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MicroRNA-203 inhibits epithelial-mesenchymal transition, migration, and 
invasion of renal cell carcinoma cells via the inactivation of the PI3K/AKT 
signaling pathway by inhibiting CAV1
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ABSTRACT
The present study aimed to evaluate the underlying mechanism of microRNA-203 (miR-203) in 
renal cell carcinoma (RCC) involving the PI3K/AKT signaling pathway. The results revealed down-
regulated miR-203 and upregulated CAV1 in RCC tissues. Upregulated miR-203 and downregu-
lated CAV1 increased E-cadherin expression and cell apoptosis, decreased β-catenin and N- 
cadherin expression and cell proliferation, migration and invasion, and blocked cell cycle entry. 
CAV1, a target gene of miR-203, decreased by up-regulated miR-203, and silencing CAV1 led to 
the inactivation of PI3K/AKT signaling pathway. In conclusion, our findings suggested that miR- 
203-mediated direct suppression of CAV1 inhibits EMT of RCC cells via inactivation of the PI3K/AKT 
signaling pathway.
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Introduction

Renal cell carcinoma (RCC), the malignant tumors consist-
ing of renal parenchyma and renal pelvis [1], accounts for 
90% of the renal malignancies [2]. Its incidence rate varies 
with territories and genders; for example, males are 
approximately twice more likely to suffer from RCC than 
females [3]. In addition, RCC incidence has also been linked 
to the following factors: smoking [4], obesity [5], hyperten-
sion, and antihypertensive treatment [6]. In terms of ther-
apeutic approaches, RCC, with multiple drug resistance 
genes, is characterized by inherent resistance to chemother-
apy, which makes it one of the most difficult malignant 
tumors to treat [7]. Therefore, the prognosis of patients 
with metastatic RCC (mRCC) is so dismal that the 5-year 
survival rate is less than 10% [8]. Hence, it is imperative to 
study the molecular basis of RCC for the design of novel 
therapeutics that helps increase survival rates.

Accumulating evidence has reported that many 
microRNAs (miRs), such as miR-646 [9], miR-184 [10], 
and miR-144 [11] play a pivotal role in RCC tumorigenesis. 
Located at chromosome 14q32-33, miR-203 is reported to be 
a tumor suppressor in chronic myeloid leukemia (CML) 
[12]. In addition, it has been reported that decreased miR- 
203 expression led to the enhancement of RCC cell growth 
and metastasis via FGF2 overexpression [13]. Furthermore, it 

is predicted that miR-203 can bind with the 3ʹ-untranslated 
region (UTR) region of caveolin-1 (CAV1) gene in the 
biological prediction site. Previous finding demonstrated 
that CAV1 is an important structural protein in the caveolae 
and it cooperates with the AKT/mTOR signaling pathway in 
advanced RCC [14]. In addition, former studies have found 
that there is a strong association between the P13 K/AKT/ 
mTOR signaling pathway and the occurrence of RCC, due 
to its ability to accelerate cell cycle, reduce apoptosis, and 
promote the migration of tumor cells [15,16]. The aforemen-
tioned data led to the hypothesis that miR-203 functions as 
a tumor suppressor in RCC by modulating the PI3K/AKT 
signaling pathway via CAV1. This study evaluated the 
mechanism of miR-203 in EMT, proliferation, migration, 
invasion, and apoptosis of RCC cells via the PI3K/AKT 
signaling pathway by targeting CAV1, which further eluci-
dated the molecular mechanism of RCC progression, and 
might provide new findings for targeted therapy.

Results

CAV1 is upregulated in RCC through microarray 
profiling

In order to select mRNA related to cell proliferation, 
migration, invasion, apoptosis, and EMT of RCC, 
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bioinformatics prediction was performed. Based on the 
gene datasets (GSE53757, GSE14762, GSE77199, and 
GSE6344) of kidney cancer in GEO database and 
according to the conditions of P.Value < 0.05 and | 
LogFoldChange| >2.0, the differentially expressed genes 
(DEGs) were selected, and the top 100 genes of the 4 
gene datasets were selected to compare with each other, 
and Venn diagram (Figure 1(a)) was generated. The 
Venn diagram revealed 4 intersecting genes (CAV1, 
SERPINA5, SFRP1, and ATP6V0A4). RCC-related 
genes were retrieved using DisGeNET, and the top 20 
ones were selected as known disease genes. Gene 

interaction was carried out between pre-selected inter-
secting DEGs and known disease genes, and gene inter-
action network (Figure 1(b)) was generated. In this 
network, a single differential gene, CAV1 was found 
to be associated with disease genes, and therefore the 
CAV1 gene expression differences may be of great 
significance in the RCC progression. The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) signaling 
pathway enrichment results of RCC differential genes 
and disease genes are shown in Figure 1(c). These five 
RCC-related genes TP53, PIK3CA, IL6, TSC2, and 
PTEN were not only associated with CAV1, but also 
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Figure 1. Bioinformatics predicts that CAV1 is upregulated in RCC.
Notes: Panel a, the first 100 differential genes from gene datasets GSE53757, GSE14762, GSE77199 and GSE6344 reveals that there are 4 
genes that are differentially expressed in all 4 gene datasets; Panel b, the network of interactions between the RCC differential genes and 
the known diseases genes, among which the red represents the differential genes, and green represents the known diseases genes; Panel c, 
KEGG enrichment results of the RCC differential genes and known disease genes; Panel d and e, expression heatmaps of the top 20 
differential genes in gene datasets GSE53737 and GSE14762 respectively. The horizontal coordinate represents the sample numbers while 
the ordinate indicates the differential genes. The histogram on the upper right is the color gradation, and each rectangle in the figure 
corresponds to a sample expression value. Red indicates high expression, and blue indicates low expression; Panel f and g, CAV1 expression 
in gene datasets GSE77199 and GSE6344 respectively; Panel h, microRNA, TargetScan and mirDIP prediction can control the miRNA results 
of CAV1 by comparing the top 50 miRNAs, and there are 10 miRNAs.
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were concentrated in the PI3K/AKT signaling pathway, 
suggesting that CAV1 could potentially affect RCC 
through the PI3K/AKT signaling pathway. We plotted 
the expression heatmaps of the top 20 DEGs in 
GSE53757 (Figure 1(d)) and GSE14762 (Figure 1(e)): 
compared with normal renal tissues, RCC tissues pre-
sented with increased CAV1 expression. CAV1 was 
highly expressed in cancer tissues in gene dataset 
GSE77199 (Figure 1(f)) and gene dataset GSE6344 
(Figure 1(g)). Among miRNAs that were predicted in 
microRNA, TargetScan and mirDIP to be able to reg-
ulate CAV1, the top 50 genes from each prediction 
result were selected to compare each other. There 
were 10 intersecting miRNAs (Figure 1(h)), and the 
information of miRNA-CAV1 in microRNA database 
are shown in Table 1. The lower the mirSVR score was, 
the stronger the combination stability of miRNA- 
mRNA and the higher the probability of the miRNA 
as the corresponding down-regulated gene would be 
[17]. The lowest value of mirSVR score was hsa-miR 
-203a-3p, and studies have shown a low expression of 
miR-203 in RCC [13]. The underlying molecular 
mechanism remains unclear, but we hypothesized that 

miR-203 could target CAV1 to mediate PI3K/AKT 
signaling pathway in RCC.

RCC correlates to CAV1 overexpression

IHC was performed to measure positive expression 
rate of CAV1 in RCC tissues and adjacent normal 
tissues to explore effect of CAV1 on RCC. As 
demonstrated in Figure 2(a,b), the positively stained 
CAV1 cells were observed to have linear yellow- 
brown cytomembranes. Adjacent normal tissues 
exhibited evenly distributed and regularly arranged 
blood vessels, while vessels in RCC tissues presented 
with an uneven distribution and random arrange-
ment. Some of the RCC micro-vessels even anasto-
mosed into meshes and lost the vascular lumen 
structure. Compared with the adjacent normal tis-
sues, the positive rate of CAV1 in the RCC tissue 
was significantly increased (p< 0.05).

MiR-203 is downregulated but CAV1 is reciprocal in 
RCC tissues

RT-qPCR and western blot analysis was conducted to 
determine the expression of miR-203 and CAV1 in 
RCC tissues and adjacent normal tissues. The results 
(Figure 3(a-c)) illustrated that miR-203 expression 
was significantly lower in RCC tissues than in adja-
cent normal tissues, while CAV1 mRNA and protein 
level were remarkably higher (p< 0.05). These find-
ings provided evidence that RCC tissues had 
decreased miR-203 expression and increased mRNA 
and protein level of CAV1.
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Figure 2. IHC of cancer and adjacent normal tissues shows that CAV1 is overexpressed in RCC tissues.
Notes: Panel a, The positive-CAV1 cells shows linear yellow-brown cytomembranes in adjacent normal tissues and RCC tissues (from female 
patients at stage �) (× 400); Panel b, statistics of CAV1-positive cells in cancer and adjacent normal RCC tissues; n = 112. IHC, 
immunohistochemistry; RCC, renal cell carcinoma; CAV1, caveolin-1; *, p < 0.05, compared with the adjacent normal tissues.

Table 1. Prediction information of miRNA targeting CAV1.
miRNA mirSVR score PhastCons score

hsa-miR-203a-3p −0.8746 0.6579
hsa-miR-199a-5p −0.8069 0.7279
hsa-miR-199b-5p −0.8069 0.7279
hsa-miR-1271-5p −0.547 0.573
hsa-miR-96-5p −0.5399 0.573
hsa-miR-506-3p −0.5028 0.6214
hsa-miR-133b −0.4605 0.5918
hsa-miR-7-5p −0.4472 0.5729
hsa-miR-192-5p −0.152 0.6086
hsa-miR-338-3p −0.1487 0.6665

Notes: miR, microRNA. 
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Low expression of miR-203 and overexpression of 
CAV1 expression contributes to the development of 
RCC

RT-qPCR was used to determine the expression of miR-203 
and CAV1 in RCC and adjacent normal tissues. Compared 
with adjacent normal tissues, the expression of miR-203 in 
RCC tissues showed a significant decline (p< 0.05). 
Combined with the analysis of clinicopathological para-
meters, the expression of miR-203 and CAV1 in patients 
suffering from RCC was closely correlated with tumor- 
node-metastasis staging and degree of tumor differentia-
tion, while there were no links with age, gender and tumor 
size. The expression of miR-203 in patients with lower 
degree of differentiation, or III/IV stage was significantly 
lower than that in patients with higher degree of differen-
tiation, or I/II stage, respectively, whereas CAV1 expression 
exhibited opposite trends (Table 2). Hence, the results 
indicated that the expression of miR-203 and CAV1 was 

closely related to the clinical stage, and tumor differentia-
tion degree.

CAV1 is a target gene of miR-203

The bioinformatics prediction website (microRNA.org) 
was used for the target gene analysis of miR-203, and dual- 
luciferase reporter assay was also conducted to confirm 
whether CAV1 was the direct target gene of miR-203. 
The results (Figure 4(a)) showed that there was a specific 
binding region between the CAV1 gene sequence and the 
miR-203 sequence, which confirmed that CAV1 was the 
target gene of miR-203. The results of dual-luciferase 
reporter assay confirmed that CAV1 was the target of 
miR-203. The results showed that compared with the 
negative control (NC) group, the luciferase activity of wt 
co-transfected (miR-203 mimic/wt-CAV1) group in the 
miR-203 mimic group decreased (p < 0.05); whereas the 
luciferase activity of mutant 3ʹUTR showed no significant 
difference (p> 0.05; Figure 4(b)). All of the aforementioned 
findings suggested that miR-203 could specifically bind to 
CAV1 and CAV1 was the direct target gene of miR-203.

786-O cell line is selected for the subsequent study

RT-qPCR and western blot analysis were used to screen 
the cell line with the highest expression of CAV1 among 
human renal clear-cell adenocarcinoma cell lines 786-O, 
ACHN, OS-RC-2, and ketr-3. The results of RT-qPCR 
(Figure 5(a-c)) showed that the expression of CAV1 
mRNA was the highest in 786-O cell line among the 
remaining three (ACHN, OS- and ketr-3). Meanwhile, 
western blot analysis also revealed that in comparison 
with other cell lines, CAV1 protein expression in 786-O 
cell line was significantly higher. Hence, 786-O cell line 
was selected for subsequent experiments.

a cb
Adjacent normal tissue
Renal cancer tissue CAV1

GAPDH

miR-203 CAV1
0

1

2

3

4 Adjacent normal tissue
Renal cancer tissue

*

*

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

R
el

at
iv

e 
ex

pr
es

si
on

0

1

2

3

*

Sample1 Sample2 Sample3 Sample4 Sample5

Figure 3. MiR-203 is downregulated while CAV1 is upregulated in RCC tissues.
Notes: Panel a, the determination by RT-qPCR demonstrates that the RCC tissues exhibit lower miR-203 expression and higher mRNA level of 
CAV1 than adjacent normal tissues (sample 1 from male patients at stage II, sample 2 from female patients at stage III, sample 3 from male 
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n = 112; RT-qPCR, reverse transcription quantitative polymerase chain reaction; RCC, renal cell carcinoma; CAV1, caveolin-1; miR-203, 
microRNA-203; *, p < 0.05, compared with adjacent normal tissues.

Table 2. Correlation of miR-203 and CAV1 with RCC progression.
Clinicalpathologic 
features n miR-203 p

CAV1 positive 
expression rate (%) p

Age
< 50 54 0.30 ± 0.09 0.243 40 (74.07) 0.689
> 50 58 0.28 ± 0.09 41 (70.69)
tumor diameter 

(cm)
< 4 47 0.30 ± 0.07 0.557 33 (70.21) 0.672
> 4 65 0.29 ± 0.10 48 (73.85)
Gender
male 68 0.29 ± 0.09 0.253 48 (70.59) 0.610
female 44 0.31 ± 0.09 33 (75.00)
TNM Staging
I,II 58 0.35 ± 0.07 < 

0.001
32 (55.17) < 

0.001III,IV 54 0.24 ± 0.08 49 (90.74)
Tumor 

differentiation 
degree

High + Moderate 70 0.31 ± 0.08 0.004 44 (62.86) 0.004
Poor + Non 42 0.26 ± 0.08 37 (88.10)

Notes: CAV1, caveolin 1; TNM, tumor node metastasis; LNM, lymph node 
metastasis; miR-203, microRNA-203. 
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MiR-203 inhibits CAV1 and the PI3K/AKT signaling 
pathway in RCC cells

To explore the mechanism among miR-203, CAV1, and 
the PI3K/AKT signaling pathway in RCC, RT-qPCR and 
western blot analysis were conducted to detect miR-203, 
CAV1, PI3K, AKT, β-catenin, N-cadherin, bcl-2, 
E-cadherin, and Bax expression. RT-qPCR and western 
blot analysis (Figure 6(a-c)) showed that there was no 
significant difference in gene expression between the 
blank group and the NC group (all p> 0.05). Compared 
with the blank group and the NC group, the expression of 
miR-203 were remarkably increased in the miR-203 
mimic group and the miR-203 mimic + siRNA-CAV1 
group (all p < 0.05), decreased in the miR-203 inhibitor 
group (all p < 0.05), and remained nearly unaffected in the 
siRNA-CAV1 group (p> 0.05). In the miR-203 inhibitor 
group, the mRNA and protein expression of CAV1, PI3K, 

phosphorylated AKT, β-catenin, N-cadherin, and bcl-2 
were all significantly increased (all p < 0.05) while expres-
sion of E-cadherin and Bax showed a notable decrease (all 
p < 0.05). However, the miR-203 mimic, siRNA-CAV1, 
and miR-203 mimic + siRNA-CAV1 groups presented 
with the opposite results (all p < 0.05). The comparison 
between the miR-203 mimic group and the siRNA-CAV1 
group showed no significant differences in the expression 
of each gene (p> 0.05). The mRNA and protein level of 
E-cadherin and Bax were significantly higher (all 
p < 0.05), while those expression of CAV1, PI3K, phos-
phorylated AKT, β-catenin, N-cadherin, and bcl-2 were 
significantly lower in the miR-203 mimic + siRNA-CAV1 
group than in the miR-203 mimic group (all p < 0.05). 
Furthermore, the expression of E-cadherin and 
N-cadherin, the related factors of EMT, was detected by 
immunofluorescence, and the findings revealed the same 

Figure 4. MiR-203 directly targets CAV1.
Notes: Panel a, miR-203 is presumed to binding to the 3ʹuntranslated regions (3ʹUTR) of CAV1 in microRNA.org; Panel b, a combination of 
CAV1-wt and miR-203 mimic significantly reduces the luciferase activity while a combination of CAV1-mut and miR-203 mimic does not 
change the luciferase activity, suggesting miR-203 binds to the 3ʹUTR of CAV1; CAV1, caveolin-1; miR-203, microRNA-203; NC, negative 
control; *, p < 0.05, compared with the NC group. The experiment was repeated 3 times independently.
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trend as mentioned above (Figure 6(d)). These results 
indicated that the up-regulation of miR-203 could sup-
press CAV1 and the PI3K/AKT signaling pathway.

MiR-203 inhibits cell proliferation via CAV1 in RCC cells

MTT assay was performed to investigate whether miR-203 
affects RCC cell proliferation. MTT test results (Figure 7) 
demonstrated that after 24 h of transfection, the viability of 
each group showed no significant difference, while there 
was a significant difference in viability between the groups 

after 48 h and 72 h of transfection. There was no significant 
difference in cell viability between the blank group and the 
NC group at each time point, while cell viability was 
markedly increased at 48 h and 72 h in the miR-203 
inhibitor group compared with the blank group and the 
NC group (p < 0.05). As for the remaining three groups 
(the miR-203 mimic group, the siRNA-CAV1 group and 
the miR-203 mimic + siRNA-CAV1 group), cell viability 
was significantly decreased at 48 h and 72 h (p < 0.05). 
Taken together, these results indicate that miR-203 inhibits 
RCC cell proliferation by targeting CAV1.
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MiR-203 inhibits cell migration via CAV1 in RCC cells

Scratch test was conducted to measure cell migration. 
The test results at 0 h and 24 h (Figure 8(a,b)) showed 
no significant difference in migration ability between 
the blank group and the NC group (p> 0.05). 
Compared with the bank group and the NC group, 
cell migration in miR-203 inhibitor group were drama-
tically increased (p < 0.05) and showed a sharp decrease 
in the miR-203 mimic group, the siRNA-CAV1 group, 
and the miR-203 mimic + siRNA-CAV1 group 
(p < 0.05). Compared with the miR-203 mimic group, 
the migration of the miR-203 mimic + siRNA-CAV1 
group was significantly reduced (p < 0.05). These find-
ings revealed that miR-203 inhibits RCC cell migration 
through the inhibition of CAV1.

CAV1 silencing is responsible for the inhibitory 
effect of miR-203 on cell invasion in RCC cells

Transwell assay was used as a reliable method to detect 
cell invasion. The results (Figure 9(a,b)) showed that there 
was no significant difference in the number of cells trans-
ferred from the upper chamber to the lower chamber 
between the blank group and the NC group (p> 0.05). 

Compared with the blank and NC groups, the number of 
transferring cells in the miR-203 inhibitor group was 
significantly increased (p < 0.05), but sharply decreased 
in the miR-203, siRNA-CAV1 and miR-203 mimic + 
siRNA-CAV1 groups (p < 0.05). Compared with the 
miR-203 mimic group, the number of cells transferred 
from the upper chamber to the lower chamber in the 
miR-203 mimic + siRNA-CAV1 group was significantly 
decreased (p < 0.05). These findings suggested that miR- 
203 represses cell invasion in RCC cells via CAV1.

MiR-203 blocks cell cycle entry and enhances cell 
apoptosis through CAV1 in RCC cells

Flow cytometry was performed to assess cell cycle distribu-
tion and apoptosis of RCC cells under the influence of 
miR-203. The results of flow cytometry (Figure 10(a-d)) 
showed no significant difference in cell cycle and apoptosis 
rate between the blank group and the NC group (p> 0.05). 
Compared with the blank group and the NC group, the 
proportion of cells in phase G1 in the miR-203 mimic, 
siRNA-CAV1 and miR-203 mimic + siRNA-CAV1 groups 
was significantly increased while the proportion of cells in 
phase S was significantly decreased, indicating that the 
apoptosis rate of cells was significantly increased (all 
p < 0.05). As for the miR-203 inhibitor group, when com-
pared with the blank and the NC groups, more cells were 
arrested in phase S and fewer in phase G1, indicating 
a notable decline in cell apoptosis (all p < 0.05). In compar-
ison with the miR-203 mimic group, the miR-203 mimic + 
siRNA-CAV1 group had more cells arrested in phase G1 
and fewer in phase S, demonstrating a significant rise in cell 
apoptosis (p < 0.05). These findings suggested that up- 
regulated miR-203 could inhibit cell cycle and promote 
cell apoptosis in RCC cells by targeting CAV1.

Discussion

Previous studies have shown that miRNAs have the func-
tion of ‘tumor suppressor genes’ or ‘oncogenes’ in the 
process of tumor development, and regulate multiple cell 
processes in RCC progression [18,19]. The tumor suppres-
sive role of miR-203 in RCC has been investigated in recent 
studies, revealing a wide range of molecular mechanisms of 
miR-203 involved in the regulation of RCC cells. For 
example, Mingxi Xu et al. demonstrated that decreased 
miR-203 expression enhanced RCC cell growth and metas-
tasis via FGF2 overexpression [13]. However, considering 
many potential targets governed by each miRNA, one 
challenge in understanding functional miRNA contribu-
tions in cancer cell behaviors depends on the identification 
of bona fide molecular targets. Hence, in this study, we 
clarified the mechanism by which biological function of 
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miR-203 affects RCC cell. Furthermore, we found that 
miR-203 blocked PI3K/AKT signaling pathway by inhibit-
ing CAV1, thus repressing EMT, migration, and invasion 
of RCC cells.

Initially, miR-203 was confirmed to be significantly 
downregulated in RCC and its overexpression inhibited 
RCC proliferation, invasion, and migration and pro-
moted cell apoptosis. As described in a previous 
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Figure 10. The flow cytometry analysis indicates that miR-203 blocks cell cycle entry and promotes cell apoptosis in RCC cells 
through CAV1-dependent PI3K/AKT signaling pathway.
Notes: Upregulated expression of miR-203 induces cell cycle arrest at the G1 phase; inhibitor-mediated knockdown of miR-203 induces cell 
cycle arrest at the S phase. Panel a, the DNA content of PI-stained cells at the G0/G1, S, and G2 phases; Panel b, the percentage of PI-stained 
cells at the G0/G1, S, and G2 phases is indicated in a representative histogram; Panel c, cells in the scatter plots in which the upper left 
quadrant identifies the necrotic cells (annexin V-/PI+), the upper right quadrant identifies the late apoptotic cells (annexin V+/PI+), the 
lower left quadrant identifies the live cells (annexin V-/PI-), and the lower right quadrant identifies the early apoptotic cells (annexin V+/PI-); 
Panel d, the percentage of early and late apoptotic cells is indicated in a representative histogram; RCC, renal cell carcinoma; miR-203, 
microRNA-203; CAV1, caveolin-1; *, p < 0.05, compared with the blank group; #, p < 0.05, compared with the miR-203 mimic group. The 
experiment was repeated 3 times.
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study, the silencing of miR-203 can lead to upregula-
tion of snail homolog 2 [20], and that the snail was 
overexpressed in advanced RCC [21]. Moreover, the 
inhibitory effect on the malignant phenotypes of RCC 
exerted by enforced miR-203 expression was approved 
by negatively targeting FGF2 [13]. Furthermore, 
a previous study has already demonstrated that the up- 
regulation of miR-203 contributes to the suppression of 
cancer progression and metastasis, and is implicated in 
the inhibition of cell proliferation, invasion, migration, 
and EMT in multiple cancer cells including tongue 
squamous cancer and bladder cancer [22]. Therefore, 
we hypothesized that the overexpression of miR-203 
can promote the apoptosis of RCC cells and inhibit 
their proliferation, migration, and invasion. In the fol-
lowing experiments, we demonstrated that miR-203 
exerted its functional role on RCC cells by targeting 
the CAV1 via the PI3K/AKT signaling pathway.

In the following experiments, RCC cells were found 
to have overexpressed CAV1, and exposure to miR- 
203 mimic resulted in an increased gene expression of 
E-cadherin as well as reduced levels of CAV1, PI3K, 
AKT, β-catenin, and N-cadherin. The downregulation 
of CAV1 expression by siRNA led to the inhibition of 
RCC cell proliferation, migration, and invasion, while 
apoptosis was promoted. Based on the findings from 
online analysis software, our study identified CAV1 as 
a putative target gene of miR-203. CAV1, a principal 
structural component of caveolar membrane domains, 
plays a significant role in tumorigenesis [23]. For 

example, Liang et al. considered CAV1 as an oncogene 
in bladder cancer as it promotes invasive phenotypes 
by inducing EMT through Slug overexpression, and 
the whole process occurs through the activation of 
PI3K/AKT signaling pathway [24] and Henriett Butz 
et al. found that CAV1 protein was upregulated in 
ccRCC compared to its normal counterparts and it 
was associated to patient survival [25]. Another study 
also revealed that CAV1 was overexpressed in clear 
cell RCC [26]. In addition, Han et al. found that in 
paclitaxel-resistant lung cancer A549/Taxol cells, the 
knockdown of CAV1 significantly inhibited cell pro-
liferation and induced cell apoptosis via the inhibition 
of AKT [27]. In addition, accumulating evidence 
demonstrated that reduced CAV1 inhibited cell pro-
liferation and promoted apoptosis by blocking the 
PI3K/AKT signaling pathway [23,28]. In line with 
our findings, a study conducted by Zhao et al. 
reported that growth and metastasis of RCC were 
inhibited through the suppression of the PI3K/AKT 
signaling pathway [29]. Moreover, we found that miR- 
203 inhibited cell apoptosis through its indirect effects 
on anti-apoptotic genes including bcl-2 and pro- 
apoptotic genes, such as Bax. It can lead to ratio 
imbalance of Bax/bcl-2 and induce cell apoptosis 
caused by apoptotic protease activation. A key finding 
in a previous study confirmed that miR-203 increased 
pro-apoptotic genes, including Bax, caspase-9, and 
caspase-3, in order to promote the activation of apop-
totic signaling pathway [30]. In addition, Xinfeng Yu 

Figure 11. Mechanism of miR-203 targeting CAV1 and PI3K/AKT signaling pathway in RCC.
Notes: miR-203 inhibits epithelial-mesenchymal transition, proliferation, migration and invasion, but promotes apoptosis of RCC cells via the 
inactivation of the PI3K/AKT signaling by inhibiting CAV1; miR-203, microRNA 203; CAV1, caveolin-1; PI3K, phosphoinositide 3-kinase; AKT, 
protein kinase B; bcl-2, B-cell lymphoma-2; Bax, bcl-2-Associated X.
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et al. revealed that suppression of miR-203 induced 
bcl-2 [31]. Hence, we suggest that CAV1 may regulate 
PI3K/AKT signaling pathway under the control of 
miR-203.

In conclusion, our findings showed that miR-203 was 
down-regulated in RCC tissues. Furthermore, this study 
demonstrated that up-regulation of miR-203 inhibited cell 
proliferation, migration, invasion, and EMT by down- 
regulating CAV1 and inhibiting the PI3K/AKT signaling 
pathways in RCC, as confirmed by in vitro experiments 
(Figure 11). Collectively, our findings suggest that miR-203 
serves as a potential therapeutic target of RCC. However, one 
miRNA may have multiple targets, and a target gene may 
correspond to different miRNAs. For instance, miR-203 can 
induce cell apoptosis by directly targeting Yes-1 [32] and 
inhibit EMT by downregulating Snai2 [33]. At present, there 
exist a few miRNAs with well-understood bio-functions, and 
the regulation of the downstream target genes by miRNAs is 
a very complicated reverse regulation network, which 
requires further studies.

Materials and methods

Ethical statement

This study protocol was approved by the Institutional 
Review Board of China-Japan Union Hospital of Jilin 
University. The acquisition of sample tissues was 
informed of patients, and written informed consent 
was obtained from all patients.

Bioinformatics prediction

Original gene dataset data of RCC gene expression 
(GSE53757, GSE14762, GSE77199, and GSE6344) were 
downloaded from the Gene Expression Omnibus (GEO) 
(http://www.ncbi.nlm.nih.gov/geo) of the National Center 
for Biotechnology Information (NCBI) and the detailed 
information of gene dataset annotation platform and samples 
are shown in Table 3. The robust multiarray average (RMA) 
algorithm [34] of Affy installation package of R language 
[34] was employed for background correction, 

standardization, and other pretreatment of the expression 
data to filter false positive data. The Limma installation 
package of R language [35] was applied to select DEGs in 
RCC tissues and to generate heatmaps of DEGs, with P. 
Value < 0.05 and |LogFoldChange| > 2.0 used as screening 
values. The Venn online analysis tool-Calculate and draw 
custom Venn diagrams (http://bioinformatics.psb.ugent.be/ 
webtools/Venn/) was employed to compare the DEGs 
from 4 gene datasets. DisGeNET database (http://www.dis 
genet.org/web/DisGeNET/menu/search?4), as 
a comprehensive platform that provides information about 
human disease-related genes and mutations [36], was used to 
retrieve genes related to kidney cancer with key words ‘RCC’. 
String database (http://www. string-db.org/), providing 
known or predicted protein-related information, was also 
employed to analyze the interaction between DEGs of 
RCC and disease genes and the enrichment of KEGG path-
way. The confidence score was set to be greater than 0.4, and 
the Cytoscape 3.6.0 software [37] was used to visualize the 
interaction network of genes. The miRNAs that could reg-
ulate the DEGs were predicted using three miRNA-mRNA 
prediction tools, MicroRNA (http://34.236.212.39/microrna/ 
getGeneForm.do), TargetScan (http://www.targetscan.org/ 
vert_71/) and mirDIP (http://ophid.utoronto.ca/mirDIP/).

Study subjects

Cancer and adjacent normal tissues were obtained from 112 
patients who were pathologically diagnosed as RCC by 
experienced pathologist at China–Japan Union Hospital of 
Jilin University from April 2014 to August 2016. The patients 
enrolled included 68 males and 44 females, within the age of 
24–68 years. The adjacent normal tissues located at 5 cm 
from the carcinomas were resected to serve as controls. 
None of the patients received anticancer therapies such as 
radiotherapy, chemotherapy, or immunotherapy prior to 
nephrectomy. Based on the clinicopathological staging of 
the Union for International Cancer Control/American Joint 
Committee on Cancer, the tumor tissues were classified as 
follows: 58 cases at stage I/II; 54 cases at stage III/IV. All 
tissue samples were preserved in liquid nitrogen or refrig-
erator at −80°C for further experiments.

Immunohistochemistry (IHC)

Tissue samples were fixed with 10% formalin, embedded 
with paraffin, cut into 4 μm serial sections, and baked at 
60°C for 1 h. Then, the sections were dewaxed with conven-
tional xylene, dehydrated with gradient alcohol, and incu-
bated in 3% H2O2 (Sigma-Aldrich Chemical Company, St 
Louis, MO, USA) at 37°C for 30 min. The sections were 
boiled in 0.01 M citric acid buffer at 95°C for 20 min, and 
cooled to room temperature. Subsequently, the sections were 

Table 3. RCC gene dataset (GSE53757, GSE14762, GSE77199 
and GSE6344) information.

Accession Platform Organism Sample

GSE6344 GPL97 Homo 
sapiens

10 normal and 10 renal cell carcinoma 
tumors

GSE53757 GPL570 Homo 
sapiens

72 renal cell carcinoma tumor tissues 
and 72 normal kidneys

GSE14762 GPL6480 Homo 
sapiens

10 renal cell carcinoma tumor samples 
and 12 normal renal tissue

GSE77199 GPL97 Homo 
sapiens

4 healthy kidney endothelial sample 
and 4 renal cancer endothelial sample

Notes: RCC, renal cell carcinoma. 
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blocked with normal goat serum at 37°C for 10 min, added 
with primary mouse anti-human CAV1 antibody, and incu-
bated at 4°C for 12 h. The sections were incubated with 
corresponding biotinylated secondary antibody of goat anti- 
mouse at room temperature for 10 min. Then, sections were 
added with streptavidin-horseradish peroxidase (S-A/HRP) 
to react at room temperature for 10 min, and colored by 
diaminobenzidine. After being placed in a darkroom at 
room temperature for 8 min, sections were counterstained 
with hematoxylin, dehydrated, cleared, mounted, and 
observed under a light microscope. Three different high- 
magnification fields (× 200) with the same size were ran-
domly selected in each section, and the number of positive 
cells was counted in each section with the use of the Nikon 
image analysis software (NIS-Elements, Shanghai Henghao 
Instruments Co., Ltd, Shanghai, China).

Reverse-transcription quantitative polymerase 
chain reaction (RT-qPCR)

Total RNA was extracted by StarPure RNA extraction Kit 
(No. D203-01, GenStar BioSolutions Co., Ltd., Beijing, 
China). Primers of miR-203, CAV1, PI3K, AKT, β-catenin, 
E-cadherin, N-cadherin, B-cell lymphoma-2 (bcl-2), bcl2- 
Associated X (Bax) and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH, Table 4) were designed and synthesized 
by TaKaRa Biotechnology Ltd., (Dalian, China). Following 
the instructions of TaqManTM MicroRNA Assays Reverse 
Transcription Kit (No.4366596, Thermo Fisher Scientific, 
Waltham, MA, USA), reverse transcription (20 μL) was 
reacted. Subsequently, real-time fluorescence quantitative 

PCR was carried out in a system ABI PRISM® 7300 
(Prism® 7300, KunKe, Shanghai, China) in accordance with 
the instructions of the SYBR® Premix Ex TaqTM II Kit 
(RR820A, Xingzhi Biological Technology, Guangzhou, 
China). U6 gene was taken as the internal control for miR- 
203, while GAPDH (No. abs830032, Absin Bioscience Inc., 
Shanghai, China) served as the internal control for CAV1, 
PI3K, AKT, β-catenin, E-cadherin, N-cadherin, bcl-2, and 
Bax. The 2−ΔCt method represented the multiple proportions 
of the gene expression between the RCC group and the 
control group. These procedures could also be applied for 
RT-qPCR detection in cells.

Western blot analysis

Extracted sample tissues were added with liquid nitro-
gen, grinded to a fine powder with a uniform appear-
ance and then added with 1 mL histiocyte lysate 
composed of 50 mmol/L Tris, 150 mmol/L NaCl, 
5 mmol/L ethylene diamine tetraacetic acid (EDTA), 
0.1% sodium dodecyl sulfate (SDS), 1% NP-40, 5 μg/ 
mL Aprotinin and 2 mmol/L phenylmethanesulfonyl 
fluoride. After being homogenated in ice bath, tissues 
were cracked with an addition of protein lysis buffer at 
4°C for 30 min with repeated shaking every 10 min, 
followed by 20-min centrifugation at 4°C at 
12,000 rpm with the lipid layer was discarded. The 
supernatant was collected to detect protein concentra-
tion using the bicinchoninic acid Protein 
Quantification Kit (No.20201ES76, Yeasen Group 
Limited, Shanghai, China). A total of 30 μg protein 
was collected to load samples, and the protein con-
centration was adjusted by deionized water. After the 
preparation of 10% SDS stacking gel and separating 
gel, samples were mixed with the loading buffer and 
boiled for 5 min at 100°C. Following ice bath and 
centrifugation, the mixture was added to each lane at 
equal volume with a micro sampler, followed by elec-
trophoresis. Subsequently, the proteins on the gel were 
transferred to a nitrocellulose membrane. The mem-
brane was blocked with 5% skim milk powder over-
night at 4°C, and incubation was carried out with the 
following primary rabbit anti-human antibodies 
(Abcam, Cambridge, UK) to CAV1 (1: 1000, 
ab32577), β-catenin (1: 5000, ab32572), bcl-2 (1: 
1000, ab32124), Bax (1: 2000, ab32503), PI3K (1: 
1000, ab151549), AKT (1: 500, ab8805), phosphory-
lated AKT (1: 1000, ab38449), E-cadherin (1: 10,000, 
ab40772), and N-cadherin (1: 1000, ab76057) over-
night at 4°C. Afterward, the membranes were 
immersed in the enhanced chemiluminescence reagent 
(Pierce, Waltham, MA, USA) for 1 min at room tem-
perature with liquid removed, and covered with 

Table 4. Primer sequences for reverse transcription quantitative 
polymerase chain reaction.

Genes Primer sequences

miR-203 F: 5ʹ-GGGTTGTGGAGGATTAGTT-3ʹ
R: 5ʹ-AAACAACTAAACTCCAAACA-3’

U6 F: 5ʹ-CGCTTCGGCAGCACATATACTAA-3ʹ
R: 5ʹ-TATGGAACGCTTCACGAATTTGC-3’

CAV1 F: 5ʹ-TGACTGAGAAGCAAGTGTATGACG-3ʹ
R: 5ʹ-GCAGAAGGTATGGACGTAGAT-3’

PI3K F: 5ʹ-CATCACTTCCTCCTGCTCTAT-3ʹ
R: 5ʹ-CAGTTGTTGTCAATCTTCTTC-3’

AKT F: 5ʹ-ACGATGAATGAGGTGTCTGT-3ʹ
R: 5ʹ-TCTGCTACGGTGAAGTTGTT-3’

β-catenin F: 5ʹ-GCTGATTTGATGGAGTTGGA-3ʹ
R: 5ʹ-TCAGCTACTTGTTCTTGAGTGAA-3’

E-cadherin F: 5ʹ-AACATGGTTCAGATCAAATC-3ʹ
R: 5ʹ-AAGCTTGAAGATCGGAGGATTATCG-3’

N-cadherin F: 5ʹ-CAACTTGCCAGAA AACTCCAGG-3ʹ
R: 5ʹ-ATGAAACCGGGCTATCTGCTC-3’

bcl-2 F: 5ʹ-TATAAGCTGTCGCAGAGGGG-3ʹ
R: 5ʹ-TGACGCTCTCCACACACATG-3’

Bax F: 5ʹ-TGCCAGCAAACTGGTGCTCA-3ʹ
R: 5ʹ-GCACTCCCGCCACAAAGATG-3’

GAPDH F: 5ʹ-GGGCTGCTTTTAACTCTGGT-3ʹ
R: 5ʹ-GCAGGTTTTTCTAGACGG-3’

Notes: miR-203, microRNA 203; CAV1, caveolin-1; PI3K, phosphoinositide 
3-kinase; AKT, protein kinase B; bcl-2, B-cell lymphoma-2; Bax, bcl- 
2-Associated X; GAPDH, glyceraldehyde-3-phosphate dehydroge 
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plastic-wrap. The membrane was exposed by Ray, 
developed and fixed under dark conditions for blot 
observation. GAPDH served as internal control, and 
the ratio of the gray value of the target band to the 
internal reference band was regarded as the relative 
expression of the protein. This method can also be 
applied when conducting western blot analysis in cells.

Dual-luciferase reporter gene assay

The bioinformatics prediction website (microRNA.org) was 
used for the target gene analysis of miR-203, and dual- 
luciferase reporter assay was performed to confirm whether 
CAV1 is the direct target gene of miR-203. The full-length 
3ʹUTR region of CAV1 gene was cloned and amplified. After 
being digested using restriction enzyme Xba I and Xho I, the 
target fragments were attached to pmirGLO Dual-Luciferase 
miRNA Target Expression Vector (No. E1330, Promega, 
Madison, Wisconsin, USA) and named p CAV1-wild type 
(wt). Next, bioinformatics software was used to predict the 
site of miR-203 binding to the target gene CAV1 to locate 
the mutation. The p CAV1-mutant type (mut) vector was 
constructed, and the Renilla luciferase-expressing vector 
pRL-TK (No. E2241, Promega) was used as internal control. 
The miR-203 mimic and miR-203 NC were co-transfected 
with luciferase reporter vectors respectively into HEK-293 T 
cells, followed by the detection of fluorescence intensity using 
GloMax® 20/20 Luminometer (No.E5311, Promega) and the 
analysis of data obtained during this procedure.

Cell line screening

Human renal clear cell carcinoma (RCCC) cells (786-O, 
ACHN, OS-RC-2 and ketr-3) were purchased form Cell 
Resource Center, Shanghai Institutes for Biological Sciences, 
Chinese Academy of Sciences (Shanghai, China). The cells 
were cultured in Roswell Park Memorial Institute (RPMI) 
1640 medium (No.11875093, Thermo Fisher Scientific) con-
taining 10% fetal bovine serum (FBS) in a humidified incu-
bator with 5% CO2 at 37°C, and subcultured every 2 to 
3 days. Finally, RT-qPCR and western blot analysis were 
conducted for the detection of mRNA and protein levels of 
CAV1, and cells with the highest expression of CAV1 were 
selected for subsequent experiments.

Cell grouping and transfection

Selected cancer cells were classified into the following 
groups: blank (transfection without any sequence) 
group, NC group (transfection with NC sequence), 
miR-203 mimic group (transfection with miR-203 
mimic), miR-203 inhibitor group (transfection with 
miR-203 inhibitor), siRNA-CAV1 group (transfection 

with siRNA-CAV1) and miR-203 mimic + siRNA- 
CAV1 group (transfection with miR-203 mimic and 
siRNA- CAV1). Cells were seeded in a 6-well plate at 
24 h prior to transfection and then transfected in 
accordance with the instructions of Lipofectamin 2000 
(No. 11,668–019, Invitrogen Inc., Carlsbad, CA, USA) 
when cell confluence reached 30–50%. Cells were incu-
bated at 37°C with 5% CO2 for 6 to 8 h. The medium 
was replaced with complete medium, and cells were 
cultured for additional 24 to 48 h for follow-up 
experiments.

3-(4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT) assay

After 48 h of transfection, the cells were harvested for 
counting. The cells were seeded in a 96-well plate at 
a density of 3 × 103 to 6 × 103 cells per well with a volume 
of 100 μL set in each well, and cultured. A total of 6 
duplicated wells were set. The following experiments were 
carried out at 24 h, 48 h, and 72 h after the incubation: each 
well was added with 20 μL MTT solution (5 mg/mL), and 
incubated at 37°C for 4 h. Afterward, the incubation was 
terminated and the culture supernatant fluid was dis-
carded. Next, each well was added with 150 μL dimethyl 
sulfoxide and the optical density (OD) of each well at 
570 nm was measured by enzyme-linked immunometric 
meter (NYW-96 M, Beijing Noyawei Instrument Co., Ltd., 
Beijing, China). The cell viability curve was drawn with 
time point as its abscissa and OD value as the ordinate.

Immunofluorescence

Following 48-h cell transfection, the cells were seeded on 
slides in a 6-well plate with 1 × 105 cells per well. After 48 h 
of culture, the expression of E-cadherin and N-cadherin was 
detected by immunofluorescence staining. The slides were 
fixed with pre-cooled methanol for 10 min, treated with 
0.5% TritoneX 100 for 15 min at room temperature, and 
then sealed with 30 mL/L normal goat serum working 
solution for 30 min. Following the removal of the blocking 
solution, the cells were added with mouse anti-human pri-
mary antibody (1: 1000) at 4°C overnight. Then, the second-
ary goat anti-mouse immunoglobulin G antibody (1: 500) 
was added into cells which were incubated at 37°C for 
30 min. Cells were cultured at room temperature for 
30 min with 200 μg/mL RNase, and counterstained with 
5 μmol/L nucleic acid fluorescent dye TOPRO3 for 5 min. 
The slides were dried naturally and sealed with buffer gly-
cerin. The sections were observed and scanned under 
a LeicaTCSSP laser confocal microscope. PBS was used 
as a NC.
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Scratch test

First, cells were seeded into a 6-well plate, and follow-
ing the adherence of the cells to the wall, the culture 
medium was replaced by serum-free Dulbecco’s mod-
ified eagle medium. When the cell confluence reached 
90–100%, a sterile 10 μL pipette tip was used to slowly 
scratch the bottom of the 6-well plate in a vertical 
position, leaving approximately 4 to 5 wounds with 
the same width on each well. Then, the cells were 
rinsed 3 times with phosphate buffer saline (PBS) to 
remove cellular debris, and placed in an incubator. Cell 
migration distances in the wound were observed using 
an inverted microscope at 0 h and 24 h after the 
scratching. Multiple fields were randomly selected and 
photographed. Each experiment group was set with 3 
duplicated wells to warrant the credibility and accuracy 
of experimental results.

Transwell assay

The Transwell chamber was placed in a 24-well plate. The 
apical chamber of the basement membrane was coated with 
Matrigel (diluted 1: 8), and dried at room temperature. After 
routine digestion, cells were resuspended with RPMI 1640 
medium (No.11875093, Thermo Fisher Scientific) with cell 
density adjusted to 1 × 105 cells/mL. Then, 200 μL cell 
suspension was added into the apical chamber of the 
Transwell chamber covered with Matrigel, and 600 μL 
RPMI 1640 medium containing 20% FBS was added to 
the basolateral chamber. After conventional culture for 
24 h, cells in the apical chamber of the Transwell chamber 
was wiped with a cotton swab. Subsequently, cells were fixed 
with 4% paraformaldehyde for 15 min, and stained with 
0.5% crystal violet solution (formulated with methanol) for 
15 min. Five fields (200 ×) were randomly selected and 
photographed using an inverted microscope (No.XDS- 
800D, Shanghai Caikang Optics Instrument Co., Ltd., 
Shanghai, China). The transmembrane cells were counted. 
Each experiment group was set with three duplicated wells.

Flow cytometry

After 48 h of transfection, the cells underwent centrifugation 
with the removal of supernatant, and re-suspension was 
carried out with PBS with cell concentration adjusted to 
about 1 × 105 cells/mL. Cells were fixed at 4°C with 1 mL 
75% ethanol precooled at −20°C for 1 h, centrifuged with 
removal of cool ethanol, and washed twice with PBS to 
remove the supernatant. Next, the cells were added with 
100 μL ribonuclease A (RNase) under dark conditions, 
water-bathed at 37°C for 30 min, stained, and completely 
mixed with 400 μL propidium iodide (PI) (No. P4170, 

Sigma-Aldrich Chemical Company), and then placed in 
the dark at 4°C for 30 min. Afterward, a flow cytometer 
was employed to record the red fluorescence at excitation 
wavelength of 488 nm to detect cell cycle.

After 48 h of transfection, the cells were detached from 
the culture surface with trypsin containing no EDTA, col-
lected into a flow tube, and centrifuged. After the removal 
of supernatant, further centrifugation was carried out with 
supernatant discarded. Next, Annexin-V-fluorescein iso-
thiocyanate (FITC)/PI dye was prepared with Annexin- 
V-FITC, PI, and 4-(2-hydroxyethyl)-1-piperazineëthanesu 
lfonic acid (HEPES) at ratio of 1: 2: 50 in accordance with 
the instructions of Annexin-V-FITC apoptosis detection kit 
(Sigma-Aldrich Chemical Company). Cells (1 × 106) were 
re-suspended with 100 μL of dye liquor, mixed by shaking, 
incubated at room temperature for 15 min, added with 
1 mL HEPES, and mixed. The FITC and PI fluorescences 
were detected at the excitation wavelength of 485 nm, 
525 nm, and 620 nm bandpass filters, respectively, for the 
detection of cell apoptosis.

Statistical analysis

All data were processed using SPSS 21.0 statistical soft-
ware (IBM Corp., Armonk, NY, USA) and expressed as 
mean ± standard deviation. The t-test was used to com-
pare two groups while one-way analysis of variance was 
used for multiple group comparison. Pairwise compar-
ison among multiple groups was analyzed using Tukey’s 
posttest, and data at different time points were compared 
with repeated measurement analysis of variance. p < 0.05 
indicated a statistically significant value.
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