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Background: Currently, drug-resistance is a major challenge in the treatment of renal cancer. Although 
microRNAs (miRNAs) have been reported to contribute to the incidence of drug resistance in renal cancer, 
the bio-functional roles and underlying regulatory mechanisms of novel miRNAs in cisplatin resistance 
remain largely unclear.
Methods: In this study, miRNA microarray analysis was applied to evaluate miRNA changes induced 
by cisplatin on RCC (renal cell carcinoma) cell lines. Then, Caki-1 and 786-0 cells were transfected with 
miR (miRNA)-124 mimics to observe cisplatin resistance in RCC cell lines after up-regulation of miR-
124. TargetScan was used to identify putative protein-coding gene targets of miR-124. Further, the 
interaction between calpain small subunit 1 (Capn4) and CCR4-NOT transcription complex subunit 3 
(CNOT3) was detected by quantitative real-time PCR (qPCR) and western blotting, and confirmed by co-
immunoprecipitation. The effect of Capn4 and/or CNOT3 on cell viability and half maximal inhibitory 
concentration (IC50) value of miR-124 overexpressed Caki-1 and 786-O cells to cisplatin was evaluated using 
the Cell Counting Kit-8 (CCK-8) assay. And the effect of Capn4 and/or CNOT3 on the level of necroptosis 
in miR-124 overexpressed Caki-1 and 786-O cells to cisplatin was evaluated by flow cytometric analysis. 
Then, four groups of 786-0 cells (miR-124, miR-124+ Capn4, miR-124+ CNOT3, miR-124+ Capn4+ 
CNOT3) were inoculated into nude mice to observe the effect of cisplatin on tumor formation.
Results: miR-124 was found to be markedly elevated in renal cancer cells by cisplatin. Functionally, the 
overexpression of miR-124 reduced the sensitivity of renal cancer cells to cisplatin and CAPN4 was found 
to be a direct target of miR-124, which can negatively regulated CAPN4 expression. Moreover, ectopic 
expression of CAPN4 reversed the impairment of miR-124 on cisplatin-sensitivity and cisplatin-induced 
necroptosis. Mechanically, the present study revealed that CAPN4 could directly interact with CNOT3 
and promote its degradation, and that the cisplatin-resistant phenotype was reversed by up-regulation of 
CNOT3.
Conclusions: Therefore, miR-124 is an important inhibitor in cisplatin-induced necroptosis, and the miR-
124-CAPN4-CNOT3 signaling axis plays a critical role in the emergence of cisplatin-resistance.
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Introduction

Renal cell carcinoma (RCC) is a common neoplasm 
in the urinary system, which ranks second in urinary 
tumor mortality, accounting for nearly 4% of all adult 
malignancies (1-3). Owing to its simplicity and rapid 
effect, chemotherapy is recognized as the most ideal 
treatment method (3-6). However, tumor insensitivity 
to chemotherapy and the gradual development of drug 
resistance has presented difficulties, which is a significant 
challenge for RCC treatment. Therefore, exploring the 
underlying mechanisms of drug resistance is critical to the 
development of effective treatment strategies.

MicroRNAs  (miRNAs) are a kind of small non-
coding RNA of 18–25 nt in length that can induce post-
transcriptional inhibition by binding directly to the mRNA  
(messenger RNA) 3'-untranslational region (UTR) (7,8). It 
has been well documented that miRNAs play an important 
role in various important biological processes, including cell 
growth, differentiation, proliferation, and programmed cell 
death (9-11). In addition, numerous miRNAs are involved 
in RCC, including down-regulated miRNAs [miR-141 (12),  
miR-200c (13) ,  miR-23b (14) ,  miR-27b (15) ,  and  
miR-135a (16)] and up-regulated miRNAs [miR-221 (17)], 
which have been found in RCC cells or tissues. 

However, RCC resistance is not fully understood in 
terms of the underlying mechanisms of miRNAs regulation. 
MiR-124 has been reported to play an important role in 
the anticancer mechanism of various cancers, including 
glioma, ovarian cancer, gastric cancer, non-small cell lung 
cancer, and liver cancer (18-22). It is also thought to play 
an oncogenic role in RCC (23,24). Furthermore, miR-
124 contributes to glioma drug-resistance by targeting 
R-RAS and N-RAS  (25); however, its role and mechanism 
of action in the development of drug resistance in human 
RCC remains unclear. Recently, studies on therapy of RCC 
mainly focused on targeted therapy and immunotherapy, 
but rarely on chemotherapy. This study was the first 
to investigate the potential mechanism of miR-124 in 
cisplatin-resistance in RCC.

In this study, we demonstrated that miR-124 is an 
essential inhibitor in cisplatin-induced necroptosis, and the 
miR-124-CAPN4-CNOT3  signaling axis plays a key role in 
inducing cisplatin-resistance. Therefore, our data elucidates 
the novel role of miR-124 in inducing drug resistance in 
RCC and provides an effective therapeutic strategy for 
the treatment of RCC. We present the following article in 
accordance with the ARRIVE reporting checklist (available 

at https://dx.doi.org/10.21037/tau-21-777).

Methods 

Cells and reagents

Human RCC cell lines, 786-O and Caki-1, were purchased 
from the ATCC  (American Type Culture Collection) 
and cultured in RPMI  (Roswell Park Memorial Institute) 
1640 for 786-O or McCoy’s 5a for Caki-1 (ThermoFisher, 
USA), supplemented with 10% FBS (Fetal Bovine 
Serum, ThermoFisher, USA) and 2 mM L-glutamine 
(ThermoFisher, USA). Cisplatin was obtained from Selleck 
(Shanghai, China).

MiRNA microarray 

A total RNA isolation kit of mirVana miRNA (Ambion, 
USA) was used to extract total RNA from cultured cells. 
cRNA  (complementary RNA) per sample was synthesized 
and labeled in the buffer. The labeled cRNA fragments 
were used in the MicroRNA2.0 array  (Affymetrix, USA) 
and hybridized in a GeneChip hybrid oven 640 (Affymetrix, 
USA) After cleaning and staining, the array was scanned 
using GeneChip Scanner 3000 (Affymetrix, USA). Partek GS 
6.5 (Partek Inc., USA) was used to normalize and compare 
the miRNA expression levels of the samples. Average link 
hierarchy clustering was used for the data and Treeview was 
used to display the clustering results (http://rana.lbl.gov).

Cell proliferation and drug half maximal inhibitory 
concentration (IC50) determination 

A CCK -8 (Cell Counting Kit-8) assay was used to evaluate 
cell proliferation. Briefly, RCC cells were seeded in 96-
well plates (103 cells/well) and cultured for 24 h (denoted 
as day 0). The cells were then treated as indicated with four 
replications. At the specified time point, a 10 mL CCK-8 
reagent solution (Donjido , Japan) was added to each well 
and incubated for 1 h. The optical density and absorbance 
at 450 nm were determined by a microplate reader (Bio-Tek, 
USA). The CCK-8 experiment was repeated at least three 
times. The data were used to generate drug effects or cell 
proliferation rate curves.

RNA isolation and qPCR 

Total RNA from tissue and cell lines was extracted using 

file:///C:/%e5%88%98%e5%b7%a7%e7%8e%b2/2021%e6%8e%92%e7%89%88/9-22/l 
http://rana.lbl.gov
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TriZol (Thermo Fisher, USA). The quantification of 
miRNA levels was evaluated using a miRNA quantitative 
real-time PCR (qPCR) assay kit (GeneCopoeia , USA). 
To quantify mRNA levels of CAPN4 and CNOT3, a 
reverse transcription (RT) reaction was performed using 
a RevertAidTM H Minus First Strand cDNA Synthesis Kit 
(Fermentas , Canada) and performed using the ABI 7900 
system (ABI, USA). U6 and GAPDH  were used as normal 
controls for miRNA and mRNA quantification, respectively. 
The 2−ΔΔCt method to calculate the relative expression levels. 
The primers were shown in Table 1.  

MiRNA transfection

Both the negative control (NC) and miR-124 mimics 
(mimics) were purchased from GenePharma (Shanghai, 
China).  Lipofectamine 2000 transfection reagent 
(Invitrogen, USA) was used to transfect cells with NC 
and simulators according to the manufacturer's protocol. 
Transfection efficiency was detected by qRT-PCR.

Western blotting 

Total cell protein was extracted using RIPA  (Radio-
Immunoprecipitation Assay) buffer solution containing 
protease inhibitor PMSF  (Phenylmethanesulfonyl fluoride), 
phosphatase inhibitor NaF (sodium fluoride), and Na3VO4  
(sodium orthovanadate) (Roche , Switzerland). Western 
blotting detection was applied as described previously (26).  
The level of each protein film band was quantified by 
Quantity One (Bio-Rad, USA). The primary antibodies 
[CAPN4 (1:1,000) and CNOT3 (1:2,000)] were purchased 
from Abcam (UK). All protein expression experiments were 
repeated at least three times.

Luciferase reporter gene assays 

The 3'-UTR of CAPN4 (miR-124 binding site) was 

synthesized and subcloned into a pGL3  reporter plasmid 
(Promega, USA). The plasmid was co-transfected with 
miR-124 mimics or miR-NC into 786-O cells for 48 h. 
786-O cells were collected and the activity of luciferase 
was measured using the dual-luciferase reporter assay kit 
(Promega, USA). 

Apoptosis and necroptosis assay 

Annexin V/FITC  (fluorescein isothiocyanate) Detection 
Kit (ThermoFisher, USA) was used to detect apoptosis and 
necroptosis. After transfection, the cells were incubated for 
24 h, collected, and washed with phosphate-buffered saline 
(PBS) twice. FITC-Annexin V (5 mL) and PI  (propidium 
iodide) (10 mL) were added and incubated for 15 min at 
25 ℃. The stained cells were counted by flow cytometry 
and FACScalibur  (BD, USA) was used to analyze apoptosis 
(AnnexinV+/PI−) and necroptosis (AnnexinV−/PI+). The 
experiment was repeated three times.

Calpain activity 

As mentioned earlier, calprotease activity was determined 
by using the fluorescent substrate N-succinyl-LLVD-AMC 
and casein enzyme spectrum.

Co-immunoprecipitation 

RCC cells were collected 48 h after transfection, washed 
with PBS, and then scraped into the lysis buffer. After 
freezing, the cells were centrifuged for clarification. 
Total lysate (500–800 mol/L) was added based on protein 
G-sepharose (Amersham Pharmacia, Piscataway, NJ) at 
10 mol/L and anti-mouse immunoglobulin G (IgG) or 
anti-CapN4/CNOT3 antibody at 5 mol/L. After tilting 
incubation at 4 ℃ for 4 h, the samples were repeatedly 
washed three times with 1% Nonidet P (NP)-40 buffer 
solution and then extracted with SDS  (sodium dodecyl 

Table 1 The primers for qPCR

Primer name Forward Reverse

MiR-124 5’-ACACTCCAGCTGGGTAAGGCACGCGGTGA-3’ 5’-TGGTGTCGTGGAGTCG-3’

U6 5’GCTTCGGCAGCACATATACTAAAAT3’ 5’CGCTTCACGAATTTGCGTGTCAT3’

CAPN4 5’-TCCGACGCTACTCAGATGAAAGT-3’ 5’-GATTTGTCCAGTGCCATCTTTGT-3’

CNOT3 5’-AAGAAGAAAGGCGACAAGGA-3’ 5’-GTCCAGCATTCGCAGGAT-3’

GAPDH 5’-TGACTTCAACAGCGACACCCA-3’ 5’-CACCCTGTTGCTGTAGCCAAA-3’
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sulfate) sample buffer solution. The extract was analyzed 
on SDS-PAGE  (polyacrylamide gel electrophoresis) with 
a gradient of 4–20% and transferred to cellulose nitrate for 
western blot analysis.

Xenograft model 

The 786-O cells (1×106 cells suspended in PBS containing 
50% matrix gel) were stably transfected with LV(lentiviral 
vector)-miR-124, LV-CAPN4, or LV-CNTO3 (purchased 
from Genelily Biotechnology Company, Shanghai) and 
subcutaneously injected into the lateral ventral of BALB/C 
nude mice (6 weeks old, n=5 in each group). Cisplatin was 
intraperitoneally administered once every 3 days. Tumor 
volume was recorded at 5–30 days after transplantation 
according to the following formula Tumor volume = length 
× width2/2. Tumor weight of transplanted mice was recorded 
30 days after injection. This study was approved by the Ethics 
Committee of the Third Affiliated Hospital of Soochow 
University. The operation process of all experimental animals 
was strictly in accordance with the “Guide to the Care and 
Use of Experimental Animals” [2016].

Statistical analyses 

SPSS 21.0 (IBM, Armonk, NY, USA) was used for statistical 
analysis. All statistical tests were bilateral. One-way analysis 
of variance (ANOVA) was used for comparison between 
groups. P<0.05 was considered statistically significant.

Results

MiR-124 contributed to cisplatin resistance in RCC cells 

To explore the miRNA expression altered by chemotherapy 
drugs, the RCC cell line, 786-O, was treated with cisplatin 
(as shown in Figure 1A). Next, miRNA microarray 
analysis was performed. A significant increase in miR-
124 was observed in cisplatin-induced changes in miRNAs  
(Figure 1A), which was confirmed by qPCR analysis  
(Figure 1B). To determine whether the increase in miR-124 
was dependent on cisplatin concentration, we treated 786-O 
cells with different doses of cisplatin for 24 h and found that 
the expression level of miR-124 increased with the increase 
of cisplatin dose (Figure 1B). 

To evaluate the biological effect of miR-124 on IC50 
value, we cultured regular Caki-1 and 786-O cells in vitro,  
transfected with miR-124 mimic or scramble, and treated 

them with several doses of cisplatin (as indicated in  
Figure 1C,1D) after 24 h of miRNA transfection. The 
expression of miR-124 was dramatically increased after 
miR-124 mimic transfection in Caki-1 and 786-O cells. The 
curves showed that the IC50 value of cisplatin in Caki-1  
cells was 0.93±0.12 μM, which increased to 4.89±0.63 μM 
in the miR-124 mimic-transfected cells. A similar result was 
observed in 786-O cells. The IC50 value of cisplatin was 
0.96±0.15 μM, which increased to 2.27±0.32 μM after miR-
124 mimic transfection. These results suggested that miR-
124 is contributed to cisplatin resistance in RCC cells.

MiR-124 post-transcriptionally inhibits CAPN4 expression 
by directly targeting its 3'-UTR 

We used the TargetScan bioinformatics analysis program  
(http://www.targetscan.org) to identify the recognized miR-
124 protein-coding gene targets. TargetScan miRNA target 
prediction revealed sthat the 3'-UTR of CAPN4 mRNA 
contains a potential binding site for miR-124 at nucleotide 
427 (Figure 2A). To determine whether exogenous miR-
124 inhibits CANP4 expression, early miR-124 or control 
miRNA (miRNA-NC) was transfected into Caki-1 and 786-
O cells for 24 h. The expression of CAPN4 was analyzed 
by RT-PCR (Figure 2B) and western blotting (Figure 2C). 
The ectopic expression of miR-124 significantly inhibited 
the expression of CAPN4 mRNA (Figure 2B) and protein 
(Figure 2C). 

Next, we analyzed whether the 3'-UTR of CAPN4 
mRNA is a critical target of miR-124 in RCC. The predicted 
CAPN4 miRNA binding sequences [including wild-
type (wt) and mutant (Mut) sequences] were cloned into 
a downstream region constructed by a luciferase reporter 
gene (psiCheck-CAPN4 3 'UT-wt/Mut, Figure 2D).  
These constructs were transiently transfected into 786-O 
cells in the presence of miR-124 mimic or miRNA-NC. As 
shown in Figure 2E, compared with miRNA-NC, miR-124 
significantly decreased the luciferase activity of pSiCheck-
CAPN4 3'UTR, but miR-124 could not reduce the luciferase 
activity of pSiCheck-CAPN4 3'UTR-Mut. These results 
indicate that miR-124 specifically binds CAPN4's 3-UTR 
nucleotide 427 and reduces the expression of CAPN4.

Overexpression of CAPN4 abolishes the miR-124-induced 
decrease in cisplatin sensitivity 

Since miR-124 can inhibit the expression of CAPN4 
through direct inhibition of CAPN4 transcripts, we 
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Figure 1 MiR-124 contributed to cisplatin resistance in renal cell carcinoma (RCC) cells. (A) 786-O cells were treated with 10 μM cisplatin 
for 0, 12, 24, and 36 h. The filtered miRNA array data were used for hierarchical clustering analysis. (B) The level of miR-124 was detected 
by real-time polymerase chain reaction (PCR). (C) The overexpression level of miR-124 in Caki-1 cells was measured by quantitative real-
time PCR (qPCR). Cell viability and half maximal inhibitory concentration (IC50) value of Caki-1 cells to cisplatin were evaluated using 
the Cell Counting Kit-8 (CCK-8) assay. (D) The overexpression level of miR-124 in 786-O cells was measured by qPCR. Cell viability and 
IC50 value of 786-O cells to cisplatin were evaluated using the CCK-8 assay. *, P<0.05; **, P<0.01; and ***, P<0.001.
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Figure 2 MiR-124 post-transcriptionally inhibits calpain small subunit 1 (CAPN4) expression by directly targeting its 3'-UTR. (A) 
Alignment of the miR-124 sequence with that of the 3'-UTR of CAPN4. (B)Western blot analysis revealed that the protein level of CAPN4 
was decreased in the miR-124-overexpressed Caki-1 and 780-O cells. (C) The mRNA level of CAPN4 in the miR-124-overexpressed Caki-1  
and 780-O cells was analyzed by real-time polymerase chain reaction (PCR) analysis. (D) CAPN4 3'-UTR constructs mutants at the 
predicted miR-124 site. (E) Dual-luciferase reporter activities of the pSiCheck2 vectors carrying the luciferase gene and a fragment of the 
CAPN4 3'-UTR containing the miR-124 binding sites in the control, miR-124 mimic, and miR-124 inhibitor groups. *, P<0.05.
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investigated whether increasing the expression of CAPN4 
can reduce cisplatin resistance promoted by miR-124. 
Therefore, miR-124 was expressed in vitro in Caki-1 and 

786-O cells and in CAPN4 encoding sequence, but was 
lacking a 3'-UTR or empty vector. CAPN4 overexpression 
was confirmed by western blotting (Figure 3A) and RT-
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PCR (Figure 3B). The curves indicated IC50 values of 
cisplatin in Caki-1 or 786-O cells (Figure 3C) showed that 
overexpression of CAPN4 completely abolishes the effect of 
miR-124 on the decreased cisplatin sensitivity. These results 
suggested that miR-124 reduced cisplatin sensitivity in 
RCC by targeting and inhibiting the expression of CAPN4.

MiR-124 decreases the cisplatin-induced necroptosis but 
not apoptosis by repressing CAPN4 

To analyze the effect of miR-124 and CAPN4 on apoptosis 
and necrosis, Caki-1 and 786-O cells were randomly 
divided into four groups: miR-NC+vector control group, 
miR-124+vector control group, miR-NC+CAPN4 group, 
and miR-124+CPAN4 group. The cells were stimulated by 
cisplatin for 24 h, and apoptosis and necrosis were detected 
by flow cytometry after Annexin V and PI staining. The 
two-dimensional quadrants of apoptosis and necrosis are 
shown in Figure 4A,4B. The results showed that miR-124 
significantly reduced cell necrosis in Caki-1 (Figure 4A) 
and 786-O (Figure 4B) cells, while inhibition of CAPN4 
reversed the cell necrosis induced by miR-124. The 
apoptotic level changed with the overexpression of miR-124 
or CANP4. These results suggested that miR-124 reduces 
the sensitivity of cisplatin in RCC by inhibiting cisplatin-
induced renal cell necrosis rather than apoptosis.

CAPN4 directly interacts with CNOT3 and promotes its 
degradation 

Considering CAPN4 is a subunit of calpain and decreasing 
CAPN4 abolishes the activity of calpain (27) ,  we 
hypothesized that the calpain activity and its degraded 
protein are critical to the miR-124-induced decrease in 
cisplatin sensitivity in RCC. The results showed that miR-
124 markedly decreased the activity of calpain in Caki-1 and 
786-O cells, which was significantly reversed after CAPN4 
overexpression (Figure 5A). 

As the previous results suggested that CNOT3 could be 
degraded due to calpain activation (28), we directly examined 
whether or not CNOT3 was a substrate of calpain in RCC. 
As shown in Figure 5B, miR-124 significantly increased the 
protein level of CNOT3 and this increase was completely 
abolished by CAPN4 overexpression. However, the mRNA 
level of CNOT3 was unchanged by miR-124 or CAPN4 
overexpression (Figure 5C). These results suggest that  
miR-124/CAPN4 may affect the level of CNOT3 by 
increasing its degradation, but not inhibition of its expression. 

We then analyzed the direct interaction between CANP4 
and CNOT4 by co-immunoprecipitation. The result 
showed that both CANP4 and CNOT4 directly interacted 
with each other (Figure 5D). From what has been discussed 
above, these results reveal that CAPN4 could interact with 
CNOT3 and promote its degradation. 

MiR-124 decreases the cisplatin sensitivity and cisplatin-
induced necroptosis by inhibiting CAPN4-mediated 
CNOT3 degradation 

To evaluate the specific role of CAPN4-mediated CNOT3 
degradation in the miR-124-induced decrease in cisplatin 
sensitivity and cisplatin-induced necroptosis, Caki-
1 and 786-O cells were divided into four groups: miR-
124, miR-124+CAPN4, miR-124+CNOT3, and miR-
124+CPAN4+CNOT3. The efficiency of CAPN4 and 
CNOT3 overexpression was confirmed by western blot 
and qPCR (Figure 6A). The cells were then stimulated by 
cisplatin for 1 day. After staining with Annexin V and PI, 
apoptosis and necroptosis were detected by flow cytometry. 
The results showed that CAPN4 significantly decreased 
the IC50 of cisplatin in miR-124-overexpressed Caki-1 and 
786-O cells, and this decreasing was completely abolished 
by CNOT3 overexpression (Figure 6B). 

Similarly, CAPN4 markedly increased the level of 
necroptosis in miR-124-overexpressed Caki-1 and 786-
O cells, which was completely abolished by CNOT3 
overexpression (Figure 6C). However, CNOT3 alone 
showed no effect on the IC50 of cisplatin (Figure 6B) 
and the level of necroptosis (Figure 6C) in miR-124-
overexpressed Caki-1 and 786-O cells. Nevertheless, 
the level of apoptosis was not changed with CAPN4 or 
CNOT3 overexpression (Figure 6C). In summary, these 
results reveal that miR-124 decreases the cisplatin sensitivity 
and cisplatin-induced necroptosis via inhibiting CAPN4-
mediated CNOT3 degradation. 

Effect of miR-124-CANP4-CNOT3 on cisplatin-resistance 
of 786-O cells in vivo 

To assess the effects of miR-124-CANP4-CNOT3 on 
cisplatin resistance of 786-O cells in vivo, we generated 
xenograft mice with four groups of Caki-1 cells (miR-
124, miR-124+CAPN4, miR-124+CNOT3, and miR-
124+CPAN4+CNOT3). Consistently, tumors derived from 
miR-124+CAPN4-transfected Caki-1 cells grew more 
slowly than those derived from only miR-124-transfected 
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Figure 3 Overexpression of calpain small subunit 1 (CAPN4) abolishes the miR-124-induced decrease in cisplatin sensitivity. (A) The 
protein levels of CAPN4 in Caki-1 and 786-O cells was analyzed by western blot analysis. (B) The mRNA levels of CAPN4 in Caki-1 and 
786-O cells was analyzed by real-time polymerase chain reaction (PCR) analysis. (C) The effect of miR-124 and/or CAPN4 on cell viability 
and the half maximal inhibitory concentration (IC50) value of Caki-1 and 786-O cells to cisplatin was evaluated using the Cell Counting 
Kit-8 (CCK-8) assay. *, P<0.05; **, P<0.01 vs. miR-NC group; #, P<0.05 vs. miR-124 group.
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Figure 4 MiR-124 decreases cisplatin-induced necroptosis but not apoptosis by repressing calpain small subunit 1 (CAPN4). The function 
of miR-124 and/or on the level of apoptosis and necroptosis in cisplatin-treated Caki-1 (A) and 786-O (B) cells were evaluated by flow 
cytometric analysis. *, P<0.05 vs. miR-NC group; #, P<0.05 vs. miR-124 group.
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Figure 5 Calpain small subunit 1 (CAPN4) directly interacts with CCR4-NOT transcription complex subunit 3 (CNOT3) and promotes its 
degradation. (A) The calpain activity assay revealed that the decreased calpain activity in Caki-1 and 786-O cells were significantly increased 
after CAPN4 overexpression. (B) The protein levels of CNOT3 in miR-124-overexpressed Caki-1 and 786-O cells was analyzed by western 
blot analysis (C) The mRNA levels of CNOT3 in miR-124-overexpressed Caki-1 and 786-O cells was analyzed by real-time PCR(polymerase 
chain reaction) analysis. (D) Co-immunoprecipitation assays were performed in 786-O cells. Endogenous CAPN4 and CNOT3 were co-
immunoprecipitated by anti-CAPN4 and anti CNOT3 antibodies. *, P<0.05 vs. miR-NC group; #, P<0.05 vs. miR-124 group. 
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Figure 6 MiR-124 decreases cisplatin sensitivity and cisplatin-induced necroptosis by inhibiting calpain small subunit 1 (CAPN4)-
mediated CCR4-NOT transcription complex subunit 3 (CNOT3) degradation. (A) Western blot and quantitative real-time PCR (qPCR) 
analysis revealed that the protein and mRNA levels of CAPN4 and CNOT3 in different groups in Caki-1 and 786-O cells (miR-124, miR-
124+CAPN4, miR-124+CNOT3, miR-124+ CPAN4+ CNOT3). (B) The effect of CAPN4 and/or CNOT3 on cell viability and the IC50 
(half maximal inhibitory concentration) value of miR-124-overexpressed Caki-1 and 786-O cells to cisplatin were evaluated using the Cell 
Counting Kit-8 (CCK-8) assay. (C) The effect of CAPN4 and/or CNOT3 on the level of necroptosis in miR-124-overexpressed Caki-1 and 
786-O cells to cisplatin were evaluated by flow cytometric analysis. *, P<0.05 vs. miR-124 group; #, P<0.05 vs. miR-124+ CAPN4 group. 
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cells after treatment with cisplatin (Figure 7A,7B). 
However, tumors derived from miR-124+CNOT3- or miR-
124+CAPN4+CNOT3-transfected 786-O cells were similar 
to those derived from only miR-124-transfected cells  
(Figure 7A,7B). These data were further verified by end-
point analysis of explanted tumor weight (Figure 7C). 
Overall, the in vivo results demonstrate that miR-124 
attenuates cisplatin sensitivity via inhibiting CAPN4-
mediated CNOT3 degradation (Figure 7D). 

Discussion

Although bevacizumab/interferon-α, everolimus and 
pazopanib are used as first-line agents in advanced RCC, 
chemotherapy is still widely used in other carcinomas. 
Cisplatin is one of the most effective chemotherapy drugs, 
the underlying mechanism of cisplatin resistance has 
been studied for decades; however, there are no effective 
pharmacological operations to overcome this form of 
complex resistance (29-31). It has been widely reported 
that miRNAs regulate cisplatin resistance in various cancers  
(31-35), but has rarely been reported in RCC. Recently, 

miR-126 targeting SERPINE1 (36) and miR-148a targeting 
Rab14 (37) were identified to regulate cisplatin-resistance 
in RCC, and it was also reported that miR-124 represses 
FZD5 to attenuate P-glycoprotein-mediated doxorubicin- 
and vinblastine-resistance in RCC (38). Therefore, the 
purpose of this study was to investigate the role of miR-124 
in cisplatin resistance in RCC. We used high-throughput 
miRNA microarray analysis to assess the role of miRNAs 
in cisplatin resistance in RCC cells. Our data showed 
that miR-124 was dramatically increased after cisplatin 
treatment, and that overexpression of miR-124 decreased 
cisplatin sensitivity. Although numerous descriptive studies 
have shown that miR-124 inhibits cell proliferation in a 
variety of tumors, the present study identified the role of 
miR-124 in regulating cisplatin resistance for the first time.
To understand the mechanism of miR-124 regulation of 
cisplatin resistance in RCC, we first found that miR-124 
targets CAPN4’s 3’-UTR to inhibit its expression. CAPN4 
is the regulatory subunit of the catalytic subunits calpain1 
and calpain2 (39,40). We previously reported that CAPN4 
is a promising biomarker for metastatic RCC (41), which 
activates and promotes RCC cell proliferation via the focal 

Figure 7 Effect of miR-124-calpain small subunit 1 (CANP4)-CCR4-NOT transcription complex subunit 3 (CNOT3) on the cisplatin-
resistance of 786-O cells in vivo. (A) Images of xenograft tumors formation from miR-124-overexpressed 786-O cells with or without 
CAPN4 and/or CNOT3. (B) The average volume of tumors is shown as mean ± SEM (standard error of mean). (C) Tumors from indicated 
xenograft mice were weighed immediately after removal and the average tumor weight is indicated as mean ± SEM. (D) A schematic model 
of cisplatin-induced miR-124 expression and its underlying mechanism in cisplatin resistance in RCC. *, P<0.05 vs. miR-124 group; #, 
P<0.05 vs. miR-124+CAPN4 group. 
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adhesion kinase (FAK) signaling pathway (26). It has also 
been reported that CAPN4 is a target of miR-99a and 
miR-491, and is involved in cisplatin resistance in gastric  
cancer (42). However, the mechanism of CAPN4 regulating 
RCC cisplatin-resistance is unknown. 

In the current investigation, we discovered a new 
mechanism: miR-124 decreases the cisplatin sensitivity via 
inhibition of CAPN4. Furthermore, this study demonstrated 
that CAPN4 may directly interact with CNOT3 and affect 
its degradation, but not inhibit its expression. CNOT3 
is an integral part of the CCR4 -NOT transcription 
complex and plays a general transcriptional regulatory 
role (43). It has been reported that CNOT3 acts as a new 
biomarker for molecular and prognostic classification of 
early-stage colon cancer (44). Moreover, CNOT3 targets 
specific mRNAs to prevent cell necrosis (45). Hence, the 
connection between necroptosis in cisplatin-resistant 
cells and miR-124-CAPN4-CNOT3-aixs excited our 
curiosity. Intriguingly, we identified that cisplatin-elevated 
miR-124 decreases RCC cells’ necroptosis by preserving 
CNOT3 from CAPN4 mediated-degradation. Necroptosis, 
a form cell death regulation independent of apoptotic  
mechanisms (46), has not received sufficient attention, and 
may become a novel effective method to eliminate tumor 
cells (47,48). Thus, its activation may be a promising option 
for inducing death of drug-resistant cancer cells. 

Given that necrosis induces cell death by bypassing 
apoptosis retardation, efforts are being made to develop 
necrotic induction compounds for the treatment of drug-
resistant cancers (49-52). Two attractive drug resistance 
strategies are currently being studied that directly address 
the causes of apoptosis blocking or alternative mechanisms 
of cell death, including induced necrosis (53). In this study, 
we discovered that miR-124 decreases cisplatin sensitivity 
via inhibition of cisplatin-induced necroptosis.

In conclusion, this study showed that miRNA-124 
regulates the sensitivity of renal cancer cells to cisplatin-
induced necroptosis by inhibiting CAPN4-mediated 
CNOT3 degradation. Understanding the regulation of 
cisplatin-resistant necrosis by miR-124 may be useful in 
investigating new targets for the treatment of RCC, and 
the miR-124-CAPN4-CNOT3 signaling axis may be a 
potential alternative therapeutic strategy for overcoming 
cisplatin-resistant in RCC.
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