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Abstract: We investigated the ability of microRNA-93 (miR-93) to influence proliferation, invasion, migration, and 
apoptosisofrenal cell carcinoma (RCC) cells via transforming growth factor-β/solvated metal atom dispersed (TGF-β/
Smad) signaling by targeting runt-related transcription factor 3 (RUNX3). RCC tissues with corresponding adjacent 
normal tissues were collected from 249 RCC patients. And normal renal tissues were collected from patients with-
out RCC who received nephrectomy. The RCC cell line ACHN was treated with miR-93 mimic, mimic-negative control 
(NC), miR-93 inhibitor, inhibitor-NC, and miR-93 inhibitor + small interfering RNA (siRNA) against RUNX3 (si-RUNX3). 
Expression of miR-93, RUNX3, TGF-β, and Smad4 were evaluated by quantitative real-time polymerase chain re-
action (qRT-PCR) and Western blotting. Cell proliferation was assessed by the Metallothioneins (MTS) assay, cell 
invasion by the wound-healing assay, cell migration by the Transwell assay, and cell cycle and apoptosis by flow cy-
tometry. Compared with normal renal tissues, the expression of miR-93 and TGF-β were higher while that of RUNX3 
and Smad4 were low in RCC and adjacent normal tissues (all P<0.05). RUNX3 was confirmed as a target of miR-93 
by the dual luciferase reporter gene assay. Compared with mimic-NC group, cell proliferation, invasion, migration 
and cells from G0/G1 to S phase enhanced but the apoptosis decreased in the miR-93 mimic group (all P<0.05). 
Compared with inhibitor-NC group, proliferation, invasion, and migration reduced, while apoptosis increased, and 
cells at G0/G1 phase arrested in the miR-93 inhibitor group (all P<0.05). Compared with miR-93 inhibitor group, 
cell proliferation, invasion, and migration increased with increasing cells from G1 to S phase while the apoptosis de-
creased, in miR-93 inhibitor + si-RUNX3 group (all P<0.05). In conclusion, miR-93 inhibits apoptosis and promotes 
proliferation, invasion, and migration of RCC cells via TGF-β/Smad signaling by inhibiting RUNX3.
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Introduction

In adults renal carcinoma or renal cell carcino-
ma (RCC) consists of malignant tumors rising 
from the renal parenchyma and renal pelvis, 
accounting for approximately 10% and 90% of 
kidney cancers, respectively. In children renal 
cancer is rare, and most common type is 
nephroblastoma (Wilms tumor), which accounts 
for 1.1% of kidney cancers [1]. The morbidity 
rate of RCC varies substantially worldwide but 
is high in the developed world. The incidence of 
RCC was twice as common in men as in women, 

rising sharply at age 30, and reaching a peak at 
60 to 70 years of age [2]. Risk factors for RCC 
include tobacco use, obesity, and hypertension. 
Other factors such as diet, physical activity, and 
occupational exposure to specific carcinogens 
have been implicated, but more evidence is 
needed to be understood their effects on the 
development of RCC [3]. RCC is currently treat-
ed with surgery and systemic treatment with 
various drugs [4]. More recently, researchers 
have investigated the effects of inactivating 
mutations of tumor suppressor genes on the 
development of RCC [5].
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MicroRNAs (miRNAs) are short endogenous 
RNAs approximately 22 nucleotides in length 
that inhibit the translation of target mRNAs by 
pairing to sites in the 3’ untranslated region (3’ 
UTR) [6]. In this way miRNAs regulate the 
expression of genes involved in developmental 
timing, hematopoiesis, patterning of the ner-
vous system, and cell death and proliferation 
[7]. miRNA-93, an miRNA encoded by the miR-
106b-25 cluster (a paralog of the miR-17-92 
cluster), has been shown to increase cell sur-
vival, promote sphere formation, and augment 
tumor growth by facilitating angiogenesis [8]. A 
study by He et al. reported the upregulation of 
microRNAs from the miRNA-17-92 cluster in 
liver, lung, and kidney cancers and implicated 
the miRNA 17-92 cluster as a potential human 
oncogene [9]. Because miRNA scans imultane-
ously target several effectors of pathways 
involved in cell differentiation, proliferation, 
and survival, miRNA-based anticancer thera-
pies have been developed to improve disease 
response and cure rate [10]. 

Runt-related transcription factor (RUNX) pro-
teins (RUNX1/AML1, RUNX2/CBFA1 and 
RUNX3/PEBP2αC/AML2) form complexes with 
Smad2 and Smad3, which transmit transform-
ing growth factor-beta (TGF-β)/activin signals 
[11]. RUNX3 resides on human chromosome 
1p36.1 and mouse chromosome 4 and is high-
ly expressed in the adult hematopoietic system 
[12]. RUNX3 appears to function as a tumor 
suppressor, and its overexpression could inhib-
it proliferation, tumorigenic potential, and inva-
siveness of cancers [13, 14]. The TGF-β super-
family includes soluble extracellular proteins 
(e.g., TGF-β1 and isoforms TGF-β2 and TGF-β3), 
activins, inhibins, growth differentiation fac-
tors, and bone morphogenetic proteins, and its 
essential biological and pathological activities 
are mediated by Smad signaling pathways [15]. 
TGF-β is a key mediator in renal disease through 
Smad2/3 and Smad7 and can inhibit renal 
fibrosis and inflammation [16-18]. In this study 
we explored the ability of miR-93 to regulate 
apoptosis, proliferation, invasion, and migra-
tion of RCC cells through the TGF-β/Smad sig-
naling pathway by targeting RUNX3.

Materials and methods

Ethical statements

The study was approved by the Institutional 
Review Board of Shanghai Jiao Tong University 

Affiliated Sixth People’s Hospital. Written 
informed consent was obtained from each 
participant.

Subjects

From January 2012 to January 2016, a total of 
249 resected specimens and pathologically 
confirmed as renal clear cell cancer were col-
lected by the Oncology Department of Shanghai 
Jiao Tong University Affiliated Sixth People’s 
Hospital. All 249 patients provided their com-
plete medical histories and follow-up informa-
tion. None of the patients received antitumor 
treatment before the operation. The mean age 
of patients was 53.94 years (ranging from 
20-85 years). The tumors were categorized 
according to the Fuhrman classification recom-
mended by World Health Organization in 1997 
and the 2002 American Joint Committee on 
Cancer tumor classification as follows: high dif-
ferentiation, n=78; moderate differentiation, 
n=136; low differentiation, n=35; stage I, n=88; 
stage II, n=104; stage III + IV, n=57 [19, 20]. 
Adjacent normal tissues (5 cm) from the carci-
nomas were collected to serve as the control 
group, and normal renal tissues from patients 
without RCC who received nephrectomy were 
collected as the normal group. All tissues were 
stored in liquid nitrogen for further use.

Cell culture

Normal kidney cells (HK-2) and RCC cells 
(SN12PM6, 786-O, ACHN, and Caki-1) were 
purchased from American Type Culture 
Collection (ATCC, VA, USA). The cells were cul-
tured at 37°C in a humidified atmosphere of 5% 
CO2 (Forma Series II 3110 Water-Jacketed CO2 
Incubator, Thermo Fisher Scientific Inc., USA) in 
Dulbecco’s modified Eagle’s medium (31600-
034, HyClone Company, Logan, UT, USA) con-
taining 10% heat-inactivated fetal bovine 
serum (FBS) (16000-044, Gibco Company, 
Grand Island, NY, USA) and 100 U/mL penicil-
lin-streptomycin (15140122, GibcoCompany, 
Grand Island, NY, USA). After evaluating miR-93 
expression in the RCC cell lines, those with the 
highest expression of miR-93 were selected for 
subsequent experiments. When cells reached 
80% confluence, they were detached from the 
culture surface with 0.25% trypsin (25200-
056, Gibco Company, Grand Island, NY, USA) 
and then re-plated and cultured for the further 
experiments.
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Oligonucleotide synthesis and vector construc-
tion

The following oligonucleotides were synthetized 
by Shanghai GenePharma Co., Ltd., Shanghai, 
China as follows: miR-93 mimic, miR-93 inhibi-
tor, and negative controls (mimic-NC and inhibi-
tor-NC) (Table 1). To investigate the mechanism 
the way in which miR-93 regulates RUNX3 
expression, human RUNX3 3’-untranslated 
region (3’-UTR) fragments were amplified and 
inserted into pGL3 vectors to construct the wild 
type plasmid pGL3-RUNX3-3’-UTR-wt (RUNX3-
wt) and mutant plasmid pGL3-RUNX3-3’-UTR-
mut (RUNX3-mut).

Dual luciferase reporter assay

ACHN cells were seeded in a 96-well plate for 
24 h before transfection (1 × 105 cells/well, 4 
wells/sample). The cell culture medium was 
replaced with fresh medium 1 h before trans-
fection using Lipofectamine 2000 reagent 
(11668-027, Invitrogen Inc., Carlsbad, CA, 
USA), according to the manufacturer’s instruc-
tions. After removing the culture medium, the 
transfection reagent was added, and the cells 
were incubated at 37°C. After 24 h of incu-
baion, transcriptional activity was detected 
using the Dual Luciferase Reporter Assay 
System (Promega Corp., Madison, Wisconsin, 
USA). The following oligonucleotide/plasmid 
combinations were co-transfected: miR-93 
mimic + RUNX3-wt, mimic-NC + RUNX3-wt, 
miR-93 inhibitor + RUNX3-wt, inhibitor-NC + 
RUNX3-wt; miR-93 mimic + RUNX3-mut, mimic-
NC + RUNX3-mut, miR-93 inhibitor + RUNX3-
mut, and inhibitor-NC + RUNX3-mut. Trans- 
fection was confirmed before the cells were 
used for subsequent assays.

Cell transfection and grouping

Cells were divided into the miR-93 mimic, mim-
ic-NC, miR-93 inhibitor, inhibitor-NC, ormiR-93 

inhibitor + siRNA-RUNX3 groups (si-RUNX3 pur-
chased from Shanghai Genechem Co., Ltd.). 
Before 24 h of transfection, the culture medium 
was replaced with fresh medium (2 mL/well), 
and 1 h later transfection was carried out using 
Lipofectamine 2000 reagent (11668-027, Invi- 
trogen), according the manufacturer’s instruc-
tions. Cells in the control group were cultured in 
medium without serum and double-antibody. In 
the experimental groups, cells were cultured in 
medium containing the oligonucleotides (final 
concentration of 300 pmol/well) packaged into 
liposomes (Invitrogen Inc., Carlsbad, CA, USA). 
The transfected cells were cultured in serum-
free culture medium for 4 h. After adding 10% 
FBS, the cells were further cultured at 37°C 
and 5% CO2.

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

Total RNA was extracted from RCC tissues, 
adjacent normal tissues, normal renal tissues 
and cells grown in culture using TRIzol (1559- 
6026, Invitrogen Inc., Carlsbad, CA, USA). RNA 
concentrations and purity were evaluated using 
a NanoDrop2000 spectrophotometer (Thermo 
Fisher Scientific, San Jose, CA, USA), and the 
RNA was stored at -80°C. The miR-93 and U6 
cDNA were synthesized by using specific stem-
loop reverse transcription primers (RT primer, 
0.15 μM) shown in Table 2. Using the gene 
sequences published in the GenBank data-
base, PCR primers (Table 2) were designed by 
Shanghai GenePharma Co., Ltd. using Pri- 
mer5.0 software, and PCR amplification was 
carried out using an ABI PRISM 7500 Real-Time 
PCR System (ABI Company, Oyster Bay, NY, 
USA) and SYBR Green I qRT-PCR kit (DRR041A, 
Takara Biotechnology Ltd., Dalian, China) with 
U6/glyceraldehyde-3-phosphate dehydroge-
nase (U6/GAPDH) as the internal control. The 
specificity of the PCR reactions was evaluated 
by melting curve analysis. The threshold cycle 
(Ct) values were set, and relative expression of 
the target gene was calculated based on the 
2-ΔΔCt method, in which ΔCt = Ct (target gene) - 
Ct (internal control), and ΔΔCt = ΔCt (experi-
ment group) - ΔCt (control group) [21].

Western blotting

The concentrations of proteins extracted from 
tissues and cells were determined using the 
BCA Protein AssayKit (Wuhan Boster Biological 

Table 1. Oligonucleotidessequences
Nucleotide Sequence (5’-3’)
miR-93 mimic CAAAGUGCUGUUCGUGCAGGUAG
mimic-NC UUCUCCGAACGUGUCACGUTT
miR-93 inhibitor CUACCUGCACGAACAGCACUUUG
Inhibitor-NC CAGUACUUUUGUGUAGUCAA
Notes: MiR-93, microRNA-93; NC, negative control.
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Technology, Ltd., China) according to the manu-
facturer’s instructions. Extracted proteins were 
mixed with the loading buffer, boiled at 95°C 
for 10 min, and then 30 μg protein was added 
to each well with 10% polyacrylamide gel 
(Wuhan Boster Biological Technology, Ltd., 
China). After electrophoresis at 80 V to 120 V, 
the protein was transferred to a polyvinylidene 
fluoride membrane (PVDF, 100 mV for 45-70 
min). The membrane was blocked with 5% 
bovine serum albumin (BSA) for 1 h and then 
incubated with the following primary antibodies 
(diluted 1:1000) overnight at 4°C: TGF-β 
(ab25121), Smad4 (ab40759), RUNX3 (ab40- 
278) and β-actin (ab8226) all provided from 
Abcam Inc., Cambridge, MA, USA. After washing 
with Tris-buffered saline with Tweene (TBST) for 
three times (5 min each), the membrane was 
incubated with secondary antibodies for 1 h 
and then washed with TBST for three times (5 
min each). Proteins were detected by chemilu-
minescence, and images were acquired using 
the Gel Doc EZ system (Bio-Rad, Inc., Hercules, 
CA, USA). Target protein bands were quantified 
using ImageJ software, and β-actin served as 
the internal control.

Metallothioneins (MTS) assay

The transfected ACHN cells were seeded in a 
96-well plate (5 × 105 cells/well) and cultured 
in a CO2 incubator at 37°C for 24 h, 48 h, and 
72 h. After adding 20 μL MTS reagent (G3582, 

Promega Corp., Madison, Wisconsin, USA) to 
each well, the cells were incubated for 4 h. 
Optical density (OD) at 490 nm was determined 
by using a multi-function microplate reader 
(SpectraMax M5, Molecular Devices, USA) and 
cell proliferation was calculated as follows: 
number of cells = (ODexperimental group - ODblank group)/
(ODcontrol group - ODblank group), and cell proliferation 
rate = number of cells/number of cells at 0 h).

Wound-healing assay

After transfection, cells were seeded in a 6-well 
plate and cultured at 37°C. When cells grew to 
confluence, a thin wound was created along the 
center of each well with a sterile pipette tip (the 
width of each scratch was same). Images were 
acquired (0 h) using an inverted microscope 
(Olympus CKX31, Japan). After incubation at 
37°C for 24 h, the culture medium was 
removed, and the cells were washed with PBS 
for three times to remove cellular debris. 
Serum-free medium was then added to the 
wells, and images were acquired (24 h). To eval-
uate wound closure, six fields were selected, 
and cells in the wound area were counted and 
analyzed by counting software.

Transwell assay

Transwell chambers (140629, Thermo Fisher 
Scientific Inc., Waltham, MA) were coated with 
Matrigel (3.9 mg/mL, 60-80 μL) and incubated 

Table 2. Primer sequences for qRT-PCR
Gene Sequence (5’-3’)
miR-93 RT Primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTACCT
U6 RT Primer CGCTTCACGAATTTGCGTGTCAT
miR-93 Forward AGTCTCTGGGCTGACTACATCACAG

Reverse CTACTCACAAAACAGGAGTGGAATC
U6 Forward CTCGCTTCGGCAGCACA

Reverse AAGGCTTCACGAATTTGCGT
RUNX3 Forward TGGCAGGCAATGACG

Reverse CAGGGAACGGCTTGGT
TGF-β Forward GCAGTAAGACATGATTCAGCCACAG

Reverse CAATGGAACATCGTCGAGCAA
Smad4 Forward GCCCAGGATCAGTAGGTGGAATAG

Reverse CCTGAGTATGCATAAGCGACGAAG
GAPDH Forward CCCACTCCTCCACCTTTGAC

Reverse TGTTGCTGTAGCCAAATTCGT
Notes: miR-93, microRNA-93; RUNX3, runt-related transcription factor 3; TGF-β, transforming growth factor-β; GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase; qRT-PCR, quantitative real-time polyemrace chain reaction.
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at 37°C for 30 min until the Matrigel solidified. 
Pre-warmed medium was then added to the 
wells, and the plate was placed in a 37°C incu-
bator. After 2 h, cell suspension (0.5 mL, 5 × 
104 cells/mL) was added to each Transwell 

chamber. After incubation at 37°C for 24 h, 
cells on the upper surface of the Transwell 
chamber were removed. The chamber was 
washed with PBS, soaked in pre-cooled metha-
nol for 30 min to fix the cells that reached the 

Figure 1. Expression of miR-93 and RUNX3 mRNA and protein in RCC tissues, adjacent normal tissues and normal 
renal tissues. Note: (A) Expression of miR-9 mRNA and protein in RCC tissues, adjacent normal tissues and normal 
renal tissues using qRT-PCR; (B) The expression of RUNX3 mRNA in RCC tissues, adjacent normal tissues and nor-
mal renal tissues; (C) The protein expression of RUNX3 in RCC tissues, adjacent normal tissues and normal renal 
tissues using western blotting; (D) Grey value of target protein bands from (C). *Refers to compare with the Normal 
group, P<0.05; #Refers to compare with Para-carcinoma tissue group, P<0.05; RCC, renal cell carcinoma; qRT-PCR, 
quantitative real-time polymerace chain reaction; RUNX3, runt-related transcription factor 3; miR-93, microRNA-93.
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bottom of the chamber, and then stained with 
0.1% crystal violet for 10 min. Images were 
acquired with an Olympus inverted microscope. 
The cells that had transferred to the bottom 
chamber were counted in six fields and 
analyzed.

Flow cytometry

After transfection for 24 h, cells were detached 
from the culture surface with trypsin, centri-
fuged, and washed with cold PBS. The cells 
were re-suspended in PBS containing calcium-
to create a single-cell suspension (1 × 106 
cells/mL). The cell suspension (100 μL), 10 
mg/Ml propidium iodide (PI, P4170, Sigma-
Aldrich Chemical Company, St Louis MO, USA), 
and 10 mg/mL RNase A (P4170, Sigma-Aldrich 
Chemical Company, St Louis MO, USA) were 
mixed and then incubated at 4°C for 30 min. 

After adding 400 μL staining buffer, the sam-
ples were analyzed immediately using a flow 
cytometer (BD Bioscience, USA), with 104 cells 
selected each time. Cell Quest software was 
used to acquire and analyze the data. Annexin 
V+ cells were considered as apoptotic cells, and 
Annexin V-PI+ cells were considered as necrotic 
cells. The apoptosis rate = (number of Annexin 
V+PI+ cells + number of Annexin V+PI- cells)/104 
× 100%. Forcell cycle analysis, 100 μL cell sus-
pension and 1 mL PI/TritonX-100 staining solu-
tion (containing 0.2 mg RNase A, 20 μg PI, and 
0.1% TritonX-100) were mixed uniformly in a 
tube and incubated at 4°C for 30 min using flow 
cytometry.

Statistical analysis

Statistical analyses were conducted by using 
SPSS21.0 (SPSS Inc., Chicago, IL, USA) and 

Figure 2. Expression of TGF-β and Smad4 mRNA and protein in RCC tissues, adjacent normal tissues and normal 
renal tissues. Notes: A. The expression of TGF-β and Smad4 mRNA in RCC tissues, adjacent normal tissues and 
normal renal tissues using qRT-PCR; B. The protein expression of TGF-β and Smad4 in RCC tissues, adjacent normal 
tissues and normal renal tissues using western blotting; C. Grey value of target proteins of Smad4; D. Grey value 
of target proteins of TGF-β; *Refers to compare with the Normal group, P<0.05; #Refers to compare with the Para-
carcinoma tissue group, P<0.05; RCC, renal cell carcinoma; qRT-PCR, quantitative real-time polymerace chain reac-
tion; TGF-β, transforming growth factor-β; Smad, solvated metal atom dispersed.



miR-93 inhibits TGF-β/Smad signaling in RCC by targeting RUNX3

3505 Am J Transl Res 2017;9(7):3499-3513

GraphPad Prism (GraphPad Software Inc., CA, 
USA). Each experiment was carried out at least 
three times. Results are expressed as mean ± 
standard deviation. Differences between two 
groups were compared by t test. Multiple 
groups were compared by one-way analysis of 
variance when there was equal variance across 
groups and by the Wilcoxon rank-sum test when 
variances were heterogeneous. P<0.05 was 
considered significant.

Results

MiR-9 and RUNX3 expression in RCC tissues, 
adjacent normal tissues and normal renal tis-
sues

The expression of miR-93 and RUNX3 mRNA 
and protein was determined in RCC tissues, 
adjacent normal tissues and normal renal tis-
sues by qRT-PCR and Western blotting. The 
results showed that the expression of miR-93 
mRNA was significantly higher in RCC and adja-
cent normal tissues than in normal renal tis-
sues, and the expression in RCC tissues 
remarkably increased compared with adjacent 
normal tissues (all P<0.05). The expression of 
RUNX3 mRNA and protein was significantly 

significantly decreased in RCC tissues com-
pared with adjacent normal tissues (both 
P<0.05, Figure 2).

RUNX3 is a direct target gene of miR-93

According to the online bioinformation analysis 
software (microRNA.org), RUNX3 is a down-
stream target gene of miR-93 (Figure 3A). 
Results of the dual luciferase reporter assay 
showed that in cells carrying the RUNX3-wt 
plasmid, luciferase activity was significantly 
decreased in the miR-93 mimic group as com-
pared with the mimic-NC group. In addition, 
luciferase activity was substantially higher in 
the miR-93 inhibitor group than in the inhibitor-
NC group (all P<0.05). However, in cells carry-
ing the RUNX3-mut plasmid, luciferase activity 
did not differ significantly between groups 
(Figure 3B). These findings provide evidence 
that RUNX3 is a direct target gene of miR-93.

Effect of miR-93 and miR-93 inhibition on 
RUNX3 expression

The expression of miR-93 inHK-2 cells and RCC 
cells (SN12PM6, 786-O, ACHN, and Caki-1) was 
determined by qRT-PCR. The results showed 

Figure 3. RUNX3 confirmed as a target gene of miR-93. Notes: A. Predict-
ed binding sites on the miR-93 and RUNX3 3’ UTR; B. Results of the dual 
luciferase reporter assay showed that miR-93 regulates the expression of 
RUNX3; *Refers to compare with the mimic-NC group, P<0.05; miR-93, 
microRNA-93; RUNX3, runt-related transcription factor 3.

lower in RCC and adjacent nor-
mal tissues compared with nor-
mal renal tissues, and the 
expression remarkably decrea- 
sed in RCC tissues compared 
with adjacent normal tissues (all 
P<0.05, Figure 1).

TGF-β and Smad4 expression in 
RCC tissues, adjacent normal tis-
sues and normal renal tissues

Results of qRT-PCR and Western 
blotting showed that the expres-
sion of TGF-β mRNA and protein 
was significantly higher in RCC 
and adjacent normal tissues 
than in normal renal tissues, and 
the expression was significantly 
higher in RCC tissues than in 
adjacent normal tissues. The 
expression of Smad4 mRNA and 
protein was substantially lower in 
RCC tissues and adjacent normal 
tissues than in normal renal tis-
sues, and the expression was 
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that miR-93 levels were lower in HK-2 cells than 
in RCC cells, and ACHN cells showed the high-
est miR-93 expression (all P<0.05) (Figure 4A). 
Therefore, ACHN cells were selected for the 
subsequent experiments. Results of qRT-PCR 
showed that no significant difference was found 
in ACHN cells transfected with mimic-NC and 
inhibitor-NC (P>0.05); compared with ACHN 
cells transfected with mimic-NC, miR-93 
expression was higher in cells transfected with 
miR-93 mimic; but compared with ACHN cells 
transfected with inhibitor-NC, lowermiR-93 
expression was found in cells transfected with 
miR-93 inhibitor or miR-93 inhibitor + si-RUNX3 
(all P<0.05). Expression of miR-93 was not sig-
nificantly different between cells transfected 
with inhibitor-NC or miR-93 inhibitor + si-RUNX3 
(P>0.05) (Figure 4B). Results of Western blot-
ting showed that protein levels of RUNX3 did 
not differ significantly between the mimic-NC 
and inhibitor-NC groups but were significantly 
lower in the miR-93 mimic group compared 

with the mimic-NC group and substantially 
increased in the miR-93 inhibitor group com-
pared with the inhibitor-NC group. Moreover, 
RUNX3 protein levels were marked decreased 
in the miR-93 inhibitor + si-RUNX3 group com-
pared with the miR-93 inhibitor group (all 
P<0.05), and no significant difference was 
observed between the miR-93 inhibitor group 
and the miR-93 inhibitor + si-RUNX3 group 
(Figure 4C-E).

Effect of miR-93 and miR-93 inhibition on 
TGF-β and Smad4 expression

Results of qPCR and Western blotting show 
that TGF-β and Smad4 expression did not differ 
significantly between the mimic-NC, inhibitor-
NC group, and miR-93 inhibitor + si-RUNX3 
groups (all P>0.05). Compared with the mimic-
NC group, TGF-β expression increased but 
Smad4 expression decreased in the miR-93 
mimic group, and TGF-β expression decreased 

Figure 4. Expression of miR-93 and RUNX3 mRNA and protein in the miminc-NC, miR-93 mimic, inhibitor-NC, miR-
93 inhibitor and miR-93 inhibitor + si-RUNX3 groups. Notes: A. Expression of miR-93 in HK-2 cells and RCC cells 
(SN12PM6, 786-O, ACHN, and Caki-1); B. Expression of miR-93 in the miminc-NC, miR-93 mimic, inhibitor-NC, miR-
93 inhibitor and miR-93 inhibitor + si-RUNX3 groups; C. The expression of RUNX3 mRNA in each groups by qRT-PCR; 
D. The protein expression of RUNX3 in each groups using western blotting; E. Grey value of target protein of RUNX3 
in each groups; *Refers to compare with HK-2 cells, P<0.01; #Refers to compare with the mimic-NC group, P<0.05; 
RCC, renal cell carcinoma; miR-93, microRNA-93; NC, negative control; RUNX3, runt-related transcription factor 3; 
qRT-PCR, quantitative real-time polymerace chain reaction.
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significantly in the miR-93 inhibitor group. 
Compared with the miR-93 inhibitor group, 
TGF-β expression increased and Smad4 expres-
sion decreased in the miR-93 inhibitor + si-
RUNX3 group (all P<0.05) (Figure 5).

MiR-93 promoted RCC cell proliferation

The results of the MTS assay showed that cell 
proliferation did not differ significantly in cells 
transfected with mimic-NC, inhibitor-NC, or 
miR-93 inhibitor + si-RUNX3. However, com-
pared with the mimic-NC group, cell prolifera-
tion was markedly increased in the miR-93 
mimic group. Compared with the inhibitor-NC 
group, cell proliferation was significantly de- 
creased in the miR-93 inhibitor group. In addi-
tion, cell proliferation was significantly increa- 
sed in the miR-93 inhibitor + si-RUNX3 group 
compared with the miR-93 inhibitor group (all 
P<0.05) (Figure 6). Taken together, these 
results suggest that miR-93 promotes RCC cell 
proliferation.

MiR-93 enhanced RCC cell invasion and mi-
gration

Results of the Transwell invasion and the 
wound-healing assays (Figure 7) showed that 
cell invasion and migration did not differ signifi-
cantly between cells transfected with mimic-
NC, inhibitor-NC, or miR-93 inhibitor + si-RUNX3 
(P>0.05). Compared with the mimic-NC group, 
cell invasion and migration increased signifi-
cantly in the miR-93 mimic group. Cell invasion 
and migration in the miR-93 inhibitor group was 
decreased compared with the inhibitor-NC 
group, whereas cell invasion and migration 
were increased in the miR-93 inhibitor + si-
RUNX3 group compared with the miR-93 inhibi-
tor group (P<0.05). These results suggest that 

Figure 5. Expression of TGF-β and Smad4 mRNA and protein in the miminc-NC, miR-93 mimic, inhibitor-NC, miR-93 
inhibitor and miR-93 inhibitor + si-RUNX3 groups. Notes: (A) The expression of TGF-β and Smad4 mRNA using qRT-
PCR; (B) The protein expression of TGF-β and Smad4 using western blotting; (C) Grey value of target protein bands 
from (B); *Refers to compare with the mimic NC group, P<0.05; #Refers to compare with the inhibitor NC group, 
P<0.05; &Refers to compare with the miR-93 inhibitor group, P<0.05; qRT-PCR, quantitative real-time polymerace 
chain reaction; miR-93, microRNA-93; TGF-β, transforming growth factor-β; Smad, solvated metal atom dispersed; 
NC, negative control.

Figure 6. Proliferation of RCC cells in the miminc-
NC, miR-93 mimic, inhibitor-NC, miR-93 inhibitor 
and miR-93 inhibitor + si-RUNX3 groups. Notes: 
cell proliferation was evaluated at 0, 24, 48, and 
72 h; *Refers to compare with the mimic NC group, 
P<0.05; #Refers to compare with the inhibitor NC 
group, P<0.05; &Refers to compare with the miR-93 
inhibitor group, P<0.05; RCC, renal cell carcinoma; 
NC, negative control; miR-93, microRNA-93; RUNX3, 
runt-related transcription factor 3.
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miR-93 promotes invasion and migration of 
RCC cells.

MiR-93 promoted cell cycle progression in RCC 
cells

Results of flow cytometry (Table 3) showed that 
the number of cells in G1, S, and G2 phase did 
not differ significantly among the mimic-NC 

group, inhibitor-NC group, and miR-93 inhibitor 
+ si-RUNX3 group (P>0.05). However, com-
pared with the mimic-NC group, the miR-93 
mimic group had fewer cells in G1 phase but 
more cells in S phase and G2 phase (P<0.05). 
Compared with the inhibitor-NC group, the miR-
93 inhibitor group had more cells arrested in 
G1 phase and substantially fewer cells in S 
phase and G2 phase (P<0.05). The miR-93 

Figure 7. Effects of miR-93 on invasion and migration of RCC cells in the miminc-NC, miR-93 mimic, inhibitor-NC, 
miR-93 inhibitor and miR-93 inhibitor + si-RUNX3 groups. Notes: (A) Effect of miR-93 on migration of RCC cells using 
wound-healing assay; (B) Effect of miR-93 on invasion of RCC cells using Transwell assay; (C) Statistical analysis of 
Transwell results from (A); (D) statistical analysis of Transwell results from (B); *Refers to compare with the mimic 
NC group, P<0.05; #Refers to compare with the inhibitor NC group, P<0.05; &Refers to compare with the miR-93 
inhibitor group, P<0.05; RCC, renal cell carcinoma; miR-93, microRNA-93; NC, negative control; RUNX3, runt-related 
transcription factor 3.
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inhibitor + si-RUNX3 group had significantly 
fewer cells in G1 phase and more cells arrested 
in S phase and G2 phase compared with the 
miR-93 inhibitor group (P<0.05). These results 
suggest that miR-93 promotes transition from 
G1 to S phase.

MiR-93 suppressed the apoptosis of RCC cells

Flow cytometry was also used to assess the 
effects of miR-93 on apoptosis. The results 
showed that apoptosis did not differ significant-
ly between the mimic-NC group, inhibitor-NC 
group, and miR-93 inhibitor + si-RUNX3 group 
(P>0.05). However, the rate of apoptosis was 
lower in the miR-93 mimic group than in the 
mimic-NC group (P<0.05) and higher in the 
miR-93 inhibitor group than in the inhibitor-NC 
group (P<0.05). In addition, the number of 
apoptotic cells in the miR-93 inhibitor + si-
RUNX3 group was markedly decreased com-
pared with the miR-93 inhibitor group (P<0.05). 
These results indicate that miR-93 inhibits cell 
apoptosis (Figure 8).

Discussion

Recent studies have shown that miRNAs play 
important roles in tumor progression, function-
ing as tumor suppressors or oncogenes by reg-
ulating signaling pathways [22-24]. The present 
study investigated the effects of miR-93 on the 
regulation of cell invasion and migration in RCC. 
Our findings provided evidence that miR-93 
influences TGF-β/Smad signaling by inhibiting 
RUNX3, thereby promoting the invasion and 
migration of RCC cells.

We found that miR-93 and TGF-β expression 
were elevated in RCC tissues and adjacent nor-
mal tissues compared with normal renal tis-
sues, whereas RUNX3 and Smad4 expression 
were decreased. Previous studies have shown 
that miR-93 is strongly expressed in various 
cancers and may be function as an oncomiR, 
regulating tumor growth, cell survival, migra-
tion, apoptosis, cell-cycle distribution, and 

angiogenesis [25]. Zhu et al. observed that high 
expression of miR-93 in non-small cell lung 
cancer tissues [26], and Du et al. showed that 
miR-93 overexpression promotes cell growth in 
lung cancer, primarily by downregulating the 
expression of disabled homolog-2 [27]. TGF-β is 
a multifunctional protein that plays a crucial 
role in mediating basic cellular functions includ-
ing cell proliferation, apoptosis, and differentia-
tion and immunosuppression [28]. The TGF-β/
Smad signaling pathway is involved in growth 
regulation of cancer and normal cells [29]. 
RUNX3 is a transcription factor in the TGF-β 
superfamily [30] and appears to be a tumor 
suppressor that is inactivated in diverse can-
cers [31]. Smad4 involved in invasion and 
lymph node migration of various cancers [32, 
33]. Smad4 represses heparanase expression, 
and its downregulation contributes to gastric 
cancer development [34]. 

In this study, we showed that miR-93 inhibits 
cell apoptosis and promotes cell proliferation, 
invasion, and migration by targeting RUNX3. 
Singh et al. demonstrated that enhanced miR-
93 expression decreases apoptosis but 
increases mammosphere formation, colony for-
mation, cell migration, and DNA damage in 
breast epithelial cells, and miR-93 silencing 
suppresses these carcinogenic processes [35]. 
Increased miR-93 expression also significantly 
stimulate in vitro cell proliferation, invasion, 
and migration through the cellular-mesenchy-
mal to epithelial transition factor (c-Met)/phos-
phoinositide 3-kinase (PI3K)/protein kinase B 
(Akt) pathway and repress apoptosis by sup-
pressing phosphatase and tensin homolog 
(PTEN) and cyclin-dependent kinase inhibitor 
1A(CDKN1A) expression in human hepatocel-
lular carcinoma [36]. Aberrant activation of the 
Wnt/β-catenin pathway contributes to tumor 
progression [37], and miR-93 involved in zinc 
and ring finger 3 (ZNRF3)/Wnt/β-catenin sig-
naling, contributing to lung carcinoma [38]. 
Jiang et al. demonstrated that miR-93 upregu-
lation in glioma cells increases cell proliferation 

Table 3. Cell cycle distribution after cell transfection among five groups (%)
Group mimic-NC miR-93 mimic Inhibitor-NC miR-93 inhibitor miR-93 inhibitor + si-RUNX3
G0/G1 phase 55.95 ± 4.86 35.58 ± 3.54# 54.63 ± 4.92 70.78 ± 5.67# 54.82 ± 0.86
S phase 24.98 ± 1.81 39.93 ± 2.53# 25.39 ± 2.27 16.93 ± 1.98# 25.13 ± 1.94
G2/M phase 19.07 ± 1.04 24.49 ± 1.67# 18.18 ± 1.55 12.29 ± 0.53# 20.05 ± 1.38
Notes: #, P<0.05, compared with the mimic-NC group; miR-93, microRNA-93; NC, negative control.
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Figure 8. Effect of miR-93 on apoptosis of RCC cells in the miminc-NC, miR-93 mimic, inhibitor-NC, miR-93 inhibitor and miR-93 inhibitor + si-RUNX3 groups. Notes: 
RCC, renal cell carcinoma; miR-93, microRNA-93; NC, negative control; RUNX3, runt-related transcription factor 3.
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through PI3K/Akt signaling pathway [39], and 
constitutive activation of Akt and elevated 
expression of RUNX maybe a major driving 
force in the progression of gliomas [40]. TGF-β 
binds to TGF-β receptor type II, which recruits 
TGF-β receptor type I to form aheterodimeric 
receptor. TGF-β receptor type II phosphorylates 
TGF-β receptor type I, which in turn phosphory-
lates receptor-regulated Smads [29]. Zhao and 
his colleagues report that long non-coding RNA 
(LncRNA) in the INK4 locus contributes to cell 
invasion and migration in thyroid cancer by 
inhibiting TGF-β/Smad signaling pathway [41]. 
RUNX3 has been proposed as a gatekeeper 
which is able to link tumor suppressive TGF-β 
signaling in intestinal carcinogenesis [42]. 
According to Zeng et al. miR-205 overexpres-
sion decreases Smad4 expression, there by 
repressing TGF-β/Smad4-induced epithelial-
mesenchymal transition and ultimately inhibit-
ing cell invasion and migration in lung cancer 
[43]. Similarly, we found that compared with 
the miR-93 inhibitor group, there showed 
increased proliferation, invasion, and migra-
tion, decreased apoptosis, and more cells pro-
gressing from G1 to S stage in the miR-93 inhib-
itor + siRNA-RUNX3 group.

In conclusion, the present study suggests that 
miR-93 regulates TGF-β/Smad signaling by 
inhibiting RUNX3, thus promoting cell invasion 
and migration in RCC. These findings may open 
novel avenues for future RCC therapies.
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