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MicroRNA-100 Enhances Autophagy and Suppresses
Migration and Invasion of Renal Cell Carcinoma Cells via
Disruption of NOX4-Dependent mTOR Pathway

Xiumin Liu', Lili Zhong?, Ping Li® and Peng Zhao**

Renal cell carcinoma (RGC) is the most common kidney malignancy and has a poor prognosis owing to its resistance to
chemotherapy. Recently, microRNAs (miRNAs or miRs) have been shown to have a role in cancer metastasis and potential
as prognostic biomarkers in cancer. In the present study, we aim to explore the potential role of miR-100 in RCC by targeting
nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) through the mammalian target of rapamycin (mTOR) pathway.
Initially, microarray-based gene expression profiling of RCC was used to identify differentially expressed genes. Next, the ex-
pression of miR-100 and NOX4 was examined in RCC tissues and cell lines. Then, the interaction between miR-100 and NOX4
was identified using bioinformatics analysis and dual-luciferase reporter assay. Gain-of-function or loss-of-function ap-
proaches were adopted to manipulate miR-100 and NOX4 in order to explore the functional roles in RCC. The results revealed
the presence of an upregulated NOX4 and a downregulated miR-100 in both RGGC tissues and cell lines. NOX4 was verified as a
target of miR-100 in cells. In addition, overexpression of miR-100 or NOX4 silencing could increase autophagy while decreas-
ing the expression of mTOR pathway-related genes and migration and invasion. Conjointly, upregulated miR-100 can poten-
tially increase the autophagy and inhibit the invasion and migration of RCC cells by targeting NOX4 and inactivating the mTOR
pathway, which contributes to an extensive understanding of RCC and may provide novel therapeutic options for this disease.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Renal cell carcinoma (RCC) is the most common kid-
ney malignancy and has a poor prognosis owing to its
resistance to chemotherapy. Recently, microRNAs (miR-
NAs) have been shown to have a role in cancer metastasis
and potential as prognostic biomarkers in cancer. It has
been reported that RCC-associated mammalian target of
rapamycin (mTOR) and PIK3CA are genes in the mTOR
pathway, and they interact with nicotinamide adenine di-
nucleotide phosphate oxidase 4 (NOX4). Besides, mTOR
pathway activation correlates to RCC.

Renal cell carcinoma (RCC) is a cancer originating from renal
epithelium and accounts for < 90% of kidney cancers.' RCC
expands over abundant highly heterogenous malignancies
in the human kidney with about 202,000 newly diagnosed
cases and 102,000 casualties annually.2 RCC ranks as the
9th most prevalent cancers in men and the 14th most pre-
vailing malignant tumor in women.® No apparent symptoms
or any laboratory abnormalities are detectable at the very
early phase of RCC.* Several therapeutic protocols have
been developed for RCC in the clinical setting, such as

WHAT QUESTION DID THIS STUDY ADDRESS?

The study focuses on the regulatory mechanism of
miR-100 in RCC by mediating the NOX4-independent
mTOR pathway.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The miR-100 can inhibit the NOX4 gene and mTOR
pathway, thus enhancing autophagy and impeding inva-
sion and migration of RCC cells.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE?

miR-100 may be a new target to combat RCC.

targeted therapy5 and surgical resection, which presents
with an excellent long-term disease-free survival, whereas
20-50% of patients have manifested metastasis or local
recurrence after resection solemnly.6 Smoking, obesity, hy-
pertension, and diabetes mellitus have been identified as
vital risk factors for extensive recurrence after treatment in
patients with RCC.%

The aberrant expression of microRNAs (miRNAs or
miRs) can facilitate RCC growth and metastasis and can
fundamentally serve as potential biomarkers for RCC.” An
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existing study flagged the functionality of miR-100 as a vital
prognostic marker for RCC due to the strong association
of its overexpression with advanced tumor progression
and unfortunate clinical outcomes of patients with Rcc.®
Moreover, miR-100 can comprehensively inhibit cell growth
and proliferation by repressing its target gene HOXA1 in
nasopharyngeal carcinoma.® The bioinformatics prediction
website TargetScan (www.targetscan.org) revealed nicotin-
amide adenine dinucleotide phosphate oxidase 4 (NOX4)
as a direct target gene of miR-100. NOX4 is the only NOX
isoform that is apparently expressed in human primary
chondrocytes among the seven nicotinamide adenine di-
nucleotide phosphate oxidases expressed in humans.'®
NOX4 fundamentally functions as a sensor for oxygen, and
a regulator for controlling vasoconstriction, cell proliferation,
migration, and apoptosi:s,11 and loss of function of NOX4
is a precursor of tumor :’:1ggressiveness.12 NOX4 silencing
can extensively impair cell invasion, colony formation, and
growth in a murine xenograft model RCC.'® Additionally,
NOX4-induced reactive oxygen species production is par-
alleled by activation of the mammalian target of rapamycin
(mTOR) pathway, thus exacerbating colorectal cancer ma-
lignancy in a diabetic milieu.* Accumulating evidence has
demonstrated the vitality of the activated mTOR pathway
on the progression of RCC.'® Therefore, we hypothesized
the potential of miR-100 to downregulate NOX4 and conse-
quently regulate the mTOR pathway, thereby participating in
the progression of RCC. Hence, this study was planned to
confirm this hypothesis.

METHODS

Ethics statement

The study was conducted with approval of the Institutional
Review Board of the Second Hospital of Jilin University
and strict accordance with the Declaration of Helsinki. All
participants provided written informed consents before
sample collection.

Microarray-based gene expression profiling

The GSE77199 dataset was downloaded from the Gene
Expression Omnibus database in National Center for
Biotechnology Information (NCBI; http://www.ncbi.nlm.
nih.gov/geo/) and the chosen annotation platform was
GPL14550-Agilent-028004 SurePrint G3 Human GE 8x60K
Microarray (Probe Name Version). The dataset consisted of
a combination of four normal kidney endothelial samples
and four RCC endothelial samples. The Affy package of
R language was adopted for background correction, log2
conversion and standardization of the expression matrix
data,'® and the Limma package of R language was applied
in order to screen the differentially expressed genes related
to RCC with P value < 0.05 and |LogFoldChange| > 1 as the
preliminary threshold."” Gene-disease database DisGeNET
(http://www.disgenet.org/web/DisGeNET/menu/search?4)
was utilized to study the genes, and predict and verify the
molecular mechanism of human diseases,,18 which was
adopted in the current study in an attempt to retrieve RCC-
associated geneswith “renal cellcarcinoma” as the key word.
The STRING (https://string-db.org/) database contains rel-
evant information on the protein interaction relationship

Clinical and Translational Science

and protein function information'® and is often used for the
analysis to the relationship between RCC-associated dif-
ferentially expressed genes and disease genes and Kyoto
Encyclopedia of Genes and Genomes pathway enrichment
analysis. The protein-protein interaction (PPI) network was
constructed and visualized using the Cytoscape 3.6.0 soft-
ware,?? after which the key differential genes related to
RCC were confirmed. Next, the miRNAs, which potentially
regulate the differentially expressed genes, were predicted
using the microRNA (http://34.236.212.39/microrna/getGe
neForm.do), mirDIP (http://ophid.utoronto.ca/mirDIP/), and
miRSearch 3.0 (http://www.exigon.com/microrna-targe
t-prediction) and then compared by Venn online analysis
tool Calculate and draw custom Venn diagrams (http://bioin
formatics.psb.ugent.be/webtools/Venn/).

Study subjects

From a period of September 2008 to October 2016, fresh
tumor tissues and adjacent normal tissues (5 cm away from
the tumor tissues) were isolated and collected from 113 pa-
tients with RCC who underwent radical nephrectomy at the
Second Hospital of Jilin University. Among the 113 patients,
there were 78 men and 35 women aged 24-73 years with an
average age of 61 years. They were categorized into stage
I-Il (n = 67) and stage llI-IV (n = 44) in strict accordance
with the classification standard of the 2002 American Joint
Committee on Cancer tumor-nodes-metastasis (AJCC
TNM).2" The fresh pathological tissue samples of patients
were frozen using liquid nitrogen and stored at —80°C for
subsequent experiment. No patient was instilled radio-
therapy, chemotherapy, or other treatments prior to the
operation.

Hematoxylin-eosin staining

RCC and adjacent normal tissue samples were fixed
using 4% paraformaldehyde (p1110-100, Tideradar Beijing
Technology, Beijing, China) and then dissected into
4-pm sections. The sections were then subjected to he-
matoxylin-eosin (H&E) staining and observed under an
optical microscope (XSP-8CA; Shanghai Optical Instrument
Factory, Shanghai, China).

Reverse transcription quantitative polymerase chain
reaction

Total RNA was extracted from the tissues and cells using the
TRIzol reagent (16096020; Thermo Fisher Scientific, New
York, NY). The purity and concentration of the extracted
RNA were determined using an ultraviolet spectropho-
tometer (DU640; Backman, Fullerton, CA). The mRNA
was then reversely transcribed into complementary DNA
using the PrimeScript RT reagent Kit (TaKaRa Bio, Shiga,
Japan). The miRNA First Strand cDNA Synthesis (Tailing
Reaction) kit (B532451-0020; Shanghai Sangon Biotech,
Shanghai, China). The SYBR Green fluorescent dye method
was adopted for reverse transcription quantitative poly-
merase chain reaction (RT-qPCR). The primer sequences
for miR-100, NOX4, mTOR, LC3, matrix metalloproteinase
(MMP)-2, and MMP-9 are shown in Table 1, with U6% and
B-actin serving as internal references of the miRNA and
mRNA separately. The relative expression of genes was
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Table 1 Primer sequences for RT-qPCR

Genes Primer sequence (5’-3’)
miR-100 F: GCGGCAACCCGTAGATCCCAA
R: GTGCAGGGTCCGAGGT
NOX4 F: GCTGACGTTGCATGTTTCAG
R: CGGGAGGGTGGGTATCTAA
mTOR F: CGGGGTACCAGATGTGCCCATCACGTTTT
R: CCGGAATTCTGGTGTCTAGACATGGCTACACTT
S6K1 F: AGACGGGAAGCGATAAGGAAAGCA
R: TCAGCCTTAGTGTGTGCAGTGTCT
LC3 F: CATCACAGTTGGCACAAACG
R: AGTGAGGACTTTGGGTGTGG
MMP-2 F: GCTACCACCTACAACTTTGAGAA
R: TGTCATAGGATGTGCCCTGGAA
MMP-9 F: TGGGCTGCTGCTTTGCT
R: GCCTGTCGGTGAGATTGGTT
ue F: CTCGCTTCGGCAGCACA
R: AACGCTTCACGAATTTGCGT
p-actin F: AGGGGCCGGACTCGTCATACT

F: GGCGGCACCACCATGTACCCT

p-actin, beta-actin; F, forward; LC3, light chain 3; miR-100, microRNA-100;
MMP, matrix metalloproteinase; mTOR, mammalian target of rapamycin;
NOX4, nicotinamide adenine dinucleotide phosphate oxidase 4; R, reverse;
RT-gPCR, reverse transcription quantitative polymerase chain reaction;
S6K1, ribosomal protein S6 kinase beta-1.

calculated based on the 2722C' method and the formula

was as follows: AACt = ACt (RCC group) — ACt (normal
group), ACt = CT (target genes) — CT (internal references).
The aforementioned protocol was also used in the following
cell experiments.

Western blot analysis

A total of 50 mg frozen RCC and adjacent normal tissues
were supplemented with 500 pL radioimmunoprecipitation
assay lysis buffer (Pierce, Rockford, IL), and left to stand
over ice for 60 minutes. The solution was cooled down,
transferred to a 1.5 mL Eppendorf tube, and centrifuged
at 6,037.2 g and 4°C for 30 minutes, with collection of the
supernatant. The protein concentration was then detected
using a bicinchoninic acid kit (BCA1-1KT,; Sigma-Aldrich
Chemical, St. Louis, MO). The protein was then separated
by performing sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred onto membranes. A
membrane blockade was conducted using 5% skimmed
milk and subsequently probed with the following rab-
bit anti-human primary antibodies: NOX4 (ab1333083,
1: 1000; Abcam, Cambridge, UK), mTOR (ab2732, 1:
1000, Abcam), LC3 (ab48394, 1: 1000; Abcam), MMP-2
(@ab37150, 1: 1000; Abcam), MMP-9 (ab73734, 1: 1000;
Abcam), S6K1 (ab32529, 1: 5000; Abcam), and glyceral-
dehyde 3-phosphate dehydrogenase ABP57259, 1: 5000;
Abbkine Scientific, Wuhan, China) overnight at 4°C. Next,
the membrane was re-probed with the horseradish per-
oxidase-labeled secondary goat anti-rabbit antibody
(A0208; Beyotime Biotechnology, Shanghai, China) at 37°C
for 45 minutes. The immunocomplexes on the membrane
were visualized using the enhanced chemiluminescence
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reagent (ECL808-25; Biomiga, San Diego, CA) for 1 minute
with quantification of the band intensities using the Gel-Pro
Analyzer 4.0 software (Media Cybernetics, Rockville, MD).
The relative protein expression was denoted as the ratio of
the gray value of the target band to glyceraldehyde 3-phos-
phate dehydrogenase.

Dual-luciferase reporter assay

NOX4 was introduced into pMIR-reporter with the endo-
nuclease sites Spe | and Hind lll, and the complementary
sequence mutation sites of seed sequence was designed
on pNOX4-wide type (wt) to establish pNOX4-mutant (mut).
The dual-luciferase reporter plasmids NOX4 wt and NOX4
mut with the correct identification sequences were respec-
tively transfected with miR-100 mimic or negative control
(NC) mimic into the HEK-293T cells (CRL-1415; Shanghai
Xin Yu Biotech, Shanghai, China). The dual-luciferase re-
port assay kit (RG005; Beyotime Biotechnology) was used
so as to dissolve the Renilla luciferase assay buffer and
firefly luciferase detection agent separately. The Renilla lu-
ciferase served as the internal reference.

Plasmid construction

The NOX4-short hairpin RNA (shRNA) sequence (sense:
5'-CACCGCACTGTGTCGAAGAATTTACCGAAGTAA
ATTCTTCGACACAGTGC-3" anti-sense: 5-AAAAGCACT
GTGTCGAAGAATTTACTTCGGTAAATTCTTCGACACAG
TGC-3’) was designed by the online design website of the
Thermo Fisher Corporation according to the mRNA com-
plete sequences of NOX4 (NM_001291929) as reported
in GenBank and the short hairpin RNA (shRNA) design
principles. All shRNA oligonucleotides fragments were
synthesized by Shanghai Sangon Biological Engineering
Technology Service (Shanghai, China). Later, the aforemen-
tioned fragments were introduced into the carrier pSIREN
(HAB 2-9; Beijing Hua’ao Zhengsheng Technology, Beijing,
China), which had been linearized by BamHI and EcoRlI
(ER0052, ER0271; Cobioer Biosciences, Nanjing, China).
After annealing, the carrier was transfected into Escherichia
coli DH5, and the resistant colony of penbritin was cho-
sen for amplification and cultured after construction of the
recombinant vectors pSI-REN/S and pSIREN/CN. A small
number of plasmids were prepared promptly with identifi-
cation of its nucleic acid sequence, and the clone with the
correct identification sequence was chosen for subsequent
amplification and culture.

Cell culture and transfection
Human RCC cell lines ACHN, A498, CAKI-1, and 786-
0, were acquired from Cell Resource Center of Shanghai
Institutes for Biological Sciences of Chinese Academy of
Sciences. All cells were cultured using Dulbecco’s modified
Eagle’s medium (DMEM; Hyclone, Logan, UT) containing
10% fetal bovine serum in a 5% CO, incubator at 37°C. The
DMEM culture medium was supplemented with 100 U pen-
icillin and 100 mg streptomycin (Gibco, Grand Island, NY).
The ACHN and A498 cell lines were extracted and allocated
into six groups: the blank group (without any transfection),
the miR-100 mimic group (transfected with miR-100 mimic
sequences (10 pmol/L, 5 pL)), the miR-100 inhibitor group
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(transfected with miR-100 inhibitor sequences (10 pmol/L,
10 pL), GenePharma (Shanghai, China)), the NC group
(transfected with miR-100 NC sequences (10 pmol/L, 5 plL),
GenePharma (Shanghai, China)), the shRNA-NOX4 group
(transfected with shRNA-NOX4 plasmids), and the miR-100
inhibitor + shRNA-NOX4 group (transfected with miR-100
inhibitor sequences and shRNA-NOX4 plasmids). The target
sequences were purchased from Shanghai GenePharma.
Cell transfection was performed using Lipofectamine 2000
(11668019; Thermo Fisher Scientific) in compliance with
the provided instructions. The transfection sequences are
shown in Table 2.

Transwell assay

The Matrigel gel (356234; Becton, Dickinson and Company,
Franklin Lakes, NJ) and serum-free medium Roswell Park
Memorial Institute (RPMI) 1640 (Gibco) were diluted at a
ratio of 1:1, which were then added to the upper Transwell
chamber at a density of 50 pL per well at 37°C for 3 hours.
The transfected ACHN cells in each group were isolated
using 0.25% trypsin, suspended, centrifuged at 25,764 g
for 10 minutes, and later amassed. The cells were diluted to
a concentration of 3 x 10%/mL using serum-free RPMI 1640
(Gibco). In each group, 3 duplicated wells were set, and
200 pL cell suspension was added to the upper Transwell
chamber, and serum-free medium was supplemented into
the lower Transwell chamber, followed by 48-hour cul-
ture in conventional conditions. The filter membrane was
then removed and the cells failing to infiltrate the micro-
pore were wiped off with cotton swabs, after which the
remaining cells were stained with 0.1% crystal violet for
10 minutes. Next, the number of cells successfully passing
through the membrane was calculated from five randomly
selected fields under a microscope to assess the invasive
ability.

Scratch test

The transfected cells in each group were inoculated in a
6-well plate at a density of 2 x 10° cells per well. Upon
attaining 80-90% confluence of adherent cells, a 200 pL
pipette tip was used to scratch the well slightly and ver-
tically along the axis of the well. The floating cells were
rinsed twice with phosphate-buffered saline (PBS), and
the remaining cells were supplemented with serum-free
RPMI 1640 medium and incubated for 0.5-1 hour as
part of the recovery process. The cells were then pho-
tographed at 0 and 24 hours after transfection and the
Image-Pro Plus Analysis software (Media Cybernetics,
Rockville, MD) was used to measure the distance of
cell migration (cell migration distance = initial scratch
width — scratch width).

Table 2 Sequences for miR-100 mimic, miR-100 inhibitor, and miR-100 NC

Green fluorescent protein-light chain 3 method

Cell culture dishes in each group were covered using
cover glasses. Upon attaining 70% confluence, the
culture medium was removed. Then, 2 pg green flu-
orescent protein-light chain 3 (GFP-LC3) plasmids
(24920; Addgene Plasmid Bank, Watertown, MA) and
5 pL Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
were separately mixed with 100 uL serum-free DMEM,
and allowed to stand for 45 minutes, followed by incu-
bation in a 5% CO, incubator at 37°C for 8 hours, and
another 24 hours of incubation with replacement of the
original complete medium. Later, the cultured cells were
fixed using 4% poly methanol for 30 minutes and rinsed
with PBS 3 times (5 minutes each time). After being
mounted with glycerol, the cells were observed under
a fluorescence microscope. At last, the formation of
the autophagic vacuole in cells and the number of the
GFP-LC3 fluorescent spots of cells in each group was
observed and documented under multiple randomly se-
lected fields.

Monodansylcadaverine fluorescence staining method
The sterilized cover glasses (24 x 24 mm) were placed
onto the culture dishes to inoculate the cell lines in
each group, which extended on the slide and incu-
bated for 24 hours. Upon reaching 70% confluence, the
cells were supplemented with 0.05 mmol/L monodan-
sylcadaverine (Sigma-Aldrich Chemical Company),
incubated with 5% CO, under conditions devoid of light
for 20 minutes at 37°C, and rinsed with PBS 3 times
(5 minutes each time). Then, the cells were fixed using
95% alcohol for 15 minutes, rinsed with PBS 3 times
(5 minutes each time), incubated with 5 pmol/LPI for
10 minutes at room temperature, and then rinsed again
with PBS 3 times (5 minutes each time). After exposure
in a well-ventilated place, the fluorescent spots of the
cells were photographed and counted under a fluores-
cence microscope.

Statistical analysis

All experimental data were analyzed using the SPSS
21.0 statistical software (IBM, Armonk, NY). Each exper-
iment was repeated for three times independently. With
the mean values obtained, the measurement data were
expressed as mean + SD. Comparison for data between
the two groups was performed based on the t-test, and
comparison among multiple groups was conducted by
one-way analysis of variance. The numerical data were
presented as percentage, and compared by the X2 test.
A value of P < 0.05 was considered to be indicative of
statistical significance.

Item

Sequence (5-3)

miR-100 mimic
miR-100 inhibitor

miR-100 NC UUCUCCGAACGUGUCACGUTT

GGUCUUCGGTGTTTGGGCUTCTUGGCTTGUUCUCCUTUUTCUGGCGTGTTCGUUCUTUGUTUTCCUTUCUCUGUCUUTCC
CCTUUCUGUCUCUTUCCTUTUGUTUCUUGCTTGTGCGGUCTUUTUCCUCUUGTTCGGUTCTUCGGGTTTGTGGCUUCUGG

miR-100, microRNA-100; NC, negative control.
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RESULTS

Bioinformatic analysis to predict the differentially
expressed genes and their molecular interactions

in RCC

We first performed a differential gene expression analysis on
an RCC-related expression dataset GSE77199 downloaded
from the Gene Expression Omnibus (http://www.ncbi.nim.
nih.gov/geo/) with P value < 0.05 and |Log FoldChange| > 1
as the threshold. A heat map illustrating the first 10 most
differentially expressed genes is shown in Figure ai. In ad-
dition, the first 20 genes related to RCC were retrieved from
the DisGeNET database, which were subjected to a regi-
men of gene interaction analysis together with adopting the
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exceeding 10 genes for constructing a PPI network. Figure
a1 shows that NOX4 expressed to a higher extent in RCC
tissues than the healthy renal tissues, indicating a change in
NOX4 expression might influence RCC. In addition, the PPI
network showed that the differentially expressed NOX4 gene
candidly interacted with multiple RCC genes (Figure b1). In
Figure c1, RCC-associated genes mTOR and PIK3CA were
the interactive genes in the mTOR pathway responsible for
the interaction with NOX4. Activation of the mTOR path-
way is related to RCC?*?* and NOX4 activates the mTOR
pathway.?® The aforementioned results suggested that the
upregulated NOX4 activated the mTOR pathway in RCC.
A total of 49, 34, and 62 miRNAs regulating NOX4 were
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Figure 1 Bioinformatics predicates that microRNA (miR-100) regulated renal cell carcinoma (RCC) by targeting nicotinamide adenine
dinucleotide phosphate oxidase 4 (NOX4) through mammalian target of rapamycin (mTOR) pathway. (@) A heat map depicting
the first 10 differentially expressed genes in the GSE77199 dataset, in which abscissa represented sample number and ordinate
represented differentially expressed genes; the histogram at the upper right was the color gradation, and each rectangle in this
histogram corresponded to a sample expression value; red color represented normal samples, and blue represented RCC samples;
blue represented high expression, and pink represented low expression; (b) the protein-protein interaction) network of RCC-related
differentially expressed genes and RCC genes, in which red diamond represented differentially expressed genes and blue circle
represented RCC gene; (c) the enrichment of Kyoto Encyclopedia of Genes and Genomes pathway regarding the RCC-related
differentially expressed genes; (d) possible miRNAs regulating NOX4 predicted by microRNA, mirDIP, and miRSearch.
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predicted by the microRNA (http://34.236.212.39/microrna/
getGeneForm.do), mirDIP (http://ophid.utoronto.ca/mirDI
P/) and miRSearch (http://www.exigon.com/microrna-targe
t-prediction). Twenty-five miRNAs from each prediction were
selected and paralleled, after which a Venn diagram (http://
bioinformatics.psb.ugent.be/webtools/Venn/) was plotted
(Figure d1), which showed only one miRNA intersected
hsa-miR-100-5p, thereby suggesting that hsa-miR-100-5p
was capable of targeting NOX4 independently. Moreover,
existing studies have indicated that miR-100 inhibited the
mTOR pathway.?®%” Therefore, we elucidated that miR-100
affected RCC by targeting NOX4 via the mTOR pathway.

H&E staining analysis of RCC tissues

H&E staining results showed that the nucleus was profoundly
expressive with significant abnormal and disordered forms,
attenuated cytoplasm, and unapparent interstitial vessels
in the RCC tissues compared with the adjacent normal tis-
sues (Figure 2).

RCC tissues showed increased expression of NOX4,
mTOR, S6K1, MMP-2, and MMP-9 but decreased
expression of miR-100 and LC3

The results detected by means of RT-gPCR indicated that,
compared with the adjacent normal tissues, the mRNA ex-
pression of NOX4, mTOR pathway-related genes (MTOR
and S6K1), cell invasion-related, and migration-related
genes (MMP-2 and MMP-9) was significantly elevated,
whereas miR-100 expression and autophagy-related gene
(LC3) mRNA expression were significantly lessened in RCC
tissues (P < 0.05; Figure 3).

RCC tissues had significantly elevated protein
expression of NOX4, mTOR, p-mTOR, S6K1 and
p-S6K1, MMP-2, and MMP-9, whereas lowered LC3-I1l/
LC3-I expression

The results from Western blot analysis showed that the pro-
tein expression of NOX4, mTOR pathway-related (mTOR,
p-mTOR, S6K1, and p-S6K1), cell invasion-related and mi-
gration-related genes (MMP-2 and MMP-9) was notably
higher, whereas that of autophagy-related genes (ratio be-
tween LC3-Il and LC3-I) was lower in RCC tissues than the
adjacent normal tissues (P < 0.05; Figure 4).

Adjacent tissues
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2 34
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Figure 3 Renal cell carcinoma (RCC) tissues revealed higher
mRNA expression of nicotinamide adenine dinucleotide
phosphate oxidase 4 (NOX4), mammalian target of rapamycin
(mTOR), S6K1, matrix metalloproteinase (MMP)-2, and MMP-9,
yet lower microRNA (miR)-100 and light chain 3 (LC3) expression.
P < 0.05 compared to the adjacent normal tissues.

miR-100 negatively targeted NOX4

NOX4 was verified as a target gene of miR-100 according
to the online prediction website Target Scan (Figure a5).
Results of the dual-luciferase reporter assay (Figure b5)
showed that compared with the NC group, the luciferase
signal of NOX4-wt was decreased (P < 0.05), whereas that
of the luciferase signal of NOX4-mut exhibited no evident
differences (P > 0.05) in cells transfected with the miR-100
mimic. These findings indicated that miR-100 could pre-
cisely bind with the NOX4 gene and subsequently inhibit its
expression (P < 0.05).

NOX4 expressed the highest in ACHN and 786-0 cell
lines

The expression of NOX4 was quantified in five RCC cell
lines (ACHN, A498, CAKI-2, 786-0, and CAKI-1). The results
showed that the expression of NOX4 in the A498, CAKI-
2, and CAKI-1 cell lines was significantly lower compared
with the ACHN and 786-0 cell lines (P < 0.05; Figure S1).
Therefore, the ACHN and 786-0 cell lines were chosen for
subsequent experimentation.

RCC tissues

Figure 2 Pathological features of renal cell carcinoma (RCC) tissues and adjacent normal tissues examined by hematoxylin-eosin
staining under an optical microscope (400x). The images represented the hematoxylin-eosin staining analysis of RCC tissues and

adjacent normal tissues.
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Figure 4 Increased protein expression of nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4), mammalian target of
rapamycin (MTOR), S6K1, matrix metalloproteinase (MMP)-2, and MMP-9, as well as extent of mTOR and S6K1 phosphorylation, yet
decreased light chain 3 (LC3)-1I/LC3-lin renal cell carcinoma (RCC) tissues. (a) Grey value analysis of NOX4, mTOR, S6K1, MMP-2, MMP-
9, extent of MTOR and S6K1 phosphorylation, and LC3-1I/LC3-I detected by Western blot analysis; (b, c) relative protein expression of
NOX4, mTOR, S6K1, MMP-2, MMP-9, and LC3-1I/LC3-I, as well as the extent of mTOR and S6K1 phosphorylation detected by Western
blot analysis; ‘P <0.05 compared to the adjacent normal tissues. GADPH, glyceraldehyde 3-phosphate dehydrogenase.

miR-100 overexpression downregulated NOX4 and
inhibited the mTOR pathway

After transfection, RT-gPCR and Western blot analysis were
conducted for detection of the relative expression, the re-
sults of which indicated that the ACHN and 786-0 cell lines
had the same tendency. As shown by Figures S2 and S3,
no statistical difference was observed in the miR-100 ex-
pression, mMRNA, and protein expression of NOX4, mTOR,
S6K1, LC3, LC3-1I/LC3-1, MMP-2, and MMP-9, as well as
the extent of mMTOR and S6K1 phosphorylation between the
blank group and the NC group (P > 0.05). In comparison to
the blank and NC groups, the miR-100 mimic group pre-
sented with lower mRNA and protein expression of NOX4,
mTOR, S6K1, MMP-2, and MMP-9, as well as lower extent of
mTOR and S6K1 phosphorylation but higher expression of
miR-100, LC3, and LC3-IlI/LC3-I (P < 0.05). The expression
of miR-100, LC3, and LC3-II/LC3-I was lowered, whereas
the expression of NOX4, mTOR, SK61, MMP-2, and MMP-
9, and the extent of mTOR and S6K1 phosphorylation were

_
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upregulated in the miR-100 inhibitor group in comparison
to the blank and NC groups (all P < 0.05). No significant
different miR-100 expression (P > 0.05) was evident in the
shRNA-NOX4 group, with lower mRNA and protein expres-
sion of NOX4, mTOR, S6K1, MMP-2, and MMP-9, as well as
lower extent of MTOR and S6K1 phosphorylation but higher
expression of LC3 and LC3-II/LC3-I in relation to the blank
and NC groups (P < 0.05). The miR-100 inhibitor + shR-
NA-NOX4 group exhibited lower expression of miR-100
(P < 0.05) and insignificantly different expression of NOX4,
mTOR, S6K1, LC3, MMP-2, MMP-9, and extent of mTOR
and S6K1 phosphorylation in comparison with the blank
and NC groups (P > 0.05).

miR-100 inhibited the invasion and migration of RCC
cells by downregulating NOX4

Transwell assay (Figure S4) and scratch test (Figure S5) re-
sults showed that the invasive and migration abilities of ACHN
and 786-0 cells were not substantially different between the

Predicted consequential pairing of target region (top)

and miRNA (bottom)

...AAGACUCUGUAUUGAUACGGGUA...

FEEET
GUGUUCAAGCCUAGAUCCCAA

@8 NC mimic

mR-100 mimic

pNOX4-mut

Figure 5 Nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) was a target gene of microRNA (miR)-100. (a) The predicted
binding sites between miR-100 and NOX4 3’ untranslated region (UTR); (b) the binding of miR-100 to NOX4 examined by dual-luciferase
reporter assay; 'P<0.05 compared to the negative control (NC) mimic group. mut, mutant; wt, wide type.
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blank group and the NC group (P > 0.05). In comparison
with the NC and blank groups, the miR-100 inhibitor + shR-
NA-NOX4 group also showed no obvious difference regarding
the invasive and migration abilities of the ACHN and 786-0
cells (P > 0.05). However, the invasive and migration abilities
of ACHN and 786-0 cells were significantly elevated in the
miR-100 inhibitor group and markedly lowered in the shR-
NA-NOX4 and miR-100 mimic groups compared with the NC
and blank groups (all P < 0.05). The collected data demon-
strated that impelled miR-100 could impair the invasion and
migration of RCC cells by downregulating NOX4.

miR-100 promoted the autophagy of RCC cells by
repressing NOX4

We adopted the GFP-LC3 and monodansylcadaverine
procedures to detect the autophagy of ACHN and 786-0
cells. Under a fluorescence microscope, a fluorescent spot
represented the autophagosome, with the increased flu-
orescent spot denoting enhanced autophagic ability. As
shown in Figure S6, no significant changes were observed
in the autophagic ability of cells between the NC group and
the blank group (P > 0.05). No evident alterations in the au-
tophagic ability of cells were detected among the miR-100
inhibitor + shRNA-NOX4, NC, and blank groups (P > 0.05).
In comparison to the NC and blank groups, the autophagic
ability of cells was significantly increased in the miR-100
mimic and shRNA-NOX4 groups, whereas the ability was
notably decreased in the miR-100 inhibitor group (P < 0.05).
The aforementioned data exhibited that miR-100 acceler-
ated autophagy of RCC cells via suppression of NOX4.

DISCUSSION

The application of miRNAs as potential biomarkers and
therapy targets has undergone extensive investigation in
several kinds of cancers.?® In this study, we elucidated the
capability of miR-100 to inhibit the growth of RCC cells by
suppression of the mTOR pathway via targeting NOX4.

Our study showed low expression of miR-100 and high
expression of NOX4 and mTOR in both RCC tissues and
cell lines. A reduced miR-100 expression is characteristic of
several cancers. Specifically, miR-100 was evidently down-
regulated in human hepatocellular carcinoma tissues.?
Moreover, in consistency with our study, Wang et al. also
demonstrated an overexpressed miR-100 in RCC.% Several
miRNAs can modulate gene expression post-transcriptionally
via association with the 3'UTR of specific target mMRNAs.*? In
the present study, NOX4 was ascertained as a target gene of
miR-100, which could essentially be negatively regulated by
miR-100. An existing study demonstrated that NOX4 upreg-
ulation is a vital contributor for diabetic nephropathy and can
also contribute to tumor cells’ progression and metastasis.?’
In accordance with our findings, NOX4 was confirmed as a
potential miR-100 target at 3'UTR.*

miR-100 has been identified to function as an inhibitor of
proliferation, motility, tumorigenicity, and invasiveness of di-
verse tumor cells through direct targeting of distinct genes.33
The findings from the present study revealed the inhibitory
properties of miR-100 overexpression in suppressing the
invasion and migration ability of RCC cells along with the
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catalytic role in stimulating autophagy by blockage of the
mTOR pathway via suppression of NOX4. Similarly, an exist-
ing study substantiated the ability of miR-100 overexpression
to suppress cell proliferation, invasion, and migration in osteo-
sarcoma by specifically targeting insulin-like growth factor 1
receptor.34 Additionally, a study documented the overexpres-
sion of miR-100 to fundamentally suppress the migration and
invasion of breast cancer cells by explicitly targeting FZD-8.%°
Autophagy has been involved in physiological processes as
cell development and differentiation in various human dis-
eases, and its effect on tumorigenesis might be inconclusive.®®
Moreover, miR-100 stimulates endothelial autophagy in vitro
and in vivo and consequently suppresses chronic vascular in-
flammation.®” NOX4 also serves as a functional regulator in
autophagy due to its intracellular localization and its ability
to produce hydrogen peroxide intrinsically.38 NOX4 inhibitors
can comprehensively impede activation of the mTOR path-
way.39 The involvement of the mTOR pathway is evident in the
pathogenesis of multiple kinds of cancers, including RCC.*°
Specifically, mTOR inhibitors have been extensively adopted
as first-line and second-line treatments for RCC.*' Additionally,
the suppressive effect of overexpressed miR-100 on mTOR
pathway has been previously documented.*? Besides, miR-
100 has been demonstrated to function as a growth-inhibiting
miRNA in several cancers, such as human bladder cancer and
osteosarcoma under partial suppression of the mTOR path-
way.264344 On the basis of the aforementioned literature, we
can speculate the ability of miR-100 to retard RCC progres-
sion via NOX4-dependent mTOR pathway inactivation.

In conclusion, the present study provides evidence
supporting the potential of miR-100 to trigger autophagy
and curtail the invasion and migration of RCC cells by
inhibiting the mTOR pathway through downregulation of
NOX4 (Figure S7). These findings are expected to provide
new treatment targets for the development of efficacious
RCC treatment protocols. However, the molecular mech-
anism of miR-100 in RCC still requires further elucidation
in a more comprehensive manner with in vivo experimen-
tation in the future.

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website (www.
cts-journal.com).
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