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Effect of the Nrf2-ARE signaling pathway on biological
characteristics and sensitivity to sunitinib in renal cell carcinoma
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Abstract. The aim of the present study was to examine
the effects of the nuclear factor erythroid-2 related factor
2-antioxidant-responsive element (Nrf2-ARE) signaling
pathway on the biological characteristics and sensitivity to
targeted therapy in human renal cell carcinoma (RCC) cells.
RCC tissues and adjacent tissues were collected and assessed
by immunohistochemistry to determine the expression of
Nrf2, NAD(P)H dehydrogenase [quinone] 1 (NQOI1) and heme
oxygenase-1 (HO-1) to analyze the clinicopathological features
of RCC. A series of in vitro experiments were conducted to
analyze the biological characteristics of Nrf2-ARE signaling
in RCC. The renal cancer cell line, 786-0 was used, and cells
was divided into a mock group, negative control group and
small hairpin (sh)RNA-Nrf2 group. A Cell Counting Kit-8
assay was performed alongside flow cytometry to detect cell
viability, cell cycle stage and apoptosis following treatment
with sunitinib. The results demonstrated that Nrf2, NQOI and
HO-1 were significantly upregulated in RCC tissues compared
with adjacent tissues and were associated with tumor node
metastasis stage, Fuhrman classification and lymph node
metastasis. Following shRNA-Nrf2 transfection, the 786-0
cells demonstrated a significant decrease in viability, cell
invasion and scratch healing rate, and the mRNA and protein
expression levels of Nrf2, NQOI, HO-1 and glutathione
transferase were significantly decreased, which enhanced the
sensitivity to sunitinib, arrested cells in the GO/G1 phase and
increased apoptosis. In conclusion, Nrf2-ARE signaling is
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important for RCC progression, and its inhibition may increase
sensitivity to targeted drugs to provide novel developments for
RCC treatment.

Introduction

With annually increasing morbidity and mortality rates, renal
cell carcinoma (RCC) accounts for ~90% of all renal malig-
nancies and represents 2-3% of all human cancer types (1,2).
In the early stages of RCC, patients do not exhibit specific
clinical symptoms, including mass, hematuria and local pain,
and 20-30% of all patients are diagnosed with the metastatic
disease (3). Generally, radical surgery may achieve positive
therapeutic results; however, metastasis is observed in 20-40%
of patients with localized or locally advanced RCC who
undergo early radical surgery (4). Advanced metastatic RCC
responds poorly to simple excision, is insensitive to chemo-
therapy and is prone to develop drug resistance, with only
7-10% efficiency for chemotherapeutic drugs (5). Therefore,
the recommended conventional therapies are primarily immu-
notherapy and targeted drug therapy (6). With the progression
of molecular genetics in the study of RCC, there has been
rapid development in molecular targeted therapy, targeting
cell receptors, tumor-associated genes and signaling pathways.
Accumulating clinical evidence demonstrated that targeted
drugs may improve the prognosis of patients with RCC (7,8).

Previously, novel micromolecular-targeted drugs, including
sunitinib, markedly improved the therapeutic prospect of
patients with advanced RCC, contributing to a marked increase
in the survival rate and total remission rate of patients with
RCC (9,10). However, a considerable proportion of patients
with RCC are not able to experience clinical benefits, and
the majority of patients develop drug resistance or even RCC
progression, typically in the first 6-15 months after therapy,
due to the severe limitations of targeted drug resistance on
therapeutic effects (11,12).

Nuclear factor erythroid-2 related factor 2 (Nrf2), a key
transcription factor, activates the endogenous antioxidant
response by regulating cellular antioxidant stress (13). The
antioxidant-responsive element (ARE) is a promoter sequence
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located in the upstream regulatory region of certain protec-
tive genes, which may be activated by Nrf2 (14). When Nrf2
is activated by toxic and harmful substances, it translocates
to the nucleus and interacts with ARE to activate Nrf2-ARE
target genes, leading to the regulation of downstream antioxi-
dant proteins, oxidases and phase II detoxifying enzymes (15).
Nrf2-ARE signaling promotes tumor growth and induces
drug resistance in non-small-cell lung cancer, and inhibition
of Nrf2 signaling significantly suppressed colon tumor cell
growth (16,17). Samatiwat er al (18) identified that suppres-
sion of Nrf2-regulated genes via small interfering (si)RNA
increased the sensitivity to 5-fluorouracil and gemcitabine
in cholangiocarcinoma cells. Additionally, Akhdar et al (19)
demonstrated that suppression of Nrf2 via a drug inhibitor or
siRNA transfection increased the sensitivity to chemotherapy
drugs, including 5-fluorouracil, in colorectal cancer.

However, the role of Nrf2-ARE signaling in RCC and its
detailed molecular mechanism remain unknown. Therefore,
the present study was conducted to examine how Nrf2-ARE
signaling affects the biological characteristics of RCC and
sensitivity to sunitinib, to provide a novel theoretical basis to
better predict the prognosis of patients with RCC and to select
targeted drugs.

Materials and methods

Study subjects. The protocol in the present study was approved
by the Ethics Committee of The First Affiliated Hospital of
Soochow University, Suzhou, China (approval no. 2013031),
and all research subjects provided written informed consent.
All procedures in the present study strictly complied with
the guidelines and principles of the Declaration of Helsinki.
Between January 2010 and January 2012, a total of 108 patients
with RCC from The First Affiliated Hospital of Soochow
University (Suzhou China), who received radical nephrectomy
were enrolled in the present study, consisting of 78 males
and 30 females aged between 31 and 78 years (mean age:
52.90+14.01 years). All subjects were diagnosed with RCC
by pathological examination following surgery. Adjacent
tissues, 4 cm away from carcinoma tissues were selected
for the control group. The inclusion criteria were as follows:
Complete pathology reports and other associated data, did not
receive radiotherapy, chemotherapy or immunotherapy prior
to surgery, did not possess tumors in other parts of the body,
and did not have a previous history of diseases of the heart,
liver, kidney or other systems. According to pathological type,
81 patients had renal clear cell carcinoma; eight patients had
granular cell basal cell carcinoma; 14 patients had papillary
RCC; and five patients had other types of RCC. Based on the
Fuhrman histological classification of RCC, 66 cases were in
grade I + IT and 42 cases in grade III + IV (20). On the basis of
the Tumor Node Metastasis (TNM) staging system designed by
the Union for International Cancer Control in 2009, 35 cases
were in stage I; 29 cases were in stage II; 30 cases were in
stage IIT and 14 cases were in stage I'V; and 29 cases had lymph
node metastasis, whereas, 79 cases did not (21).

Immunohistochemistry. Tissue specimens collected from all
the patients with RCC were fixed in 4% paraformaldehyde
for 5 min at room temperature, embedded in paraffin and
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cut into 3 um sections. The sections were deparaffinized in
xylene and dehydrated in 100, 90, 70, and 50% alcohol solu-
tions (5 min each at 37°C), followed by antigen retrieval in a
citrate solution of pH 7.2-7.4. The sections were then blocked
in 10% normal donkey serum (Chemicon International;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) in PBS
at 37°C for 30 min. Primary antibodies used were rabbit
monoclonal antibodies for Nrf2 (cat. no., sc-365949, Santa
Cruz Biotechnology, Inc., Dallas, TX, USA ), NAD(P)H
dehydrogenase [quinone] 1 (NQOI, cat. no., sc-376023; Santa
Cruz Biotechnology, Inc.) and heme oxygenase-1 (HO-1;
cat. no., sc-136960; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA) at 1:100 dilution, which were incubated with
tissue sections at 4°C overnight. Following incubation with
the primary antibodies, the sections were washed with PBS
(0.01 mol/l). The biotinylated secondary antibody (1 mg/ml;
cat. no., BA1080; Wuhan Boster Biological Technology Co.,
Ltd., Wuhan, China) was added, followed by a 30-min incu-
bation at 37°C, 10-min diaminobenzidine staining at 37°C,
counterstaining with hematoxylin for 30 sec at 37°C, dehydra-
tion with 100, 90, 70, and 50% alcohol (5 min each at 37°C),
clearing and mounting with neutral gum. The sections were
observed under a light microscope (magnification, x200).
Parameters were calculated using Image-Pro Plus 6.0 (Media
Cybernetics, Inc., Rockville, MD, USA) pathological image
analysis software for statistical analysis.

The positive expression of Nrf2, NQO1 and HO-1 was
determined by a score and a semi-quantitative method in
the cytoplasm (22). Under high magnification, 10 fields
(100 cells/field) were randomly selected to calculate the
average percentage of positive cells in each field per section
as follows: i) O for no positive cells; ii) 1 for <10% positive
cells; iii) 2 for 10-50% positive cells; iv) 3 for 50-80% posi-
tive cells; and v) 4 for 80-100% positive cells. Based on the
staining characteristics of the majority of positive cells, the
staining intensity was scored as: i) O for no intensity; ii) 1 for
light yellow; iii) 2 for pale brown; iv) and 3 for sepia. The
score of the average positive cell was multiplied by the score of
staining intensity: 1-3 for negative and 4-12 for positive.

Follow-up. The five-year overall survival (OS) rate was
determined from the date of diagnosis. The follow-up was
conducted via outpatient service, telephone calls or medical
records. The OS rate was defined as the time from the date
of first surgery until mortality or the last follow-up, and the
survival time was calculated monthly.

Cell selection and culture. Human RCC cells (ACHN, Caki-1,
769-P and 786-0) were purchased from the Cell Resource
Center of Shanghai Institute of Life Science (Shanghai, China)
and human kidney tubule epithelia cells (HK-2) were obtained
from The American Type Culture Collection, Manassas, VA,
USA. All cells were cultured in RPMI-1640 culture solution
(Gibco; Thermo Fisher Scientific, Inc.), containing 10% fetal
bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml
penicillin and 100 gug/ml streptomycin. All cells were cultured
at 37°C in an incubator with 5% CO,, followed by passages
when cell confluence reached 80-90% and passaging once
every 2-3 days. Cells in the logarithmic phase were inoculated
in 6-well plates at 3x10° cells/well for further experiments.
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Cell grouping and transfection. The 786-0 cells were
divided into three groups; the mock group (blank group of
786-0 cells), the negative control (NC) group (786-0 cells
transfected with empty plasmid) and the small hairpin (sh)
RNA-Nrf2 group (786-0 cells transfected with shARNA-Nrf2
plasmid). The cells in the logarithmic phase in each group
were inoculated in 6-well plates at 4x10° cells/well and
transfected with Lipofectamine® 3000 (cat no. L3000015;
Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. The shRNA-Nrf2 plasmid and empty
plasmid (200 ng, purchased from OriGene Technologies, Inc.,
Beijing, China) were diluted with Opti-Minimum Essential
Medium (MEM; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany). The diluted plasmid and Lipofectamine® 3000
were added to 100 ul Opti-MEM, mixed and added to 6-well
plates (200 ul/well). After transfection for 6-8 h, the media
was changed and the cells were incubated at 37°C with 5%
CO,. Further experiments were conducted at 48 h following
transfection.

Cell Counting Kit-8 (CCK-8) assay. The 786-0 cells in the loga-
rithmic phase in each group were washed with PBS, digested
with trypsin and made into a cell suspension. Subsequently,
100 w1 cell suspension was added to each well and incubated
for 12, 24, 48 or 72 h at 37°C in a CO, incubator. Each group
had three parallel control wells. A total of 10 ul CCK-8
reagent (cat. no. CK04; Dojindo Molecular Technologies, Inc.,
Shanghai, China) was added for 1 h incubation. The optical
density (OD) value at 450 nm was measured using a micro-
plate reader (Thermo Fisher Scientific, Inc.). Each experiment
was repeated three times to obtain the average OD value.
Additionally, the transfected 786-0 cells had 24,48 and 72 h
cultures in different concentrations of sunitinib (0.1, 0.2, 0.5,
1.0, 2.0, 5.0 and 10 gmol/l). The cell viability was calculated
using the following equation: OD value of the experimental
group/OD value of the blank group x100. The cell viability
was additionally used to calculate the half maximal inhibitory
concentration (ICs).

Matrigel™ chamber invasion assay. Following melting at
4°C, Matrigel™ was diluted to a 1:3 ratio with serum-free
Dulbecco's modified Eagle's medium (DMEM; Invitrogen;
Thermo Fisher Scientific, Inc.), mixed and added into each
upper chamber and dried at room temperature. Following
digestion with trypsin, 786-0 cells in each group were added
to serum-free DMEM to make cell suspensions at a density
of 1x10° cells/ml for 24-h culture. The 786-0 cell suspension
was added to the upper chamber (200 ul per chamber), and
500 1 DMEM containing 10% fetal bovine serum (Hyclone;
GE Healthcare Life Sciences, Logan, UT, USA) was added to
24-well plates without introducing air bubbles. A Transwell
chamber was placed into each well. Following a 20 h routine
culture, the chamber was removed and washed with PBS.
Following culture removal, the residual Matrigel™ and 786-0
cells in the chamber microporous membrane were wiped with
a cotton swab, followed by a 15-min fixation at 37°C in 95%
alcohol and crystal violet staining for 5 min at 37°C. The
average number of 786-0 cells crossing the membrane was
observed under an inverted light microscope (magnification,
x200).
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Scratch assay. Cells in each group were seeded into 6-well
plates at 5x10* cells/well. Following adherence to the surface,
cells were scratched gently with a 2 mm spatula. The cells
were subsequently rinsed with PBS and cultured in serum-free
DMEM for 24 h. Scratch wound healing was observed under
an inverted light microscope (x200) and imaged at 0 and
24 h. Image-Pro Plus 6.0 software was used to measure the
distance between two scratches. The scratch-healing rate was
calculated as follows: (distance at 1-24 h/distance at 0 h) x 100.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA of the 786-0 cells was extracted
with a TRIzol reagent kit (Qiagen, Inc., Valencia, CA, USA),
according to the manufacturer's protocol. cDNA was synthe-
sized from 200 ng of total RNA by reverse transcription
using a Transcriptor First-Strand cDNA Synthesis kit (Roche
Diagnostics, Basel, Switzerland). According to the gene
sequences of the GenBank database (https://www.ncbi.nlm.
nih.gov/pubmed/), the primers were designed using Primer
Premier 5.0 software (Premier Biosoft International, Palo
Alto, CA, USA; Table I) and were synthesized by Shanghai
Sangon Pharmaceutical Co., Ltd., (Shanghai, China). Each
20 ul PCR system consisted of 10 ul SYBR PremixExTaq
(Takara Bio, Inc., Otsu, Japan), 0.8 xl 10 nM forward primer,
0.8 ul 10 nM reverse primer, 0.4 ul ROX reference dye II, 2 ul
DNA template and 6.0 yl dH,O. The RT-qPCR was conducted
under the following conditions: 40 cycles of 30 sec predena-
turation at 95°C, 5 sec denaturation at 95°C, 30 sec annealing
at 60°C and 30 sec extension at 72°C. GAPDH was used as an
internal reference. The quantification cycle (Cq) for the rela-
tive expression of target gene was calculated using the relative
quantitative 2244 method (23,24).

Western blotting. Total protein of the 786-0 cells was
extracted using the Bicinchoninic Acid Protein Assay kit (cat.
no. AR0146; Wuhan Boster Biological Technology Co., Ltd.)
to detect the protein concentration. The loading buffer was
added to the extracted proteins, following boiling at 95°C for
10 min. A total of 30 ug proteins was loaded in each well of
a 10% polyacrylamide gel. Gel electrophoresis was run at 80
and 120 V, followed by a wet transfer at 100 mV for 45-70 min
to polyvinylidene difluoride (PVDF) membranes. Following
a 1 h incubation with 5% bovine serum albumin (Hyclone;
GE Healthcare Life Sciences) at room temperature, PVDF
membranes were incubated with primary antibodies against
Nrf2 (cat. no. sc-365949; Santa Cruz Biotechnology, Inc.),
NQOTI (cat. no. sc-376023; Santa Cruz Biotechnology, Inc.),
HO-1 (cat. no. sc-136960; Santa Cruz Biotechnology, Inc.) or
glutathione S-transferase (GST; cat. no. sc-53909; Santa Cruz
Biotechnology, Inc.) at a 1:1,000 dilution and GAPDH (cat.
no. 5174; Cell Signaling Technology, Inc., Danvers, MA, USA)
at 1:5,000 dilution at 4°C overnight, and washed with TBS with
Tween-20 (TBST) three times (5 min/time). The membranes
were subsequently incubated with the HRP-conjugated
anti-mouse IgG secondary antibody (cat. no. sc-51625; 1:3,000
dilution; Santa Cruz Biotechnology, Inc.) at room temperature
for 1 h. The membranes were washed with TBST three times
(5 min/time) and chemiluminescence reagent (ECL Plus; GE
Healthcare) was added to develop using a Bio-Rad Gel Dol EZ
imager (GEL DOC EZ IMAGER; Bio-Rad Laboratories, Inc.,
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Table I. Primer sequences for quantitative PCR.
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PCR primer sequences Forward, 5'-3' Reverse, 5'-3'

Nrf2 ACACGGTCCACAGCTCATC TGTCAATCAAATCCATGTCCTG
NQO1 ATGTATGACAAAGGACCCTTCC TCCCTTGCAGAGAGTACATGG
HO-1 AACTTTCAGAAGGGCCAGGT CTGGGCTCTCCTTGTTGC

GST GACTGCTTTCTTCAGGGTTCAAG TCTGTGTAATTCATGGCTGATTCC
GADPH CTGACTTCAACAGCGACACC TGCTGTAGCCAAATTCGTTGT

Nrf2, nuclear factor erythroid-2 related factor 2; NQO1, NAD(P)H dehydrogenase [quinone] 1; HO-1, heme oxygenase-1; GST, glutathione

S-transferase; PCR, polymerase chain reaction.

Hercules, CA, USA) with GAPDH as an internal reference.
The gray value of each target band was analyzed using ImageJ
1.43 software (National Institutes of Health, Bethesda, MD,
USA).

Flow cytometry. The 786-0 cells were separated into four
groups: The control group (an untreated control), the sunitinib
group [786-0 cells treated with sunitinib (ICs, 5.172 gmol/l)],
the NC + sunitinib group (786-0 cells transfected with empty
plasmid and treated with sunitinib) and the sShRNA-Nrf2 +
sunitinib group (786-0 cells transfected with shRNA-Nrf2
and treated with sunitinib). The 786-0 cells in each group in
the logarithmic phase were collected and fixed with absolute
alcohol at 4°C overnight. The cells were washed with PBS and
centrifuged for 5 min at 500 x g at 37°C, following which the
supernatant was removed. Cells were resuspended in 100 ul
PBS followed by staining with propidium iodide (PI; 300 ul)
in the Annexin V kit at 4°C and 15 min incubation at room
temperature in the dark. A flow cytometer (BD Pharmingen;
BD Biosciences, San Jose, CA, USA) was used to determine
cell cycle stage and the percentage of cells in each phase.
An Annexin V kit (cat. no. C1063; Beyotime Institute of
Biotechnology, Beijing, China) was used to detect apoptotic
cells. The apoptotic rate was calculated as follows: Early
apoptosis rate [Annexin V-fluorescein isothiocyanate (FITC)
positive/PI negative] + late apoptosis rate (Annexin V-FITC
positive/PI positive). Cell culture medium in 6-well plates was
removed into centrifuge tubes and digested with 0.25% trypsin.
Following trypsinization, the supernatant was extracted to
add into the originally collected culture medium, and a 5 min
centrifugation at 3,600 g at 4°C was performed to collect the
cell precipitate. PBS was added to resuspend the cell precipi-
tate as a 50-100,000 cell solution. The resuspended cells were
added to a final volume of 300 xl with Annexin V-FITC and
PI, incubated at 4°C in the dark for 30 min, and detected using
a flow cytometer (BD Pharmingen; BD Biosciences) with a
post-ice bath. Cell Quest 3.0 software (Becton-Dickinson and
Company, Franklin Lakes, NJ, USA) was used to analyze the
results.

Gene perturbation analysis. Gene Perturbation Atlas 1.0
(GPA; http://biocc.hrbmu.edu.cn/GPA/) software was used to
evaluate the perturbation of gene interaction subnetworks. For
each perturbed gene, its directly interacting genes and DEGs,

at a distance of two steps, in the protein interaction network
were extracted to construct its initiated subnetwork.

Statistical analysis. Statistical analysis was performed using
SPSS 19.0 software (IBM Corp., Armonk, NY, USA). Each
experiment was repeated in triplicate. The measurement data
in a normal distribution is presented as the mean + standard
deviation. Differences between two groups were compared
using the t-test. One-way analysis of variance (ANOVA) with
Tukey's honestly significant difference (HSD) post hoc test was
used to analyze multiple comparisons. The enumeration data
are expressed as a percentage and ration, and were analyzed
using the y test. Survival rate curves were plotted according to
the Kaplan-Meier method and compared by the log-rank test.
The IC, of 786-0 cells was calculated using GraphPad Prism
6.0 software (GraphPad Software, Inc., La Jolla, CA, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

Nrf2, NQOI and HO-I protein expression in RCC. Nrf2 is a
critical transcription regulator of a series of antioxidants and
detoxification enzymes that serve critical roles in regulating the
sensitivity of chemotherapeutic agents (13,25). By uncoupling
with Kelch-like ECH-associated protein 1 (Keapl), Nrf2 initi-
ates the expression of antioxidant genes, including NQOI1 and
HO-1 (26,27). The protein expression of Nrf2, NQOI and HO-1
was examined in RCC tissues and adjacent tissues. The results
demonstrated that Nrf2, NQOI and HO-1 were weakly stained
in adjacent tissues, whereas in RCC tissues they were markedly
stained sepia in the cytoplasm (Fig. 1A). The statistical analysis
demonstrated that the positive rates of Nrf2, NQO1 and HO-1 in
adjacent tissues and RCC tissues was 30.56 vs. 7593, 22.22 vs.
69.44 and 36.11 vs. 72.22, respectively (data not shown). When
the number of patients with positive staining in RCC tissues
was compared with the adjacent tissues, the expression of Nrf2,
NQOI1 and HO-1 was significantly increased in RCC tissues
(y* test; all P<0.05). As presented in Fig. 1B, the Kaplan-Meier
survival rate curve indicated that the patients with negative
Nrf2, NQOI or HO-1 expression had longer OS compared
with patients with positive expression of Nrf2, NQOI or HO-1,
respectively, (log-rank test; all P<0.05) according to the 5-year
follow-ups of patients with RCC.
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Figure 1. Expression of Nrf2, NQO1 and HO-1 in RCC tissues and adjacent tissues. (A) Expression of Nrf2, NQOI and HO-1 in RCC tissues and adjacent
tissues as detected by immunohistochemistry. Magnification, x200. "P<0.05, compared with the adjacent tissues. (B) Effects of Nrf2, NQO1 and HO-1
expression on the survival of patients with RCC. Nrf2, nuclear factor erythroid-2 related factor 2; NQOI, NAD(P)H dehydrogenase [quinone] 1; HO-1, heme

oxygenase-1; RCC, renal cell carcinoma.

Associations of Nrf2-ARE signaling pathway-associated
protein expression and clinicopathological features in RCC.
Table IT demonstrates that the expression levels of Nrf2, NQO1
and HO-1 were not significantly different according to age,
sex or pathological type (y* test; all P>0.05); however, were
significantly different according to TNM stage, Fuhrman
classification and lymph node metastasis (3> test; all P<0.05).
Additionally, the positive rates of Nrf2, NQOI1 and HO-1
in patients at stage III-IV (TNM staging), at grade III+IV
(Fuhrman classification) and with lymph node metastasis were
significantly higher compared with patients at stage I-1I, at
grade I+II and without lymph node metastasis, respectively
(¢ test; all P<0.05).

Expression levels of Nrf2, NOQOI and HO-1 in different RCC
cell lines. As presented in Fig. 2, when compared with the
human kidney tubule epithelial cell line HK-2, Nrf2, NQOI1
and HO-1 were all significantly upregulated at the mRNA and
protein expression levels in ACHN, Caki-1, 769-P and 786-0
cells (one-way ANOVA; all P<0.05). The 786-0 cells exhibited

the highest Nrf2, NQOI and HO-1 mRNA and protein expres-
sion levels, thus the 786-0 cells were selected for further study.

Expression of mRNAs and proteins associated with the
Nrf2-ARE signaling pathway following transfection with
shRNA-Nrf2. Following transfection with shRNA-Nrf2,
western blotting and RT-qPCR were performed to detect
the Nrf2-ARE signaling-associated proteins Nrf2, NQOI,
HO-1 and GST at the mRNA and protein expression
levels. Compared with the mock group, Nrf2, NQOI,
HO-1 and GST were significantly decreased at the mRNA
and protein expression levels in the ShRNA-Nrf2 group
(Tukey's HSD post hoc test; all P<0.05). As presented
in Fig. 3, Nrf2 was significantly downregulated in the
shRNA-Nrf2 group compared with the mock group
(Tukey's HSD post hoc test; P<0.05); however, no observ-
able difference was identified between the mock group
and the NC group (Tukey's HSD post hoc test; P>0.05).
The mRNA and protein expression levels of Nrf2, NQOI,
HO-1 and GST were not significantly different between
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Table II. Correlations of expression levels of Nrf2, NQO1 and HO-1, and clinicopathological features in renal cell carcinoma.

Nrf2 NQOI HO-1
Positive Positive Positive
Variables n cases (%) P-value cases (%) P-value cases (%) P-value
Sex 0.539 0.339 0.749
Male 78 58 (74.36) 51 (87.93) 57 (73.08)
Female 30 24 (80.00) 24 (80.00) 21 (70.00)
Age 0.664 0.907 0.962
<50 50 37 (74.00) 35 (70.00) 36 (72.00)
>50 58 45 (77.59) 40 (68.97) 42 (72.41)
Pathological types 0.795 0.399 0.804
Clear cell carcinoma 81 61 (75.31) 58 (71.60) 59 (72.84)
Non-clear cell carcinoma 27 21 (77.78) 17 (62.96) 19 (70.37)
Fuhrman classification 0.018 0.003 0.039*
I+IT 66 45 (68.18) 39 (59.09) 43 (65.15)
+1v 42 37 (88.10) 36 (85.71)* 35 (83.33)*
TNM staging 0.010 0.021 0.022*
I-11 64 43 (67.19) 39 (60.94) 41 (64.06)
II-1v 44 39 (88.64) 36 (81.82)" 37 (84.09)*
Lymph node metastasis <0.001 <0.001 <0.001*
Positive 29 29 (100.00) 29 (100.00) 28 (96.55)
Negative 79 53 (67.09) 46 (58.23)* 50 (63.29)*

Nrf2, nuclear factor erythroid-2 related factor 2; NQO1, NAD(P)H dehydrogenase [quinone] 1; HO-1, heme oxygenase-1; TNM, tumor node

metastasis; “P<0.05.
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Figure 2. Expression of Nrf2, NQOI and HO-1 in the human kidney tubule epithelial cell line HK-2 and RCC cell lines Caki-1, ACHN, 769-P and 786-0.
(A) Nrf2, NQOLI and HO-1 protein expression in different cell lines as detected by western blotting. Comparison of the (B) protein and (C) mRNA expres-
sion levels of Nrf2, NQOI and HO-1 among different cell lines. "P<0.05 vs. HK-2 cells. Nrf2, nuclear factor erythroid-2 related factor 2; NQO1, NAD(P)H
dehydrogenase [quinone] 1; HO-1, heme oxygenase-1; RCC, renal cell carcinoma.

the mock group and the NC group (Tukey's HSD post hoc

test; all P>0.05; Fig. 3).

Effects of shRNA-Nrf2 transfection on the viability of 786-0
cells. The CCK-8 assay demonstrated no significant differences

in cell viabilities (24, 48 and 72 h) between the mock group and

the NC group (Tukey's HSD post hoc test; all P>0.05). However,
the cell viabilities of 786-0 cells at 24, 48 and 72 h were signifi-

cantly decreased in the ShRNA-Nrf2 group compared with the
mock group (Tukey's HSD post hoc test; all P<0.05 Fig. 4).
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Figure 3. Expression of Nrf2-ARE-associated proteins and mRNAs in each group as detected by western blotting and RT-qPCR. (A) Expression of Nrf2,
NQOI1, HO-1 and GST mRNAs in each group as detected by RT-qPCR. (B) Expression of Nrf2, NQO1, HO-1 and GST proteins in each group as detected by
western blotting. (C) Relative expression of Nrf2, NQOI, HO-1 and GST proteins in each group as detected by western blotting and subsequent densitometry
analysis. "P<0.05 vs. respective mock group. Nrf2, nuclear factor erythroid-2 related factor 2; ARE, antioxidant-responsive element; NQO1, NAD(P)H dehy-
drogenase [quinone] 1; HO-1, heme oxygenase-1; GST, glutathione S-transferase; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

Transcriptome analysis results of Nrf2 knockdown. GPA soft-
ware was used to evaluate the perturbation of gene interaction
subnetworks (Fig. 5). In the perturbation of Nrf2 in the human
lung cancer cell line A549 (GPA ID: GPAHSA000454), the
downregulation of Nrf2 markedly decreased the expression
of glutathione pathway genes, antioxidant enzymes and multi-
drug resistance proteins.

Effects of shRNA-Nrf2 transfection on the invasive and
migratory abilities of 786-0 cells. The invasive ability of
786-0 cells, assessed by a Matrigel™ chamber invasion assay
(Fig. 6A), demonstrated that a large number of cells migrated
in the mock group and NC group, whereas, significantly
less cell migration was observed in the shRNA-Nrf2 group
(Tukey's HSD post hoc test; both P<0.05). The mock group
and NC group demonstrated no significant difference (Tukey's
HSD post hoc test; P>0.05). The scratch wound healing at 0
and 24 h, detected by a scratch assay (Fig. 6B), demonstrated
that compared with the mock group and the NC group, the
relative wound closure rate was significantly decreased in the
shRNA-Nrf2 group (Tukey's HSD post hoc test; all P<0.05).
The differences between the mock group and NC group
were not statistically significant (Tukey's HSD post hoc test;
P>0.05).

Comparison of sensitivities to targeted drug sunitinib
following transfection with shRNA-Nrf2. Following trans-
fection with shRNA-Nrf2, a CCK-8 assay was performed to
detect the effects of the targeted drug sunitinib at different
concentrations on the proliferation of 786-0 cells at different
time points in each group. The CCK-8 assay results (Fig. 7)
demonstrated that the cell viability significantly decreased in
the shRNA-Nrf2 group compared with the NC group under
the same concentration of sunitinib at 24 h (t-test; all P<0.05),
and similar results were additionally observed at 48 and 72 h
(t-test; all P<0.05), suggesting that sunitinib may inhibit cell
growth in a dose dependent manner. The stronger inhibitory
effect of sunitinib in the shRNA-Nrf2 group suggested that
inhibition of Nrf2 expression increased the sensitivity to the
targeted drug sunitinib. The ICs, of 786-0 cells at different
time points was calculated in each group using GraphPad

1.5+
- shRNA-Nrf2
= NC
© 1.0 -- Mock
e
g
a
O 0.5 *
*
*
0.0 T T T T
12h 24h 48h 72h
Time(h)

Figure 4. Effects of sShRNA-Nrf2 transfection on proliferation of 786-0 cells
in each group as detected by Cell Counting Kit-8. "P<0.05 vs. mock group.
shRNA-Nrf2, small hairpin RNA-nuclear factor erythroid-2 related factor 2;
NC, negative control; OD, optical density.

Prism 6.0 software. The ICs, values of sunitinib on 786-0 cells
in the NC group were all significantly increased compared
with those in the ShRNA-Nrf2 group at 24,48 and 72 h (t-test;
all P<0.05). The above results demonstrated that 786-0 cells
in the shRNA-Nrf2 group exhibited higher sensitivity to
sunitinib.

Effects of shRNA-Nrf2 transfection on the cell cycle and
apoptosis of 786-0 cells. The 1Cs, of 786-0 cells at 48 h was
5.172 pmol/l, which was an effective concentration for altering
the cell viability in the transfected cells in each group. Flow
cytometry demonstrated that the ratio of cells in the GO/G1
phase was increased in the sunitinib group; however, the ratio
of cells in the S and G2/M phases was decreased compared
with the control group (Tukey's HSD post hoc test; all P<0.05).
When compared with the sunitinib group, the ratio of cells in
the GO/G1 phase was significantly increased, whereas, the ratio
of cells in the S and G2/M phases was significantly decreased
in the ShRNA-Nrf2 + sunitinib group (Tukey's HSD post hoc
test; all P<0.05). The differences between the sunitinib group
and the NC + sunitinib group were not statistically significant
(Tukey's HSD post hoc test; P>0.05; Fig. 8A). Higher rates of
cell apoptosis were observed in the sunitinib group compared
with the control group (Tukey's HSD post hoc test; P<0.05).
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Similarly, compared with the sunitinib group, the cell apop-
tosis rate was significantly increased in the shRNA-Nrf2 +
sunitinib group (Tukey's HSD post hoc test; all P<0.05). No
significant difference in cell apoptosis was observed between
the sunitinib group and the NC + sunitinib group (Tukey's
HSD post hoc test; P>0.05; Fig. 8B).

Discussion

Nrf2 regulates and encodes antioxidant proteins through
interactions with the ARE, one of the most important endog-
enous antioxidant stress pathways identified (28,29). The ARE
regulates downstream antioxidant enzymes, including NQOI,
HO-1, superoxide dismutase (SOD), various GST isozymes,
and catalase (30). In the present study, the protein expression
levels of Nrf2, NQOI1 and HO-1 in RCC tissues were not
only markedly higher compared with adjacent non-cancerous
tissues, they were additionally associated with TNM stage,
Fuhrman classification and lymph node metastasis in RCC,
which is in agreement with the expression of Nrf2 signaling
pathway components in other carcinomas, suggesting that
Nrf2 is highly expressed in tumors (31,32). Multiple previous
studies have demonstrated the carcinogenic effects of Nrf2.

For example, Yoo et al (33) identified Nrf2 accumulation
in gastric carcinoma tissues compared with normal gastric
tissues. Additionally, in colonic carcinoma tissues, Nrf2 and
NQOI1 were upregulated (33,34). Specifically, the higher the
Nrf2 expression was, the higher the Duke stage or the worse
the prognosis was (34,35). Similarly, Nrf2 was positively
expressed in human lung carcinoma, which was associated
with worse prognosis (36). Therefore, Nrf2 and downstream
target genes may possess vital roles in the occurrence, devel-
opment and metastasis of RCC.

In the present study, it was identified that inhibition of
Nrf2 expression not only suppressed the viability, invasion and
migration of 786-0 cells; however, additionally downregulated
NQOI1, HO-1 and GST at the mRNA and protein expression
levels. Kim er al (37) observed that the loss of E-cadherin
may activate Nrf2, consequently promoting tumor growth and
metastasis. In hepatocellular carcinoma, Nrf2 is able to upregu-
late the oncogene apoptosis regulator Bcl-2, and interference
with Nrf2 expression leads to the apoptosis of cancer cells (38).
In addition, the Nrf2-mediated antioxidant effect is primarily
achieved by increasing glutathione biosynthesis and inducing
phase II detoxifying enzymes, including GST, NAD(P)H
dehydrogenase, NQOI1, SOD, HO-1 and vy-glutamylcysteine
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ligase (39,40). As one of the most important antioxidants in
cells, glutathione functions via the reductive thiol on its cysteine,
which may be reduced following oxidation (41). When cells are
exposed to carcinogenic substances or oxidative stress stimula-
tion, a carcinogen or an electrophile interacts with a cysteine
of Keapl, the negative regulator of Nrf2, which causes the
disruption of the Keapl complex (42). This leads to decreased
or even absent Keapl-dependent ubiquitination of Nrf2, release
of Nrf2 from Keapl inhibition, and the novel synthesized Nrf2
translocates to the nucleus (42). Nuclear accumulation of Nrf2
and binding to AREs in tumor cells results in increased gluta-
thione levels, leading to upregulation of associated detoxifying
enzymes and drug efflux pump genes, metabolic disorder of
tumor cells and faster proliferation (43,44), further suggesting
that Nrf2 serves as an oncogene to promote the migration and
invasion of tumor cells, possibly via an increase in the tumor
resistance to oxidative stress.

In the present study, it was additionally observed that inhi-
bition of Nrf2 expression significantly increased the sensitivity
of 786-0 cells to sunitinib at different concentrations, and
shRNA-Nrf2 arrested 786-0 cells at GO/G1 phase to promote
the apoptosis of RCC cells. Zhong et al (45) observed that
silencing Nrf2 using siRNA enhanced the sensitivity of MCF-7
breast cancer cells to doxorubicin, paclitaxel and other chemo-
therapeutic agents. Kim et al (46) identified that in lung cancer
cells, the Nrf2-HO-1 signal transduction pathway was closely
correlated with the resistance of cancer cells to cisplatin, and
inhibiting the expression or activity of HO-1 enhanced the
sensitivity of A549 cells to cisplatin. Arlt et al (47) demonstrated
that inhibition of Nrf2 activity in pancreatic cancer enhanced
the sensitivity of anticancer drugs by suppressing tumor cell
apoptosis. Therefore, inhibiting Nrf2 may be a novel and effec-
tive strategy to improve the sensitivity of cells to anticancer
drugs (48). However, Nrf2 regulates certain genes involved
in the phosphatidyl-inositol 3-kinase (PI3K)-protein kinase B
(AKT) pathway (49,50), and the PI3K-AKT pathway is able
to regulate biological processes, including cell proliferation,
differentiation and apoptosis, in addition to being involved in
oncogenesis, cancer progression and drug resistance in different
cancer types (51-53). Notably, the PI3K-AKT pathway serves a
crucial role in sunitinib resistance and is considered a potential
drug target in renal cancer and other cancer types (54,55),
suggesting that Nrf2 may contribute to sunitinib resistance by
activating the PI3K-AKT pathway.

Sunitinib, a small-molecular multi-target anticancer drug, is
able to block vascular endothelial growth factor, platelet-derived
growth factor receptor a and p, reticulocyte, c-kit and other
receptors, allowing it to serve as an anti-tumorigenic and
anti-angiogenic reagent (56,57). Yang et al (58) observed
that sunitinib enhanced the apoptosis of medulloblastoma by
inhibiting the signal transducer and activator of transcription
and PI3K-AKT signaling pathways. Furthermore, particulate
matter with an aerodynamic diameter of <2.5 ym induced
reactive oxygen species (ROS) generation, triggered the trans-
location of Nrf2 to the nucleus and increased HO-1 expression
by mediating PI3K/AKT phosphorylation in A549 cells (59).
At present, the primary mechanism of a number of anticancer
drugs to induce cell apoptosis is the generation of ROS,
suggesting that the Nrf2-ARE signaling pathway may regulate
ROS production in tumor cells or the PI3K-AKT signaling

JT et al: Nrf2-ARE SIGNALING PATHWAY IN RCC

pathway to affect the sensitivity of RCC cells to sunitinib (60), a
possibility which warrants further experimentation. One of the
limitations of the present study was the small sample, therefore
further experiments are required with a larger sample size.

In conclusion, the Nrf2-ARE signaling pathway was acti-
vated in RCC, and inhibition of Nrf2-ARE signaling enhanced
tumor resistance to oxidative stress, which not only suppressed
the proliferation and metastasis of RCC cells; however, addi-
tionally increased the sensitivity of RCC cells to the targeted
drug sunitinib. The present findings provide a theoretical basis
from which novel mechanisms of resistance to targeted drug
and novel molecular targets may be identified to enhance drug
sensitivity in patients with RCC.
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