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Abstract. Sunitinib is the most common primary
molecular-targeted agent for metastatic clear cell renal cell
carcinoma (ccRCC); however, intrinsic or acquired sunitinib
resistance has become a significant problem in medical practice.
The present study focused on microRNA (miR)-99a-3p, which
was significantly downregulated in clinical sunitinib-resistant
ccRCC tissues in previous screening analyses, and investigated
the molecular network associated with it. The expression levels
of miR-99a-3p and its candidate target genes were evaluated in
RCC cells, including previously established sunitinib-resistant
786-0 (SU-R-786-0) cells, and clinical ccRCC tissues, using
reverse transcription-quantitative polymerase chain reaction.
Gain-of-function studies demonstrated that miR-99a-3p
significantly suppressed cell proliferation and colony
formation in RCC cells, including the SU-R-786-0 cells, by
inducing apoptosis. Based on in silico analyses and RNA
sequencing data, followed by luciferase reporter assays,
ribonucleotide reductase regulatory subunit-M?2 (RRM?2) was
identified as a direct target of miR-99a-3p in the SU-R-786-0
cells. Loss-of-function studies using small interfering
RNA against RRM2 revealed that cell proliferation and
colony growth were significantly inhibited via induction of
apoptosis, particularly in the SU-R-786-o0 cells. Furthermore,
the RRM2 inhibitor Didox (3,4-dihydroxybenzohydroxamic
acid) exhibited anticancer effects in the SU-R-786-0 cells
and other RCC cells. To the best of our knowledge, this is the
first report demonstrating that miR-99a-3p directly regulates
RRM?2. Identifying novel genes targeted by tumor-suppressive
miR-99a-3p in sunitinib-resistant RCC cells may improve our
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understanding of intrinsic or acquired resistance and facilitate
the development of novel therapeutic strategies.

Introduction

Clear cell renal cell carcinoma (ccRCC) is the most common
histological subtype of RCC, accounting for >70% of RCC (1).
At the time of diagnosis, ~30% of patients have metastatic
disease (2). Although surgical resection can effectively
resolve ccRCC, 20-40% of patients continue to develop local
recurrence or distinct metastasis following surgery (3,4).
Molecular-targeted agents repressing the vascular endothelial
growth factor (VEGF) or mammalian target of rapamycin
(mTOR) genes have been routinely administered to patients
with metastatic or recurrent RCC. Among these drugs,
sunitinib is a common molecular-targeted agent that is
recommended as a first-line therapy for patients with advanced
RCC. Unfortunately, most patients treated with these drugs
eventually suffer from progressive disease due to intrinsic or
acquired resistance (5).

Inaprevious study, metabolic reprogramming was observed
in sunitinib-resistant RCC cells, resulting in the acquisition
of sunitinib resistance (6). In recent years, novel drugs have
been developed as second-line treatments for advanced
RCC. Nivolumab is an IgG4 antibody that causes immune
checkpoint blockade by decreasing inhibitory signaling via
the programmed death ligand-1 pathway (7). Nivolumab
increases the overall survival (OS) time and is associated with
decreased toxicity in comparison with everolimus according
to the CheckMate 025 study (8). However, due to the high cost
of nivolumab, it is necessary to define its usefulness from the
viewpoint of efficacy as well as cost (9). Indeed, the phase 3
CheckMate 025 study demonstrated longer OS times with
nivolumab compared with everolimus, but not significantly so.
Additionally, the objective response rate of nivolumab-treated
patients was only 25% (8). Therefore, it is necessary to identify
novel therapeutic modalities to defeat sunitinib resistance.

MicroRNAs (miRNAs/miRs) are a class of small
noncoding RNAs (~22 nucleotides) that have roles in the
inhibition or degradation of target RNA transcripts in a
sequence-dependent manner (10). Numerous miRNAs
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have tissue-specific expression (11), and >2,000 different
miRNAs have been identified in humans (12). miRNAs are
abnormally expressed in several human cancer types, and
certain miRNAs are frequently downregulated in numerous
types of cancer (13-15), suggesting that they function as tumor
suppressors by targeting multiple oncogenes. Several studies
have demonstrated that modulating miRNA expression
levels can increase the efficacy of chemotherapy (16,17).
Furthermore, silencing multiple genes using a single miRNA
can simultaneously control several signaling pathways and
minimize compensatory mechanisms that cause therapeutic
resistance (18). miRNAs have also been reported to be
associated with sunitinib resistance. For example, miR-144-3p
mediates sunitinib resistance by targeting the AT-rich
interactive domain 1A gene in ccRCC (19). Therefore, miRNAs
may represent promising candidates for the treatment of RCC
in patients with intrinsic or acquired resistance to sunitinib.

Accordingly, the aim of the present study was to
investigate the functional importance of miR-99a-3p and
to discover the molecular targets that are regulated by this
miRNA in sunitinib-resistant RCC. Gain-of-function studies
were performed in miR-99a-3p transfectants and novel
miR-99a-3p-mediated molecular targets and pathways were
investigated through in silico analysis and RNA sequencing.
The discovery that miR-99a-3p regulates targets and pathways
may provide novel insights into the mechanisms of intrinsic or
acquired resistance to sunitinib.

Materials and methods

Clinical tissues and human RCC cell lines. ccRCC and normal
adjacent kidney tissues were collected from 40 patients who
sequentially underwent radical or partial nephrectomy at
Kagoshima University Hospital (Kagoshima, Japan) between
2005 and 2010 (Table I). The stage and grade of the samples
were determined according to the American Joint Committee
on Cancer/International Union Against Cancer classification
and histologically graded (20) at the Department of Veterinary
Histopathology of Kagoshima University. The samples were
kept in RNAlater™ (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) at -20°C until RNA extraction. The present study
was approved by the Bioethics Committee of Kagoshima
University, and written informed consent and was obtained
from all patients.

Human RCC cells (786-0, A498, ACHN, Cakil, and
Caki2 cells) were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). The
sunitinib-resistant 786-o (SU-R-786-0) cell line was previously
established by administration of sunitinib to mice (6).

Cell culture and RNA extraction. Cells were cultured in
RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific,
Inc.) with 10% fetal bovine serum and kept in a humidified
incubator (5% CO,) at 37°C. Routine tests for mycoplasma
infection were negative. Total RNA, including the miRNA and
the mRNA fractions, was extracted using a mir-Vana miRNA
Isolation kit (Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. The quality of the RNA was tested
using an RNA 6000 Nano assay kit and a 2100 Bioanalyzer
(both Agilent Technologies, Inc., Santa Clara, CA, USA).
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Table I. Patient characteristics (n=40).

Characteristic Value
Median age (range), years 66.5 (41-89)
Sex, n (%)
Male 28 (70.0)
Female 12 (30.0)
Pathological tumor stage®, n (%)
pTla 20 (50.0)
pT1b 13 (32.5)
pT2 0(0.0)
pT3a 4(10.0)
pT3b 3(7.5)
pT4 0(0.0)
Tumor grade®, n (%)
Gl 3(7.5)
G2 30 (75.0)
G3 6 (15.0)
N/A 1(2.5)
Metastasis®, n (%)
MO 36 (90.0)
M1 2(5.0)
N/A 2(5.0)
Venous invasion®, n (%)
v 25 (62.5)
v0 15(37.5)

“The stage and grade of the samples were determined according to the
American Joint Committee on Cancer/International Union Against
Cancer classification (17).

Human kidney total RNA (cat. no. AM7976; Thermo Fisher
Scientific, Inc.) was used as normal kidney control RNA.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Stem-loop RT-qPCR (TagMan MicroRNA
Assays; Assay ID: 002141 for miR-99a-3p; Applied
Biosystems; Thermo Fisher Scientific, Inc.) was employed
to quantify miRNA following the manufacturer's protocol.
Human RNU48 (P/N: 001006; Applied Biosystems; Thermo
Fisher Scientific, Inc.) was used as an internal control, and the
2444 method was used to calculate the relative changes (21).
For ribonucleotide reductase regulatory subunit-M2 (RRM?2),
SYBR-Green qPCR was performed, and the primer sequences
are listed in Table II. Briefly, 500 ng total RNA was reverse
transcribed into cDNA using the High Capacity cDNA
Reverse Transcription kit (Thermo Fisher Scientific, Inc.)
under the incubation conditions of 25°C for 10 min, 37°C for
120 min and 85°C for 5 min. gPCR was performed using a
Power SYBR Green Master Mix (cat. no. 4367659) on a 7300
Real-time PCR System (both Applied Biosystems; Thermo
Fisher Scientific, Inc.). The thermocycling protocol used was
as follows: Initial activation step at 95°C for 10 min, followed
by 40 cycles of a denaturation step at 95°C for 15 sec and an
annealing/extension step at 60°C for 1 min. The amplification
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Table II. Sequences of the primers used in the present study.

Gene Forward (3'-5") Reverse (3'-5")

GUSB CGTCCCACCTAGAATCTGCT TTGCTCACAAAGGTCACAGG
RRM?2 CACGGAGCCGAAAACTAAAGC TCTGCCTTCTTATACATCTGCCA
MKI67 ACGCCTGGTTACTATCAAAAGG CAGACCCATTTACTTGTGTTGGA
PPP6RI TGACCTGCACACAAGCTCG GGTTGACGACCTTGCACTC
PLXNAI ACCCACCTAGTGGTGCACTC CGGTTAGCGGCATAGTCCA

GUSB, glucuronidase §; RRM2, ribonucleotide reductase regulatory subunit-M2; MKI67, proliferation marker Ki-67; PPP6R1, serine/threo-

nine-protein phosphatase 6 regulatory subunit 1; PLXNAT, plexin-Al.

Table III. Sequences of the miRNA mimics used in the present study.

miRNA Mature accession no.? Sequence (5'-3")

let-7¢c-5p MIMAT0000064 UGAGGUAGUAGGUUGUAUGGUU
miR-1-3p MIMATO0000416 UGGAAUGUAAAGAAGUAUGUAU
miR-135-5p MIMATO0000428 UAUGGCUUUUUAUUCCUAUGUGA
miR-144-3p MIMATO0000436 UACAGUAUAGAUGAUGUACU
miR-204-5p MIMAT0000265 UUCCCUUUGUCAUCCUAUGCCU
miR-23b-3p MIMATO0000418 AUCACAUUGCCAGGGAUUACCAC
miR-26b-5p MIMAT0000083 UUCAAGUAAUUCAGGAUAGGU
miR-27b-3p MIMATO0000419 UUCACAGUGGCUAAGUUCUGC
miR-29b-3p MIMATO0000100 UAGCACCAUUUGAAAUCAGUGUU
miR-29¢-3p MIMATO0000681 UAGCACCAUUUGAAAUCGGUUA
miR-30a-5p MIMATO0000087 UGUAAACAUCCUCGACUGGAAG
miR-31-3p MIMAT0004504 UGCUAUGCCAACAUAUUGCCAU
miR-429 MIMAT0001536 UAAUACUGUCUGGUAAAACCGU
miR-766-3p MIMATO0003888 ACUCCAGCCCCACAGCCUCAGC
miR-99a-3p MIMAT0024017 ACCCACCTAGTGGTGCACTC

“From the miRbase database (http://www.mirbase.org/) (12). miRNA/miR, microRNA.

specificity was confirmed by monitoring the dissociation
curve of the amplified product. All expression data were
normalized to the glucuronidase f§ gene, and the 2224 method
was employed to calculate the relative changes.

Transfection with miRNA mimic and small interfering (si)RNA
into RCC and SU-R-786-o0 cells. As described previously (22),
ACHN, 786-0 and SU-R-786-0 cells were transfected using
Lipofectamine™ RNAiMAX transfection reagent and
Opti-MEM (both Thermo Fisher Scientific, Inc.) containing
10 nM mature miRNA or RRM2 siRNA. Mature miRNAs
and pre-miR miRNA precursors (hsa-miR-99a-3p; product
ID, PM12983; negative control miRNA product ID, AM17111)
were employed for the gain-of-function experiments, whereas
RRM2 siRNA (product ID, HSS109390 and HSS109392) and
negative control siRNA (product ID, D-001810-10) (all Thermo
Fisher Scientific, Inc.) were employed for the loss-of-function
experiments. The sequences of all miRNA mimics and siRNAs
are listed in Tables III and IV. Different negative controls
(miRNA/siRNA) were used for each cancer cell line to prevent

off-target effects. The optimization of the transfection efficacy
of the microRNA precursors in the RCC cell lines was based
on the downregulation of PTK9 mRNA by over-expression of
miR-1, as recommended by the manufacturer (Thermo Fisher
Scientific, Inc.). The transfection efficiency of all miRNA
mimics was evaluated accordingly. In order to establish the
RRM2 siRNA transfection efficacy, RT-qPCR and western
blot analyses were performed to confirm the downregulation
of RRM?2 mRNA and protein levels.

Cell proliferation, colony formation, apoptosis and cell
cycle assays, and determination of half maximal inhibitory
concentration (ICs,) values. To investigate the functional
importance of miR-99a-3p and RRM?2, cell proliferation,
colony formation and apoptosis assays were performed
using ACHN, 786-o0, and SU-R-786-0 cells. Didox
(3,4-dihydroxybenzohydroxamic acid; Cayman Chemical
Company, Ann Arbor, MI, USA) was used as an RRM2
inhibitor. The cell proliferation was examined 72 h after
transfection using XTT assays (Roche Applied Science,
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Table I'V. Sequences of the siRNAs used in the present study.
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siRNA Cat. no. Directionality Sequence (5'-3")

si-RRM2_1 10620318 Sense GCCUGAUGUUCAAACACCUGGUACA
10620319 Antisense UGUACCAGGUGUUUGAACAUCAGGC

si-RRM2_2 10620318 Sense ACCAUGAUAUCUGGCAGAUGUAUAA
10620319 Antisense UUAUACAUCUGCCAGAUAUCAUGGU

siRNA, small interfering RNA.

Penzberg, Germany), according to the manufacturer's
instructions. For the colony formation assays, 1,000 cells were
plated into 10-cm dishes following transfection for 10 days to
confirm optimal colony formation, followed by staining with
0.04% crystal violet (Nacalai Tesque, Inc., Kyoto, Japan) at
room temperature for 10 min. The cell cycle and apoptosis
assays were performed by flow cytometry (CytoFLEX
Analyzer; Beckman Coulter, Inc., Brea, CA, USA) using
a Cycletest PLUS DNA Reagent kit and FITC Annexin V
Apoptosis Detection kit (both BD Biosciences, San Jose,
CA, USA), respectively, following the manufacturer's
protocols (23). Cell viability was assessed using an XTT
cell proliferation assay kit. The ICs, values of sunitinib were
assessed in accordance with the relative survival curve.

Plasmid construction and dual-luciferase reporter assay.
Partial wild-type sequences of the 3'-untranslated region
(UTR) of RRM2 or those with a deleted miR-99a-3p target
site were inserted between the Xhol and Pmel restriction
sites in the 3'-UTR of the hRluc gene in a psiCHECK-2
vector (C8021; Promega Corporation, Madison, WI, USA).
ACHN, 786-0, and SU-R-786-0 cells were transfected
with 50 ng vector and 10 nM miR-99a-3p. The activities of
firefly and Renilla luciferases in cell lysates were recorded.
The procedure for the dual-luciferase reporter assays was
described previously (24).

Western blotting. The cells were harvested 72 h after
transfection and total protein lysate was prepared with a
radioimmunoprecipitation assay buffer (Thermo Fisher
Scientific, Inc.) containing a protease inhibitor cocktail
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). The
protein concentrations were determined using the Bradford
assay (25). Protein lysates (50 pg) were separated on NuPAGE
4-12% Bis-tris gels (Invitrogen; Thermo Fisher Scientific,
Inc.) and transferred to polyvinylidene difluoride membranes.
Immunoblotting was performed with diluted rabbit
polyclonal anti-RRM?2 antibodies (1:500; cat. no. 11661-1-AP;
Proteintech Group, Inc., Chicago, IL, USA), rabbit polyclonal
anti-poly(ADP-ribose) polymerase (PARP) antibodies
(1:500; cat. no. 9542), rabbit monoclonal anti-cleaved PARP
antibodies (1:500; cat. no. 5625) (both Cell Signaling
Technology, Inc., Danvers, MA, USA), and rabbit polyclonal
anti-B-actin antibodies (1:5,000; cat. no. bs-0061R; Bioss,
Beijing, China). Specific complexes were visualized using an
echochemiluminescence detection system (GE Healthcare Life
Sciences, Little Chalfont, UK) as described previously (26).

Insilicoanalysis foridentifying genesregulated by miR-99a-3p.
In silico analysis was used to identify genes targeted by
miR-99a-3p. To obtain candidate target genes regulated by
miR-99a-3p, TargetScan database Release 7.1 (http:/www.
targetscan.org) was used. Additionally, the Gene Expression
Omnibus (GEO) database (accession nos. GSE36895 and
GSE22541; https://www.ncbi.nlm.nih.gov/geo/) was employed
to identify upregulated genes in ccRCC tissues.

Bioinformatics analysis. In order to evaluate the clinical
relevance, The Cancer Genome Atlas (TCGA) cohort database
of 534 patients with ccRCC was used. Full sequencing and
clinical information were obtained through University
of California Santa Cruz Xena (http://xena.ucsc.edu/),
cBioPortal for Cancer Genomics (http://www.cbioportal.
org/public-portal/), and TCGA (https://tcga-data.nci.nih.
gov/tcga/). The present study met the criteria for the publication
guidelines provided by TCGA (http://cancergenome.nih.
gov/publications/publicationguidelines).

Statistical analysis. The statistical comparisons between two
or three variables and numerical values were analyzed by
Mann-Whitney U tests and Bonferroni-adjusted Mann-Whitney
U tests, respectively. All experiments were performed in
triplicate. Spearman's rank tests were used to evaluate the
correlation between the expression of miR-99a-3p and RRM2.
Kaplan-Meier and log-rank methods were used to analyze the
associations between miR-99a-3p and candidate target genes,
including RRM2, and OS time by using the OncoLnc dataset
(http://www.oncolnc.org/), which contains survival data for
8,647 patients from 21 cancer studies performed by TCGA.
OncoLnc is a useful tool for exploring survival correlations,
and for downloading clinical data coupled to expression data
for mRNAs, miRNAs or long noncoding RNAs as previ-
ously described (27). All analyses were performed on Expert
StatView software version 5.0 (SAS Institute, Inc., Cary, NC,
USA). P<0.05 was considered to indicate statistically signifi-
cant differences.

Results

Identification of miRNAs that exhibit decreased expression in
sunitinib-resistant RCC. Initially, 15 miRNAs that exhibited
decreased expression and had not been previously analyzed in
sunitinib-resistant RCC were selected (28-31) (Table IIT). XTT
assays were performed using 786-o and SU-R-786-0 cells
transfected with these 15 miRNAs in order to select candidate
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Figure 1. Clinical significance and expression levels of miR-99a-3p in RCC. (A) Cell proliferation was examined by XTT assays 72 h after transfection with
10 nM miRNAs in 786-0 and SU-R-786-0 cells in order to select candidate miRNAs. Significant cell proliferation inhibition was observed in the two cell
types transfected with the following miRNAs: miR-1-3p, miR-29¢-3p, miR-429, miR-766-3p and miR-99a-3p. "P<0.0001 versus miR-control. (B) Analysis of a
ccRCC cohort from TCGA in OncoLnc revealed longer OS times in the patients with high miR-99a-3p expression (n=253) in comparison with those with low
expression (n=253), but the difference was not statistically significant (P=0.0546). (C) The expression levels of miR-99a-3p were significantly lower in 4 RCC
cell lines (786-0, ACHN, Cakil and Caki2) and in SU-R-786-0 cells than those in normal kidney cells. The expression levels of miR-99a-3p in SU-R-786-0
cells were lower than those in 786-0 cells. "P<0.0001 vs. normal; ““P<0.05 vs. 786-0. (D) The miR-99a-3p levels were lower in clinical ccRCC tissues (n=40)
compared with their adjacent noncancerous tissues (n=40) (P=0.0297). (E) In a dataset obtained from TCGA, miR-99a-3p expression was significantly
downregulated in ccRCC samples (n=232) compared with that in normal samples (n=70) (P<0.001). RCC, renal cell carcinoma; ccRCC, clear cell RCC; miR/

miRNA, microRNA; TCGA, The Cancer Genome Atlas.

miRNAs (Fig. 1A). The results revealed that 5 miRNA
transfectants (miR-1-3p, miR-29¢c-3p, miR-429, miR-766-3p
and miR-99a-3p) inhibited cell proliferation in comparison
with miR-control. Additionally, among these 5 miRNAs, the
OncoLnc analysis revealed a trend towards longer OS times in
the patients with high miR-99a-3p expression (n=253) compared
with those in the patients with low expression (n=253) in the
TCGA ccRCC cohort, but this was not statistically significant
(P=0.0546; Fig. 1B). Therefore, miR-99a-3p was chosen for
further analyses.

miR-99a-3p expression in RCC cell lines, SU-R-786-0
cells, and ccRCC clinical tissues. The expression levels of
miR-99a-3p were examined in clinical ccRCC tissues (n=40),
their adjacent noncancerous tissues (n=40), RCC cell lines and
SU-R-786-0 cells by RT-qPCR. The miR-99a-3p levels of were
significantly lower in four of the RCC cell lines (786-0, ACHN,
Cakil and Caki2) and in SU-R-786-0 cells than in normal
kidney cells (P<0.0001; Fig. 1C). Notably, the expression levels
in the SU-R-786-0 cells were lower than those in the parental
786-0 cells (P=0.0495). Furthermore, miR-99a-3p revealed
lower expression in the clinical ccRCC specimens compared
with their adjacent noncancerous tissues (P=0.0297; Fig. 1D).
The clinicopathological information of the patients is listed
in Table I. No significant associations were observed between
any of the clinicopathological parameters and miR-99a-3p
expression in this cohort (data not shown). In addition, within
the ccRCC dataset from TCGA, the expression level of

miR-99a-3p was significantly downregulated in patients with
ccRCC (n=232) compared with that in healthy patients (n=70;
P<0.0001; Fig. 1E). These data imply that miR-99a-3p may be
a potential therapeutic target in RCC and sunitinib-resistant
RCC cells.

Effects of restoringmiR-99a-3p expressiononcell proliferation,
apoptosis, cell cycle and colony formation in RCC cell lines
and SU-R-786-o0 cells. In order to investigate the functional
roles of miR-99a-3p, gain-of-function studies were performed
using miRNA-transfected ACHN, 786-0 and SU-R-786-0
cells. Using XTT assays, miR-99a-3p overexpression was
revealed to significantly suppress cell proliferation in
comparison with the mock or miR-control transfectants
(P<0.0001; Fig. 2A). As miR-99a-3p transfection significantly
inhibited cell proliferation in SU-R-786-0 and other RCC
cells, it was hypothesized that this miRNA may induce cell
apoptosis. Hence, flow cytometric analyses were performed to
count the number of apoptotic cells following the restoration
of miR-99a-3p expression. The number of apoptotic cells
(apoptotic and early apoptotic cells) was significantly higher
in miR-99a-3p-transfected SU-R-786-0 cells than in the mock
or miR-control transfectants (P<0.0001; Fig. 2B). Similarly,
in the ACHN and 786-0O cells, the miR-99a-3p transfectants
exhibited increased apoptosis in comparison with the controls
(P<0.0001; Fig. 2B). Western blot analyses demonstrated that
the expression of cleaved PARP was markedly increased
in the miR-99a-3p transfectants compared with that in the
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Figure 2. Functional analysis of miR-99a-3p. (A) Cell proliferation was examined by XTT assays 72 h after transfection with 10 nM miR-99a-3p. "P<0.0001.
(B) Apoptosis assays were performed using flow cytometry. Early apoptotic cells are plotted in the R4 quadrant and apoptotic cells are plotted in the R2 quadrant
(right panel). The normalized ratios of apoptotic cells are plotted in the histogram (left panel). "P<0.0001. (C) Western blot analysis of apoptotic marker cleaved
PARP in ACHN, 786-0 and SU-R-786-0 cells. B-actin was employed as a loading control. (D) Colony formation was inhibited in the cells transfected with
miR-99a-3p compared with that in the mock or miR-control groups. ‘P<0.0001. (E) Cell viability following treatment with increasing sunitinib concentrations
(0.6, 1.3,2.5 and 5.0 uM) was measured using the XTT assay. Sunitinib sensitivity was increased in SU-R-786-0 transfected with miR-99a-3p compared with
that in the same cells transfected with miR-control. “P<0.0001 and *“P<0.05. miR, microRNA; PARP, poly(ADP-ribose) polymerase; SU-R-786-0-miR-99a-3p,
SU-R-786-0 cells transfected with miR-99a-3p; SU-R-786-0-C, SU-R-786-0 cells transfected with miR-control; FITC, fluorescein isothiocyanate.

controls (Fig. 2C). The cell cycle effects were also investigated
using miR-99a-3p-transfected 786-0 and SU-R-786-0 cells.
Overexpression of miR-99-3p induced S-phase arrest in the two
cell types (Fig. S1). In addition, colony formation assays using
SU-R-786-0, ACHN, and 786-0 cells revealed significantly
decreased colony numbers in miR-99a-3p transfectants
compared with those in the mock or miR-control transfectants
(Fig. 2D). Furthermore, cell viability assays were performed
using SU-R-786-0 cells treated with various concentrations of
sunitinib, and the viability of the cells was assessed with XTT
assays (Fig. 2E). Notably, sunitinib sensitivity was restored
in miR-99a-3p-transfected SU-R-786-0 cells; the sunitinib
ICs, values were 3.04, 1.72 and 1.38 xM in the SU-R-786-0
cells transfected with miR-control, those transfected with
miR-99a-3p, and the parental 786-o cells, respectively. These
results suggest that miR-99a-3p may function as a tumor
suppressor in SU-R-786-0 and other RCC cells.

Identification of the RRM?2 gene as a target for miR-99a-3p
in SU-R-786-0 cells. In order to gain further insights into
the molecular mechanisms and pathways associated with the
tumor-suppressing functions of miR-99a-3p in SU-R-786-0
cells, a combination of in silico analyses and RNA sequencing

were performed on SU-R-786-0 cells. Fig. 3A indicates the
method of narrowing down the genes targeted by miR-99a-3p.
The candidate target genes were identified using in silico
analyses including TargetScan database Release 7.1 and the
GEO database (accession nos. GSE36895 and GSE22541).
Overall, 1,592 candidate target genes were selected that
had =1 target sites. Additionally, from the GEO database,
12,831 genes were significantly upregulated in clinical ccRCC
tissues in comparison with normal kidney tissues. RNA
sequencing expression analysis was applied to identify the
genes significantly upregulated in SU-R-786-0 cells compared
with the parental 786-o cells,and 16 candidate target genes were
selected. Among these, 4 genes [RRM?2, proliferation marker
Ki-67 (MKI67), serine/threonine-protein phosphatase 6
regulatory subunit 1 (PPP6RI) and plexin-Al (PLXNAI)]
were chosen that were associated with significant differences
in OS time, as revealed by Kaplan-Meier analysis of TCGA
ccRCC cohort using the OncoLnc dataset (Figs. 3B and S2).
Of these 4 candidate genes, RRM?2 was investigated due to its
knockdown efficiency being higher than that of the other 3
genes in miR-99a-3p-transfected SU-R-786-0 cells than in the
mock or miR-control transfectants (Fig. S3). Furthermore, the
RRM?2 expression levels in RCC cell lines were examined by
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Figure 3. Identification of RRM2 as a candidate miR-99a-3p target gene. (A) Venn diagram of the results from RNA sequencing and in silico analyses
indicated 16 putative candidate target genes as key factors in SU-R-786-0 cells. Four genes, RRM2, MKI167, PPP6R1 and PLXNAI, were linked to significant
differences in OS rates by Kaplan-Meier analysis of ccRCC cohort from TCGA. (B) Kaplan-Meier analysis demonstrated that the group of patients with high
RRM?2 expression (n=261) exhibited lower OS rates compared with those in the low expression group in the OncoLnc dataset (n=261) (P<0.0001). (C) The
mRNA expression levels of RRM2 were examined in RCC cell lines by reverse transcription-quantitative polymerase chain reaction. The expression levels
were significantly upregulated in RCC cells in comparison with those in normal kidney cells. RRM2 expression in SU-R-786-0 cells was significantly higher
than that in 786-0 cells. "P<0.0001 and “P<0.001. (D) The mRNA levels of RRM2 were significantly upregulated in the ccRCC samples of TCGA dataset
(n=534) compared with those in the normal samples (n=72). (P<0.0001). RRM2, ribonucleotide reductase regulatory subunit-M2; MKI67; proliferation marker
Ki-67; PPP6RI1, serine/threonine-protein phosphatase 6 regulatory subunit 1; PLXNAT, plexin-Al; miR, microRNA; OS, overall survival; TCGA, The Cancer

Genome Atlas.

RT-gPCR. RRM2 was revealed to be significantly upregulated
in all tested RCC cell lines compared with RNA from normal
kidneys (Fig. 3C). Notably, RRM?2 expression in SU-R-786-0
cells was significantly upregulated in comparison with
that in parental 786-0 cells (P<0.0001). Additionally, it was
upregulated in patients with ccRCC (n=534) compared with
healthy individuals (n=72) in the ccRCC cohort from TCGA
database (P<0.0001; Fig. 3D).

RRM?2 is directly targeted by miR-99a-3p in SU-R-786-0
cells. RT-qPCR and western blot analyses were performed
to confirm that overexpression of miR-99a-3p resulted in
downregulation of RRM?2 in ACHN, 786-o0 and SU-R-786-0
cells. RRM2 mRNA and protein levels were significantly
decreased in miR-99a-3p transfectants compared with those in
the mock or miR-control transfectants (Fig. 4A and B). Dual
luciferase reporter assays were performed to examine whether
the RRM?2 gene was regulated through direct interaction by
miR-99a-3p. The TargetScan database predicted a binding site
for miR-99a-3p in the 3'-UTR of RRM2 (positions 258-274).
Vectors encoding the partial wild-type sequence of the 3'-UTR
of RRM?2 were employed, including the predicted miR-99a-3p
target sites. The luminescence intensity was significantly
diminished in the case of co-transfection with miR-99a-3p
and the vector carrying the wild-type 3'-UTR. In contrast, no
decrease in luminescence was observed following transfection
with the binding site deletion vector (P<0.0001; Fig. 4C).
Furthermore, the relationship between miR-99a-3p and RRM?2
expression levels in clinical ccRCC tissues was investigated
using TCGA database. A significant negative correlation was

revealed between miR-99a-3p and RRM2 mRNA expression
according to Spearman's rank test (P=0.0011, R=-0.189;
Fig. 4D). These results suggest that miR-99a-3p directly binds
to specific sites at positions 258-274 of the RRM?2 3'-UTR.

Effects of RRM?2 knockdown on cell proliferation, apoptosis,
cell cycle and colony formation in SU-R-786-0 cells. In order
to investigate the functional role of RRM?2 in SU-R-786-0 cells,
loss-of-function assays were conducted using si-RRM2. The
knockdown efficacies of si-RRM2 transfection were examined
in ACHN, 786-0 and SU-R-786-0 cells. In the present study,
two siRNAs targeting RRM?2 were employed (si-RRM2_1 and
si-RRM_2). RT-qPCR and western blot analyses indicated
that these siRNAs effectively downregulated RRM2 mRNA
and protein expression in ACHN, 786-o0 and SU-R-786-0 cells
(P<0.0001; Fig. 5A and B). XTT assays demonstrated that cell
proliferation was inhibited in the si-RRM?2 transfectants in
comparison with that in the mock or si-control transfectants
(Fig. 5C). In the apoptosis assays, the number of apoptotic cells
was significantly greater in the si-RRM?2 transfectants than in
the controls (Fig. 5D). Western blot analyses demonstrated that
the levels of cleaved PARP were markedly increased when
RRM?2 was silenced (Fig. SE). The cell cycle assays revealed
that S-phase arrest was induced in the si-RRM?2 transfected
786-0 cells, whereas RRM?2 knockdown in the SU-R-786-0
cells increased the fraction of cells in the G,/G, phase (Fig. S1).
Furthermore, colony formation assays confirmed that the
development of colonies was significantly suppressed in the
RRM?2-knockdown RCC cells, including SU-R-786-0 cells,
compared with that in the controls (Fig. 5F). These results



1766 OSAKO et al: miRNA-99a-3p TARGETING RRM?2 IN SUNITINIB-RESISTANT RCC
A c Position 258-274 of RRM2 3" UTR
g e e e [ moek Widtype  5- GGGUGACCCUUUAGU-~GAGCUUAG -3 | [[Jmeck
g = s : I miR-conrol ooeis 111 N I ] | mmireconteot
£ L, 1 14 [ iR-95a-5p mR99edp 3. GuCUGGGUAVCUUCOCUCGAAC -5 | | BTl
E 1’4 12 Deletion type 5- GGGU AG -3
0.8
'; 8 12 10 ACHN 786-0 SU-R-786-0
'ﬁ g 0.6 10 0.8 * $ 42| WT Deletion 1.2 WT Deletion 12 WT Deletion
[]- 29 - 08 . 08 1.0 1.0 1.0
-3 0.6 v R . *
ki 04 - £ o038 08 08
= 0.2 0.2 £
g 02 3 06 08 06
o 0 0 0 3
S T = oy & oa 0.4 04
0.2 02 02
0 0 0
B D
P=0.0011
R =-0.189
=
4
H
g
«
g

0 05 1 15 2 25 3 35 4

Log, miR-99a-3p expression

Figure 4. Direct targeting of RRM2 by miR-99a-3p. (A) The expression of RRM?2 was significantly inhibited in the cells transfected with miR-99a-3p compared
with that in the mock and miR-control groups. GUSB was employed as an internal control. "P<0.0001 and “"P<0.001 versus the mock and miR-control groups.
(B) The expression of RRM2 protein was significantly inhibited in the miR-99a-3p transfectants compared with that in the mock or miR-control groups.
B-actin was employed as a loading control. (C) Dual-luciferase reporter assays using vectors encoding putative miRNA target sites for WT or deleted regions.
Normalized data were calculated as ratios of Renilla/firefly luciferase intensities. The luminescence intensity significantly decreased upon co-transfection
with miR-99a-3p and the vector carrying the wild-type sequences at positions 258-274 in the RRM2 3'-untranslated region. "P<0.0001. (D) Spearman's cor-
relation analysis revealed a negative correlation between RRM?2 expression and miR-99a-3p expression in The Cancer Genome Atlas ccRCC cohort (P=0.001;
R=-0.189). RRM2, ribonucleotide reductase regulatory subunit-M2; miR, microRNA; GUSB, glucuronidase 3; WT, wild type.

A D mock  si-control si-RRM2 1 S-RRM2 2
g 14 :i ACHN| .| 1 { A2 im R2 I " R2 im . Rz
1:2 4 = " 4 gt |\ .. i - :
€5 10 12 2% ol | [ [ E# ;
zZ8 1.0 8 g wi® | mflr | mfir | mjjrs | m
g g 08 o5 _I_O' o _10“7“. .-‘,.. ..04"1 = ul .‘r....io'... e .
E % 06 08 E 786-0|'%" [ [ re|{m Rz || m rz || Rl A
Ltk 0.6 ] { = s
T z 11 fos = B
gé . 04 3 fomw |l ¢1 =
EE 02 02 = w | mim | wie | wile | o
= 0 * & o 105 100 108 107 104 405 408 107 404 D% 104 107 404 100 10t 107
= ACHN SU-R-786-0 " [ py | mz|{mt | m'im rir | m|
AR 104 vyt
1 i
= | e ) A1
B ACHN 7860 SU-R-786-0 E ACHN 7860 SU-R786-0 = [ | ¥i Sl
- - ﬁ b T - - T S ‘p! R4 !n Rt Iu R4 !ns Rd |
B K] T o g g B WO W 0 10 10 18 107900 10 100 907 100 100 10h 107
% 5 g § 3§ % g x t H g 3 E g £ H E g g 3 .5 - E Annexin V-FITC
e i33 83338333 EEEEEEENEEE R1: doad calls
e e Y R O ] e et P ™
enctin ] - - — - - -0 f-actin] Q) (0 WD 0w o CE TR Rd: early apoptotic calls
Ci= F - mock  si-control si-RRM2 1 si-RRM2 2
§ 1z S| & e 12
= B i-RRMZ_1 -]
& 1.0 . RRMI T E 1.2 1
g 08 'E. 1 08
c
= 0.8
T 06 2 i 0.6
G 0
=
E 0.4 E 04 0.4
= =
E 0.2 E 0.2 e, 0.2 e
L] o o 0 0
2 ACHN SU-R-786-0 =z ACHN 786-0

Figure 5. Effects of si-RRM2 transfection on SU-R-786-0, ACHN and 786-0 cells. (A) The expression of RRM2 mRNA was significantly inhibited in cells
transfected with si-RRM2 compared with that in the mock and si-control groups. GUSB was employed as an internal control. "P<0.0001 versus mock and
si-control groups. (B) The expression of RRM2 protein, as observed by western blot analysis, was markedly inhibited in cells with si-RRM2 compared with
that in the mock or si-control groups. 3-actin was employed as a loading control. (C) Cell proliferation was examined using XTT assays in cells with RRM2
knockdown, revealing a significant inhibition compared with the control groups. "P<0.0001. (D) Apoptosis assays using flow cytometry indicated that the
number of apoptotic cells was significantly greater in si-RRM2 transfectants than in the mock or siRNA-control transfection groups. "P<0.0001. (E) Western
blot analysis of apoptotic marker cleaved PARP in ACHN 786-0, and SU-R-786-0 cells demonstrated a significant difference in cleaved PARP levels between
cells with and without RRM2 silencing. 3-actin was employed as a loading control. (F) Colony formation assays demonstrated that colony growth was
repressed in cells with RRM2 knockdown compared with that in the mock or si-control groups. “P<0.0001. si-, small interfering RNA; RRM2, ribonucleotide
reductase regulatory subunit-M2; GUSB, glucuronidase §; PARP, poly(ADP-ribose) polymerase; FITC, fluorescein isothiocyanate.



INTERNATIONAL JOURNAL OF ONCOLOGY 54:

1759-1770, 2019 1767

A B LATL] 50 uM 100 pM
a_c_}j!‘ Iﬂl'“ - i Rl e i R1 RZ
| |
B ACHN 786-0 SU-R-786-0 o 1 i = | T
12, ACHN . 7860 4, SU-R-T8G-0 14 11 P g“ [
0y '
12 . 2 5 il s | R e
s W 14 ¥ i T
= ® =3§ 10 1860 | wiar | e [m m|fm | Az|
-g_ . 08 5 X o i ¢ |1 ;
3 18 . e calee
e . - e 2 E -g 5 L] m‘i -i * 1 -
- = i ma CORE:] R R Ré
8o * 04 ~§§ o R W T W W W e 10 e
T SU-R-TBE-g| w [y, Rz ||m CARLY [ R
0.2 2 1| i 1%
| Ee | b 11 e
" i o 1ot | p 1 A I
074 2 sa 00 o 25 50 100 © 25 50 100 0 50100 0 50100 0 50100 | { |
R3 A |1 R3 L 3 Ra
3 e S b L i ) BBl e ]
Didox concentration (uM) Didox concentration (M) VW W W w w w w wew
Annexin V-FITC
R1: doad colls

c D ACHN
ACHN 7860  SU-R-786-0 g 1=
g 10
= = = ]
s 1= 12 31= = 08
= = = =]
= 8 ‘c_ -] S 5-’ o 3 ‘c—' E 0.6
Coavedoanp | B [ 402 B 04
pacin[ @ w oo [ ap o - || 0 7,
s .
070 S0 100

Didox concentration (pM)

R2: apoptatic cells
RY: normal cells
R4; early apoptotic cells

786-0 , SU-R-T86-0 0uM S0uM __ 100uM

10 1.0
0.8 = 0.8
06 06
0.4 0.4
02 0.2 .

. *
0% 50100 o 50100
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isothiocyanate.

indicated that high expression of RRM?2 is associated with
oncogenic effects in ACHN, 786-o0 and SU-R-786-0 cells.

Effects of the RRM?2 inhibitor Didox on cell proliferation,
apoptosis and colony formation in SU-R-786-0 cells. The
above findings imply that RRM2 inhibitors may be a promising
anticancer agent for repressing cell proliferation and colony
formation by enhancing apoptosis. Didox has strong inhibitory
effects against ribonucleotide reductase that are associated
with DNA synthesis and repair by blocking the synthesis
of deoxyribonucleotides; this inhibitor has demonstrated
strong antitumor effects (32-35). In preliminary analyses, the
inhibition of RRM2 by Didox (50 or 100 M) was demonstrated
to significantly decrease the proliferation of SU-R-786-0,
ACHN and parental 786-0 cells (Fig. 6A). Apoptosis assays
revealed that Didox had significant apoptotic effects in these
cells (P<0.0001; Fig. 6B). Western blot analyses also revealed
that the levels of cleaved PARP were markedly increased
in cells treated with Didox in a concentration-dependent
manner (Fig. 6C). In addition, 50 or 100 yM Didox led to
significant inhibition of colony formation of the cells in a
concentration-dependent manner (P<0.0001; Fig. 6D). These
data suggest that the RRM2 inhibitor Didox may lead to
anticancer effects by inhibiting cancer cell growth, promoting
apoptosis and modulating the colony formation ability in
SU-R-786-0 and other RCC cells.

Discussion
The guide-strand RNA derived from double-stranded

miRNA is maintained for direct binding of the RNA-induced
silencing complex to target mRNAs, whereas the

passenger-strand RNA is degraded (10,36). Although a
previous study performed functional analyses of miR-99a
(guide-strand) in RCC (37), miR-99a-3p (passenger-strand)
was selected as a candidate miRNA and therapeutic target
in RCC and SU-R-786-0 cells in the present study. Recently,
the two strands of pre-miR-145, miR-145-5p (guide-strand)
and miR-145-3p (passenger-strand), have been reported to act
as antitumor miRNAs in bladder cancer cells by regulating
the gene encoding ubiquitin-like with PHD and ring finger
domains 1 (23). In addition, the passenger strand miR-21-3p
has been reported to mediate cisplatin resistance in ovarian
cancer (38). Therefore, passenger-strand miRNAs may also
be associated with resistance to chemotherapeutic agents. In
fact, several other studies have reported on miRNAs involved
in resistance to molecular-targeted agents in various cancer
types (39,40). Yumioka et al (41) demonstrated that restoring
miR-194-5p expression in sunitinib-resistant ccRCC cells
sensitized to sunitinib by downregulating lysosome-associated
membrane protein 2. On the other hand, Kishikawa et al (42)
reported that decreased miR-122 expression may be involved
in sorafenib sensitivity through the upregulation of solute
carrier family 7 expression in hepatocellular carcinoma. The
present study focused on miR-99a-3p due to the observation
that this miRNA strongly inhibited the viability of 786-o0 and
SU-R-786-0 cells. Additionally, a trend towards shorter OS
times in patients with low expression levels of miR-99a-3p
was observed, but this was not statistically significant.
Furthermore, cell function assays demonstrated that
apoptosis was induced and colony formation was inhibited
in ACHN, 786-0 and SU-R-786-0 cells transfected with
this miRNA. To the best of our knowledge, no studies have
revealed that passenger-strand miR-99a-3p is associated with
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tumorigenesis in RCC. In other cancer types, miR-99a-3p
has been reported to act as a tumor suppressor in naive
and castration-resistant prostate cancer (43). Additionally,
miR-99a-3p was validated as a predictor of response to
standard fluoropyrimidine-based chemotherapy in patients
with metastatic colorectal cancer (44). Therefore, the present
finding that miR-99a-3p acts as a tumor suppressor in RCC
cells, including the SU-R-786-0, is reasonable, even though
SU-R-786-0 cells were the only sunitinib-resistant cell line
used in this study. Therefore, additional studies are necessary
to investigate the functional roles of miR-99a-3p and RRM?2
in more sunitinib-resistant RCC cell lines. In terms of the
regulatory mechanisms of miR-99a-3p, this study attempted
to explore how miR-99a-3p downregulation occurred in
normal and sunitinib-resistant RCC. Based on the TCGA
c¢cRCC cohort using the cBioPortal, genetic copy number
alterations involving miR-99a-3p were revealed in only 0.2%
of cases (1 out of 528 sequenced cases). Notably, no reports
have suggested that miR-99a-3p is regulated epigenetically by
DNA methylation, histone modification or noncoding RNAs
in RCC or other cancer types. Future studies are necessary
to elucidate the mechanisms of miR-99a-3p downregulation
in normal and sunitinib-resistant RCC. In this study, the
expression levels of miR-99a-3p were significantly lower than
in normal kidney cell RNA, with the exception of the A498
cells. It is possible that the variation in the expression levels of
miR-99a-3p in the various cell lines are due to their different
clinical origins.

The RRM2 protein is one of two subunits of the
ribonucleotide reductase complex, catalyzing the formation of
deoxyribonucleotides from ribonucleotides. Oncogenic roles
of RRM?2 have been reported in several cancer types, including
adrenocortical cancer, gastric adenocarcinoma, breast cancer
and melanoma (45-48). In colorectal cancer and non-small
cell lung carcinoma, RRM?2 upregulation was revealed to be
associated with shorter survival time (49,50). Overexpression
of RRM?2 has been reported to enhance the potential of cellular
transformation by various oncogenes and to increase the
malignant potential of transformed cells (51). However, to the
best of our knowledge, this is the first study demonstrating the
oncogenic role of RRM2 in RCC as well as sunitinib-resistant
RCC cells. Previous studies have demonstrated that RRM?2
knockdown causes S-phase arrest with no particular enrichment
of the G,-phase population in ccRCC cell lines (52). However,
no reports have described the effects of miR-99a-3p expression
on the cell cycle. In the present study, cell cycle arrest was
evaluated in miR-99a-3p- and si-RRM?2-transfectants using
flow cytometry and demonstrated that S-phase arrest was
induced in the transfected 786-0 cells. By contrast, in the
SU-R-786-0 cells, miR-99a-3p transfection caused S-phase
arrest, whereas RRM2 knockdown caused G,/G,-phase
arrest. These results suggest that there are additional complex
mechanisms mediated by RRM?2 that affect cell cycle arrest
in sunitinib-resistant cells. Further studies are necessary to
elucidate these mechanisms.

Malignant cells often exhibit a shift in cellular metabolism
from oxidative phosphorylation to glycolysis, known as the
Warburg effect (53,54). As the Warburg effect is considered a
fundamental property of neoplasia, targeting glycolysis may
be atherapeutically relevant strategy for cancer treatment (55).
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In addition, a previous study demonstrated that the Warburg
effect contributes to resistance to molecular-targeted agents
in various cancer types (56). Previous studies have indicated
that ccRCC exhibits increased glucose utilization as a result
of overexpression of the genes encoding glucose transporter
protein type 1 and hexokinase-2, known as glycolytic
enzymes (57,24). In addition, it has also been demonstrated
that metabolic reprogramming and chromatin remodeling
occur in sunitinib-resistant cells (6). Notably, previous
reports on cervical and breast cancer confirmed that RRM?2
overexpression specifically upregulates hypoxia-inducible
factor (HIF)-la-associated proliferation and differentiation
pathways and VEGF expression via the activation of
the extracellular signal-regulated kinase 1/2 signaling
pathway (58,59). As continuous HIF activation is thought
to be critical for RCC progression and acquired resistance
to tyrosine kinase inhibitors and mTOR inhibitors (60),
the finding that RRM2 was upregulated via miR-99a-3p
downregulation in sunitinib-resistant cells may represent
another mechanism through which RCC cells acquire
sunitinib resistance. Indeed, several reports have confirmed
that the upregulation of RRM?2 contributes to resistance to
chemotherapeutic agents in various types of cancer (61-63).
Therefore, further studies using in vivo models are required
to elucidate the associations between angiogenesis and
sunitinib resistance.

In summary, the present study demonstrated that
miR-99a-3p was downregulated in several RCC cell lines and
SU-R-786-0 cells. Additionally, this miRNA was demonstrated
to act as a tumor suppressor through regulating oncogenic
RRM?2. To the best of our knowledge, this is the first report
to demonstrate that tumor-suppressive miR-99a-3p directly
targets RRM?2. The identification of novel molecular pathways
and targets regulated by the miR-99a-3p/RRM?2 axis may
improve our understanding of sunitinib-resistant RCC.
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