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ABSTRACT
The nuclear factor (erythroid-derived 2)-like 2 (NFE2L2/NRF2) plays a critical role
in the expression of multiple antioxidant and detoxifying enzymes. Herein, we provide
evidence of the molecular links between NRF2 and oncogenic signaling hepatocyte
growth factor receptor (HGFR/c-MET) and epidermal growth factor receptor (EGFR).
Interfering RNA-induced stable inhibition of NRF2 in ovarian carcinoma SKOV3 and
renal carcinoma A498 reduced the levels of c-MET and EGFR. MicroRNA-206 (miR-206)
that was increased in both NRF2-silenced cells was predicted as a dual regulator of
c-MET and EGFR. As experimental evidence, miR-206 decreased c-MET and EGFR levels
through a direct binding to the 3′-untranslated region of the c-MET and EGFR genes.
The treatment of NRF2-knockdown cells with the miR-206 inhibitor could restore
c-MET and EGFR levels. The miR-206-mediated c-MET/EGFR repression resulted in
two outcomes. First, presumably through the inhibition of c-MET/EGFR-dependent cell
proliferation, overexpression of miR-206 inhibited tumor growth in SKOV3-inoculated
nude mice. Second, reduced c-MET/EGFR in NRF2-silenced cells affected breast cancer
resistance protein (BCRP/ABCG2) levels. The pharmacological and genetic inhibition
of c-MET or EGFR, as well as the miR-206 mimic treatment, repressed BCRP levels and
increased cellular accumulation of doxorubicin. In line with these, treatment of NRF2silenced SKOV3 with the miR-206 inhibitor elevated BCRP levels and consequently
made these cells more resistant to doxorubicin treatment. Collectively, our results
demonstrated that the NRF2 silencing-inducible miR-206 targeted both c-MET and
EGFR, and subsequently suppressed the BCRP level in cancer cells.

and increased autocrine or paracrine ligand-mediated
stimulations [3]. In early reports, increased c-MET
expression was found in 87% of renal cell carcinomas and
70% of renal cancer samples from patients [4, 5]. c-MET
amplification could be used as a prognostic marker in
ovarian cancer patients with clear-cell adenocarcinoma [6].
EGFR overexpression has been associated with cancer cell
proliferation, motility, migration, and invasion in various
types of tumors, including breast, lung, colon, ovarian,
and brain tumors [7]. Therefore, in clinical settings,
EGFR inhibitors have been efficacious for the treatment of

INTRODUCTION
Dysregulation of receptor tyrosine kinases
(RTKs), including hepatocyte growth factor receptor
(HGFR/c-MET) and epidermal growth factor receptor
(EGFR), has been implicated in cancer development and
progression through a wide range of signaling pathways
such as phosphatidylinositol 3-kinase (PI3K)-AKT and
mitogen-activated protein kinase (MAPK) [1, 2]. Various
types of cancers exhibit high levels of c-MET via gene
amplification, overexpression, activating mutations,
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tumors associated with EGFR overexpression: lapatinib,
an inhibitor of the kinase domain of EGFR, is used for
metastatic breast cancers in conjunction with conventional
cytotoxic drugs [8, 9].
In addition to cancer development and progression,
RTK overexpression has been associated with anticancer

drug resistance of tumors. HGF treatment in lung cancer
cells induced cisplatin resistance via c-MET activation
[10]. In non-adherent ovarian cancer cells, c-MET
overexpression caused acquired resistance to cisplatin
and paclitaxel through PI3K/AKT and extracellular
signal-regulated kinase (ERK) 1/2 signaling [11]. In

Figure 1: NRF2-silencing represses c-MET and EGFR levels in SKOV3 and A498. (A) The scSKOV3 and shNRF2-SKOV3

cell lines were established following stable transduction of cells with lentiviral particles containing either a nonspecific scRNA- or NRF2
shRNA-expressing plasmid. NRF2-silencing was verified by measuring protein levels for NRF2, AKR1C1, and NQO-1. (B) c-MET,
EGFR, and GAPDH protein levels in sc and shNRF2-SKOV3 cells were examined by Western blotting. The quantified relative levels are
means ± standard deviation (SD) from three independent experiments. (C) Transcript levels for c-MET and EGFR were determined by
relative real-time PCR. (D) The sc and shNRF2-SKOV3 cells were incubated with serum-free media (SFM) for 24 h and protein levels
for c-MET, p-c-MET (Tyr1234/1235), EGFR, p-EGFR (Tyr1068), p-AKT (Ser473), and p-ERK1/2 (Thr202/Tyr204) were determined by
Western blotting. (E) HGF (10 ng/ml) was incubated for 24 h in scSKOV3 and shNRF2-SKOV3 cells, and levels for p-c-MET, p-AKT,
and p-ERK1/2 were determined. (F) Lentiviral particles with pLKO-NRF2 plasmid were introduced into shNRF2-SKOV3 cells for forced
expression of NRF2. Levels for NRF2, c-MET and EGFR were assessed in the control (pLKO) and NRF2 rescue group (pNRF2). (G)
c-MET, EGFR and GAPDH protein levels in sc and shNRF2-A498 cells were examined. Values are means ± SD from three independent
experiments. (H) Protein levels for c-MET, p-c-MET, EGFR, p-EGFR, p-AKT, and p-ERK1/2 were monitored under serum-free media
(SFM) condition. Similar blots were obtained from three independent experiments (A, D, E, F, and H).
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anticancer drug resistant small-cell lung cancer cells,
c-MET expression was high and treatment with a c-METspecific inhibitor SU11274 (SU112) sensitized cancer
cells to cisplatin and paclitaxel [12]. Notably, c-MET
overexpression was relevant for anti-EGFR therapy.
Lung cancer cells that were initially sensitive to the
EGFR kinase inhibitor gefitinib developed resistance
via the amplification of c-MET. In line with this, c-MET
amplification was observed in 22% of lung cancer samples
that had developed anti-EGFR therapy [13]. Tumor
samples from patients with resistance to anti-EGFR
therapy such as gefitinib and erlotinib retained EGFR gene
mutations such as T790M or exon 20 insertion [14, 15].
The nuclear factor (erythroid-derived 2)-like 2
(NFE2L2/NRF2) is a member of the cap’n’collar family
of basic leucine-zipper (CNC-bZIP) transcription factors
and is involved in the expression and regulation of various
target genes, including detoxifying enzymes, antioxidant
proteins, and drug efflux transporters [16, 17]. NRF2
activity is primarily regulated by the Kelch-like ECHassociated protein 1 (KEAP1), which interacts with NRF2
in the cytoplasm and mediates its Cullin3-based E3 ligasedependent degradation [18, 19]. The NRF2-dependent

upregulation of multiple genes involved in redox
homeostasis and cellular detoxication endows normal
cells cytoprotection against oxidative and electrophilic
stress conditions [20, 21]. However, in many cancer cells,
NRF2 is often overexpressed and the consequent elevation
in xenobiotic detoxifying enzymes and redox modulating
proteins confers protection of cancer cells from anticancer
drug treatment, apoptotic stimuli, and radiotherapy [22,
23]. Particularly, several drug efflux transporters are
known to be under the control of NRF2: the expression
of the multidrug resistance gene (MDR1), multidrug
resistance-associated protein-1 (MRP1), and breast cancer
resistance protein (BCRP) was upregulated in cancer cells
with NRF2 overactivation, which led to chemoresistance
[24–26].
BCRP, the ATP-binding cassette G2 (ABCG2),
has been related to resistance to anticancer drugs such as
doxorubicin, daunorubicin, mitoxantrone, and topotecan
[27, 28]. The fluorescent dye Hoechst 33342 (H342) is a
substrate of BCRP and therefore, cellular H342 levels are
often used as a marker of BCRP activity [29]. Although
the regulatory molecules for BCRP expression are not
fully understood, several transcription factors have

Figure 2: MiR-206 mimic treatment represses c-MET and EGFR levels. (A) The scSKOV3 cells were transfected with miR-

206 mimic (100 nM) or negative control (NC), and c-MET, EGFR and GAPDH protein levels were determined by Western blot. Quantified
results are means ± SD from three independent experiments. (B) MiR-206 levels in the sc and shNRF2-SKOV3 were confirmed using
relative real-time PCR analysis. Values are means ± SD from three experiments. (C) Protein levels for AKR1C1 and NQO-1 were assessed
in miR-206 expressing SKOV3 cells. (D) c-MET, EGFR, and GAPDH protein levels were determined by Western blotting after transfection
of scA498 cells with miR-206 mimic or negative control (NC). (E) MiR-206 levels in the sc and shNRF2-A498 cells were confirmed
using relative real-time PCR analysis. Values are means ± SD from three experiments. Similar blots were obtained from three independent
experiments (B, C, and D).
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been involved in BCRP gene expression: peroxisome
proliferator-activated receptor-γ (PPARγ), progesterone

receptor, hypoxia-inducible factor-1ɑ (HIF-1ɑ), and NRF2
[25, 30]. In addition, it was shown that the PI3K/AKT

Figure 3: The NRF2-silencing-induced miR-206 directly mediates c-MET and EGFR reductions. (A-B) SKOV3 (A) or
A498 (B) cells were co-transfected with miR-206 and the c-MET-3′-UTR- or EGFR-3′UTR-luciferase reporter plasmid. After
18 h, 3-UTR-derived luciferase activity was measured. Values are means ± SD from 4 experiments. (C-D) After transfection of
shNRF2-SKOV3 (C) or shNRF2-A498 (D) cells with the miR-206 inhibitor (100 nM) or negative control (NC), c-MET and
EGFR protein levels were assessed by Western blotting. Data are means ± SD from three independent experiments. (E) The
scSKOV3 cells were incubated with trichostatin (TSA, 0.3 μM) for 18 h, and miR-206 levels were measured using real-time
PCR analysis. Values are means ± SD from three experiments. (F-G) Protein levels for c-MET and EGFR were determined
in SKOV3 (I) and A498 (J) following the incubation with TSA (0.3 μM) for 24 h. (H) The transcript level of HDAC2 was
assessed in sc and shNRF2-SKOV3 cells. (I) Cytoplasmic (Cyto) and nuclear (Nuc) levels of HDAC2 were determined
Western blotting. (J) The scSKOV3 cells were transiently transfected with nonspecific siRNA (siCTL) or HDAC2-specific
siRNA (siHDAC2) and the protein levels for c-MET and EGFR were assessed by Western blotting. Similar blots were
obtained from three independent experiments (D, F, G, I and J).
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Table 1: Forward primer sequences for the real-time PCR analysis of miRNAs levels
miRNAs

Forward primers

miR-1

5′-UGGAAUGUAAAGAAGUAUGUAU-3′

miR-130a-3p

5′-CAGUGCAAUGUUAAAAGGGCAU-3′

miR-133b

5′-UUUGGUCCCCUUCAACCAGCUA-3′

miR-155-5p

5′-UUAAUGCUAAUCGUGAUAGGGGU-3′

miR-206

5′-UGGAAUGUAAGGAAGUGUGUGG-3′

miR-218-5p

5′-UUGUGCUUGAUCUAACCAUGU-3′

miR-23a-3p

5′-AUCACAUUGCCAGGGAUUUCC-3′

miR-27a-3p

5′-UUCACAGUGGCUAAGUUCCGC-3′

miR-30a-5p

5′-UGUAAACAUCCUCGACUGGAAG-3′

miR-301b-3p

5′-CAGUGCAAUGAUAUUGUCAAAGC-3′

miR-34a-5p

5′-UGGCAGUGUCUUAGCUGGUUGU-3′

miR-454-3p

5′-UAGUGCAAUAUUGCUUAUAGGGU-3′

miR-522-5p

5′-CUCUAGAGGGAAGCGCUUUCUG-3′

miR-542-3p

5′-UGUGACAGAUUGAUAACUGAAA-3′

miR-let-7a-5p

5′-UGAGGUAGUAGGUUGUAUAGUU-3′

signaling pathway affects cellular levels of BCRP. In akt
knockout mice, the number of H342-negative cells was
decreased and the introduction of akt in these mutant cells
restored H342-negative cell numbers [31]. The treatment
of AKT inhibitors in hepatoma cells decreased the level of
plasma membrane BCRP [32]. Therefore, the activation
of the upstream molecules of PI3K/AKT can elevate
BCRP activity. EGFR activation enhanced the level of
plasma membrane BCRP in head and neck squamous
cancer cells [33], and accordantly, treatment with EGFR
inhibitor erlotinib reversed tumor resistance to topotecan
by reducing the expression of BCRP/ABCG2 [34]. The
association of c-MET with BCRP expression has been
demonstrated by our recent report [35]. In doxorubicinresistant ovarian carcinoma cells, BCRP overexpression
was mediated by the c-MET elevation and resultant PI3K/
AKT activation, and thus, the inhibition of c-MET could
repress the plasma membrane BCRP level and enhanced
doxorubicin-induced cell death. These indicate that BCRP
elevation is one of molecular mechanisms of c-MET/
EGFR-induced cancer resistance.
Recently, increasing attention is being given
to molecular links between NRF2 and cancer cell
signaling for cancer resistance. Particularly, several
reports demonstrated the potential association of NRF2
with RTK signaling. EGFR ligand treatment induced
NRF2 activation through the PI3K/AKT pathway in
pulmonary alveolar cells [36]. In non-small-cell lung
cancer (NSCLC), treatment with EGF or aberrant EGFR
activation was shown to elevate NRF2 and its target gene
www.impactjournals.com/oncotarget
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expressions [37]. The HGF/c-MET signaling induced
Nrf2-mediated gene expression in mice hepatocytes,
which is involved in NADPH oxidase regulation, and
the deletion of the c-MET gene disturbed cellular redox
homeostasis [38]. These results raise an intriguing
question of whether NRF2 signaling is correlated with
c-MET and EGFR expression and consequent BCRP
levels, ultimately modulating chemoresistance. To
elucidate this, we examined the expression of c-MET
and EGFR levels in NRF2-silenced cancer cells. In
addition, we identified miRNA signature changes in
NRF2-silenced cancer cells to investigate its relevance
to BCRP modulation.

RESULTS
NRF2 inhibition decreases c-MET and EGFR
levels in SKOV3 and A498
In order to choose cancer cell lines that expressed
high levels of both c-MET and EGFR, Western blot and
real time polymerase chain reaction (PCR) analyses
were performed using four cell lines: ovarian carcinomas
SKOV3 and A2780, renal carcinoma A498, and breast
carcinoma MCF7. Among these, SKOV3 and A498 were
chosen because these cell lines expressed high levels
of both c-MET and EGFR when compared to the other
cell lines (Supplementary Figure 1A and 1B). Then, we
investigated potential involvement of NRF2 in c-MET
and EGFR regulation using NRF2-silenced SKOV3
Oncotarget

Table 2: The signaling pathway was analyzed using the KEGG database for genes whose expression decreased more
than 50% by NRF2-silencing in SKOV3 cells
Rank

KEGG number

Related pathway (number of
genes)

1

hsa01100

Metabolic pathways (40)

2

hsa05200

Pathways in cancer (20)

3

hsa04510

Focal adhesion (15)

3

hsa04151

PI3K-AKT signaling pathway (15)

5

hsa04360

Axon guidance (14)

6

hsa04810

Regulation of actin cytoskeleton
(13)

6

hsa04060

Cytokine-cytokine receptor
interaction (13)

8

hsa04010

MAPK signaling pathway (11)

8

hsa04014

Ras signaling pathway (11)

10

hsa04514

Cell adhesion molecules (10)

The signaling pathways are indicated in order of the number of genes involved. The number of genes that are associated with each
signaling pathway is shown in parentheses.

Table 3: MiRNAs that were predicted to target both c-MET and EGFR
miRNAs

Ratios (sh/sc) in SKOV3

Ratios (sh/sc) in A498

miR-1

1.04

n.d.

miR-130a-3p

1.56

0.87

miR-133b

1.48

1.54

miR-155-5p

0.26

n.d.

miR-206

1.78

2.10

miR-218-5p

0.03

n.d.

miR-23a-3p

0.66

n.d.

miR-27a-3p

0.51

n.d.

miR-30a-5p

0.46

n.d.

miR-301b-3p

1.27

n.d.

miR-34a-5p

0.90

n.d.

miR-454-3p

0.88

n.d.

miR-522-5p

0.45

n.d.

miR-542-3p

2.24

1.73

miR-let-7a-5p

0.76

n.d.

Levels of miRNAs were determined using real time RT-PCR analysis and ratios of miRNA levels of shNRF2 to the levels of sc control
were obtained (n.d., not determined).

and A498 cell lines. The stable SKOV3 cell line that
expressed NRF2-specific shRNA (shNRF2-SKOV3)
showed significantly lower levels of NRF2 and its target
aldo-keto reductase 1C1 (AKR1C1) and NAD(P)H:
www.impactjournals.com/oncotarget

quinone oxidoreductase-1 (NQO1) than the cell line that
expressed the nonspecific scRNA expressing SKOV3
(scSKOV3), as indicated in Figure 1A and Supplementary
Figure 2. Notably, in NRF2-silenced SKOV3, protein
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levels of c-MET and EGFR were substantially lower
than those in scSKOV3 control cells (Figure 1B). Levels
of c-MET and EGFR were decreased by 0.78- and 0.69fold by NRF2 knockdown in SKOV3. However, mRNA
levels for c-MET/EGFR did not show a noticeable
difference between scSKOV3 and shNRF2-SKOV3
(Figure 1C). In line with repressed total protein levels,
phosphorylated c-MET (p-c-MET) and p-EGFR levels
were significantly reduced in the serum-free mediumcultured NRF2-silenced SKOV3. Levels of p-AKT and
p-ERK1/2 were also repressed in the shNRF2-SKOV3
(Figure 1D), which indicates lowered c-MET/EGFR
downstream signaling in NRF2-silenced cancer cells.
Whereas, HGF-inducible levels of p-AKT and p-ERK1/2
did not show noticeable differences between scSKOV3
and shNRF2-SKOV3 (Figure 1E). The direct involvement
of NRF2 in c-MET/EGFR alterations was confirmed in
NRF2 rescue experiment. The forced expression of
NRF2 in shNRF2-SKOV3 elevated c-MET and EGFR
levels when compared to the control plasmid group
(Figure 1F). Similarly to SKOV3 cells, NRF2-silenced
renal carcinoma A498 (shNRF2-A498) retained reduced
levels of c-MET, EGFR, p-c-MET, p-EGFR, p-AKT, and
p-ERK1/2 when compared to those of the A498 control
cells (Supplementary Figure 3 and Figure 1G-1H).
Altered gene expression signature also indicated the
reduced c-MET/EGFR signaling in NRF2-silenced ovarian
cancer cells. When genes whose expression decreased
more than 50% were analyzed using the KEGG database,
15 genes (FGF18, FN1, ITGA1, ITGA2, ITGB4, ITGB6,
ITGB8, KDR, KITLG, LAMB1, LPAR1, LPAR3, SPP1,
SYK, VEGFA) were associated with PI3K/AKT signaling
pathway and 11 genes (CACNA2D, DUSP4, FGF18,
IL1R1, MAP2K6, MAP3K1, MECOM, PTPRR, RPS6KA6,

TAOK3, TGFBR2) belonged to MAPK signaling pathway
(Table 2).
As confirmatory evidence of the NRF2 effect on
c-MET/EGFR, additional NRF2-specific shRNA (sh #2)
was transiently expressed in A498, and repressed c-MET/
EGFR expression was also observed (Supplementary
Figure 4).
These results indicate the shRNA-mediated stable
inhibition of NRF2 significantly reduced c-MET and
EGFR levels, and thereby affected their downstream
signaling in SKOV3 and A498 cell lines.

MiR-206 level is increased in NRF2-silenced cells
and c-MET/EGFR level was reduced by miR-206
In an attempt to investigate underlying molecular
mechanisms of c-MET/EGFR reduction in NRF2-silenced
cancer cells, we hypothesized the potential involvement of
miRNAs in the dual regulation of c-MET and EGFR. First,
the analysis with the miRNA–mRNA targets database
(TarBase v7.0; http://diana.imis.athena-innovation.
gr) retrieved 15 miRNAs that are likely to target both
c-MET and EGFR (Table 3). Second, when levels of these
miRNAs were assessed in the control and NRF2-silenced
cells, levels of miR-133b, miR-206, and miR-542-3p
were commonly elevated by more than 50% by NRF2
knockdown in both SKOV3 and A498 cells (Table 3).
The above results indicated that miR-133b, miR206, and miR-542-3p are the NRF2-silencing-inducible
miRNAs, and therefore, might be responsible for the
dual inhibition of c-MET and EGFR in shNRF2 cancer
cells. To investigate this, mimic or inhibitor nucleotides
for each miRNA were transfected into scSKOV3 or
shNRF2-SKOV3, and levels of c-MET and EGFR were

Figure 4: MiR-206 exhibits an antitumor effect in SKOV3. (A) SKOV3 cells were stably transduced with lentiviral particles

containing miR-206- or negative control miRNA-expression plasmid. Levels of c-MET and EGFR protein were assessed by Western
blotting in these two cell lines (SKOV3-CTRL and SKOV3-miR-206). (B) Proliferation rate of the SKOV3-CTRL and SKOV3-miR-206
cells was assessed using a TC10 Automated Cell Counter. Values are means ± SD from three experiments. (C) The SKOV3-CTRL and
SKOV3-miR-206 were implanted in BALB/c-nu/nu mice and tumor growth was monitored weekly for 8 weeks. Tumor volume was
calculated by the formula V = (a2 x b)/2 (a is the width and b is the length in mm). Each group contained four to five animals. Values are
means ± SE. Similar blots were obtained from three independent experiments (A).
www.impactjournals.com/oncotarget
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monitored. Results showed that miR-133 and miR-542-3p
did not target c-MET/EGFR in our system. The miR-133
mimic transfection into scSKOV3 did not reduce c-MET/
EGFR levels, and miR-133 (miR-133-3p and miR-1335p) inhibitor transfection into shNRF2-SKOV3 did not
alter c-MET/EGFR levels (Supplementary Figure 5A).
Similarly, miR-542-3p transfection did not affect the
levels of c-MET and EGFR (Supplementary Figure 5B).
The subsequent experiment demonstrated that miR206 was associated with dual control of c-MET and EGFR
in our system. Transfection of the scSKOV3 with miR206 mimics repressed protein levels of c-MET as well as
of EGFR (Figure 2A), and higher miR-206 levels were
confirmed in the shNRF2-SKOV3 cells when compared
to those in the control cells (Figure 2B). In miR-206
transfected cells, levels of NRF2 target genes AKR1C1

and NQO1 were not changed (Figure 2C). Similar
to SKOV3, protein levels of c-MET and EGFR were
diminished and the miR-206 level was elevated in NRF2silenced A498 cells when compared to that of the control
cells (Figure 2D and 2E). These results suggest that miR206, the NRF2-silencing-inducible miRNA, affects the
levels of c-MET and EGFR.

c-MET/EGFR reduction in NRF2-silenced cells
is mediated by miR-206 elevation
The direct involvement of miR-206 in the expression
of c-MET and EGFR was confirmed in the 3’-untranslated
region (3′-UTR)-mediated luciferase analysis. In target
analysis with TargetScan (http://www.targetscan.org/
vert_71/) and Diana Tools (http://diana.imis.athena-

Figure 5: The association of NRF2 with miR-206 is cancer cell type-dependent. (A-B) c-MET and EGFR protein levels were

determined in NRF2-silenced HT29 (shNRF2-HT29; A) and NRF2-silenced MDA-MB231 (shNRF2-MB231; B) cells. (C-D) MiR-206
levels were assessed by real-time PCR analysis in shNRF2-HT29 (C) and shNRF2-MB-231 cells (D). Values are means ± SD from three
experiments. (E-F) After transfection of the scHT29 (E) and scMB-231 (F) with the miR-206 mimic (100 nM), protein levels for c-MET
and EGFR were assessed by Western blotting. Similar blots were obtained from three independent experiments (A, B, E, and F).
www.impactjournals.com/oncotarget
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innovation.gr/DianaTools/index.php?r=tarbase/index),
miR-206 was predicted to bind to the 3′-UTR of the
c-MET as well as the EGFR gene (Supplementary Figure
6). To test the specific regulation of the c-MET and
EGFR genes through these predicted binding sites, the
2,300 bp-length 3′-UTR region of the c-MET and the
1,700 bp-length 3′-UTR region of the EGFR gene were

cloned into the luciferase reporter plasmid. The 3′-UTRluciferase plasmids were transfected into cancer cells to
monitor luciferase activity under miR-206 overexpression.
In SKOV3, luciferase activity from both the c-MET
and EGFR 3′-UTR was significantly lowered by miR206 mimic transfection when compared to that of the
nonspecific miRNA control (Figure 3A), indicating a

Figure 6: The inhibition of c-MET or EGFR leads to BCRP reduction and doxorubicin sensitization. (A) The scSKOV3

cells were incubated with PI3K inhibitor (LY294; 5 μM) and protein levels for BCRP were assessed by Western blotting. (B-C) After
incubation of the scSKOV3 with pharmacological inhibitor of c-MET (SU112; 1 μM) or EGFR (LAPA; 2 μM, GEF; 5 μM), BCRP protein
levels were determined. (D-E) The scSKOV3 cells were incubated with SU112 or LAPA, and cellular accumulation levels of Hoechst 33342
(H342; 2 μg/ml for 30 min; D) or doxorubicin (Dox; 2 μM for 6 h; E) were monitored. Cellular fluorescent intensities were quantified using
a Cell Insight system. Values are means ± SD from 4 experiments. (F) The scSKOV3 cells were transiently transfected with c-MET-specific
siRNA (siMET) or EGFR-specific siRNA (siEGFR), and the protein level for BCRP was assessed by Western blotting. (G) Transcript levels
of BCRP were monitored using real-time PCR analysis after transfection with c-MET-specific siRNA (siMET) or EGFR-specific siRNA
(siEGFR). Values are means ± SD from three experiments. Similar blots were obtained from three independent experiments (A, B, C and F).
www.impactjournals.com/oncotarget
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Figure 7: MiR-206 is a novel modulator of BCRP in NRF2-silenced cancer cells. (A) Effects of the miR-206 mimic (100

nM) on BCRP and MDR1 were assessed by Western blotting. (B) The scSKOV3 cells were transfected with the miR-206 mimic and
doxorubicin-derived fluorescent intensities were quantified using a Cell Insight system. Values are mean ± SD from 6 replicates. (C)
MiR-206-transfected scSKOV3 cells were incubated doxorubicin (Dox; 2 and 4 μM) for 24 h, and cell viability was examined using MTT
analysis. Values are means ± SD of 8 replicates. (D) Protein level of BCRP in tumors from the SKOV3-CTRL and SKOV3-miR206 cells.
(E) BCRP protein level was assessed in scA498 after transfection with the miR-206 mimic. (F) BCRP mRNA levels were determined
in sc and shNRF2-SKOV3 using relative quantification of RT-PCR. (G) The shNRF2-SKOV3 cells were transfected with the miR-206
inhibitor (100 nM), and BCRP protein levels were determined. (H) BCRP mRNA levels were assessed following miR-206 inhibitor (100
nM) transfection. (I) The shNRF2-SKOV3 cells were transfected with the miR-206 inhibitor and then incubated with H342 (2 μg/ml) for
30 min. After PBS washing, H342-derived fluorescent intensities were quantified. Values are means ± SD of 6 replicates. (J) The miR206 inhibitor-treated shNRF2-SKOV3 cells were incubated with doxorubicin (Dox, 4 μM for 6 h), and cellular accumulation levels of
doxorubicin were assessed using flow cytometric analysis. (K) Effect of the miR-206 inhibitor on the doxorubicin-induced cytotoxicity
was evaluated. After transfection of shNRF2-SKOV3 cells with the miR-206 inhibitor, cells were incubated with doxorubicin (Dox, 2 and
4 μM). Viable cell numbers were determined after 24 h using MTT assay. Values are means ± SD from 8-10 replicates. Similar blots were
obtained from three independent experiments (A, D, E, and F).
www.impactjournals.com/oncotarget
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Since our results showed a dual inhibitory role
of miR-206 in c-MET and EGFR expression in NRF2silenced SKOV3 and A498 cells, we asked whether
this was a common biological link in other types of
cancer cells. Unlike SKOV3 and A498, levels of c-MET
and EGFR were not lowered by NRF2 knockdown in
colorectal carcinoma HT29 and breast carcinoma MDAMB231 cells (Figure 5A and 5B). Of note, miR-206 levels
were not altered by NRF2 silencing in these cells (Figure
5C and 5D), although the introduction of miR-206 into
these cells suppressed c-MET and EGFR levels (Figure 5E
and 5F). These results suggest that association of NRF2
activity with miR-206 upregulation is a cancer cell typespecific biological phenomenon.

direct interaction between miR-206 and c-MET/EGFR 3′UTR. Similarly, 3′-UTRs of the c-MET and EGFR were
found to interact with miR-206 in A498 cells (Figure 3B).
Next, to confirm the association of miR-206 with
c-MET/EGFR in NRF2-silenced cancer cells, shNRF2SKOV3 and shNRF2-A498 were transfected with the
miR-206 inhibitor nucleotides. Results showed that the
miR-206 inhibitor treatment restored c-MET and EGFR
levels in both cell lines (Figure 3C and 3D), which indicate
direct involvement of miR-206 in repressed c-MET/EGFR
expression in NRF2-silenced cells.
Next, in order to investigate underlying mechanisms
of NRF2-dependent expression of miR-206, we
speculated epigenetic regulation of miR-206. A recent
report has demonstrated that histone deacetylase-4
(HDAC4) repressed miR-206 expression [39]. To test the
involvement of HDAC in miR-206 regulation, SKOV3
and A498 cells were treated with a HDAC inhibitor
trichostatin (TSA) and levels of miR-206 and c-MET/
EGFR were assessed. Results indicated that TSA treatment
clearly elevated the miR-206 level and reduced c-MET/
EGFR levels (Figure 3E, 3F and 3G). Next, levels of
HDAC1, 2, 4, and 6 were determined in scSKOV3 and
shNRF2-SKOV3 cells to identify responsible HDAC
subtype for miR-206 elevation. HDAC1 and HDAC6
levels were similar in both cell lines. HDAC4 level was
higher in shNRF2-SKOV3, which is not in agreement
with miR-206 elevation (Supplementary Figure 7A and
7B). Notably, transcript and protein levels of HDAC2
were lower in shNRF2 SKOV3 compared with those in
scSKOV3 (Figure 3H and 3I). Moreover, silencing of
HDAC2 in SKOV3 repressed c-MET and EGFR levels.
These results suggested the potential involvement of
HDAC2 in miR-206 expression in NRF2-silenced
SKOV3.

c-MET/EGFR reduction is associated with
BCRP decrease
As an additional consequence of miR-206-mediated
c-MET/EGFR inhibition, attenuation of anticancer drug
resistance was hypothesized. Since PI3K-associated
signaling was shown to control drug efflux transporter
BCRP levels in cancer cells, miR-206-induced c-MET/
EGFR inhibition might affect BCRP in our cell system.
First, the expression level of BCRP in SKOV3 was
repressed by treatment with a PI3K inhibitor LY294002
(LY294; Figure 6A), confirming the link between PI3K
signaling and BCRP. Second, pharmacological inhibitors
of c-MET (SU112) and EGFR (lapatinib) diminished
BCRP levels (Figure 6B). Additionally, gefitinib (GEF),
a specific inhibitor of EGFR, showed BCRP repression
as well (Figure 6C). Cellular accumulation of H342 and
doxorubicin was enhanced following treatment with
these inhibitors in SKOV3 (Figure 6D and 6E). Similar
to the results of the pharmacological inhibitor treatment,
the siRNA-mediated inhibition of c-MET or EGFR
suppressed the BCRP level in SKOV3 (Figure 6F).
Transcript levels for BCRP were reduced by the inhibition
of c-MET or EGFR (Figure 6G). These results imply a
strong association of c-MET/EGFR/PI3K signaling with
BCRP expression in SKOV3.

MiR-206 overexpression exhibits an antitumor
effect
c-MET/EGFR signaling is a strong stimulator
for cancer proliferation and survival, and therefore, the
miR-206-mediated dual repression of c-MET and EGFR
can confer antitumor effects. To test this, we established
the stable SKOV3 cell line (SKOV3-miR206) that
overexpressed miR-206 using the miR-206-containing
lentivirus expression plasmid. In established stable
cells, we could confirm reduced expressions of c-MET
and EGFR (Figure 4A). In the measurement of cell
proliferation, the SKOV3-miR206 cells showed a lower
rate of cell growth than that of control miRNA-expressing
cells (CTL) (Figure 4B). When the control and SKOV3miR206 cells were inoculated in BALB/c-nu/nu mice,
significant tumor growth retardation was observed in
SKOV3-miR206 compared to that of the control cells
(Figure 4C). These results show that miR-206 exerts
antitumor effects in cancer cells.
www.impactjournals.com/oncotarget

MiR-206 is a novel modulator of BCRP in NRF2silenced cancer cells
Next, the involvement of miR-206 in BCRP
repression was examined. When miR-206 was transfected
into SKOV3, the BCRP protein level was substantially
repressed (Figure 7A). The level of another efflux
transporter MDR1 was not repressed by miR-206. Reduced
BCRP levels in miR-206-transfected SKOV3 led to a
higher level of cellular doxorubicin accumulation and
lower cell viability (Figure 7B and 7C). The association of
miR-206 with BCRP expression was confirmed in tumor
tissues. In tumors from the SKOV3-miR206, the BCRP
level was lower than that in the control tumors (Figure 7D).
107198

Oncotarget

In A498 cells, similar reductions by c-MET/EGFR inhibitor
treatment on BCRP were observed, and the miR-206 mimic
treatment repressed BCRP level (Figure 7E).
NRF2 is known to regulate BCRP expression
through transcriptional regulation [25]. We also
confirmed that mRNA level of BCRP was substantially
lower in shNRF2-SKOV3 (Figure 7F). In addition to the
transcriptional mechanism, miR-206-mediated BCRP
repression may further contribute to BCRP regulation
in NRF2-silenced SKOV3. In order to verify miR-206
contribution, the miR-206 inhibitor was transfected into
NRF2-silenced SKOV3. The miR-206 inhibitor treatment
increased BCRP levels, which is comparable to the control
cell level (Figure 7G). Whereas, reduced transcript level
of BCRP in knockdown cells was not fully recovered
by miR-206 inhibitor treatment (Figure 7E), suggesting
additional contribution of miR-206 to NRF2-mediated
BCRP regulation. As a result of BCRP repression, cellular
accumulation of H342 and doxorubicin was diminished
in miR-206 inhibitor-treated cells (Figure 7I and 7J).
Consequently, cell viability following doxorubicin
treatment was significantly enhanced by the miR-206
inhibitor treatment in shNRF2-SKOV3 (Figure 7K). These
results provide novel evidence of the role of miR-206 in
BCRP inhibition and anticancer drug resistance, and
clearly demonstrate the miR-206 contribution to BCRP
reduction in NRF2-silenced cancer cells.

DISCUSSION
In the current study, we demonstrated that the
inhibition of NRF2 expression in ovarian and renal
carcinoma cells led to the suppression of c-MET/
EGFR levels through miR-206 upregulation, and the
NRF2-silencing-induced miR-206 could reduce BCRP
expression, resulting in chemosensitization to anticancer
drug treatment. These findings provide insights into
the molecular crosstalk between the cellular defense
factor NRF2 and oncogene signaling pathway c-MET/
EGFR, and further highlight the novel role of miR-206 in
inhibiting BCRP expression.
The involvement of RTK signaling in BCRP
expression has been demonstrated in multiple studies.
Treatment of cancer cells with EGF could induce the
mRNA and protein levels of BCRP through MAPK/
extracellular regulated kinase 1/2 (ERK1/2) signaling
[40]. PI3K/AKT signaling was found to be responsible
for BCRP upregulation. In gefitinib-resistant cells, AKTdependent phosphorylation of EGFR facilitated the
translocation of EGFR to the nucleus, where it targets
the promoter of the BCRP gene to enhance transcription
of BCRP [41]. In line with these findings, several EGFR
inhibitors were found to reverse tumor resistance by
modulating BCRP. Erlotinib, which was approved for the
treatment of non-small cell lung cancer (NSCLC) patients,
reduced the expression of BCRP and affected intracellular
www.impactjournals.com/oncotarget
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topotecan accumulation [34]. The combined treatment
of lapatinib with conventional chemotherapeutic agents
such as cisplatin, topotecan, and doxorubicin showed
synergistic effects on the inhibition of cancer cell growth
by directly inhibiting BCRP-mediated drug efflux activity
[42, 43]. In our previous report, c-MET expression was
enhanced in the doxorubicin-resistant ovarian cancer cells,
which affected BCRP levels via PI3K/AKT activation,
suggesting a novel link between c-MET and BCRPmediated resistance [35].
Our results showed that miR-206 plays a dual
inhibitory role in c-MET and EGFR expression. The
direct inhibitory effect of miR-206 on 3′-UTRs of c-MET
and EGFR genes has been demonstrated (Figure 3A and
3B). Transfection of miR-206 repressed c-MET/EGFR
levels in ovarian, renal, colorectal, and breast carcinoma
cells (Figures 2A, 2D, 5E, and 5F). As a consequence
of c-MET/EGFR inhibition, stable SKOV3 cells that
expressed miR-206 displayed a retarded cell proliferation
and tumor growth (Figure 4B and 4C). These results are
in good agreement with the antitumor effects of miR-206
in previous reports. Since the first finding of miR-206
as a skeletal muscle specific myogenic miRNA, miR206 expression has been observed to be decreased in
various cancers, and its reduced level has been associated
with enhanced tumor proliferation, migration, and
metastasis [44–47]. As part of other underlying molecular
mechanisms, miR-206 has been shown to target KRAS,
annexin a2 (ANAX2), NOTCH3, cyclin D1, and c-MET
[47–49]. In addition to antitumor effects, we provide
novel evidence that miR-206 can inhibit tumor resistance
by suppressing the c-MET/EGFR-BCRP axis. MiR-206
transfection diminished BCRP levels with concomitant
increases in cellular doxorubicin accumulation and
cytotoxicity (Figure 7A, 7B, and 7C). The link between
miR-206 and chemoresistance can be supported by a
recent report [50]. In cisplatin-resistant lung cancer cells,
forced expression of miR-206 sensitized cells to cisplatin
and reduced levels of MDR1.
One noticeable observation of this study is the
association of NRF2 activity with oncogene signaling
of c-MET and EGFR. The relationship between NRF2
and oncogene signaling has not been fully understood
yet; however, several studies have focused on oncogeneinduced NRF2 activation. For instance, mutations in the
oncogenic alleles of KRAS (G12D), B-RAF (V619E) and
MYC enhanced NRF2 transcription and subsequently
lowered intracellular reactive oxygen species (ROS)
level [51]. In human NSCLC cells, oncogenic activation
of KRAS transcriptionally promoted NRF2 expression
through the 12-O-tetradecanoylphorbol-13-acetate
(TPA)-response element, demonstrating the involvement
of the KRAS-NRF2 axis in cisplatin resistance [52]. In
NSCLC cells with both wild-type KEAP1 and EGFR,
EGF treatment led to a dose-dependent activation of
NRF2 through the phosphorylation of ERK and AKT
Oncotarget

[37]. Similarly, the inhibition of tyrosine kinase activity
of EGFR suppressed NRF2 nuclear accumulation and
ARE-mediated transcription via attenuation of the
phosphorylation of AKT and ERK1/2 [53]. These reports
highlight the role of oncogenes in NRF2 signaling, which
can eventually contribute to oncogene-induced cancer
resistance. In addition to these findings, our study has
identified that NRF2 activity can affect oncogene signaling
such as c-MET and EGFR through miR-206. Notably, in
our analysis with cBioPortal for cancer genomics (http://
www.cbioportal.org/), genetic alterations in both NRF2
and c-MET were found in 39 (13%) of 311 patients with
ovarian carcinoma and the co-occurrence was statistically
significant (p = 0.03), which further supports the
association of NRF2 with c-MET oncogene.
The potential link between redox state-related
factors and miR-206 has been suggested by several reports.
It was clarified that heme oxygenase-1 (HO-1) suppressed
miR-206 levels in rhabdomyosarcoma cells and therefore,
treatment with HO-1 inhibitor protoporphyrin IX inhibited
cancer cell growth and vascularization through miR-206
elevation [39]. It was reported that activation of NRF2
signaling in cancer cells attenuated miR-206 expression,
causing modulation in metabolism-related genes, including
the pentose phosphate pathway and the tricarboxylic acid
pathway [54]. As an underlying molecular mechanism of
NRF2-mediated miR-206 regulation, our results suggested
that HDAC2 might be responsible for miR-206 elevation.
In SKOV3 and A498, HDAC inhibitor treatment increased
miR-206 expression along with the decreases in c-MET
and EGFR. We further showed that NRF2 knockdown
altered HDAC levels: HDAC2 level was significantly
decreased in shNRF2-SKOV3 cells. We also demonstrated
that HDAC2-silencing led to reductions in c-MET and
EGFR. Similarly to our results, NRF2 loss in lung cancer
cells decreased HDAC4 and subsequently elevated miR206 [54]. In line with these results, our study demonstrated
that NRF2-silencing elevated miR-206 expression in
SKOV3 and A498 cells, and HDAC2 was associated with
miR-206 expression.
Altogether, our results indicate that the NRF2
silencing-mediated miR-206 regulation could suppress
BCRP levels through c-MET/EGFR modulation,
providing an additional underlying molecular mechanism
for the tumor sensitization by NRF2 inhibition.

bromide (MTT), and puromycin were purchased from
Sigma-Aldrich (Saint Louis, MO). Hoechst 33342 (H342;
2’-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5’bi-1H-benzimidazole trihydrochloride trihydrate) was
purchased from Life Technologies (Carlsbad, CA). The
SYBR Premix ExTaq system was obtained from Takara
(Otsu, Japan). Antibodies recognizing c-MET, p-c-MET
(Tyr1234/1235), EGFR, p-EGFR (Tyr1068), PI3K (PI3K
regulatory subunit-1a), AKT, p-AKT (Ser-473), ERK1/2,
p-ERK1/2 (Thr202/Tyr204) and BCRP/ABCG2 were
obtained from Cell Signaling Technology (Danvers,
MA). Antibodies for NQO-1, NRF2, HDAC1, HDAC2,
HDAC4, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). AKR1C1 antibody was from Abnova
(Taipei City, Taiwan). Lapatinib ditosylate (N-[3chloro-4[(3-fluorophenyl)methoxy-phenyl]-6-[5-[(2methylsulfonylethylamino)methyl]furan-2-yl]quinazolin4-amine ditosylate) and Gefitinib was obtained from Santa
Cruz Biotechnology and Tocris Bioscience (Ellisville,
MO, USA), respectively.

Cell culture
Human ovarian carcinoma cell line SKOV3 was
obtained from the Korean Cell Line Bank (Kwanak-gu,
Seoul, Republic of Korea) and maintained in RPMI 1640
(GE Healthcare Life Sciences, Logan, UT) with 10%
fetal bovine serum (FBS; GE Healthcare Life Sciences)
and penicillin/streptomycin (WelGene Inc., Daegu,
Republic of Korea). The renal carcinoma cell line A498,
and breast carcinoma MCF7 and MDA-MB231, colon
carcinoma HT29 were obtained from the American Type
Culture Collection (Rockville, MD), and were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; GE
Healthcare Life Sciences) or RPMI 1640. The A2780
cell line was purchased from the European Collection of
Cell Culture (Salisbury, Wiltshire, UK) and maintained in
RPMI 1640. All cells were grown at 37 ºC in a humidified
5 % CO2 atmosphere.

Stable or transient silencing of NRF2
NRF2-knockdown cancer cell lines were established
as previously reported [55, 56]. Briefly, cells were
incubated with lentiviral particles containing NRF2specific shRNA construct 1 (designated as shNRF2; 5′CCGGGCTCCTACTGTGATGTGAAATCTCGAGATTT
CACATCACAGTAGGAGCTTTTT-3′) and subsequently
placed under puromycin selection for 4 weeks. The
corresponding scrambled RNA (scRNA)-transfected
control cell lines were scSKOV3, scA498, scMDAMB-231, and scHT29 cells, respectively. For the transient
silencing, A498 cells were incubated with cholesterol
for 15 min and the lentiviral particle containing NRF2specific shRNA #2 (designated as shNRF2-#2; 5′- CCGG

METHODS
Reagents
Doxorubicin hydrochloride, LY294002 (LY294;
2-morpholin-4-yl-8-phenylchromen-4-one), SU11274
(SU112; (3Z)-N-(3-chlorophenyl)-3-(3,5-dimethyl-4-[(4methylpiperazin-1-yl)carbonyl]-1H-pyrrol-2-ylmethylene)N-methyl-2-oxo-2,3-dihydro-1H-indole-5-sulfonamide),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
www.impactjournals.com/oncotarget
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genes are: NRF2, 5′-ATAGCTGAGCCCAGTATC-3′ and
5′-CATGCACGTGAGTGCTCT-3′; AKR1C1, 5′-CGA
GAAGAACCATGGGTGGA-3′ and 5′-GGCCACAAAGGACTGGGTCC-3′; NQO1, 5′- CAGTGGTTTGGAG
TCCCTGCC-3′ and 5′-TCCCCGTGGATCCCTTGC
AG-3′; c-MET, 5’-TATGTGGCTGGGACTTTGGA-3’
and 5’-GCTTATTCATGGCAGGACCAAC-3’; EGFR, 5’CGAATGGGCCTAAGATCCCG -3’ and 5’-AGCTTGG
TTGGGAGCTTCTC-3’; BCRP/ABCG2, 5’-CACAACCA
TTGCATCTTGGCTG-3’ and 5’-TGAGAGATCGATGCC
CTGCTTT-3’; HDAC1, 5′-TGCTAAAGTATCACCA
GAGGGT-3′ and 5′-TGGCCTCATAGGACTCGTCA-3′;
HDAC2, 5′-ATGGCGTACAGTCAAGGAGG-3′ and
5′-TCATTTCTTCGGCAGTGGCT-3′; HDAC4, 5′-CCCA
GCACGGTGGATGTG-3′ and 5′-GGATCTGCCTCTGG
ATCTGC-3′; hypoxanthine phosphoribosyltransferase-1
(HPRT1), 5′-TGGCGTCGTGATTAGTGATG-3′ and
5′-GCTACAATGTG-ATGGCCTCC-3′.

CCGGCATTTCACTAAACACAACTCGAGTTGTGTTT
AGTGAAATGCCGGTTTTT-3′) was added to each well.
After 48 h incubation, viral particle-containing media were
removed and cells were recovered in the fresh medium for
overnight.

Pathway analysis of differential gene expression
signature between sc and shNRF2-SKOV3
The global gene expression signatures were
obtained from the sc control and NRF2–silenced SKOV3
as described previously [56]. The signaling pathway was
analyzed using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (www.genome.jp/kegg/) for
genes whose expression decreased more than 50% by
NRF2-silencing.

Stable miR-206 expression
SKOV3 stable cell line that expresses miR-206
(SKOV3-miR206) was established using the PLKOmiR-206 lentiviral construct (Sigma-Aldrich, Saint Louis,
MO) and puromycin-selection.

MicroRNA (miRNA) isolation and real-time RTPCR

Transfection with the miRNAs mimic, inhibitor,
or siRNAs
The AccuOligo human miR-206 mimic/
inhibitor,
miR-133b
mimic/inhibitor,
miR-542
mimic, and each negative control were obtained from
the Bioneer Corporation. Predesigned siRNAs for
c-MET (5’-GUGAAGAUCCCAUUGUCUA-3’ and
5’-UAGACAAUGGGAUCUUCAC-3’), EGFR (5’-GCA
GAGGAAUUAUGAUCUU-3’ and 5’-AAGAUCAUA
AUUCCUCUGC-3’), HDAC2 (5’-GACGGAAACUG
AGCUCAGU-3’ and 5’-ACUGAGCUCAGUUUCC
GUC-3’), and a scrambled control siRNA were purchased
from the Bioneer Corporation. For transfection, cells in
60 mm plates were transfected with the miRNAs mimic,
miRNAs inhibitor or siRNAs using a Lipofectamine 2000
reagent (Life Technologies, Carlsbad, CA) as described
previously [57].

Total RNA isolation and real-time reverse
transcriptase (RT)-PCR
Total RNAs were isolated using the TRIzol reagent
(Thermo Fisher Scientific Inc., Waltham, MA) and
used for the synthesis of cDNA as described previously
[58]. For relative quantification of the mRNA levels,
PCR analyses were performed with a LC480 Roche
LightCycler (Roche Diagnostics Deutschland GmbH,
Mannheim, Germany) with a Takara SYBR Premix
ExTaq system (Takara Bio Inc., Kusatsu, Japan). Primers
were synthesized by Bioneer (Daejeon, Republic
of Korea) and the primer sequences for the human
www.impactjournals.com/oncotarget

Small RNA-rich samples were isolated from cells
with the TRIzol reagent or mirVana miRNA Isolation
kit (Thermo Fisher Scientific Inc.) according to the
manufacturer’s protocol. cDNAs were synthesized with a
miScript RT kit (Qiagen GmbH, Hilden, Germany), and
PCR was performed with a LightCycler using miScript
SYBR green PCR kit (Qiagen GmbH) as described
previously [35, 55]. Forward sequences for the miRNAs
primer are described in Table 1.

Viable cell count
To determine cytotoxicity, cells were incubated
with varied concentrations of doxorubicin and then
MTT solution (2 mg/ml) was added for a further 4
h-incubation. Cell viability was monitored by measuring
absorbance at 540 nm using a Spectro-star Nano
microplate reader (BMG Lab Technologies, Offenburg,
Germany) with the addition of 100 μl of dimethyl
sulfoxide. Additionally, viable cell number was counted
using a TC10 Automated Cell Counter (Bio-Rad
Laboratories, Inc., Hercules, CA) in the presence of the
trypan blue dye.

Preparation of total cell lysates and cytoplasmic/
nuclear extracts
Cells were treated with vehicle or drugs for
indicated time periods and lysed with RIPA buffer (1
M, pH 7.4, Tris, 2M NaCl, 1M EDTA, 10% NP40 and
protease/phosphatase inhibitors cocktail) by freezethawing cycles. Total cell lysates were prepared following
centrifugation at 10,000g for 15 min at 4 ºC. Protein
concentration was determined by Pierce BCP protein
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assay kit (Thermo Scientific, Rockford, IL, USA).
Nuclear and cytoplasmic extracts were prepared using
NE-PER nuclear and cytoplasmic extraction reagents
(Thermo Scientific) according to the manufacturer’s
instructions.

The tumor volume was calculated by the formula V =
(a2×b)/2, where a and b are the width and the length,
respectively, of the tumor in millimeters. Each group
contained four or five animals. This animal experiment
was performed according to the institutional guidelines
for the care and use of laboratory animals as adopted by
the U.S. National Institutes of Health and the Catholic
University Animal Care and Use Committee (approval
number: 2016-015).

Western blot analysis
Proteins were run on 6–12% SDS–polyacrylamide
gels and transferred to nitrocellulose membranes
(Whatman, Dassel, Germany). Membranes were blocked
with 3% bovine serum albumin (BSA) for 1 h and then,
incubated with the corresponding primary and secondary
antibodies. The chemiluminescence images from the
antibody reaction were captured using a LAS-4000 Mini
(Fujifilm, Tokyo, Japan).

Statistical analysis
Statistical significance was determined with Student’s
unpaired t-tests or one-way analyses of variance, followed
by Student-Newman-Keuls tests for multiple comparisons.
These analyses were conducted with GraphPad Prism
software (GraphPad Software Inc., La Jolla, CA).

Measurement of the 3’-UTR-derived luciferase
activity
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