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MiRNA-21 induces epithelial to mesenchymal transition
and gemcitabine resistance via the PTEN/AKT pathway
in breast cancer

Zhen-Hua Wu1
& Zhong-Hua Tao1 & Jian Zhang1 & Ting Li1 & Chen Ni1 & Jie Xie1 &

Jin-Feng Zhang1 & Xi-Chun Hu1

Received: 5 September 2015 /Accepted: 7 December 2015 /Published online: 14 December 2015
# International Society of Oncology and BioMarkers (ISOBM) 2015

Abstract Acquisition of gemcitabine resistance in breast can-
cer has not been fully clarified. Prior studies suggest that
miRNAs are important to chemoresistance in solid tumors
and we confirmed that miR-21 is involved in the development
of gemcitabine resistance. Epithelial-to-mesenchymal transi-
tion (EMT) and AKT pathway activation were noted to be
important to this resistance as well. PTEN, a direct target gene
of miR-21, was significantly downregulated in gemcitabine-
resistant breast cancer cells and restoration of PTEN expres-
sion blocked miR-21-induced EMT and gemcitabine resis-
tance. Our data offer novel insight into gemcitabine resistance
in breast cancer and suggest that miR-21 may be used to
predict optimal breast cancer therapy and may be a potential
therapeutic target for reversing gemcitabine resistance.
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Introduction

Advanced breast cancer is treatable but often incurable and
gemcitabine-based therapy is frequently used to treat such

late-stage breast cancers [1]. However, gemcitabine resistance
is increasing, limiting its utility. Our phase III trial
(CBCSG006) revealed that ~30 % of patients did not respond
to gemcitabine treatment due to drug resistance [2]. Thus, to
improve therapeutic responses, wemust understand the under-
lying mechanism of gemcitabine resistance.

Gemcitabine (2′, 2′-difluorodeoxycytidine, dFdC) is a nu-
cleoside analogue that requires cellular uptake and intracellu-
lar phosphorylation for cytotoxicity [3]. After cytoplasmic
influx by membrane transporters, gemcitabine undergoes
complex intracellular phosphorylation to yield nucleotides:
gemcitabine diphosphate (dFdCDP) and triphosphate
(dFdCTP), which incorporate into DNA and RNA [3–5]. Pre-
vious studies indicate that alterations in gemcitabine transport
pathways and abnormal kinase activity give rise to drug
resistance.

Several molecular mechanismsmay be responsible, such as
reduced expression of nuclear transport protein hENT1 [5, 6],
increased expression of cell membrane multidrug resistance
protein 5 (MRP5 or ABCC5) [7], enhanced kinase activity
within ribonucleotide reductase subunits M1 and M2
(RRM1, RRM2) [8, 9], cytidine deaminase (CDA) [10], liver
kinase B1 (LKB1) [11], and reduced deoxycytidine kinase
(dCK) activity [12]. Abnormal expression of membrane trans-
porters or metabolic pathway dysfunction can diminish intra-
cellular accumulation of gemcitabine and cause resistance,
necessitating higher drug doses. Thus, understanding
gemcitabine resistance is required to improve therapeutic
outcomes.

MicroRNAs (miRNAs) are small, 20~22 nt noncoding
RNA molecules that inhibit post-transcriptional activity and
have pleiotropic roles in many cancer processes [13, 14], es-
pecially chemoresistance and EMT regulation [15–17].
MiRNA-21 (miR-21) is documented to be up-regulated in
many human cancers including breast cancer [18]. miRNAs
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array data indicated that elevated expression of miR-21 oc-
curred in gemcitabine-resistant MDA-MB-231 breast cancer
cells [10] so miR-21 may be critical to gemcitabine resistance.
To address this, we studied the relationship between miR-21
and gemcitabine resistance and investigated the underlying
mechanism.

Materials and methods

Cell lines and culture conditions

MDA-MB-231 and MCF-7 human breast cancer cell lines
were purchased from American Type Culture Collection
(ATCC). MDA-MB-231 and MCF-7 cells were cultured with
L-15 medium and DMEM medium (respectively) supple-
mented with 10 % FBS 100 U/mL penicillin and 100 μg/mL
streptomycin in a humidified incubator at 37 °C under 5 %
CO2. MDA-MB-231 gemcitabine-resistant cells (231/GEM)
were a gift from Key Laboratory of Breast Cancer in Fudan
University Shanghai Cancer Center and they were cultured for
more than one year with gemcitabine (12–720 nM) [10].

Establishment of gemcitabine-resistant MCF-7/GEM
sublines

MCF-7 cells were continuously exposed to gemcitabine (Eli
Lilly) from 10 nM to 10μM for more than 6months according
published methods [19]. Briefly, surviving cells were pas-
saged and exposed to an ascending concentrations (0.01,
0.1, 0.25, 2, 4, 8, 10 μM) of gemcitabine when cells were
75 % confluent. A Cell Counting Kit-8 (CCK-8; Donjin
Laboratories) was used to quantify gemcitabine-resistant
MCF-7 (MCF-7/GEM) cell drug sensitivity.

Cell viability assay

Cell viability was assayed with a CCK-8 kit. In brief, 5×103

cells were seeded at equal densities into 96-well culture plates
and incubated overnight. The next day, medium was replaced
with medium containing different concentrations of
gemcitabine and cells were incubated for 48 h. Then, 10 μL
of CCK-8 kit reagent was added to each well, and 2 h later,
plates were read under a microplate reader (Synergy H4, Bio-
Tek) at 450 nm. Each experiment was performed in triplicate
and cell viability was based on absorbance.

RNA extraction and quantitative RT-PCR for miRNA
and mRNA assay

Total RNA was extracted from cultured cells using TRIzol
Reagent (Invitrogen) according to the manufacturer’s instruc-
tions. RNA quality was assessed by A260 absorption, and

500 ng of total RNAwas used for first-strand DNA synthesis.
Real-time PCR was performed in triplicate with SYBR Pre-
mix Ex Taq (TaKaRa, Dalian, China). miR-21 primers were
purchased from Ribobio (Cat: ssD809230931, Guangzhou,
China) and U6 was an endogenous control. For mRNA quan-
tification, real-time PCR was performed in triplicate with
SYBR Premix Ex Taq (Takara) and GAPDH was an internal
control. Primers used for PCR amplification were synthesized
by Sangon Biotech Co., Ltd., (Shanghai, China) as follows:
5′-AGCCCCGCCTTATGATTCTCTG-3′(forward) and 5′-
TGCCCCATTCGTTCAAGTAGTCAT-3′(reverse) for E-
cadherin; 5′-AGTCCACTGAGTACCGGAGAC-3′(forward)
and 5′-CATTTCACGCATCTGGCGTTC-3′(reverse) for
vimentin; and 5′-GCCAAAAGGGTCATCATCTC-3′(for-
ward) and 5′-TGAGTCCTTCCACGATACCA-3′(reverse)
for GAPDH. A comparative threshold cycle (CT) and a
2−ΔΔCt method were used to measure target genes.

Modulating miR-21 and PTEN in breast cancer cells

Human miR-21 gene was PCR-amplified from normal geno-
mic DNA and cloned into a pGIPZ-shRNAmir-GFP plasmid
for ectopic expression of miR-21. Primers used for amplifica-
tion were 5′-CAACAGAAGGCTCGAGGATCTTAACA
GGCCAGAAATG-3′ (sense) (Xho I site underlined) and 5′-
ATTCTGATCAGGATCCCTAAGTGCCACCA
GACAGAAG-3′ (antisense) (BamH I site underlined). The
following primers were used for PCR to confirm insertion:
5′-ATGAGGCTTCAGTACTTTACAG-3′ (MIR30-F) and
5′-CATAGCGTAAAAGGAGCAACA-3′ (WPRE-R). A
scrambled shRNA clone (empty vector) was a negative con-
trol. Plasmid construction and the lentiviral package were
completed by Sunbio Company (Shanghai, China). MDA-
MB-231 and MCF-7 cells were infected with negative control
or miR-21-overexpressing constructs.

Two pooled shRNA sequences that offered the greatest
reduction of miR-21 were as follows: 5′-aattcaaaaa
TAGCTTATCAGACTGATGTTGA-3 ′ and 5 ′-ccgg
TCAACATCAGTCTGATAAGCTAtttttg-3′ (stem is capital-
i z e d ) , a n d a s c r a m b l e d s e q u e n c e ( 5 ′ -
TTCTCCGAACGTGTCACGT-3′) as a negative control were
cloned into a GV280-shRNAmir-GFP plasmid. The PCR
p r i m e r t o c o n f i r m i n s e r t i o n w a s 5 ′ -
CCATGATTCCTTCATATTTGC-3′ (pGCSIL-F). Lentiviral
particles were prepared by Genechem Company (Shang-
hai, China) and used to infect 231/GEM and MCF-7/
GEM cells. Targeted cells were selected with puromycin
and pCDHCMV-MCS-EF1-puro plasmid (SBI, USA), a
gift from Dr. Qin Y (Pancreatic Cancer Institute of
Fudan University, Shanghai), was transfected into 231/
m iR21 - o x c e l l s t o o v e r e x p r e s s PTEN w i t h
LipofectamineTM 2,000 (Invitrogen) according to the
manufacturer’s instructions.
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Migration and invasion assay

Cell migration and invasion was assayed using a Transwell
Permeable Support system with 8-μm pores (Corning). Cells
were seeded on Transwell inserts coated with Matrigel (1:6;
BD Biosciences) for the invasion assay and Matrigel-free
wells were used for the migration assay. In brief, 2×104

MDA-MB-231 cells and sublines were seeded in serum-free
medium and translocated to 10 % serum media for 24 h. For
MCF-7 and its sublines, 5×104 cells were incubated for 48 h.
After removal of non-migrated/non-invading cells, remaining
cells were fixed in 4 % paraformaldehyde and then stained
with Giemsa solution. Stained cells were counted in five dif-
ferent fields in each well under an inverted microscope.

Western blot

Lysates were obtained from cultured cells with a mixture of
RIPA buffer (Beyotime, Shanghai, China) and protease inhib-
itor cocktail (Sigma) and PhosSTOP (Roche). Cells at the
logarithmic growth phase were harvested, washed with cold
1× PBS twice, and then lysed with cell lysis buffer on ice for
30 min. Cells were centrifuged at 12,000 rpm for 15 min at
4 °C. Protein concentration was measured with a BCA protein
assay kit (Beyotime). Equal amounts (20 μg/well) of protein
were separated by SDS-PAGE and transferred to PVDFmem-
branes which were washed, blocked, and incubated with pri-
mary antibodies against E-cadherin (1:1000; all antibodies
were from Cell Signaling Technology unless otherwise indi-
cated), vimentin (1:1000), ZEB1 (1:1000), Twist1 (1:1000;
Proteintech Group), Snail (1:1000; Proteintech Group), Slug
(1:1000), PI3K(p85) (1:1000; Proteintech Group),
PI3K(p110) (1:1000; Proteintech Group), PTEN (1:1000),
AKT (1:1000), p-AKT (Ser473) (1:1000), β-catenin
(1:2000; GeneTex), p-β-catenin (Ser33/37/Thr41) (1:1000),
mTOR (1:1000), p-mTOR (Ser2448) (1:1000), and β-actin
(1:2000) at 4 °C overnight. Afterwards, membranes were
washed and incubated with goat anti-rabbit or anti-mouse
IgG (1:2000 each; Biotech Well, Shanghai, China) for 1 h at
room temperature. Signals were measured with a luminescent
image analyzer (ImageQuant LAS4000 mini) and β-actin was
a loading control.

Animal xenograft experiments

Four-week-old female BALB/c nude mice (Shanghai SLAC
Laboratory Animal Center of Chinese Academy of Sciences,
Shanghai, China) were purchased and randomly divided into
two groups (n=5/group) and subcutaneously injected (right
axilla, sc) with 1×107 parental MDA-MB-231 and miR-21
stably overexpressing cells (231/miR21-ox) with matrigel
(1:1)/100 μL per mouse. Tumor volume was measured twice
weekly as follows: volume (mm3)=[width2 (mm2)×length

(mm)]/2. Once tumor diameters reached 0.2–0.3 cm, mice
received gemcitabine (10 mg/kg, ip, on days 1, 5, and 8). At
the end of the study, mice were sacrificed and tumors were
carefully removed. All procedures for animal care were ap-
proved by the Animal Management Committee of Fudan
University.

Statistical analysis

Data were analyzed using GraphPad Prism 5.0 software [20]
(San Diego, CA). Quantitative variables were expressed as
means±SEM and analyzed with the Student’s t test (P<0.05
was considered statistically significant).

Results

Gemcitabine-resistant cell establishment and miR-21
expression

We initially established MCF-7 gemcitabine-resistant cells
(MCF-7/GEM) and measured drug sensitivity in 231/GEM
and MCF-7/GEM cells. Figure 1b shows that both drug-
resistant cells were less sensitive to gemcitabine than corre-
sponding parental cells. miR-21 in 231/GEM and MCF-7/
GEM cells were 2.7 times greater than in 231/GEM cells
and ~15 times greater in MCF-7/GEM cells than in MDA-
MB-231 and MCF-7 cells (Fig. 1c). Thus, miR-21 is associ-
ated with gemcitabine resistance.

miR-21 promotes gemcitabine resistance in breast cancer

To understand the effect of miR-21 on gemcitabine resistance,
loss and gain of function experiments in vitro and in vivo were
conducted. First, we stably overexpressed miR-21 in MDA-
MB-231 and MCF-7 cells (231/miR21-ox, MCF-7/miR21-
ox) and stably downregulated miR-21 in gemcitabine-
resistant 231/GEM and MCF-7/GEM cells (231GEM/
miR21-kd, MCF-7GEM/miR21-kd) (Supplementary
Fig S1). Data indicate that overexpression of miR-21 both in
MDA-MB-231 and MCF-7 cells significantly decreased in-
hibitory rates in comparison with negative controls (NC and
parental cell group; Fig. 2a). Interestingly, knockdown of
miR-21 restored 231/GEM and MCF-7/GEM cell sensitivity
to gemcitabine treatment (Fig. 2b). Thus, miR-21 can induce
gemcitabine resistance in breast cancer cells in vitro.

To understand whether tumors that ectopically express
miR-21 reduces their sensitivity to gemcitabine, nude mice
were treated with MDA-MB-231 and 231/miR21-ox cells
(right axillary, sc administration) and exposed to gemcitabine
(10 mg/kg). Data indicate that MDA-MB-231 and 231/
miR21-ox tumors were inhibited after 3 days of gemcitabine
treatment but tumor inhibition in the MDA-MB-231 group
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was greater. After 11 days of gemcitabine treatment, 231/
miR21-ox group tumors progressed andMDA-MB-231 group
tumors were inhibited (Fig. 2c, left panel). MDA-MB-231
tumors were significantly smaller than in the 231/miR21-ox
group at the study end (Fig. 2c, right panel). Thus, in vitro and
in vivo studies confirmed that miR-21 promotes gemcitabine
resistance in breast cancer.

EMT properties acquired in gemcitabine-resistant breast
cancer cells

Gemcitabine-resistant breast cancer cells had more EMT-like
properties compared to parental cells. 231/GEM cells had al-
tered morphology, changing from short rod-like shapes to ir-
regular and elongated shapes. MCF-7/GEM cells changed
from round pebble-shaped cells into long shuttle-strip cells
(Fig. 3a). Morphological changes indicated that gemcitabine
resistant cells may acquire a more aggressive mesenchymal
phenotype. Transwell assays confirmed that gemcitabine-
resistant cells were more motile and invasive than parental
cells (Fig. 3b, c). The epithelial molecular marker E-
cadherin in protein and mRNA was reduced and the mesen-
chymal molecular marker vimentin (VIM) in protein and
mRNA was increased in drug-resistant cells (Fig. 3d, e). As
shown in Supplementary Fig S2a, Twist1 and Snail were

increased in 231/GEM cells and MCF-7/GEM cells, respec-
tively. ZEB1 was downregulated in 231/GEM cells, while lost
in MCF-7 and MCF-7/GEM cells. No significant difference
was observed in Slug. Therefore, Twist1 and Snail were fur-
ther assessed under the condition of miR-21 loss and gain
expression. Taken together, phenotypic changes, alterations
in mobility, and changes to EMT-associated molecular
markers confirmed that gemcitabine-resistant breast cancer
cells acquired EMT traits.

miR-21 regulates EMT in gemcitabine-resistant breast
cancer cells

miR-21 overexpression promoted acquisition of gemcitabine
resistance with EMT traits in breast cancer cells. We noted
typical EMT-like morphological changes such as irregular
elongated shapes in MDA-MB-231 and MCF-7 cells after
ectopic expression of miR-21 compared to negative controls
(Fig. 4a). When miR-21 expression was suppressed in
gemcitabine-resistant 231/GEM and MCF-7/GEM cells, the
elongated morphology returned to short rod-like shapes in
MDA-MB-231 cells and cobblestone patterns in MCF-7 cells
(Fig. 4b). After these morphological changes, MDA-MB-231
and MCF-7 cells that overexpressed miR-21 had increased
migratory and invasive capacities (Fig. 4c, d), whereas these

Fig. 1 Establishment of
gemcitabine-resistant cells and
miR-21 expression. a MCF-7/
GEM cells were created. b
Gemcitabine sensitivity evaluated
via CCK-8 assay in MDA-MB-
231, MCF-7, 231/GEM, and
MCF-7/GEM cells (n=5 per
triplicate experiments) *P<0.05,
**P<0.01. c miR-21 expression
in MCF-7/GEM cells (n=3 per
triplicate experiments). All data
are means±SEM
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features were reduced in 231/GEM and MCF-7/GEM cells
after miR-21 was downregulated (Fig. 4e, f). Finally, upregu-
lating miR-21 (Fig. 4g) reduced E-cadherin and increased
vimentin in MDA-MB-231 and MCF-7 cells. With knock-
down of miR-21 in gemcitabine-resistant cells, the opposite
occurred (Fig. 4h). As for transcriptional factors, Twist1 ex-
pression increased after upregulating miR-21 in MDA-MB-
231 cells and this occurred with Snail in MCF-7 cells. Down-
regulation of Twist1 occurred after knock down miR-21 in
231/GEM cells and the same event occurred with Snail in
MCF-7/GEM cells (Supplementary Fig S2b). Thus, overex-
pression of miR-21 induced EMT associated with
gemcitabine-resistance in breast cancer cells.

AKT pathway activation during gemcitabine resistance
in breast cancer cells

To understand molecular mechanisms behind EMT and
gemcitabine resistance in breast cancer, several important reg-
ulators of EMTand chemoresistance were assayed. PI3K(p85)
was increased while PI3K(p110) was not altered in two
gemcitabine resistant cells. Little change of mTOR was

observed and p-mTOR was overexpressed (Supplementary
Fig S3a). AKT and p-AKT (Ser473) in gemcitabine-resistant
cells were increased compared to parent cells (Fig. 5a, b), and
PTEN was decreased (Fig. 5a, b). Interestingly, a downstream
factor of the AKT pathway, β-catenin was elevated with a
concomitant decrease in p-β-catenin followed by activation
of AKT (Fig. 5a, b). Therefore, AKT pathway activation
may be pivotal to EMT and gemcitabine resistance in breast
cancer.

miR-21 induced EMTand gemcitabine resistance in breast
cancer by targeting PTEN

To verify whether miR-21 exerts its effect on EMT regulation
and gemcitabine resistance by targeting PTEN, we manipulat-
ed miR-21 and measured PTEN and AKT pathway changes.
When miR-21 was upregulated inMDA-MB-231 andMCF-7
cells, PTEN downregulation was observed and then p-AKT
and β-catenin increased whereas p-β-catenin decrease
(Fig. 5c). Suppressing miR-21 in gemcitabine-resistant cells
enhanced PTEN and elevated p-AKT and β-catenin subse-
quently decreased and p-β-catenin increased (Fig. 5d).

Fig. 2 miR-21 promotes
gemcitabine resistance in breast
cancer. a, b Gemcitabine
sensitivity was decreased in
MDA-MB-231 and MCF-7 cells
overexpressing miR-21 (a) and
increased (b) in 231/GEM and
MCF-7/GEM cells that under-
expressed miR-21 (n=5 per
triplicate experiments) *P<0.05,
**P<0.01. c Animal tumors were
inhibited in MDA-MB-231
animals after gemcitabine
treatment for 3 days and this
effect was modest with miR-21
overexpression (231-miR-21-ox)
from day 3 to 5 after gemcitabine
exposure and progressed until day
11 after treatment (left panel).
Tumor volumes in miR-21
overexpressing animals were
greater than in MDA-MB-231
animals at the experiment end
(right panel). (n=5/group). Data
are means±SEM
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However, little change in PI3K (p85) was observed in parent
and drug-resistant cells. The up- and downregulation of p-
mTOR were found just in MCF-7/miR21-ox and MCF-
7GEM/miR21-kd cells not in MDA-MB-231 and 231/GEM
cells. (Supplementary Fig S3b). Therefore, miR-21 may not
exert its function through the PI3K/mTOR pathway.

A rescue experiment to confirm miR-21 activation of
the AKT/β-catenin pathway through PTEN was per-
formed and PTEN was restored in miR-21 overexpress-
ing 231/miR21-ox breast cancer cells as evidenced by
morphological changes in what from spindle-like to
short rod-like structures (Fig. 5e), changes in migration
and invasion, and changes in drug sensitivity to
gemcitabine recovery to that of MDA-MB-231 wild-
type cells (Fig. 5f–h). Also, E-cadherin, vimentin,
AKT, p-AKT, β-catenin, and p-β-catenin protein all
returned to the MDA-MB-231 wild-type level (Fig. 5i).
Thus, miR-21 regulates the AKT pathway and conse-
quent EMT and gemcitabine resistance in breast cancer
cells by suppressing PTEN.

Discussion

Drug resistance slows in breast cancer treatment advances
with gemcitabine, so to overcome this drug resistance and
improve gemcitabine application, the underlying mechanism

underlying resistance should be clarified. Previously, miRNAs
arrays showed that miR-21 was overexpressed in
gemcitabine-resistant breast cancer cells [10], suggesting an
association with resistance. miR-21 is involved in multiple
biological events and regulation of signaling pathways [21,
22]. Later, recent studies confirmed that miR-21 overexpres-
sion was associated with cisplatin resistance in ovarian cancer
cells [23] and gastric cancer cells [24], EGFR-TKI resistance
in non-small cell lung cancer [25], and mediated resistance to
trastuzumab therapy for breast cancer [26]. Wang’s group [27]
reported that serum miR-21 may predict gemcitabine sensitiv-
ity for advanced pancreatic cancer, but the role for miR-21 in
gemcitabine resistance in breast cancer is not clear.

In the present study, we confirmed that miR-21 was
significantly overexpressed in gemcitabine-resistant
breast cancer cells and this overexpression appears
to increase breast cancer cell survival after drug ex-
posure, whereas reduced expression of miR-21 res-
cued breast cancer cell sensitivity to gemcitabine.
Therefore, miR-21 may regulate multidrug resistance
in breast cancer. Drug resistance appears to be more
complex than initially thought [28], possibly involv-
ing alterations in transport pathways and metabolic
cascades that decrease drug accumulation. Likely,
miR-21 is involved and this may be tied to EMT
and cell reprograming, in which epithelial cells lose
polarity, cell-cell adhesion, and tight junctions and

Fig. 3 Gemcitabine-resistant breast cancer cells acquired EMT
properties. a Typical EMT-like morphological changes occurred in 231/
GEM and MCF-7/GEM cells. b Representative images from migration
and invasion assays, bars 100 μM. c Motility and invasiveness were
promoted in 231/GEM and MCF-7/GEM cells. (n=3 per triplicate

experiments). d, e E-cadherin mRNA and protein in 231/GEM and
MCF-7/GEM cells was significantly downregulated and vimentin was
upregulated compared to 231 and MCF-7 cells (n=3 per triplicate
experiments). Data are means±SEM
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acquire mesenchymal-like cell traits with increased
mobility, less drug sensitivity, and facilitated metasta-
tic potential [29, 30].

We found that gemcitabine resistance in breast cancer cells
was accompanied by EMT changes in morphology, bio-
markers, motility, and invasiveness. Moreover, miR-21 ex-
pression manipulation changed gemcitabine sensitivity in
wild type and gemcitabine-resistant breast cancer cells and
EMT transformation occurred as well but the contribution of
each of these events to gemcitabine resistance is unclear. Cel-
lular heterogeneity is a histological hallmark of breast cancer
[31], as tumors consist of morphologically distinct subpopu-
lations with varied molecular features and these may contrib-
ute to gemcitabine resistance. Therefore, we speculate that

differential expression of miR-21 can induce gemcitabine re-
sistance by regulating EMT reprogramming in some breast
cancer patients.

Accumulating evidence indicates that miRNAs are crucial
regulators of EMT [32–35] and we report that adaptive ex-
pression of miR-21 regulated EMT and consequent
gemcitabine resistance in breast cancer but how many signal-
ing agents participate in this process is not certain. PTEN and
AKT pathways were associated with miR-21-induced EMT
and other work confirms that PTEN is an miR-21 direct-
targeted gene [22, 36, 37] and thought to be an inhibitor of
the PI3K/AKT pathway which is central to EMT regulation
[29]. Thus, we studied whether miR-21 regulates EMT by the
PTEN/AKT pathway.

Fig. 4 miR-21 modulated EMT in gemcitabine-resistant breast cancer
cells. a, b Representative images of morphological changes after
manipulating miR-21 status in gemcitabine-sensitive and resistant breast
cancer cells. c, e Representative images of migration and invasion assay,
bars 100 μM. d, fMotility and invasiveness were promoted by miR-21 in

231 and MCF-7 cells and this was inhibited after miR-21 knock down in
231/GEM and MCF-7/GEM cells (n=3 per triplicate experiments). g, h
Western blot quantification of E-cadherin and vimentin protein after
manipulating miR-21 in 231 and MCF-7 cells and gemcitabine-resistant
cells
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We measured PTEN during miR-21-associated EMT and
noted that PTEN and p-AKTwere correlated with miR-21 and
that forced expression of PTEN in gemcitabine-resistant can-
cer cells caused mesenchymal-like traits to return to epithelial
phenotypes, alterations to E-cadherin and vimentin, and a res-
toration of gemcitabine sensitivity. Thus, the PTEN/AKT
pathway is a signaling agent, at least partially, within the
miR-21-induced EMT program.

The canonical EMT program is characterized by compli-
cated gene expression changes with complex signaling net-
works, among which β-catenin is important [32]. During
EMT, reduced E-cadherin expression triggered by inducers
of EMT caused cytoplasmic accumulation of β-catenin and
formation of a transcriptional complex that promotes robust
gene expression [38, 39].Within the signaling networks, AKT
activation may promote cytoplasmic accumulation of β-
catenin by repressing β-catenin degradation via phosphoryla-
tion inhibition [40]. We noted that miR-21 overexpression
caused AKT activation followed by reduced p-β-catenin and
increased β-catenin, and these observations suggest that miR-
21 can initiate EMT by AKT pathway regulation. Detailed
mechanisms underlying this are not clear but the PTEN/
AKT pathway may be pivotal for regulating miR-21-
induced EMT.

In the study, we first demonstrate that miR-21 participated
in gemcitabine resistance promotion in breast cancer through
EMT process regulation, which is a novel mechanism distin-
guished from the previous studies reported. Together with the
previous evidences, our findings further support that miR-21
may be a promising predictor of gemcitabine efficacy or as a
target for reversing drug resistance.
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