
INTERNATIONAL JOURNAL OF ONCOLOGY  56:  178-192,  2020

Abstract. Accumulating evidence has demonstrated that 
microRNAs are associated with malignant biological behaviour, 
including tumorigenesis, cancer progression and metastasis via 
the regulation of target gene expression. Our previous study 
demonstrated that programmed cell death protein 4 (PDCD4), 
which is a tumour suppressor gene, is a target of microRNA‑21 
(miR‑21), which affects the proliferation and transformation 
capabilities of renal cell carcinoma (RCC) cells. However, the 
role of miR‑21 in the molecular mechanism underlying the 
migration, invasion and angiogenesis of RCC remains poorly 
understood. The effects of miR‑21 on the invasion, migra-
tion and angiogenesis of RCC cells was determined through 
meta‑analysis and regulation of miR‑21 expression in vitro. 
After searching several databases, 6 articles including a total 
of 473 patients met the eligibility criteria for this analysis. The 
combined results of the meta‑analysis revealed that increased 
miR‑21 expression was significantly associated with adverse 
prognosis in patients with RCC, with a pooled hazard ratio 
estimate of 1.740. In in vitro experiments, we demonstrated 

that a miR‑21 inhibitor decreased the number of migrating and 
invading A498 and 786‑O RCC cells, along with a decrease in 
PDCD4, c‑Jun, matrix metalloproteinase (MMP)2 and MMP9 
expression. Additionally, inhibition of miR‑21 was revealed to 
reduce tube formation and tube junctions in the endothelial cell 
line HMEC‑1 by affecting the expression of angiotensin‑1 and 
vascular endothelial growth factor A, whereas PDCD4 small 
interfering RNA exerted opposite effects on the same cells. 
Overall, these findings, along with evidence‑based molecular 
biology, demonstrated that miR‑21 expression promoted the 
migration, invasion and angiogenic abilities of RCC cells by 
directly targeting the PDCD4/c‑Jun signalling pathway. The 
results may help elucidate the molecular mechanism under-
lying the development and progression of RCC and provide a 
promising target for microRNA‑based therapy.

Introduction

Renal cell carcinoma (RCC) is a major cause of cancer‑asso-
ciated mortality and one of the most common types of 
urological cancer worldwide alongside prostate and bladder 
cancer (1). An estimated 65,240 newly diagnosed RCC cases 
and >14,970 cases of RCC‑associated mortality were reported 
in the USA in 2018 (2). Although the diagnosis and treatment 
strategies for RCC are continuously improving, the proportion 
of patients who present with metastases at initial diagnosis 
is 20‑30%  (3‑5). Additionally, one‑third of patients with 
localized RCC may experience recurrence or progression to 
metastatic disease following curative tumour resection (6,7). 
For metastatic RCC, the therapeutic efficacy of radiotherapy 
and chemotherapy is low, leading to a poor prognosis and 
a 5‑year survival rate of <10%  (8,9). At present, several 
well‑known risk factors, including patient‑specific (smoking, 
obesity, hypertension, etc.) and tumour‑specific (TNM stage, 
Eastern Cooperative Oncology Group performance status, etc.) 
factors, are widely used for RCC prognosis (7,10,11). However, 
the complex and heterogeneous characteristics of RCC may 
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affect the value and accuracy of these predictors. Therefore, 
it is important to identify and understand the alterations in 
the cancer in order to determine the clinical significance of 
biological markers and develop targeted therapeutics (10).

Previous molecular studies have revealed that abnormal 
expression of microRNAs (miRNAs) is involved in tumorigen-
esis (12‑14). miRNAs are endogenous non‑coding molecules 
18‑25 nucleotides in length, which regulate the processes of 
cellular homeostasis and tumorigenesis, including cell prolifera-
tion and apoptosis, through specific binding to the 3'‑untranslated 
region (UTR) of target mRNAs (14,15). Abnormal expression 
of miRNAs has been reported in most tumours; in breast 
cancer, miR‑30 has been identified to directly target multiple 
bone metastasis‑associated genes, including cadherin 11, which 
affects tumour cell osteomimicry, and integrin subunit a 5, which 
affects invasiveness, thereby inhibiting cancer cell invasion, 
osteomimicry, and bone destruction (16). Similarly, miR‑125b 
may act as a tumour suppressor by inducing cellular senescence 
and apoptosis during hepatocellular carcinogenesis by directly 
targeting the 3'‑UTR of sirtuin 6 (17). However, in previous 
study, microRNA (miR)‑21 was identified to promote cellular 
hyperplasia in numerous types of cancers including thyroid (18), 
colorectal (19) and pancreatic cancer (20) and contribute to 
malignant cell transformation. Additionally, it downregulated 
the expression of the tumour suppressor programmed cell death 
protein 4 (PDCD4) protein, which was consistent with the find-
ings of fluorescence microscopic evaluation (21). The aim of the 
present study was to investigate the potential role of miR‑21 in 
the angiogenesis, invasiveness and progression of RCC cells, 
and to elucidate the underlying mechanism.

Materials and methods

Search strategy. A search was performed in the PubMed (ncbi.
nlm.nih.gov/pubmed/), Medline (ovid.com/) and Cochrane 
electronic databases (cochranelibrary.com) and the reference 
lists of the identified articles, in order to identify relevant 
studies in these databases that were published between 1994 
and 2018. In addition to electronic searches of original papers, 
we also reviewed the abstracts that were published in major 
academic conferences (European Society of Urology, American 
Urological Association, Asian Society of Urology, American 
Society of Clinical Oncology, European Society for Medical 
Oncology and others). The search terms included ‘microRNA’, 
‘miR‑21’, ‘renal cell carcinoma’, ‘kidney cancer’, ‘prognosis’, 
‘mortality’, ‘recurrence’, ‘progression’ and ‘relapse’. There 
were no language restrictions. Studies were considered eligible 
if: i) They reported an effect measure [i.e., hazard ratios (HRs), 
Kaplan‑Meier survival curves or log‑rank P‑values] of miR‑21 
expression on overall survival (OS), cancer‑specific survival 
(CSS), recurrence‑free survival, progression‑free survival 
(PFS) or metastasis‑free survival; ii) miR‑21 expression was 
evaluated in primary kidney cancer exhibiting histological 
homogeneity; iii) the search was limited to human subjects; 
and iv) the study was a cohort or case‑control study. Reviews, 
abstracts, non‑clinical studies and duplicate publications were 
excluded in the present study.

Data extraction. The following data were extracted from 
each study (22‑28) where available: Last name of first author, 

publication year, origin of study population, patient number, 
RCC stage, miR‑21 detection method, cut‑off value, patient 
outcomes, follow‑up, effect assessments [such as relative 
risk (RR), HR or odds ratio (OR) with a corresponding 95% 
confidence interval (CI)] of mortality and overall assessment 
of potential bias. When studies reported only Kaplan‑Meier 
survival curves or a log‑rank P‑value, HR and 95% CI were 
calculated using the method described by Tierney et al (29), 
with any discrepancies regarding evaluation of RCC stage, 
miR‑21 detection method, cut‑off value and patient outcomes 
resolved through discussion based on evaluation of inclusion 
and exclusion criteria.

Cell culture and transfection. Human renal carcinoma 786‑O 
and A498 cell lines, and human micro vessel endothelial 
(HMEC‑1) cells were obtained from the American Tissue 
Culture Collection and grown in DMEM (Thermo Fisher 
Scientific, Inc.) supplemented with 15% FBS (Gibco; Thermo 
Fisher Scientific, Inc.), 100 U/ml penicillin and 100 mg/ml 
streptomycin at 37˚C with 5% CO2. HMEC‑1 cells were grown 
in the same culture medium, which was additionally supple-
mented with 10  ng/l vascular endothelial growth factor 
(VEGF; Beyotime Institute of Biotechnology).

For the cell transfection assay, the cells were first seeded into 
a 6‑well plate, and when they had grown to ~50% confluence, 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) was used to transfect the cells with a final concentration 
of 100 nM miR‑21 inhibitor (5'‑UCA​ACA​UCA​GUC​UGA​UAA​
GCU​A‑3') or miR‑21 mimics (sense, 5'‑UAG​CUU​AUC​AGA​
CUG​AUG​UUG​A‑3'; antisense, 5'‑AAC​AUC​AGU​CUG​AUA​
AGC​UAU​U‑3') to specifically inhibit or upregulate miR‑21 
expression, miR‑21 inhibitor negative control (5'‑CAG​UAC​
UUU​UGU​GUA​GUA​CAA‑3') and miR‑21 mimics negative 
control (sense, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'; 
antisense, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'), PDCD4 
small interfering RNA (siRNA) (sense, 5'‑GUG​CAU​CCG​UAC​
UCC​CAA​A‑3'; antisense, 5'‑UUU​GGG​AGU​ACG​GAU​GCA​
C‑3'), c‑Jun siRNA (sense, 5'‑GAA​AGU​CAU​GAA​CCA​CGU​
UTT‑3'; antisense, 5'‑UAG​UAA​GAG​AGG​CUA​UCC​CTT‑3') 
and scrambled siRNA negative control (NC) (sense, 5'‑UUC​
UCC​GAA​CGU​GUC​ACG​UTT‑3'; antisense, 5'‑ACG​UGA​CAC​
GYY​CGG​AGA​ATT‑3'), which were purchased from Shanghai 
GenePharma Co., Ltd. Total RNA or protein was extracted 
after 36 or 48 h and used for further experiments.

Cell migration assay. Transwell chambers with 8‑µm pore 
filters were used to assess the migratory ability of 786‑O and 
A498 cells. After 24 or 36 h of transfection, cells with different 
transfection treatments were trypsinized, and ~5x104 cells were 
seeded in the upper chamber in serum‑free DMEM. DMEM 
supplemented with 15% FBS as a chemoattractant was added 
to the lower chamber. Following incubation for 24 h at 37˚C, 
cotton swabs were used to remove the non‑migratory cells. 
Subsequently, the cells that had migrated to the bottom of the 
membrane were fixed with 95% ethanol for 20 min at room 
temperature, and 1% eosin was used for staining for 15 min 
at room temperature, followed by washing with PBS. The 
number of the stained cells were counted by Image‑Pro Plus 
v6.0 software (National Institutes of Health) using an inverted 
light microscope at a x200 magnification.
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Cell invasion assay. For the cell invasion assay, 5x104 trans-
fected cells were added to the top chamber using the same 
procedure as the cell migration assay. However, the upper cham-
bers were pre‑coated with 40 µg Matrigel (BD Biosciences) at 
37˚C for 30 min at a dilution of 1:8. Subsequently, the cells 
were cultured for 48 h in a humidified incubator at 37˚C, and 
cotton swabs were used to remove non‑invading cells. The 
invading cells were then fixed, stained and visualized as afore-
mentioned in cell migration assay section.

Tube formation assay. Serum‑free DMEM and pre‑cooled 
melted Matrigel were mixed at a ratio of 1:1. The Matrigel 
mixture (50 µl) was coated onto a 96‑well plate, and polymer-
ized for 1 h at 37˚C. Subsequently, 2x103 HMEC‑1 cells were 
seeded on the surface of the Matrigel into each well and incu-
bated at 37˚C. Tube formation was observed using an inverted 
light microscope at a magnification of x100 after 1, 2, 6, 12 
and 24 h. For quantification, the extent of tube formation was 
assessed by determining the number and branching points of 
the tube formations.

Western blot analysis. Cell Extraction buffer (Thermo Fisher 
Scientific, Inc.) was used to lyse the cells to extract protein, 
and the bicinchoninic acid assay kit (Thermo Fisher Scientific, 
Inc.) was used to quantify the protein. Protein (30 µg) was then 
separated using 10% SDS‑PAGE and transferred to PVDF 
membranes (EMD Millipore). The membranes were blocked 
with 5% non‑fat milk at room temperature for 2 h, followed 
by incubation overnight at 4˚C with the relevant primary 
antibodies against PDCD4 (1:1,000; Abcam; cat. no. ab51495), 
c‑Jun (1:1,000; Abcam; cat.  no.  ab31419), phosphorylated 
(p‑)c‑Jun (1:1,000; Abcam; cat. no. ab32385), matrix metal-
loproteinase (MMP)2 (1:1,000; ProteinTech Group, Inc.; 
cat.  no.  10373‑2‑AP), MMP9 (1:800; ProteinTech Group, 
Inc.; cat.  no.  10375‑2‑AP), angiotensin (ANG)‑1 (1:1,000; 
ProteinTech Group, Inc.; cat. no. 23302‑1‑AP), vascular endo-
thelial growth factor (VEGF)A (1:2,000; ProteinTech Group, 
Inc.; cat. no. 66828‑1‑lg) and GAPDH (1:4,000; Santa Cruz 
Biotechnology, Inc.; cat. no. sc‑47724). The PVDF membranes 
were washed with TBS with 0.1% Tween‑20 and incubated for 
1 h at room temperature with a horseradish peroxidase‑conju-
gated anti‑mouse or rabbit secondary antibody (1:3,000; 
ProteinTech Group, Inc.; cat. nos. SA00001‑1 and SA00001‑2). 
An ECL kit (Advansta, Inc.) and Image Lab software 4.0 
(Bio‑Rad Laboratories, Inc.) were used to detect the protein 
levels and band intensities.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) was used to extract total RNA from 
A498 and 786‑O cells according to the manufacturer's protocol. 
miR‑21 expression was detected with the NCode EXPRESS 
SYBR‑GreenER miRNA RT‑qPCR kit (Invitrogen; Thermo 
Fisher Scientific, Inc.) and normalized to the expression of U6 
snRNA. c‑Jun mRNA expression was detected with the SYBR 
PrimeScript RT‑PCR kit II (Takara Bio, Inc.) and normalized 
to the expression levels of GAPDH. The reverse transcription 
temperature protocol was as follows: 42˚C for 30 min and 
85˚C for 5 sec. The thermocycling conditions for qPCR were 
as follows: 95˚C for 10 min; followed by 40 cycles of 95˚C 

for 10 sec and 58˚C for 45 sec. (Invitrogen; Thermo Fisher 
Scientific, Inc.). The relative expression level was calculated 
using the 2‑ΔΔCq method  (30). The PCR primers were as 
follows: miR‑21 forward, 5'‑TAG​CTT​ATC​AGA​CTG​ATG‑3' 
and reverse, 5'‑TGG​TGT​CGT​GGA​GTC​G‑3'; U6 forward, 
5'‑CTC​GCT​TCG​GCA​GCA​CA‑3' and reverse, 5'‑AAC​GCT​
TCA​CGA​ATT​TGC​GT‑3'; c‑Jun forward, 5'‑ATC​CTG​AAA​
CAG​AGC​ATG​AC‑3' and reverse, 5'‑TTG​CTG​GAC​TGG​ATT​
ATC​A‑3'; and GAPDH forward, 5'‑TCA​ACG​ACC​ACT​TTG​
TCA​AGC​TCA‑3' and reverse, 5'‑GCT​GGT​GGT​CCA​GGG​
GTC​TTA​CT‑3'.

Chromatin immunoprecipitation (ChIP) assay. To examine 
whether c‑Jun or p‑c‑Jun [containing activator protein 1 (AP‑1) 
binding site] directly interacted with the promoter region of 
miR‑21, ChIP assays were performed using A498 and 786‑O 
cells. In brief, the cells were crosslinked with 1% formalde-
hyde for 10 min at room temperature. Subsequently, the cells 
were lysed with cell lysis buffer and then the cell lysates were 
sonicated 10‑15 times for 10 sec each time. The sonicated 
lysates were then incubated with normal immunoglobulin G 
(1:1,000; Abcam; cat. no. ab171870), c‑Jun (1:1,000; Abcam; 
cat. no. ab31419) or p‑c‑Jun (1:1,000; Abcam; cat. no. ab32385) 
overnight at 4˚C, followed by immunoprecipitation with 
protein A/G agarose beads. The samples were reverse‑cross-
linked at 65˚C for 4 h, and the immunoprecipitated DNA 
fragments were extracted with a QiAquick PCR Purification 
Kit (Qiagen, Inc.; cat. no. 28104). DNA was quantified by PCR, 
using the following primers: Forward, 5'‑GCC​TCC​CAA​GTT​
TGC​TAA​TG‑3' and reverse, 5'‑TGT​ACT​CTG​GTA​TGG​CAC​
AAA​GA‑3', in a 1% agarose gel with the DNA fluorescent dye 
GelStain (1:10,000; cat. no. GS101; Beijing Transgen Biotech 
Co., Ltd.). The DNA bands were observed using a TGel Image 
System (OSE‑470P; Tiangen Biotech Co., Ltd.) The thermocy-
cling conditions were: 10 min at 95˚C; followed by 40 cycles of 
30 sec at 95˚C, 30 sec at 60˚C and 30 sec at 72˚C.

Data analysis. Stata v13.0 software (StataCorp LP) was used 
to perform the complete data meta‑analysis. The effects of 
the factors of interest were evaluated with HR/RR/OR esti-
mates and 95% CIs. To test heterogeneity, the χ2 and I2 tests 
were used. In each analysis, the potential bias was assessed 
by a funnel plot and Egger's test. SPSS version 20.0 (IBM, 
Corp.) was used to perform the statistical analyses. Values are 
presented as the mean ± standard error of the mean of three 
independent experiments. Mann‑Whitney U test or Student's 
t‑test were used to analyse the differences between two groups, 
and a one‑way ANOVA with a post‑hoc Tukey's test was used 
to compare multiple groups. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Identification and eligibility of studies included in the 
meta‑analysis. Table I summarizes the main characteristics of 
the seven relevant cohort studies (22‑28). These studies were 
published between 2012 and 2018. Of the included studies, 
three were performed in North America, three in Central 
Europe and one in East Asia. The sample size of the studies 
ranged between 36 and 121 patients (total, n=473). Patients 
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with pT1‑pT3 RCC and T3 RCC were enrolled respectively in 
three studies and one study included patients with all stages of 
RCC. The stage of patients RCC patients was unknown in two 
of the studies. The detection method in six of the studies was 
RT‑qPCR and in one study, it was qPCR.

Meta‑analysis of the effect of miR‑21 expression on RCC 
prognosis and patient survival. Among the seven included 
studies, which contained a total of 473 patients with survival 
data, three studies reported an association between miR‑21 
expression and CSS in RCC, and the remaining studies inves-
tigated OS. Due to heterogeneity, a random‑effects model was 
used to calculate the pooled HR value for the survival and 
progression data (Fig. 1). The combined HR was calculated 
as 1.74 (95% CI, 1.34‑2.25; P<0.001) in Fig. 2A, suggesting 
that increased expression levels of miR‑21 were significantly 
associated with adverse prognosis in the pooled patient group. 
In the subgroup analysis, the expression levels of miR‑21 were 
significantly associated with CSS, with a pooled HR estimate 
of 7.13 (95% CI, 3.79‑13.41; P<0.001). However, non‑significant 
decreases in OS and PFS were observed in patients with RCC 
with high miR‑21 expression (P=0.063 and P=0.443, respec-
tively). The Begg's funnel plot revealed asymmetry (Fig. 2B), 
which is typically associated with publication bias. For the 
Egger's regression asymmetry test, the P‑value was 0.002, 
indicating publication bias.

miR‑21 regulates the migration, invasion and angiogenic 
abilities of A498 and 786‑O cells by targeting PDCD4. A 
Transwell assay was performed to investigate the effects 
of miR‑21 on RCC cell migration and invasion. As shown 
in Figs. 3B and C, and 4B and C, notable differences were 
observed in the migration and invasion abilities among 
the different groups of A498 or 786‑O cells following 
transfection. Transfection efficiency was verified by qPCR 
(Figs. 3A and 4A). Compared with the miRNA inhibitor NC 
and siRNA NC groups, the migration and invasion abilities 
were significantly decreased in the miR‑21 inhibitor group, 
and significantly increased in the group transfected with 
PDCD4 siRNA. To elucidate the effect of the supernatant of 
A498 or 786‑O cells on the endothelial cell line HMEC‑1, 
a tube formation assay in Matrigel was performed, and the 
results are presented in Fig. 5. The transfection efficiency 
was verified by qPCR (Fig.  5A). Similarly, by inhibiting 
miR‑21 expression, the number of tubes and tube junctions 
in the miR‑21 inhibitor group was significantly decreased, 
whereas downregulating PDCD4 increased the angiogenic 
ability (Fig. 5B and C). Additionally, the migration, invasion 
and tube formation abilities in the miR‑21 inhibitor + siRNA 
NC group were lower compared with those in the inhibitor 
NC + siRNA NC and the miR‑21 inhibitor + PDCD4 siRNA 
groups, whereas the decrease in these abilities was reversed 
in the miR‑21 mimics + siRNA NC group (Figs. 3E and F; 
4E and F and 5E and F). These findings indicated that miR‑21 
may regulate the migration, invasion and angiogenic abilities 
of RCC cells through PDCD4.

miR‑21 regulates AP‑1 signalling in RCC cells via PDCD4. 
To elucidate the mechanism underlying the effect of miR‑21 
on the migration, invasion and angiogenesis of RCC cells 
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by regulating the PDCD4/AP‑1 signalling pathway, A498 
and 786‑O cells were temporarily transfected with miR‑21 
inhibitor, PDCD4 siRNA, inhibitor NC or siRNA NC. The 
results demonstrated that miR‑21 inhibition decreased the 
protein levels of p‑c‑Jun and total c‑Jun in A498 and 786‑O 
cells, and inhibited the expression of downstream molecules, 
including MMP2, MMP9, ANG‑1 and VEGFA (Fig. 6A‑D). 
Furthermore, the present study investigated the ability of 
PDCD4 to regulate the miR‑21‑mediated inhibition of MMP2, 
MMP9, ANG‑1 and VEGFA protein expression. miR‑21 inhi-
bition‑induced downregulation of MMP2, MMP9, ANG‑1, 
VEGFA and p‑c‑Jun levels in A498 and 786‑O cells was 
rescued by PDCD4 siRNA (Fig. 6E‑G), and miR‑21 mimics 
exhibited the same effects as PDCD4 siRNA.

Transcription of miR‑21 is activated by c‑Jun. It has been 
previously demonstrated that c‑Jun motivates gene transcrip-
tion by attaching to its binding sites within the promoter 
regions of genes (31,32). To examine whether c‑Jun directly 
interacts with the promoter region of miR‑21, the pri‑mir‑21 
promoter regions associated with p‑c‑Jun were assessed by 
ChIP assay. The results (Fig. 7A) demonstrated that p‑c‑Jun 
binds specifically to the pri‑miR‑21 promoter region in A498 
and 786‑O cells. To assess the control of miR‑21 expression 
by c‑Jun in RCC, A498 and 786‑O cells were transfected 
with c‑Jun siRNA and the expression levels of miR‑21 were 

subsequently determined. As shown in Fig. 7B, the expression 
levels of miR‑21 were significantly decreased in cells following 
transfection with c‑Jun siRNA compared with in control cells, 
indicating that c‑Jun may activate miR‑21 transcription.

Discussion

Several studies have indicated that high miR‑21 expres-
sion in patients with RCC is associated with an 
unfavourable prognosis, including poorer metastasis‑free 
survival, OS and disease‑specific mortality (33,34). However, 
Kowalczyk et al (23) identified dissimilar outcomes regarding 
miR‑2l expression and its prognostic value in RCC. A survey 
of 56 patients with RCC undergoing radical nephrectomy 
revealed that high levels of miR‑21 expression were not an 
independent predictor of OS (23). Therefore, the prognostic 
implications of miR‑21 in patients with RCC are inconsistent. 
On one hand, specific race/sex/age‑associated factors may be 
responsible for these differences (35). Delfino et al (36) reported 
that four miRNAs, including ebv‑miR‑bhrf1‑1, hsa‑miR‑565, 
hsa‑miR‑137 and hsa‑miR‑512‑3p, are associated with OS and 
PFS in glioblastoma. On the other hand, different sample types 
and lack of a unified cut‑off value for miR‑21 may affect the 
results and produce statistical heterogeneity (37,38). Frozen or 
formalin‑fixed tissues and paraffin‑embedded tissues are the 
sources for total RNA extraction. However, RNA degradation 

Figure 1. Methodological flow diagram of the systematic review process. Among these, other sources included potentially eligible articles or abstracts which 
were published in major academic conferences (European Society of Urology, American Urological Association, Asian Society of Urology, American Society 
of Clinical Oncology, European Society for Medical Oncology amongst others). HR, hazard ratio; RR, risk ratio, OR, odds ratio; CI, confidence interval.
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caused by formalin fixation may affect subsequent quan-
titative analyses (37,38). Kakimoto et al (39) revealed that 
the mean read length of RNAs from formalin‑fixed and 

paraffin‑embedded (FFPE) tissue is shorter compared with 
that from the matched refrigerated sample, demonstrating 
that longer RNA is segmented into smaller RNA, resulting in 

Figure 2. Meta‑analysis of miR‑21 expression and survival of patients with RCC. (A) Forest plot and (B) funnel plot of the association between the miR‑21 
expression and survival of patients with RCC. Squares represent HR in each trial. The horizontal line crossing the square indicates the 95% CI. Diamonds 
represent the predicted pooled effect beneath the Mantel‑Haenszel random‑effects model. Visual inspection of the Begg's funnel plot identified slight asym-
metry. HR, hazard ratio; CI, confidence interval; s.e., standard error.
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an increase in total reading count in FFPE samples. Finally, 
certain quantitative methods for miRNAs are based on 
RT‑qPCR, including TaqMan and SYBR. TaqMan's advanced 

miRNA assays can translate all miRNAs into cDNA in the 
same tube. As TaqMan analysis is occasionally restricted 
by the efficiency of the additional enzymatic steps required, 

Figure 3. miR‑21 promotes the migration of A498 and 786‑O cells through PDCD4 regulation. (A) Transfection efficiency was verified by quantitative PCR 
after transfection with miR‑21 inhibitor, PDCD4 siRNA, miRNA inhibitor NC or siRNA NC for 48 h. (B) Migratory ability was observed using a Transwell 
assay after transfection with miR‑21 inhibitor, PDCD4 siRNA, miRNA inhibitor NC or siRNA NC. (C) The number of migrating cells were calculated. 
(D) Transfection efficiency was verified by quantitative PCR after transfection with combined miR‑21 inhibitor, miR‑21 mimics, PDCD4 siRNA and the 
respective NCs. (E) Migratory ability was observed using a Transwell assay after transfection with combined miR‑21 inhibitor, miR‑21 mimics, PDCD4 
siRNA and respective NCs. (F) The number of migrating cells were calculated. Data are presented as the mean ± standard error of the mean. *P<0.05; **P<0.01; 
***P<0.001. PDCD4, programmed cell death protein 4; miRNA, microRNA; siRNA, small interfering RNA; NC, negative control.
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exceptive reagents, including enzymatic stem‑loop probes 
and locked nucleic acid modified primers, which may reduce 
nonspecific ligation of probes and interference of precursor 

miRNA, are required  (40,41). Androvic  et  al  (42) used a 
two‑tailed RT‑qPCR approach, which uses SYBR‑Green to 
achieve the efficiency of a poly‑tail‑based approach.

Figure 4. Effect on the invasion of A498 and 786‑O cells by miR‑21 expression through PDCD4. (A) Transfection efficiency was verified by quantitative PCR 
after transfected with miR‑21 inhibitor, PDCD4 siRNA, miRNA inhibitor NC or siRNA NC for 48 h. (B) The invasion ability was observed by Transwell assay 
after transfected with miR‑21 inhibitor, PDCD4 siRNA, miRNA inhibitor NC and siRNA NC. (C) Number of invading cells were calculated. (D) Transfection 
efficiency was verified by quantitative PCR after transfected with combined miR‑21 inhibitor, miR‑21 mimics, PDCD4 siRNA and respective NC. (E) The 
invasion ability was observed by Transwell assay after transfected with combined miR‑21 inhibitor, miR‑21 mimics, PDCD4 siRNA and respective NC. 
(F) Number of invading cells were calculated. Data are presented as the mean ± standard error of the mean. *P<0.05; **P<0.01. PDCD4, programmed cell death 
protein 4; miRNA, microRNA; siRNA, small interfering RNA; NC, negative control.
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Figure 5. miR‑21 promotes the angiogenic ability of A498 and 786‑O cells through targeting PDCD4. (A) Transfection efficiency was determined by quantita-
tive PCR after transfection with miR‑21 inhibitor, PDCD4 siRNA, miRNA inhibitor NC or siRNA NC. (B) Conditioned medium from 786‑O and A498 cells 
transfected with miR‑21 inhibitor, PDCD4 siRNA, miRNA inhibitor NC and siRNA NC was used to overlay HMEC‑1 cells seeded on a bed of Matrigel for 6 h 
in an endothelial cell tube formation assays. (C) Number of tubes and tube junctions were calculated. (D) Transfection efficiency was verified by quantitative 
PCR after transfected with combined miR‑21 inhibitor, miR‑21 mimics, PDCD4 siRNA and respective NC. (E) Conditioned medium from 786‑O and A498 
cells transfected with miR‑21 inhibitor, miR‑21 mimics, PDCD4 siRNA and respective NC was used to overlay HMEC‑1 cells seeded on a bed of Matrigel for 
6 h in endothelial cell tube formation assays. (F) Number of tubes and tube junctions were calculated. Data are presented as the mean ± standard error of the 
mean. *P<0.05. PDCD4, programmed cell death protein 4; miRNA, microRNA; siRNA, small interfering RNA; NC, negative control.
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Figure 6. Suppression of PDCD4 expression, activation of c‑Jun and expression of downstream signalling molecules, including MMP2, MMP9, ANG‑1 and 
VEGFA, with increased miR‑21 expression. (A) Transfection of 786‑O cells with miRNA inhibitor NC, siRNA NC, miR‑21 inhibitor or PDCD4 siRNA. 
Proteins were extracted and analysed by western blotting. (B) Relative protein expression by scanning densitometry was calculated. (C) Transfection of A498 
cells with miRNA inhibitor NC, siRNA NC, miR‑21 inhibitor or PDCD4 siRNA. Proteins were extracted and analysed by western blotting. (D) Relative protein 
expression by scanning densitometry was calculated. (E) Transfection of 786‑O cells with a combination of miR‑21 inhibitor, miR‑21 mimics, PDCD4 siRNA 
and respective NC. Total protein was extracted and analysed by western blotting. (F) Relative protein expression by scanning densitometry was calculated. 
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miR‑21 is frequently overexpressed in cancer, acting as an 
oncogene and tumour prognostic marker (43,44). In patients 
with pancreatic cancer, overexpression of miR‑21 is associated 
with a low OS rate and a HR of 2.01 (45). In gastric cancer, 
Ren et al (46) reported the association between miR‑21 and 
lymph node metastasis and suggested that the expression of 
miR‑21 may be applied to predict lymph node metastasis. 
Additionally, miR‑21 exerts an effect on the molecular and 
cellular biology of multiple types of tumours, including the 
following aspects: i) Promoting malignant biological behav-
iour. In hepatocellular carcinoma, the overexpression of 
miR‑21 can enhance the liver cancer stem cell phenotype and 
promote invasion, migration and tumorigenesis (47). Similarly, 
Qi et al (48) reported that miR‑21 expression promotes the 
growth of gastric cancer cells by targeting prostaglandin E2 
to control the PTEN/AKT signalling pathway. ii) Regulating 
the drug resistance of tumours. By targeting HMG box 
transcription factor 1, a transcriptional repressor 513 amino 
acid residues in length, miR‑21 markedly affects drug sensi-
tivity and invasion of drug‑resistant lung adenocarcinoma 
cells (49). In epithelial ovarian cancer, miR‑21 may enhance 
resistance of epithelial cancer cells, and chemoresistance 
to cisplatin may be improved through downregulation of 
PTEN (50). iii) Participating in intercellular communication 
through vesicular miRNAs. As mediators of carcinogenesis, 
extracellular vesicles are responsible for the communica-
tion between the cells of the tumour microenvironment (51). 
Samsonov et al (52) reported that miR‑21 and miR‑18Ia‑Sp 
are expressed in the exosomes of patients with thyroid cancer 
(TC). This comparative assessment may contribute to distin-
guishing between papillary and follicular types of TC with 
100% sensitivity and 77% specificity (52). Finally, in gastric 
cancer, proliferation of BGC‑823 cells may be caused by the 
release of a small RNA‑21 inhibitor from macrophages (53).

It has been widely reported that miR‑21 is involved in 
the regulation of the aggressiveness of several diseases, 
such as hepatic fibrosis in chronic hepatitis C virus  (54), 

myeloid leukaemia (55) and hypertensive kidney injury (56). 
As miR‑21 is expressed aberrantly in rheumatoid arthritis 
(RA), an inhibitor targeting miR‑21 may reduce the invasive 
ability of RA‑derived fibroblast‑like synoviocytes (FLSs) 
by inhibiting the transforming growth factor  β1/Smad4/7 
signalling pathway and altering the expression of MMPs, 
thereby suppressing the invasiveness of FLSs (57). In addi-
tion to benign diseases, miR‑21 is overexpressed in a variety 
of diverse malignancies and is associated with metastasis of 
tumour cells as follows: i) As an upstream promoter, miR‑21 
affects the expression or biological function of downstream 
genes associated with tumour suppression, including PTEN, 
which negatively regulates the PI3K/AKT signalling pathway 
in the oral squamous cell carcinoma SCC15 and SCC25 cell 
lines (58); Snail1, which is implicated in epithelial‑mesen-
chymal transition (EMT) by directly suppressing the level 
of E‑cadherin in salivary adenoid cystic carcinoma (59); and 
PDCD4, which activates the expression of AKT, IKKβ and 
mTORC1, which are necessary for the migration and inva-
sion of RCC cells (60). Additionally, Bera et al (60) reported 
that there is a positive feedback loop among miR‑21 level, 
phosphorylated IKKβ and NF‑κB activation, as PDCD4 has 
been demonstrated to negatively affect the phosphorylation 
and activation of IKKβ and NF‑κB. Furthermore, the present 
study revealed that miR‑21 resulted in variations in the expres-
sion levels of MMPs by targeting the PDCD4/c‑Jun signalling 
pathway, which is involved in the metastasis of renal cancer. 
ii) As a downstream tumour‑promoting miRNA, the levels 
or target genes of miR‑21 are regulated by upstream onco-
genes, including Sox2, which not only positively regulates 
miR21‑associated migration/invasion signalling in glioma 
cells, but also induces EMT of laryngeal cancer by activation 
of Wnt/β‑catenin signalling (61). As an upstream regulator 
of miR‑21, p‑STAT3 may regulate the metastatic capacity of 
hepatocellular carcinoma cells by targeting miR‑21, which 
increases expression of cysteine rich proteins with kazal motifs 
and PDCD4 (62). iii) As endocytosis of exosomes of target 

Figure 6. Continued. Suppression of PDCD4 expression, activation of c‑Jun and expression of downstream signalling molecules, including MMP2, MMP9, 
ANG‑1 and VEGFA, with increased miR‑21 expression. (G) Transfection of A498 cells with a combination of miR‑21 inhibitor, miR‑21 mimics, PDCD4 
siRNA and respective NC. Total protein was extracted and analysed by western blotting. (H) Relative protein expression by scanning densitometry was 
calculated. Data are presented as the mean ± standard error of the mean. *P<0.05. PDCD4, programmed cell death protein 4; miRNA, microRNA; siRNA, 
small interfering RNA; NC, negative control; VEGF, vascular endothelial growth factor; MMP, matrix metalloproteinase.
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cancer cells contributes to the intracellular release of vesicular 
contents, exosomal miR‑21 can increase the ability of inva-
sion potential and aggressive phenotype of ovarian cancer 
cells through upregulation of MMP1, which is transferred by 
cell‑cell communication (63).

Angiogenesis is not only a key developmental process, 
such as ocular neovascularization, it is also essential in 
the pathological processes of various diseases including 
cardiovascular diseases (64), osteoarthritis (65) and diabetic 
peripheral neuropathy (66,67). Therefore, research regarding 
the role of miR‑21 in angiogenesis is currently focused mainly 
on haematological tumours. In diffuse large B‑cell lymphoma, 
Zheng et al (68) demonstrated a direct link between miR‑21 and 
tumour angiogenesis in lymphoma. miR‑21 can increase the 
interaction of endothelial cells with Treg cells. Subsequently, 
after enhancing the expression of inducible T cell costimulator 
(ICOS) on Treg cells, miR‑21 prompts tumour angiogenesis via 
ICOS/inducible T cell costimulator ligand pathway signalling, 
which promotes disease progression and chemoresistance of 
B‑cell lymphoma (68). In acute monocytic leukaemia (AML), 
the expression levels of miR‑21 and VEGF in the peripheral 
blood monocytes of the patients was higher compared with 
that in healthy controls. Being the direct target of miR‑21, the 
level of interleukin 12 (IL‑12) in the supernatant of THP‑1 cells 
is increased following transfection with miR‑21 mimic (69). 
Additionally, IL‑12 may induce VEGF expression and angio-
genic ability in human umbilical vein endothelial cells, which 
suggests that miR‑21 may possess pro‑angiogenic properties 
in human AML (69). At present, there is little research on the 
role of miR‑21 in the process of solid tumour angiogenesis. 
In colorectal cancer, miR‑21 is overexpressed and affects cell 
cycle progression, apoptosis and viability of colon cancer 
cells (70). Song and Rossi (70) identified an anti‑miR‑21 that 
targets miR‑21 to inhibit genes by post‑transcriptional or tran-
scriptional gene silencing. Since anti‑miR‑21 and pri‑miR30 
exhibit homology between anti‑miR‑21 and the 3' end of 

Figure 8. Schematic diagram of the roles of miR‑21 and the PDCD4/c‑Jun 
signalling pathway in renal cell carcinoma. The overexpression of miR‑21 
and the reduced PDCD4 expression, leading to the activation of c‑Jun, further 
increased the levels of MMP2, MMP9, ANG‑1 and VEGFA, which promoted 
tumour cell migration, invasion and angiogenesis. PDCD4, programmed cell 
death protein 4; miR, microRNA; VEGF, vascular endothelial growth factor; 
MMP, matrix metalloproteinase.

Figure 7. Transcription of miR‑21 is activated by p‑c‑Jun. (A) Chromatin immunoprecipitation analysis demonstrated that p‑c‑Jun binds specifically to the 
pri‑miR‑21 promoter region. PCR amplification of the region containing the p‑c‑Jun recognition sequence in the pri‑miR‑21 DNA. (B) Inhibition of miR‑21 
expression by a decrease in c‑Jun expression in A498 and 786‑O cells. Transfection of A498 and 786‑O cells with mock, NC or c‑Jun siRNA for 24 h. c‑Jun 
and miR‑21 expression levels were examined using reverse transcription‑quantitative PCR analysis and normalized to GAPDH and U6 snRNA expression, 
respectively. Data are presented as the mean ± standard error of the mean. **P<0.01. p‑, phospho; miRNA, microRNA; siRNA, small interfering RNA; NC, 
negative control; IgG, immunoglobulin.
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pri‑miR30, anti‑miR‑21 may reduce the expression of miR30, 
which affects vessel number and length, by inhibition of angio-
genic pathways (70). Therefore, anti‑miR‑21 may be a useful 
curative strategy by regulating the process of angiogenesis in 
colon cancer. In the present study, the effects of the superna-
tant from A498 or 786‑O cells on the endothelial HMEC‑1 cell 
line were investigated, and it was observed that the quantity 
of formed tubes and tube junctions in the miR‑21 inhibitor 
group was significantly decreased, whereas that in the PDCD4 
siRNA group was significantly increased, compared with 
the respective control groups. To the best of our knowledge, 
this constitutes the first evidence that miR‑21 expression may 
promoted the ability of HMEC‑1 cells to become organised 
into tubular networks by directly targeting the PDCD4/c‑Jun 
signalling pathway and regulating the level of ANG‑1 and 
VEGFA, indicating a direct association between miR‑21 and 
tumour angiogenesis and progression in RCC.

There are several miR‑21 target genes. PDCD4 has been 
recognized as a protein expressed during the processes of 
apoptosis and tumour suppression. However, only few studies 
have specifically demonstrated that there is an interaction 
between miR‑21 and PDCD4 in RCC  (71). As AP‑1 is a 
transcription‑activating heterodimer composed of c‑Jun and 
c‑Fos, studies have demonstrated (72‑74) that AP‑1 is associ-
ated with invasion and metastasis of tumours by regulating 
MMP2 or MMP9, and with angiogenesis by controlling 
ANG‑1 or VEGFA. Under the influence of miR‑21, the protein 
levels of downstream molecules of the PDCD4‑AP‑1 signal-
ling pathway, including MMP2, MMP9, ANG‑1 and VEGFA, 
were decreased. Additionally, in A498 and 786‑O cells, the 
miR‑21 inhibition‑induced downregulation of MMP2, MMP9, 
ANG‑1, VEGFA and p‑c‑Jun expression was reversed by 
PDCD4 siRNA. Among the targets (Fig. 8), ANG‑1 usually 
promotes the interaction between endothelial and perivascular 
cells to obtain a stable vasculature (75,76). VEGFA serves a key 
role in the growth of new vessels and has become a promising 
target for anti‑angiogenesis‑based tumour therapy (77,78). As 
MMPs have been initially identified as proteases that act on the 
extracellular matrix, the overexpression of MMP2 and MMP9 
has been associated with aggressive behaviour of tumours and 
metastasis (79‑81).

In summary, the present study attempted to combine 
evidence‑based medicine and molecular biology and demon-
strated that increased miR‑21 levels were significantly 
associated with adverse prognosis in patients with RCC. 
Additionally, the migration, invasion and angiogenic abilities 
of RCC cells were markedly affected by the expression of 
miR‑21 through direct targeting of the PDCD4/c‑Jun signal-
ling pathway, indicating that miR‑21 may be of value as a 
therapeutic target for RCC.
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