression and DUSP4 knockdown
significantly suppressed EMT and reduced DOX resis-
tance. Based on these findings, we infer that DUSP4 is a
functional target gene of miR-137, regulating DOX
resistance in BC cells.

In conclusion, we have identified a novel mechanism
underlying miR‐137 modulated DOX resistance in BC.
Restoration of miR‐137 promotes the DOX sensitivity of
BC cells through EMT inhibition by targeting DUSP4.
Our findings may help to establish new strategies for
improving therapeutic options for patients with DOX-
resistant BC.

Materials and methods
Cell cultures
The MCF-7 human BC cell line was maintained in

RPMI 1640 medium supplemented with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA, USA). The HCC1937
and MDA‐MB‐468 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (Invitrogen). All cell lines were obtained
from ATCC (Manassas, VA, USA) and were incubated at
37 °C in a humidified atmosphere with 5% CO2. For the
MCF-7/ADR cells, the resistant variants were originated
by growing initial MCF-7 cells with raising concentrations

Fig. 3 miR-137 regulated DUSP4 negatively. a TargetScan-predicted binding sequences of miR-137 in the 3′-UTR of DUSP4. b Quantification of
DUSP4 mRNA expression in BC cells transfected with miR-137 mimics, miR-137 inhibitor, or NC. c, d Quantification of DUSP4 protein expression in BC
cells transfected with miR-137 mimics, miR-137 inhibitor, or NC. All data are representative of three independent experiments.
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of DOX (Sigma-Aldrich, St. Louis, MO, USA) (from 0.1 to
60 μg/ml). DOX was added every 3 days. Cell viability was
analyzed by CCK-8 assay every month. IC50 values of

MCF-7 and MCF-7/ADR cells were 1.0 and 35 μg/ml of
DOX, respectively. MCF-7/ADR cells were 35 times as
much resistant to the cytotoxic effect DOX as compared

Fig. 4 DUSP4 knockdown inhibited DOX-induced EMT in BC cells. a DUSP4 protein levels in MCF-7 and MCF-7/ADR cells. b, c Detection of
viability of MCF-7 and MCF-7/ADR cells transfected with DUSP4 siRNA or NC and cultured with 0, 0.5, 1.0, 1.5, and 2.0 µg/ml DOX. d Western blotting
confirmation of RNA interference efficiency of DUSP4 siRNA. e Western blotting detection of E-cadherin and vimentin expression levels in BC cells
treated with control, DOX, or DOX plus DUSP4 siRNA. All data are representative of three independent experiments.

Fig. 5 DUSP4 knockdown eliminated miR-137 inhibitor-mediated regulation of DOX sensitivity and EMT. a, b CCK-8 detection of viability of
MCF-7 and MCF-7/ADR cells transfected with DUSP4 siRNA alone or with both DUSP4 siRNA and miR-137 inhibitor and cultured with 0, 0.5, 1.0, 1.5,
and 2.0 µg/ml DOX. c Western blotting detection of E-cadherin and vimentin expression in MCF-7 and MCF-7/ADR cells transfected with
DUSP4 siRNA alone or with both DUSP4 siRNA and miR-137 inhibitor. All data are representative of three independent experiments.
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Fig. 6 DUSP4 overexpression reversed miR-137 mimic-mediated regulation of DOX sensitivity and EMT. a, b CCK-8 detection of viability of
MCF-7 and MCF-7/ADR cells transfected with DUSP4 vector or with both DUSP4 vector and miR-137 mimic and cultured with 0, 0.5, 1.0, 1.5, and
2.0 µg/ml DOX. c Western blotting detection of E-cadherin and vimentin expression in MCF-7 and MCF-7/ADR cells transfected with DUSP4 vector or
with both DUSP4 vector and miR-137 mimic. All data are representative of three independent experiments.

Fig. 7 miR-137 overexpression enhanced the anti-BC activity of DOX in vivo. a, b Representative tumor images (n= 6 mice per group). c Tumor
volumes were measured every other day. The tumor regression rate was calculated based on the tumor volumes. *P < 0.05, **P < 0.01, ***P < 0.001.
d The mouse body weight in each group was measured every other day.

Du et al. Cell Death and Disease          (2019) 10:922 Page 7 of 10

Official journal of the Cell Death Differentiation Association



with the initial MCF-7 cells. DOX was added at a final
concentration of 1 mg/l to maintain the resistance phe-
notype until 1 week prior to the experiments.

Cell transfection
MiR-137 mimic, miR-137 inhibitor or negative control

(NC) were synthesized by GenePharma (Shanghai, China).
DUSP4 siRNA and negative control were purchased from
QIAGEN (Valencia, CA, USA). BC cells were seeded onto
a 6-well plate at 2 × 105/well. When the cells reached 50%
confluence, they were transfected with miR-137 mimic
(5 nM), miR-137 inhibitor (5 nM), DUSP4 siRNA (5 nM)
or negative control (5 nM). Cell transfections were per-
formed using Lipofectamine 2000 Reagents (Invitrogen,
Thermo, IL, USA) according to the manufacturer’s
instructions. After 48 h transfection, the cells were used
for subsequent experiments. The sequences of miR-37
mimics/inhibitor, DUSP4 siRNA were followed:
mir-137-3p mimics: 5’-TTATTGCTTAAGAATAC

GCGTAG-3’ and 5’-ACGCGTATTCTTAAGCAATA
ATT-3’
mir-137-3p inhibitor: 5’-CTACGCGTATTCTTAAG

CAATAA-3’
DUSP4 siRNA:
DUSP4-homo-1172
sense: 5'- CCACUUUGAAGGACACUAUTT-3'
antisense: 5'-AUAGUGUCCUUCAAAGUGGTT-3'
DUSP4-homo-929
sense: 5'- GUACCCAGAAUUCUGUUCUTT-3'
antisense: 5'-AGAACAGAAUUCUGGGUACTT-3'
DUSP4-homo-1416
sense: 5'-GCAUCAUCUCGCCCAACUUTT-3'
antisense: 5'-AAGUUGGGCGAGAUGAUGCTT-3'

Cell viability assay
Cell viability was detected using CCK-8 (CK04, Dojindo,

Tokyo, Japan). Briefly, 4000 cells were seeded into each
well of 96-well plates and then maintained overnight.
After treatment with a series of concentration of doxor-
ubicin (0, 0.125, 0.25, 0.5, 1, and 2 μg/ml) for 48 h, cells
were incubated with CCK-8 reagent for 2 h, followed by
optical density reading at 450 nm. For the analysis of miR-
137 effect on cell viability, BC cells were transfected with
miR-137 inhibitor, miR-137 mimic or negative control.
Then cells or transfected cells were exposed to different
concentration of doxorubicin for 48 h, and then cell via-
bility was evaluated.

qPCR
Total RNA from the cells subjected to different treat-

ments was isolated using TRIzol (Invitrogen, Thermo
Fisher Scientific, Rockford, IL, USA). For miR-137
detection, cDNA was synthesized from total RNA using
a miScript II RT Kit (QIAGEN, Shanghai, China). qPCR

was performed using a miScript SYBR Green PCR Kit
(QIAGEN), using U6 as a normalization gene. The qPCR
was performed on the 7300 Real Time PCR System
(Applied Biosystems, Foster City, CA, USA). Data was
calculated by 2−ΔΔCt method. The following primers
were used: mir-137-3p: 5′-TTATTGCTTAAGAATA
CGCGTAG-3′

Western blotting
The cells subjected to different treatments were har-

vested in radioimmunoprecipitation assay lysis buffer
(Beyotime, Shanghai, China), and the protein concentra-
tion was measured using the bicinchoninic acid protein
assay (Thermo Fisher Scientific). Proteins were resolved
by 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, transferred onto polyvinylidene fluoride
membranes, blocked with 5% skimmed milk in Tris-
buffered saline, and reacted with primary antibodies
against E-cadherin (1:3000; ab1416, Abcam, Cambridge,
MA, USA), vimentin (1:5000; #5741, CST, Danvers, MA,
USA), DUSP4 (1:2000; ab72593, Abcam), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
1:2000; ab9485, Abcam). GAPDH was used as an internal
control. Thereafter, the membranes were washed with
TBST and further incubated with a horseradish
peroxidase-conjugated secondary antibody (#7074, #7076,
CST) at a 1:2000 dilution for 2 h at room temperature.
The bands were visualized using ECL solution (Pierce).

Immunofluorescence
BC cells were seeded in glass slides at a density of

0.5–1 × 105 cells. After 24 h treatment, the cells were fixed
with 4% paraformaldehyde for 15min and then incubated
with fluorescein isothiocyanate (FITC)-conjugated pri-
mary antibodies against E-cadherin (1:100, ab1416,
Abcam) and vimentin (1:50, #5741, CST) overnight at 4 °C.
The nuclei were stained with 4’6-diamidino-2-pheny-
lindole (DAPI). Confocal fluorescence microscopy was
used to observe and photograph fluorescent sections.

Animal experiments
For the subcutaneous tumor growth assay, 2 × 106 cells

(MCF-7) suspended in 0.1ml phosphate-buffered saline
(PBS) were subcutaneously injected into the dorsal flank of
per male BALB/c nude mouse (~6 weeks old). Tumor
diameter in nude mice was daily measured by digital cali-
pers. After tumors reaching 0.5 cm in diameter, the mice
were randomly divided in to four groups (n= 6 mice per
group): PBS, DOX, miR-137 agomir, or DOX in combi-
nation with miR-137 agomir. MiR-137 agomir was che-
mically modified from miR-137 mimic (RiboBio,
Guangzhou, China). For the treatment, the mice of the four
groups received multi-point intratumoral injections of
miR-137 agomir (2 nmol per mouse, every 3 days), miR-137
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agomir (2 nmol per mouse every 3 days) in combination
with DOX (2mg/kg body weight, every 2 days), DOX
(2mg/kg body weight, every 2 days), or control (normal
saline, every 2 days), respectively. Tumor volume was cal-
culated by the formula 0.5 × length ×width2 (mm3). All
animal care and experimentation were conducted accord-
ing to the guidelines of the Institutional Animal Care and
Use Committee of the First Affiliated Zhejiang Hospital.

Immunohistochemistry
Immunohistochemistry was performed to detect Ki-67

and DUSP4 expression in the mouse tumor tissues.
Briefly, tumor tissues were fixed in 10% formalin for
paraffin block preparation. tumor slices were permeabi-
lized with blocking buffer (5% BSA/0.25% TX-100 in PBS)
and incubated with the Ki-67 (1:100, ab15580, Abcam) or
DUSP4 (1:50, ab72593, Abcam) antibody overnight at
4 oC. After washing with PBS, samples were incubated
with HRP-conjugated secondary antibody (Invitrogen,
Carlsbad, CA) before analysis by microscopy (Perki-
nElmer, Waltham, MA). Ki67- and DUSP4-positive cells
were quantified using Image J software.

TUNEL
TUNEL was performed to detect apoptotic cells in mouse

tissue slides using a TUNEL kit according to the manu-
facturer’s instructions (Thermo Fisher Scientific). In brief, 4-
μm-thick paraffin sections were deparaffinized in xylene
three times for 5min and hydrated with different con-
centration of ethanol. Apoptotic cells were stained with
diaminobenzidine (DAB) reaction mixture supplied by the
kit. The apoptotic cell nuclei were stained in brown and
observed under a light microscope (Olympus, Tokyo, Japan).
The positive rates were measured using Image J software.

Statistical analysis
All data are presented as the mean ± standard deviation

(SD), and significant differences between treatment
groups were analyzed by Student’s t-test or one‐way
analysis of variance (ANOVA) and Duncan’s multiple
range test using SAS statistical software version 6.12 (SAS
Institute, Cary, NC, USA). Statistical significance is
defined as *P < 0.05, **P < 0.01, ***P < 0.001.

Acknowledgements
This study was supported by Zhejiang province Public Welfare Projects
(No.2017C33089 and LGF18H200001); co-constructed plan by Ministry of
Health and Zhejiang Province (No. WKJ-ZJ-1916); Young Top Talents of
Zhejiang Provincial Ten Thousand Plan and Targets of Health Innovative
Talents Training of Zhejiang Province; the National Natural Science Foundation
of China (81972693, 81972674 and 31900543); the Zhejiang Provincial Nature
Science Foundation of China (LR20H160001); the Zhejiang Provincial
Traditional Chinese Medicine Science and Technology Project (2020ZZ004).

Author details
1Department of Orthopaedics, First Affiliated Hospital, School of Medicine,
Zhejiang University, Hangzhou 310003, China. 2Department of Nephrology, the
Children’ s Hospital, Zhejiang University School of Medicine, Hangzhou, China.
3Cancer Institute of Integrated Traditional Chinese and Western Medicine, Key
Laboratory of Cancer Prevention and Therapy Combining Traditional Chinese
and Western Medicine, Zhejiang Academy of Traditional Chinese Medicine,
Tongde Hospital of Zhejiang province, Hangzhou, Zhejiang 310012, China.
4Department of General Surgery, The First Affiliated Hospital, School of
Medicine, Zhejiang University, 79 Qingchun Road, Hangzhou 310003, China

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-019-2164-2).

Received: 23 May 2019 Revised: 14 October 2019 Accepted: 18 October
2019

References
1. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2017. CA Cancer J. Clin. 67,

7–30 (2017).
2. McDonald, E. S., Clark, A. S., Tchou, J., Zhang, P. & Freedman, G. M. Clinical

diagnosis and management of breast cancer. J. Nucl. Med 57(Suppl 1), 9S–16S
(2016).

3. Warrier, S., Tapia, G., Goltsman, D. & Beith, J. An update in breast cancer
screening and management. Women’s Health (Lond.) 12, 229–239 (2016).

4. Tzanninis, I. G., Kotteas, E. A., Ntanasis-Stathopoulos, I., Kontogianni, P. &
Fotopoulos, G. Management and outcomes in metaplastic breast cancer. Clin.
Breast Cancer 16, 437–443 (2016).

5. Yu, P. et al. Reversal of doxorubicin resistance in breast cancer by
mitochondria-targeted pH-responsive micelles. Acta Biomater. 14, 115–124
(2015).

6. Kotiyal, S. & Bhattacharya, S. Breast cancer stem cells, EMT and therapeutic
targets. Biochem Biophys. Res. Commun. 453, 112–116 (2014).

7. Shibue, T. & Weinberg, R. A. EMT, CSCs, and drug resistance: the mechanistic
link and clinical implications. Nat. Rev. Clin. Oncol. 14, 611–629 (2017).

8. Chaffer, C. L., San Juan, B. P., Lim, E. & Weinberg, R. A. EMT, cell plasticity and
metastasis. Cancer Metastasis Rev. 35, 645–654 (2016).

9. Santamaria, P. G., Moreno-Bueno, G., Portillo, F. & Cano, A. EMT: present and
future in clinical oncology. Mol. Oncol. 11, 718–738 (2017).

10. Mitra, A., Mishra, L. & Li, S. EMT, CTCs and CSCs in tumor relapse and drug-
resistance. Oncotarget 6, 10697–10711 (2015).

11. Hayes, J., Peruzzi, P. P. & Lawler, S. MicroRNAs in cancer: biomarkers, functions
and therapy. Trends Mol. Med 20, 460–469 (2014).

12. Van Roosbroeck, K. & Calin, G. A. Cancer hallmarks and microRNAs: the ther-
apeutic connection. Adv. Cancer Res 135, 119–149 (2017).

13. Nagini, S. Breast cancer: current molecular therapeutic targets and new
players. Anticancer Agents Med. Chem. 17, 152–163 (2017).

14. Bahrami, A. et al. The prognostic and therapeutic application of microRNAs in
breast cancer: tissue and circulating microRNAs. J. Cell Physiol. 233, 774–786
(2018).

15. Bi, W. P., Xia, M. & Wang, X. J. miR-137 suppresses proliferation, migration and
invasion of colon cancer cell lines by targeting TCF4. Oncol. Lett. 15,
8744–8748 (2018).

16. Chen, R., Zhang, Y., Zhang, C., Wu, H. & Yang, S. miR-137 inhibits the pro-
liferation of human non-small cell lung cancer cells by targeting SRC3. Oncol.
Lett. 13, 3905–3911 (2017).

17. Ding, F. et al. MiR-137 functions as a tumor suppressor in pancreatic cancer by
targeting MRGBP. J. Cell Biochem. 119, 4799–4807 (2018).

Du et al. Cell Death and Disease          (2019) 10:922 Page 9 of 10

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-019-2164-2
https://doi.org/10.1038/s41419-019-2164-2


18. Du, Y., Chen, Y., Wang, F. & Gu, L. miR-137 plays tumor suppressor roles in
gastric cancer cell lines by targeting KLF12 and MYO1C. Tumour Biol. 37,
13557–13569 (2016).

19. Feng, Q., Wu, Q., Liu, X., Xiong, Y. & Li, H. MicroRNA-137 acts as a tumor
suppressor in osteosarcoma by targeting enhancer of zeste homolog 2. Exp.
Ther. Med 13, 3167–3174 (2017).

20. Guo, Y. et al. MicroRNA-137 chemosensitizes colon cancer cells to the che-
motherapeutic drug oxaliplatin (OXA) by targeting YBX1. Cancer Biomark. 18,
1–9 (2017).

21. Lu, A. Q., Lv, B., Qiu, F., Wang, X. Y. & Cao, X. H. Upregulation of miR-137
reverses sorafenib resistance and cancer-initiating cell phenotypes by
degrading ANT2 in hepatocellular carcinoma. Oncol. Rep. 37, 2071–2078
(2017).

22. Wang, Z. C., Huang, F. Z., Xu, H. B., Sun, J. C. & Wang, C. F. MicroRNA-137
inhibits autophagy and chemosensitizes pancreatic cancer cells by targeting
ATG5. Int. J. Biochem. Cell Biol. 111, 63–71 (2019).

23. Hait, W. N. & Yang, J. M. Clinical management of recurrent breast cancer:
development of multidrug resistance (MDR) and strategies to circumvent it.
Semin Oncol. 32, S16–S21 (2005).

24. Choi, Y. H. & Yu, A. M. ABC transporters in multidrug resistance and phar-
macokinetics, and strategies for drug development. Curr. Pharm. Des. 20,
793–807 (2014).

25. Acunzo, M., Romano, G., Wernicke, D. & Croce, C. M. MicroRNA and cancer-a
brief overview. Adv. Biol. Regul. 57, 1–9 (2015).

26. Chen, X. et al. The role of miRNAs in drug resistance and prognosis of breast
cancer formalin-fixed paraffin-embedded tissues. Gene 595, 221–226 (2016).

27. Majumder, S. & Jacob, S. T. Emerging role of microRNAs in drug-resistant
breast cancer. Gene Expr. 15, 141–151 (2011).

28. Loginov, V. I. et al. [Novel miRNA genes hypermethylated in breast cancer].
Mol. Biol. (Mosk.) 50, 797–802 (2016).

29. Chen, T. et al. Mecp2-mediated epigenetic silencing of miR-137 contributes to
colorectal adenoma-carcinoma sequence and tumor progression via relieving
the suppression of c-Met. Sci. Rep. 7, 44543 (2017).

30. Dong, J. et al. Epigenetic silencing of microRNA-137 enhances ASCT2
expression and tumor glutamine metabolism. Oncogenesis 6, e356 (2017).

31. Zhang, W. et al. miR-137 is a tumor suppressor in endometrial cancer and is
repressed by DNA hypermethylation. Lab. Invest. 98, 1397–1407 (2018).

32. Sun, J. et al. miR-137 mediates the functional link between c-Myc and EZH2
that regulates cisplatin resistance in ovarian cancer. Oncogene 38, 564–580
(2019).

33. Sun, L. et al. MicroRNA-137 suppresses tongue squamous
carcinoma cell proliferation, migration and invasion. Cell Prolif. 49,
628–635 (2016).

34. Zhang, Z. et al. MicroRNA-137 inhibits growth of glioblastoma through EGFR
suppression. Am. J. Transl. Res 9, 1492–1499 (2017).

35. Zhao, Y. et al. MiR-137 targets estrogen-related receptor alpha and impairs the
proliferative and migratory capacity of breast cancer cells. PLoS One 7, e39102
(2012).

36. Zhu, M., Li, M., Wang, T., Linghu, E. & Wu, B. MicroRNA-137 represses FBI-1 to
inhibit proliferation and in vitro invasion and migration of hepatocellular
carcinoma cells. Tumour Biol. 37, 13995–14008 (2016).

37. Zhu, X. et al. miR-137 restoration sensitizes multidrug-resistant MCF-7/ADM
cells to anticancer agents by targeting YB-1. Acta Biochim. Biophys. Sin.
(Shanghai) 45, 80–86 (2013).

38. Cheng, S. et al. FSTL1 enhances chemoresistance and maintains stemness in
breast cancer cells via integrin beta3/Wnt signaling under miR-137 regulation.
Cancer Biol. Ther. 20, 328–337 (2019).

39. Shao, S. et al. Notch1 signaling regulates the epithelial-mesenchymal transition
and invasion of breast cancer in a Slug-dependent manner.Mol. Cancer 14, 28
(2015).

40. Huang, J., Li, H. & Ren, G. Epithelial-mesenchymal transition and drug resis-
tance in breast cancer (Review). Int J. Oncol. 47, 840–848 (2015).

41. Zheng, X. et al. Epithelial-to-mesenchymal transition is dispensable for
metastasis but induces chemoresistance in pancreatic cancer. Nature 527,
525–530 (2015).

42. Baglia, M. L. et al. Dual specificity phosphatase 4 gene expression in asso-
ciation with triple-negative breast cancer outcome. Breast Cancer Res. Treat.
148, 211–220 (2014).

43. Balko, J. M. et al. Profiling of residual breast cancers after neoadjuvant che-
motherapy identifies DUSP4 deficiency as a mechanism of drug resistance.
Nat. Med 18, 1052–1059 (2012).

44. Lasham, A. et al. A novel EGR-1 dependent mechanism for YB-1 modulation of
paclitaxel response in a triple negative breast cancer cell line. Int J. Cancer 139,
1157–1170 (2016).

45. Gyorffy, B., Munkacsy, G., Esteva, F. J., Miquel, T. P. & Menyhart, O. DUSP4 is
associated with increased resistance against anti-HER2 therapy in breast
cancer. Cancer Res. 76, 77207−77218 (2016).

46. Liu, Y. et al. Knockdown of dual specificity phosphatase 4 enhances the
chemosensitivity of MCF-7 and MCF-7/ADR breast cancer cells to doxorubicin.
Exp. Cell Res. 319, 3140–3149 (2013).

Du et al. Cell Death and Disease          (2019) 10:922 Page 10 of 10

Official journal of the Cell Death Differentiation Association


	miR-137 alleviates doxorubicin resistance in breast cancer through inhibition of epithelial-mesenchymal transition by targeting DUSP4
	Introduction
	Results
	miR-137 played a role in DOX chemoresistance of BC cells
	miR-137 inhibited DOX-induced EMT in BC cells
	DUSP4 is a direct target of miR&#x02010;137
	DUSP4 mediated the effect of miR&#x02010;137 on regulating DOX resistance and EMT
	miR&#x02010;137 overexpression promoted DOX sensitivity in�vivo

	Discussion
	Materials and methods
	Cell cultures
	Cell transfection
	Cell viability assay
	qPCR
	Western blotting
	Immunofluorescence
	Animal experiments
	Immunohistochemistry
	TUNEL
	Statistical analysis

	ACKNOWLEDGMENTS




