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Impact statement
This is the first study to emphasize the

expression of miR-451 on regulating multi-

drug resistance (MDR) in renal cell carcin-

oma (RCC). Our study found that miR-451

regulates the drug resistance of RCC by

targeting ATF-2, which might be critical for

overcoming MDR in RCC patients. This

study not only provides solid theory foun-

dation for the clinical therapy, but also

offers unique insights for the further RCC

research. Furthermore, the study helps us

to understand the mechanism of MDR,

which was crucial for identifying the che-

moresistance on several related tumors.

Abstract
Renal cell carcinoma (RCC) is a malignant tumor, which severely threatens human’s life,

moreover, the multi-drug resistance (MDR) under RCC undoubtedly strengthen the difficul-

ties in the treatment. MiR-451 has been considered to play an important role in regulation of

MDR in several cancers, but the role of it in MDR of RCC has not been explored. This study

aims to explore the mechanism of miR-451 as a target to regulate chemotherapy resistance,

which is crucial for further exploring novel therapy for RCC. Two human cell lines (ACHN and

GRC-1) were performed in this study and adriamycin (ADM) was used to construct MDR cell

lines. qRT-PCR was used to determine the mRNA expression of miR-451 and ATF-2.

Weston blot was used to determine protein expression. MTT assay and flow cytometry

were used for assessing cell viability and apoptosis, individually. Luciferase reporter

assay was used to detect the targeting of miR-451 and ATF-2. Results presented that the expression of miR-451 was higher in

low MDR cell line (ACHN) comparing with the high MDR cell line (GRC-1), while the expression of ATF-2 revealed an opposite

results. MiR-451 targeted ATF-2 and regulated its expression. Overexpression of miR-451 strengthened drug resistance,

decreased cell viability, and increased cell apoptosis of GRC-1 pretreated by ADM, while overexpressed ATF-2 reversed the

effect induced by miR-451 overexpression. Then miR-451 knockdown improved drug susceptibility, decreased cell apoptosis,

and increased cell viability of ACHN induced by ADM, however, ATF-2 suppression reversed the low rate of cell apoptosis and high

rate of cell viability induced by miR-451 knockdown. Our results revealed that miR-451 regulates the drug resistance of RCC by

targeting ATF-2 gene, which might be critical for overcoming MDR in RCC patients.
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Introduction

Renal cell carcinoma (RCC) is a malignant tumor of uro-

logical cancer accounting for about 2–3% of all adult can-

cers.1 Importantly, only 10% of RCC patients with

metastases survive longer than five years,2,3 which seriously

threatens human’s health and life. Every year, about 338,000

new cases of RCC are diagnosed worldwide, among those

patients, about 50% were diagnosed with intermediate and

terminal cancer. Chemotherapy due to its convenient and

quick effects is always selected as the perfect method.

However, the difficulties were that the tumor might not be

sensitive to chemotherapy or gradually formed multi-drug

resistance, which is the great challenge for RCC treatment.

So far, no chemotherapy is valuable with drug response

rates higher than 15% that suit the RCC therapy.4

Therefore, identifying the mechanism that contributes to

multi-drug resistance (MDR) is crucial for improving RCC

therapy.
Chemoresistance was widely studied on several kinds of

tumors, such as ovarian cancer, breast cancer and colorectal
cancer,5–7 the mechanism including drug inactivation,
decreased intracellular drug accumulation, increased
DNA repair, apoptosis-related chemoresistance, and
enhanced efflux.8–10 However, to regulate several related-
gene expression to control the MDR seemed to be crucial
in tumor MDR study.11,12

MicroRNAs (miRNAs) are a set of short single stranded
RNAs with the length of about 22 nucleotides without pro-
tein coding function; studies have reported that miRNAs
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played a crucial role in regulating several transcriptional
level and modulating various biological processes, such as
gene expression, cell growth, differentiation, and apop-
tosis.13–16 Previous studies have reported that dysregula-
tion of miRNAs could induce several cancers with
inhibition or elevation of its expression.17,18 Additionally,
much miRNAs have been identified to play an important
role in RCC, for example, the down-regulated miR-141,
miR-200c,19 the tumor suppressive miR-23b, miR-27b,20

miR-135a,21 and the up-regulated miR-22122 were found
in the RCC cells or tissues. However, in the potential mech-
anism of miRNAs regulation the MDR of RCC is not fully
understandable. MiR-451 was down-regulated in many
cancers, and plays a crucial role in the oncogenic mechan-
isms of several cancers, such as liver cancer, liposarcoma,
gastric carcinoma, and neuroglioma.23–26 More importantly,
it has been considered that miR-451 also acts as an anti-
oncogene in RCC.27 Furthermore, miR-451 played a vital
role in the chemoresistance of breast cancer,28 lung adeno-
carcinoma,29 and non-small cell lung cancer,30 but the role
of it in the development of chemoresistance in human RCC
and the underlying mechanism remained unclear.

Herein, this study was performed to investigate the
expression profiles of miR-451 in regulating gene expres-
sion and understanding how miR-451 regulates MDR of
renal carcinoma cells. Our results might contribute to
explore the effectiveness of anticancer drugs for RCC.

Methods
Cell culture

Human renal carcinoma cell lines: GRC-1 and ACHN were
purchased from a human clear cell carcinoma of kidney in
the Cell Bank the Chinese Academy of Sciences (Shanghai)
and cultured at the First Affiliated Hospital of Nanchang
University. Briefly, two cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum, as well as definite
amounts of penicillin, streptomycin, and glutamine. Cells
were incubated at 37�C with 5% CO2.

Cell viability

Cell viability was detected according to the manufacture’s
instruction of a MTT Cell Proliferation and Cytotoxicity
Assay Kit. About 1�105 cells were planted into a 96-well
plate. Chemical drug adriamycin (ADM) was added onto
the plate and incubated for 24 h or 48 h. After incubation,
20 mL of 5 mmol/L of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) was added to each
well and kept for 4 h at 37�C. Dimethyl sulfoxide (DMSO)
was used to dissolve the formazan crystals. The results
were read on an absorbance value of 490 nm. Median
lethal concentration (LC50) was estimated by the relative
survival curve.

Quantitative real-time PCR

Total RNA isolation was performed according to manufac-
turer’s guidance (Invitrogen, USA) by using of a RNA
Extraction kit. The quality of RNA was detected by a

Nanodrop apparatus.8 Then 1 mL of RNA was taken out
and reverse transcribed into cDNA according to a manufac-
turer’s instrument based on a reverse transcription kit
(Invitrogen). Real-time PCR was carried out using SYBR
Premix DimerEraser (Takara, Dalian, China). All data
obtained from qRT-PCR were repeated for three times.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
served as the internal control.

Western blotting

Proteins were extracted from the cells by using bioelectrical
impedance analysis (BIA) with different treatments, and
the quality of proteins was quantified by bicinchoninic
acid assay (BCA). Then the proteins were resolved and
separated by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto poly-
vinylidene difluoride membranes. After blocking, the mem-
branes were washed and then incubated with primary
polyclonal antibodies with the blot at room temperature
for one night. After washing, the membranes were incu-
bated with secondary antibodies at 37�C for 1 h. Power
Opti-ECL kit was used to observe the bands and ImageJ
software was used to quantify the protein level; b-actin
(Sigma) acted as the internal control.

Luciferase reporter assay

The sequence of ATF-2 was selected from Genebank, the
ATF-2 3’ TUR was cloned into the selected vector
(Genomeditech Co., Ltd., China). Lipofectamine 2000 trans-
fection reagent (Invitrogen) was used for the co-transfection
of miR-451 and Luc-ATF-2-3’UTR. Dual-Luciferase
Reporter Assay (Promega) was used for the detection of
firefly luciferase activity; Renilla served as the internal
control.

Cell transfection

Cells were transfected by an instrument of Lipofectamine
2000 (Invitrogen, USA). Briefly, ADM was added to GRC-1
and ACHN cells for 24 h, then miR-451 mimic or miR-451
inhibitor was transfected into cells of GRC-1 or ACHN, sep-
arately. Later the cells were grown at 37�C for 48 h. The cells
were collected and qRT-PCR was used to determine the
transfection efficiency.

Cell apoptosis

Annexin V-FITC Apoptosis Detection Kit (ThermoFisher)
was used for detecting cells apoptosis. After transfection,
cells were further incubated with ADM for 48 h. Then the
cells were collected and washed twice with phosphate-buf-
fered saline (PBS). Annexin V-FITC (5 mL) and propidium
iodide (PI, 10 mL) were added and the cells were incubated
at 25�C for a quarter of an hour. The flow cytometry was
used for counting the stained cells and FACScalibur8 was
used for analyzing cell apoptosis. The experiments were
repeated for three times.
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Statistical analysis

Student’s t-test was used to test the differences between the
variables of the groups. Statistical analyses were performed
using the SPSS 15.0 program. Data were presented as
mean� SD. P< 0.05 was considered as significant
difference.

Results
Effects of ADM on cells’ inhibition rates

In order to investigate the drug resistance of human renal
carcinoma cell lines GRC-1 and ACHN, a set of concentra-
tions of ADM were tested on GRC-1 and ACHN. According
to Figure 1(a and b), after ADM treatment, cell inhibition
rates were measured. Briefly, the cell inhibition rates were
concentration-dependent, and with the increased concen-
tration of ADM the cell inhibition rates were significantly
increased. At the same time, the inhibition rates of ADM on
GRC-1 were significantly higher than that on ACHN. The
50% inhibitory concentration (lC50) was used to measure
the drug resistance, and the results revealed that the values
markedly varied between the cells of GRC-1 and ACNH
with ADM for 24 h or 48 h, as shown in Figure 1(c); after
the cells were treated with ADM for 24 h, lC50 values of
GRC-1 and ACNH were 122.6 mg/L and 12.98 mg/L,
respectively. And after the cells were treated with ADM

for 48 h, lC50 values of GRC-1 and ACNH were 6.461 mg/
L and 0.402 mg/L, respectively.

The expression of miR-451 and ATF-2 in GRC-1 and
ACHN cell lines

To profile miRNA expression, we performed the miR-451
expression in the GRC-1 and ACHN cell lines. The results
revealed that miR-451 was significantly more highly
expressed in ACHN than in GRC-1 (Figure 2(a)). Then we
detected the relative expression of ATF-2, the results
revealed that the expression of ATF-2 was significantly
lower in ACHN than in GRC-1 (Figure 2(b) and (c)). The
results revealed markedly negative correlation of miR-451
and ATF-2 expression in GRC-1 and ACHN.

miR-451 targets ATF-2 to regulate its expression

To verify miR-451 targeted 3’ UTR of ATF-2, we used a
targetScan database for the prediction. The results revealed
that miR-451 had highly conserved target sequence with
ATF-2 at 3’UTR. When the 3’ UTR of ATF-2 luciferase repor-
ter vector and miR-451 mimic were co-transfected into
GRC-1 and ACHN, we found that the luciferase activity
was significantly decreased (Figure 3(a)). In order to

Figure 2 The difference in the expression of miR-451 and ATF-2. (a) The

expression level of miR-451 was higher in ACHN cells than in GRC-1 cells. (b and

c) The expression level of ATF-2 was higher in GRC-1 cells than in ACHN cells.

Error bars represent SEM. *P< 0.05

Figure 1 Inhibition rates of ADM on cell lines of GRC-1 and ACHN. Cells

inhibition rates were detected after the two cell lines were treated with a set of

concentrations of ADM (0, 0.1 mg/L, 1 mg/L, 10 mg/L). (a) After cells were treated

with ADM for 24 h, the inhibition rates were concentration-dependent, which

presented a higher inhibition rates of ADM on GRC-1 cells rather than on ACHN

cells. (b) After cells were treated with ADM for 48 h, the cells inhibition rates were

increased comparing with the cells treated with ADM for 24 h, and the trends of

cells inhibition rates were also increased along with the increased concentration

of ADM. (c) lC50 of cells treated with ADM for 24 h and 48 h. Error bars represent

SEM. **P<0.01
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verify the results, miR-451 mimic or miR-451 inhibitor was
constructed and transfected into GRC-1 or ACHN. Results
revealed that the overexpression of miR-451 dramatically
decreased the expression of ATF-2 (Figure 3(b)).
Reversely, miR-451 suppression significantly increased the
expression of ATF-2 (Figure 3(c)).

Interaction of miR-451 and ATF-2 overexpression on
cell viability and death

To detect the overexpression of miR-451 and ATF-2 on cell
viability and apoptosis, GRC-1 cells were randomly divided
into four groups (control, control þmiR-451 mimic, control
þ miR-451 mimic þ pcDNA, control þ miR-451 mimic þ
pcDNA-ATF-2). Then the cells of the four groups were sti-
mulated by 10 mg/L ADM for 24 h. After stained with
Annexin V and PI, cell apoptosis was detected by flow cyto-
metry. On the dual parameter fluorescent dot, viable cells
were presented in the lower-left quadrant and apoptotic
cells were presented in the right quadrant (Figure 4(a)).
Results revealed that overexpressed miR-451 significantly

increased cell apoptosis, while, overexpressed ATF-2 sig-
nificantly reversed the high ratio of cell apoptosis induced
by miR-451 mimic (Figure 4(b)). MTT assay found that miR-
451 overexpression significantly decreased the cell viability,
then ATF-2 overexpression significantly reversed this effect
(Figure 4(c)). Moreover, overexpression of miR-451 signifi-
cantly decreased the expression of ATF-2 (Figure 4(d)).

Interaction of miR-451 and ATF-2 suppression on cell
viability and death

In order to detect the role of miR-451 and ATF-2 on cell
viability and apoptosis, ACHN cells were randomly
divided into four groups: control, control þmiR-451 inhibi-
tor, control þ miR-451 inhibitor þ si-NC, and control þ
miR-451 inhibitor þ si-ATF-2. The cells were then stimu-
lated by 10 mg/L ADM for 24 h. After staining with
Annexin V and PI, cell apoptosis was detected by flow cyto-
metry. The two-dimensional quadrant of cell apoptosis was
shown in Figure 5(a). The results showed that miR-451
knockdown significantly decreased cell apoptosis, while

Figure 3 The effects of miR-451 alteration on the activity of ATF-2 3’UTR. (a) The predicted position of miR-451 base paring with the ATF-2 3’UTR. The relative

luciferase activity was significantly decreased after GRC-1 or ACHN cells were transfected with miR-451 mimic. (b) GRC cells transfected with miR-451 mimic

significantly decreased the expression of ATF-2. (c) ACHN cells transfected with miR-451 inhibitor significantly increased the expression of ATF-2
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Figure 4 The effects of miR-451 and ATF-2 overexpression on ADM (10 mg/L)-induced cell viability and apoptosis of GRC. (a) The two-dimensional quadrant of cell

apoptosis was detected by flow cytometry. (b and c) GRC cells transfected with miR-451 mimic significantly increased cell apoptosis and decreased cell viability, while

the cells then transfected with pcDNA-ATF-2 significantly reversed the effects of miR-451 overexpression. (d) The cells transfected with miR-451 mimic significantly

decreased the expression of ATF-2, however, ATF-2 overexpression significantly increased the expression of ATF-2. *P<0.05

Figure 5 Effects of miR-451 knockdown and ATF-2 suppression on ADM (10 mg/L)-induced cell viability and apoptosis of ACHN. (a) The two-dimensional quadrant

of cell apoptosis was detected by flow cytometry. (b and c) The cells transfected with miR-451 inhibitor significantly decreased the cell apoptosis but increased the cell

viability, ATF-2 suppression significantly reversed the effects induced by miR-451 knockdown. (d) miR-451 knockdown dramatically increased the expression of ATF-2,

however, ATF-2 suppression reversed the increased expression induced by miR-451 knockdown. *P<0.05
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ATF-2 suppression reversed the effect induced by miR-451
knockdown (Figure 5(b)). At the same time, cell viability of
ACHN was significantly increased with the transfection of
miR-451 inhibitor, then ATF-2 suppression reversed the
effect induced by miR-451 knockdown (Figure 5(c)).
Western blot revealed that miR-451 knockdown signifi-
cantly increased the expression of ATF-2, and cells trans-
fected with si-ATF-2 significantly decreased the expression
of ATF-2 (Figure 5(d)).

Discussion

MDR is an important problem on RCC therapy, which could
resist drugs’ effects and lead to failure chemotherapy. In
this study, two cell lines GRC-1 and ACHN were used as
high-MDR and low-MDR cells, and the ATF-2 expression
was investigated to evaluate the chemoresistance mechan-
ism in RCC.

Previous studies have indicated that miR-451 was
related to several cancers, such as liver cancer and gastric
carcinoma.31,25 Researchers also found the expression of
miR-451 was remarkably changed in RCC tissues as well
as RCC serum.32,23 However, several studies had assessed
the relationship of miR-451 expression and MDR, and the
results indicated that the expression of miR-451 was higher
in drug resistance tissue than normal tissue in breast cancer
as well as in lung cancer.33,29,30 As our results presented that
high-MDR cell line resulted in lower miR-451 expression
and low-MDR cell line caused higher miR-451 expression.
Based on the reports and our observation, our results might
indicate that the expression of miR-451 has a close relation-
ship with drug resistance of RCC.

To further demonstrate how miR-451 modulates MDR in
RCC, we analyzed drug-triggered cells death in GRC-1
transfected miR-451 mimic and in ACHN cells transfected
miR-451 inhibitor. Among the results, miR-451 mimic sig-
nificantly repressed cell viability and accelerated cell apop-
tosis of GRC induced by ADM, but miR-451 inhibitor
dramatically increased cell viability and reduced cell apop-
tosis of ACHN induced by ADM. The results indicated that
ATF-2 overexpression could significantly reverse the effects
induced by overexpressed miR-451, moreover, ATF-2 sup-
pression significantly reversed the effect induced by miR-
451 knockdown. However, the results might strengthen the
results that the expression of miR-451 regulated MDR, with
overexpression of miR-451 strengthened drug resistance,
while miR-451 knockdown promoted drug susceptibility
in MDR.

ATF2 is a kind of transcription factor and functions as
carcinogenesis and tumor suppressive, which mainly
depends on its location and cell context.34 Studies have
revealed that ATF2 was related to cancer ontogenesis
through activating target genes, and then promoting
tumor cells proliferation, and finally forming chemoresis-
tance.35–37 Previous studies have indicated that ATF2 con-
tributes to chemoresistance in breast cancer, and melatonine
in non-small cell lung cancer.38,39 This study obtained the
results that the expression of ATF2 was significantly higher
in high-MDR cells rather than in low-MDR cells. Our results
also proved that ATF-2 was target regulated by miR-451,

then we inferred that miR-451 regulated cell MDR in RCC
probably through targeted regulating the expression
of ATF2.

In conclusion, this study was first to illustrate miR-451
regulates the drug resistance of RCC by regulating ATF-2
expression. Our findings suggested that both miR-451 and
ATF2 acted as biological markers and regulated the che-
moresistance of RCC. The study helps us to understand
the mechanism of MDR and also provides future thera-
peutic strategy for RCC treatment.
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