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Abstract. Most patients with renal cancer will develop 
resistance to sorafenib therapy and will therefore exhibit 
disease progression. Effective therapies for these patients are 
extremely limited. Cyclooxygenase‑2 (COX‑2) promotes the 
malignant transformation of cancer cells and drug resistance. 
The potential of COX‑2 inhibitor (celecoxib) administration in 
combination with sorafenib for the treatment of renal cancer 
is unclear. The present study demonstrated that sorafenib 
rapidly increased the expression of COX‑2 in renal cancer 
cells, as determined using reverse transcription‑quantitative 
PCR and western blotting. The results of the MTT assay and 
cell apoptosis experiment demonstrated that the cytotoxicity 
of sorafenib was also affected by COX‑2 expression and cele‑
coxib enhanced the cytotoxicity of sorafenib against renal 
cell carcinoma. Immunofluorescence analysis indicated that 
sorafenib induced the formation of stress granules (SGs) in 
renal cancer cells. In addition, COX‑2 expression was asso‑
ciated with the formation of SGs, and SGs could capture 
and stabilize COX‑2 mRNAs in renal cancer cells; this was 
confirmed using RNA fluorescence in situ hybridization and 
an actinomycin D chase experiment. The protective effect 
of SGs was further demonstrated in cell experiments and 
xenograft tumor models. Thus, the present study indicated 
that the use of celecoxib may significantly enhance the sensi‑
tivity of renal cancer cells to sorafenib and improve efficacy. 
Sorafenib‑induced SGs may contribute to critical events that 

promote COX‑2 expression and survival in renal cancer cells. 
Therefore, the present study may provide novel ideas for the 
treatment of renal cancer.

Introduction

The incidence of renal cell carcinoma (RCC) is increasing (1,2). 
Approximately one in five patients with RCC miss surgery at 
the time of diagnosis, and almost one in three patients with 
localized RCC will have recurrence after resection, these 
patients have a 5‑year survival rate of <10% and are not 
sensitive to radiation or chemotherapy (3). Tyrosine kinase 
inhibitors (TKIs) are the main treatment choice for advanced 
renal cancer. Sorafenib is the first multi‑target TKI approved 
for the treatment of renal cancer with dual antitumor activity. 
Sorafenib has direct antitumor activities by inhibiting 
RAF/MEK/ERK signaling, and it also acts on VEGFR, 
platelet‑derived growth factor (PDGFR) and other targets to 
inhibit tumor angiogenesis (4). However, some patients with 
RCC do not respond sufficiently to sorafenib treatment, and 
most patients develop resistance and disease progression over 
time, even if sorafenib is initially effective (5). Therefore, there 
is an urgent need to elucidate the underlying mechanisms 
of sorafenib sensitivity regulation and to explore effective 
strategies to improve clinical diagnosis and treatment of renal 
cancer.

Cyclooxygenase‑2 (COX‑2) has low expression in normal 
cells, but high expression in inflammation and tumor 
cells (6,7). COX‑2 leads to increased synthesis and secretion 
of prostaglandin E2 (PGE2), which in turn activates cell 
growth and inhibits apoptosis (8). COX‑2 is associated with 
the occurrence and progression of various cancer types (9), 
including squamous cell carcinoma, cholangiocarcinoma, 
endometrial carcinoma and hepatocellular carcinoma. COX‑2 
regulates the transcription of EGFR through transcriptional 
activator protein‑1 (10). It also plays a role in the process of 
drug resistance (11,12). Celecoxib, a COX‑2 specific inhibitor, 
is one of the most widely used and promising drugs for cancer 
therapy (13). However, little research has been conducted on its 
use in the treatment of renal cancer. The objective of the present 
study was to investigate whether the combination of celecoxib 
may improve the efficacy of sorafenib in the treatment of RCC.
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A stress granule (SG) is a highly dynamic membrane‑free 
structure in cells that contains mRNA encoding stress‑adaptive 
proteins and a variety of RNA‑binding proteins (RBPs), 
including Ras GTPase‑activating protein‑binding protein 1 
(G3BP1), human antigen R (HuR), T‑cell‑restricted intracel‑
lular antigen‑1 (TIA‑1) and Tristetraprolin (TTP) (14). SGs 
can redistribute intracellular resources under stress conditions, 
stabilize mRNA and regulate expression of genes that promote 
cell survival (14,15). In tumor cells, SGs can promote cell 
resistance to stress and promote tumor survival and progres‑
sion (16,17). Several SG components have been found to be 
overexpressed in tumors, and their expression levels can be 
used to predict clinical outcomes (18,19). In addition, previous 
studies have shown that SGs may confer chemotherapy resis‑
tance to tumor cells (20,21). It has been reported that COX‑2 
mRNA can be captured by SGs (22). SGs represent a novel 
target for developing therapies to suppress COX‑2 protein 
expression. It will also be important to study the role of SGs on 
the expression of other genes involved in tumor pathogenesis. 
In the present study, the efficacy of sorafenib in combination 
with the COX‑2 inhibitor, celecoxib, on renal cancer cells 
was investigated and the mechanism of COX‑2 upregulation 
induced by sorafenib was explored.

Materials and methods

Cell culture. The 786‑O and ACHN renal cancer cell lines 
were obtained from The Cell Bank of Type Culture Collection 
of The Chinese Academy of Sciences. 786‑O cells were 
cultured in RPMI 1640 (Wisent Biotechnology) and ACHN 
cells were cultured in DMEM (Wisent Biotechnology) under 
standard procedures. All complete media were supplemented 
with 10% (v/v) FBS (Gibco; Thermo Fisher Scientific, Inc.), 
100 U/ml penicillin and 100 µg/ml streptomycin (Wisent 
Biotechnology) at 37˚C with 5% CO2.

RNA interference and lentivirus. Small interfering RNAs 
(siRNAs) of COX‑2 and G3BP1 were purchased from Generay 
Biotech Co., Ltd. The specific siRNA were as follows: COX‑2 
siRNA‑1 sense, 5'‑GAG​CAG​UUG​UUC​CAG​ACA​ATT‑3'; 
COX‑2 siRNA‑1 antisense, 5'‑UUG​UCU​GGA​ACA​ACU​
GCU​CTT‑3'; COX‑2 siRNA‑2 sense, 5'‑GAU​UGA​AGA​UUA​
UGU​GCA​ATT‑3'; COX‑2 siRNA‑2 antisense, 5'‑UUG​CAC​
AUA​AUC​UUC​AAU​CTT‑3'; G3BP1 siRNA‑1 sense, 5'‑GGA​
GGA​GUC​UGA​AGA​AGA​ATT‑3'; G3BP1 siRNA‑1 antisense, 
5'‑UUC​UUC​UUC​AGA​CUC​CUC​CTT‑3'; G3BP1 siRNA‑2 
sense, 5'‑GCC​UGA​GCC​AGU​AUU​AGA​ATT‑3'; G3BP1 
siRNA‑2 antisense, 5'‑UUC​UAA​UAC​UGG​CUC​AGG​CTT‑3'; 
Control siRNA sense, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​
UTT‑3'; Control siRNA antisense, 5'‑ACG​UGA​CAC​GUU​
CGG​AGA​ATT‑3'. ACHN cells were transiently transfected 
with the siRNAs of target genes and negative control siRNA 
using INTERFERin (Polyplus‑transfection SA). The cells were 
inoculated in a six‑well plate, and when the density was about 
30‑50%. Diluted 2.2 pmoles of siRNA duplexes into 200 µl of 
medium without serum. Added 8 µl of INTERFERin to the 
200 µl of siRNA duplexes and immediately homogenized by 
vortexing for 10 sec. Incubated for 10 min at room temperature. 
Added 2 ml of fresh pre‑warmed complete medium and 200 µl 
of transfection mix per well and incubated the plate at 37˚C. 

Changed to fresh medium after 12 h and continued to culture 
for 24 or 48 h. G3BP1 short hairpin RNA (shRNA) and control 
shRNA lentivirus were purchased from Shanghai GeneChem, 
Co., Ltd. The sequences of the shRNA was as follows: G3BP1 
shRNA, CCT​GAT​GAT​TCT​GGA​ACT​T; Control shRNA, 
TTC​TCC​GAA​CGT​GTC​ACG​T. The plasmid information 
is hU6‑MCS‑Ubiquitin‑firefly_Luciferase‑IRES‑puromycin. 
ACHN cells (MOI: 15) were inoculated in 12‑well plate 
and transduced with lentivirus (Virus titer: G3BP1 shRNA, 
4.5E+08T U/ml; Control shRNA, 3.0E+08T U/ml.) after the 
density reached 20%. Added 3 µl of G3BP1 shRNA lentivirus 
or 4.5 µl of control shRNA lentivirus, 20 µl of cotransfection 
reagent HitransG P (GeneChem, Co., Ltd.) and 500 µl of fresh 
medium per well and incubated the plate at 37˚C. Changed to 
complete culture medium after 10 h. After 48 h of transfec‑
tion, 2 µg/ml puromycin (Thermo Fisher Scientific, Inc.) was 
used to select for positively transfected cells. After 7 days of 
selection with puromycin, the surviving cells were used to 
determine the knockdown efficiency.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was isolated from ACHN and 786‑O cells using TRIzol 
(Vazyme Biotech Co., Ltd.). Reverse transcriptions were 
performed using HiScript RT SuperMix (Vazyme Biotech Co., 
Ltd.). The procedure was as follows: 50˚C for 15 min; 85˚C 
for 5 sec; 4˚C for 10 sec. qPCR was performed using ChamQ 
Universal SYBR qPCR Master Mix (Vazyme Biotech Co., 
Ltd.), on an ABI QuantStudio 6 Flex Real‑Time PCR System 
(Thermo Fisher Scientific, Inc.). The PCR was as follows: 95˚C 
for 30 sec and 45 cycles of 95˚C for 10 sec; 60˚C for 30 sec. 
The fold change of the mRNA levels was calculated using the 
2‑ΔΔCq method. The specific primers were as follows: COX‑2 
forward, 5'‑CTA​TCA​CTG​GCA​TCC​CCT​TCT‑3'; COX‑2 
reverse, 5'‑CTT​TCT​GTA​CTG​CGG​GTG​GAA‑3'; G3BP1 
forward, 5'‑AGA​GGT​GAG​GTC​CGT​CTG​AA‑3'; G3BP1 
reverse, 5'‑TTA​TCT​CGT​CGG​TCG​CCT​TC‑3'; actin forward, 
5'‑CAT​GTA​CGT​TGC​TAT​CCA​GGC‑3'; actin reverse, 5'‑CTC​
CTT​AAT​GTC​ACG​CAC​GAT‑3'.

Antibodies. Antibodies against G3BP1 (WB, 1:1,000; 
IF, 1:300; cat. no.  13057‑2‑AP) and HuR (IF, 1:300; cat. 
no. 66549‑1‑Ig) were from Proteintech Group, Inc. The anti‑
body against COX‑2 (WB, 1:1,000; cat. no. 12282S) was from 
Cell Signaling Technology, Inc. Goat anti‑Rabbit IgG (H+L) 
Highly Cross‑Adsorbed Alexa Fluor 488 secondary antibody 
(IF, 1:800; cat. no. A32731) and Goat anti‑Mouse IgG (H+L) 
Cross‑Adsorbed Alexa Fluor 594 Secondary Antibody (IF, 
1:800; cat. no. A11005) were from Thermo Fisher Scientific, 
Inc. Anti‑rabbit IgG, HRP‑linked Antibody (WB, 1:2,000; cat. 
no. 7074S) and Anti‑mouse IgG, HRP‑linked Antibody (WB, 
1:2,000; cat. no. 7076S) were from Cell Signaling Technology, 
Inc.

Western blotting. Total cell extracts were lysed on ice using 
a lysis buffer (containing proteinase and phosphatase inhibi‑
tors; Beyotime Biotech Co., Ltd.). Protein concentrations were 
measured using the BCA Kit (Vazyme Biotech Co., Ltd.). 
Samples were mixed with SDS‑PAGE Sample Loading Buffer 
(5X, Beyotime Biotech Co., Ltd.) and denatured at 95˚C for 
5 min, then resolved on 10% gels using SDS‑PAGE in running 
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buffer (Sangon Biotech Co., Ltd. Tris, 3 g; Glycine, 14.4 g; SDS, 
1 g; Fix the volume to 1 liter with DD water.). Proteins were 
transferred to polyvinylidene difluoride (PVDF) membranes 
(Bio‑Rad Laboratories, Inc.). After blocking with 5% skimmed 
milk at room temperature for 1 h, the PVDF membranes were 
incubated with primary antibodies at 4˚C overnight, washed 
with PBST and then incubated with secondary antibodies at 
room temperature for 1 h. After washing with PBST 3 times, 
signals were detected using an enhanced chemilumines‑
cence system (Vazyme Biotech Co., Ltd.) and acquired by 
ChemiScope 3300 Mini Imaging System (Clinx Science 
Instruments Co., Ltd.).

Immunofluorescence (IF). ACHN and 786‑O cells were fixed 
with 4% paraformaldehyde for 15 min at room temperature, 
then washed with PBS 3 times and permeabilized with 0.3% 
Triton X‑100 for 20 min at room temperature. Samples were 
blocked with 3% BSA (Sangon Biotech Co., Ltd.) for 30 min 
at room temperature and incubated with specific primary 
antibodies overnight at 4˚C in 3% BSA. After washing, the 
fluorescently labelled secondary antibodies were incubated for 
1 h at room temperature. After further washing, nuclei were 
stained with DAPI at room temperature for 10 min. Slides were 
observed and imaged using the EVOS FL Auto 2.0 Imaging 
System (Thermo Fisher Scientific, Inc.).

MTT assay. Cell viability was measured using an MTT assay. 
ACHN cells in logarithmic phase were cultured in 96‑well 
plates (4x103 cells per well). Cells were exposed to sorafenib 
and celecoxib (Selleck Chemicals) at the indicated concentra‑
tion for 48 h. After discarding the cell culture media, cells 
were washed and then incubated in 0.5 mg/ml MTT (Sangon 
Biotech Co., Ltd.) for 2 h at 37˚C. MTT crystals were dissolved 
in DMSO (Sangon Biotech Co., Ltd.). The absorbance per well 
was proportional to the cell viability. The absorption value 
was measured at a wavelength of 490 nm using the infinite 
M200Pro system (Tecan Group, Ltd.).

Cell apoptosis. Cell apoptosis was detected using the annexin 
V‑Alexa Fluor 647/propidium iodide double staining method. 
The adherent ACHN cells were digested and collected after 
drug treatment. The cells were washed and resuspended 
with 1X binding buffer (Yeasen Biotech Co., Ltd.). Annexin 
V‑Alexa Fluor 647 and propidium iodide staining solution 
(Yeasen Biotech Co., Ltd.) were added. A total of 10,000 cells 
per sample were analyzed by flow cytometry (NovoCyte, 
2060R, ACEA Bioscience, Inc.; Agilent) following the reac‑
tion at room temperature and avoiding light. The data were 
analyzed using FlowJo v10 (FlowJo LLC).

RNA fluorescence in  situ hybridization (FISH). COX‑2 
mRNAs were detected using FISH mixed probe (RIBO 
Biotech Co., Ltd.) and an RNAScope kit (RIBO Biotech Co., 
Ltd.). The ACHN cells were aliquoted into 8‑well chamber 
slides and treated with 20 µM sorafenib for 1.5 h when the cell 
density reached 60%. Except for sorafenib, the treatment of the 
control group was the same as that for the experimental group. 
Then cells were fixed with 4% paraformaldehyde for 20 min 
at 4˚C. After permeation with 0.3% Triton X‑100 for 15 min at 
room temperature and pre‑hybridization with prehybridized 

buffer (RIBO Biotech Co., Ltd.) for 30 min at 37˚C, the COX‑2 
mRNA mixed probes were added and incubated at 45˚C over‑
night. Then, slides were washed with washing buffer (RIBO 
Biotech Co., Ltd.) at 45˚C and incubated with G3BP1 antibody 
at 4˚C overnight, and then the goat anti‑Rabbit IgG (H+L) 
Highly Cross‑Adsorbed Alexa Fluor 488 secondary antibody 
and goat anti‑Mouse IgG (H+L) Cross‑Adsorbed Alexa Fluor 
594 secondary antibody at room temperature for 1 h. Nuclei 
were stained with DAPI at room temperature for 10 min. The 
slides were observed and imaged using the EVOS FL Auto 2.0 
Imaging System.

Actinomycin D (Act D) chase experiment. ACHN cells 
were treated with 10 µM sorafenib for 2 h to upregulate the 
mRNA levels of COX‑2 and then washed with PBS twice 
before 5 µg/ml Act D (Sigma‑Aldrich; Merck KGaA) was 
added. After pre‑incubation with Act D for 30 min, cells were 
additionally treated for the indicated times (2 and 4 h) with 
vehicle or with sorafenib. At the indicated time, the cells were 
harvested and total RNA was extracted. RT‑qPCR was used to 
detect the COX‑2 mRNA levels.

Xenograft tumor models. Male nude mice (4‑6 weeks old, 
weighing 20.1±1.8 g) were purchased from GemPharmatech. 
The animal experiments were approved by The Ethical 
Committee of Nanjing Drum Tower Hospital (Medical 
School of Nanjing University, Nanjing, China; project ID, 
2021‑640‑01) and were conducted in accordance with The 
National Institute of Health Guide for the Care and Use of 
Laboratory Animals and The Institutional Animal Care and 
Use Committee of Nanjing Drum Tower Hospital. Mice were 
raised in pathogen‑free animal facilities at 20‑24˚C, 50% 
relative humidity and 12 h of light and dark cycle. Mice had 
free access to water and food, and the health and behavior of 
the animals were monitored every day. In the in vivo experi‑
ment of drug combination (n=6), ACHN cells (3x106 cells 
in 100 µl PBS) were inoculated subcutaneously in the right 
flank of each mouse. One week after tumor implantation, the 
tumor volume of mice reached >50 mm3, mice were random‑
ized and divided into four groups with similar starting mean 
tumor volumes: Control, Sorafenib (30 mg/kg), Celecoxib 
(50 mg/kg), sorafenib (30 mg/kg) plus celecoxib (50 mg/kg). 
The medicine was given by intragastric administration 
three times a week for 22 days. In the in vivo experiment 
of administration after knocking down G3BP1 (n=7), the 
mice were divided into four groups: ACHNCtrlKD with control 
treatment, ACHNCtrlKD with sorafenib (30 mg/kg) treatment, 
ACHNG3BP1KD with control treatment, ACHNG3BP1KD with 
sorafenib (30 mg/kg) treatment. The lentivirus knockdown 
stable cell line ACHNG3BP1KD and control cell line ACHNCtrlKD 
were amplified and 4x106 cells were suspended in 100 µl 
PBS and inoculated subcutaneously in the right flank of each 
mouse. One week after tumor implantation, the tumor volume 
of mice reached >50 mm3, at which time the medicine was 
given to the mice. The medicine was given by intragastric 
administration three times a week for 16 days. Considering 
animal welfare, action should be taken to reduce the pain 
of animals. The mice were euthanized with intraperitoneal 
injection of 60  mg/kg pentobarbital followed by rapid 
cervical dislocation. Mice were judged to be dead if they 
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were not breathing and did not exhibit nerve reflexes. Tumor 
volume was calculated using the formula: V=½ x L x W2, 
where L is the maximum diameter and W is the minimum 
diameter of the tumor.

Statistical analysis. All data were presented as mean ± SD. 
Two group comparisons were performed by unpaired Student's 
t‑test. Statistical analyses involving multiple group compari‑
sons were performed using one‑way ANOVA followed by 
Dunnett's or Tukey's post hoc test. All data analyses were 
performed with GraphPad Prism 7 (Dotmatics). P<0.05 was 
considered to indicate a statistically significant difference.

Results

COX‑2 expression levels determine sensitivity of renal cancer 
cells to sorafenib. By examining COX‑2 levels before and 
after sorafenib treatment, it was found that sorafenib rapidly 
increased mRNA and protein levels of COX‑2 in ACHN 
and 786‑O cells (Fig. 1A‑D). COX‑2 plays a crucial role in 
the progression of renal cancer (23) and a previous study has 
suggested that COX‑2 decreases the sensitivity of sorafenib 

in hepatocellular carcinoma (24). In the present study, it was 
found that the cytotoxicity of sorafenib was affected by the 
presence of COX‑2. After the silencing of COX‑2 (Fig. 1E), 
the specificity effect of COX‑2 was indicated by the significant 
attenuation of ACHN cell survival after sorafenib treatment 
(Fig. 1F). By using flow cytometry analysis, sorafenib‑induced 
apoptosis was also notably increased in ACHN cells after the 
silencing of COX‑2 expression (Figs. 1G and S1A).

Celecoxib enhances the cytotoxicity of sorafenib against 
RCC. Increasing evidence has implied that COX‑2 inhibi‑
tors have potent antitumor effects (9). A case report has also 
described 2 desmoid tumor patients with multiple recurrences 
after a combination medical and surgery, who had a major 
objective response to a combination therapy of celecoxib 
and sorafenib (25). These findings highlight the possibility 
that celecoxib may enhance the response to sorafenib in 
renal cancer. To assess the effect of sorafenib and celecoxib 
on the viability of human renal cancer cells, dose‑dependent 
inhibition of cell activity with sorafenib and celecoxib was 
conducted. Cell viability was significantly inhibited after 48 h 
of sorafenib treatment when the dose exceeded 8 µM (Fig. 2A). 

Figure 1. Involvement of COX‑2 in sorafenib‑induced cell death. (A) 786‑O and (B) ACHN cells were treated with 10 µM sorafenib for the indicated times 
and COX‑2 mRNA was examined by reverse transcription‑quantitative PCR analysis. COX‑2 protein levels in (C) 786‑O and (D) ACHN cells were examined 
by immunoblot analysis. (E) Western blot analysis of ACHN cells transfected with siRNAs against COX‑2. (F) Control or COX‑2‑silenced ACHN cells were 
treated with 10 µM sorafenib for 48 h and the cell viability was examined by MTT assay. (G) After treatment, cell apoptosis was detected by flow cytometry. 
Data represent mean ± SD. **P<0.01, ***P<0.001. COX‑2, cyclooxygenase‑2; siRNA, small interfering RNA.
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Celecoxib had no significant effect on cell viability within 
50 µM (Fig. 2B). Thus, 10 µM sorafenib and 30 µM celecoxib 
were selected for combination therapy using dosage in vitro. 
In the MTT assay, the combination of sorafenib and celecoxib 
displayed significantly increased cytotoxicity compared to 
sorafenib alone (Fig. 2C). This synergy also occurred when 

celecoxib was applied in combination with sorafenib during 
cell apoptosis experiments (Figs. 2D and S1B).

To confirm the synergistic effect of the combination 
therapy in vivo, nude mice were inoculated with ACHN cells 
to produce tumor‑bearing models. Consistent with the previous 
in vitro results, combined celecoxib and sorafenib treatments 

Figure 2. Celecoxib in combination with sorafenib for the treatment of renal cell carcinoma. (A) ACHN cells were treated with sorafenib for 48 h at 0, 0.5, 
1, 2, 4, 8, 15 and 30 µM. (B) ACHN cells were treated with celecoxib for 48 h at 0, 6, 12, 25, 50 and 100 µM. Cell viability was examined by MTT assay and 
the viability of untreated cells was arbitrarily set at 100%. (C) ACHN cells were treated with 30 µM celecoxib, 10 µM sorafenib or 30 µM celecoxib + 10 µM 
sorafenib for 48 h. Cell viability was examined by MTT assay. (D) Cell apoptosis was detected by flow cytometry. (E) Nude mice were randomized and divided 
into four groups with similar starting mean tumor volumes. The groups were: Control, 30 mg/kg sorafenib, 50 mg/kg celecoxib and 30 mg/kg sorafenib + 
50 mg/kg celecoxib. Tumors were resected and measured after 22 days of drug treatment. (F) Statistical Analysis of tumor Volume in (E). Data represent 
mean ± SD. *P<0.05, **P<0.01, ***P<0.001. ns, not significant.
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significantly slowed the tumor growth of ACHN xenografts 
compared with sorafenib alone (Fig.  2E). An analysis of 
the tumors removed after experiments demonstrated that 
combined celecoxib and sorafenib treatments resulted in a 
significant decrease in tumor volume compared with sorafenib 
alone (Fig. 2F). Overall, these results demonstrated that the 
combination of celecoxib and sorafenib lead to a significant 
synergistic effect on tumor growth inhibition.

Sorafenib induces the formation of SGs. The mechanism by 
which sorafenib upregulates COX‑2 expression was further 
explored. It was observed that sorafenib can induce HuR trans‑
location to the cytoplasm and the formation of numerous small 
foci in the cytoplasm. Using IF analysis, it was observed that 
these foci were co‑localized with SG markers, HuR and G3BP1 
(Fig. 3A). The formation of these small cytoplasmic foci was 
inhibited in cells treated with the SG inhibitor, cycloheximide 
(Fig. 3B), and they were therefore finally characterized as SGs.

SGs are assembled by liquid‑liquid phase separation, 
which results from unevenly distributed interactions across the 
core protein‑RNA network. G3BP1 is the central protein of 

this network (26). In the present study, ACHN cells were trans‑
fected with specific siRNA to knockdown G3BP1 expression 
(Fig. 3C). As expected, the formation of SGs was inhibited in 
cells with a decreased expression of G3BP1 (Fig. 3D).

SGs sequester and stabilize COX‑2 mRNA in renal cancer cells. 
SGs contain translationally stalled mRNAs and RBPs, such as 
HuR, which bind to mRNAs and modulate their stability (22). 
Treatment of renal cancer cells with sorafenib resulted in a 
rapid upregulation of COX‑2 mRNA (Fig.  1A  and  B). A 
corresponding increase in the COX‑2 protein level was also 
detected only 2 h after sorafenib treatment (Fig. 1C and D). 
A previous study has reported that COX‑2 mRNA can be 
sequestered by SGs (22). To determine whether the increase in 
COX‑2 in sorafenib‑treated renal cancer cells was due to the 
stabilization of COX‑2 mRNA by SGs, sorafenib‑treated cells 
were examined by FISH of COX‑2 mRNA and IF of G3BP1 
protein. Subsequently, granular distribution of COX‑2 mRNA 
was notably co‑localized with G3BP1 protein (Fig. 4A).

Of note, sorafenib‑enhanced COX‑2 mRNA levels were 
significantly suppressed after interfering with SG formation 

Figure 3. Sorafenib induces assembly of SGs in renal cancer cells. (A) ACHN cells were treated or untreated with 20 µM sorafenib for 1.5 h, and SGs were 
visualized by immunofluorescence staining with antibodies specific to HuR and G3BP1. (B) Cells were treated with 20 µM sorafenib or 20 µM sorafenib + 
2 µM CHX for 1.5 h. Antibodies against HuR and G3BP1 were used to analyze SG assembly. (C) Cells were transfected with G3BP1 or control siRNA for 
48 h. The expression of G3BP1 was detected by western blotting. (D) After knocking down G3BP1, cells were treated with 20 µM sorafenib for 1.5 h, followed 
by immunofluorescent staining with antibodies specific to HuR and G3BP1. The nuclei were visualized using DAPI. Scale bar, 20 µm. CHX, cycloheximide; 
G3BP1, Ras GTPase‑activating protein‑binding protein 1; HuR, human antigen R; SG, stress granule; siRNA, small interfering RNA.
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by knocking down G3BP1 (Fig. 4B). This result demonstrated 
that SGs were required for the upregulation of COX‑2 induced 
by sorafenib. The effect of SGs on the stability of COX‑2 
mRNA was analyzed using 5 ug/ml Act D. ACHN cells were 
treated with sorafenib for 2 h to allow the upregulation of 
COX‑2 mRNA. After pre‑incubation with Act D, cells were 
additionally treated with vehicle or sorafenib, and then the 
COX‑2 mRNA levels were determined at the indicated times. 
The half‑life of COX‑2 mRNA in renal cancer cells increased 
after sorafenib treatment and the decay of COX‑2 mRNA 
was prevented by sorafenib therapy (Fig. 4C). These findings 
support the suggestion that sorafenib upregulates COX‑2 
expression as its mRNA is sequestrated and stabilized by SGs.

SGs protect cells from sorafenib‑induced cell death. To 
examine whether SG formation protects cancer cells, silencing 
of G3BP1 expression in ACHN cells was performed to 
disrupt SG formation (Fig. 3D). Silencing G3BP1 markedly 
promoted sorafenib‑induced cell death (Fig. 5A). In addition, 
sorafenib‑induced cell apoptosis increased after the expres‑
sion of G3BP1 decreased (Figs. 5B and S1C).

To confirm the protective effect of SGs in vivo, G3BP1 
expression was stably knocked down in ACHN cells to 
obtain ACHNG3BP1KD cells alongside control ACHNCtrlKD cells, 

and then their response to sorafenib was tested. The cells 
were inoculated into nude mice to produce tumor‑bearing 
models. Knockdown of G3BP1 significantly suppressed the 
tumor growth of ACHN xenografts (Fig. 5C). In addition, 
sorafenib treatment of ACHNG3BP1KD cells resulted in a marked 
reduction in tumor volume compared with the treatment of 
ACHNCtrlKD cells (Fig. 5D). Overall, these data suggest that 
sorafenib‑induced SGs have a protective effect on renal cancer 
cells.

Discussion

COX‑2 has been reported to modulate the sensitivity of 
sorafenib to liver cancer  (24). In the present study, it was 
demonstrated that sorafenib rapidly upregulated COX‑2 
expression, which decreased the sensitivity of renal cancer 
cells to sorafenib. COX‑2 inhibitors have potent antitumor 
effects  (27). Therefore, the COX‑2 inhibitor, celecoxib, in 
combination with sorafenib in the treatment of RCC was 
explored. In both cell and animal experiments, it was demon‑
strated that the combination therapy was significantly better 
than sorafenib alone in the treatment of RCC. Moreover, it 
was demonstrated that sorafenib could induce the formation 
of SGs in renal cancer cells, and the upregulation of COX‑2 
expression was dependent on the formation of SGs. SGs are 
membrane‑free structures in cells that selectively protect and 
stabilize pro‑survival mRNAs, and it has been reported that 
COX‑2 mRNA can be captured by SGs (22). In the present 
study, it was demonstrated that COX‑2 mRNA colocalized 
with sorafenib‑induced SGs in the cytoplasm and the half‑life 
of COX‑2 mRNA was significantly increased after sorafenib 
treatment. Disruption of SG formation by knocking down 
G3BP1 expression significantly promoted the cytotoxicity of 
sorafenib in renal cancer. These results indicate that sorafenib 
can selectively stabilize mRNAs by inducing SG formation, 
subsequently increasing the level of COX‑2 and the viability of 
renal cancer cells. Therefore, a regulatory mechanism for the 
effect of sorafenib on COX‑2 levels has been uncovered and 
new light has been shed on renal cancer therapy.

COX‑2 commonly exerts a role in promoting cancer (28‑30). 
For example, COX‑2 is a well‑known promoter of proliferation, 
angiogenesis, apoptosis inhibition and immune suppression in 
melanoma (31). COX‑2 expression in breast cancer is associated 
with the increase of blood vessels and the elevated expression 
of the angiogenesis marker, VEGF (32,33). COX‑2 also plays 
an essential role in the progression of renal cancer (23,34). 
In the present study, it was found that sorafenib rapidly and 
significantly increased COX‑2 expression in RCC cells. COX‑2 
has also previously been found to be important in tumor 
immunosuppression and is associated with lower infiltration 
of immune cells in melanoma tissues and a shorter survival 
time (35,36). The COX‑2/mPGES1/PGE2 pathway can regulate 
the expression of PD‑L1 in tumor‑associated macrophages and 
myeloid‑derived suppressor cells (30). Immunotherapy offers 
new hope for patients with cancer. However, the mechanisms 
of immune regulation in the renal tumor microenvironment 
and their interaction with molecularly targeted therapeutic 
agents require further investigation.

COX‑2 also exerts a crucial role in the promotion of cancer 
cell resistance to chemotherapy (9). In the present study, it 

Figure 4. COX‑2 mRNA sequestered in SGs and levels increased in 
sorafenib‑treated renal cancer cells. (A) ACHN cells were seeded in 8‑well 
chamber slides and treated with 20 µM sorafenib for 1.5 h. RNA fluorescence 
in situ hybridization analysis of COX‑2 mRNA and co‑immunostaining of 
G3BP1 was conducted. Scale bar, 20 µm. (B) Control or G3BP1‑silenced 
ACHN cells were treated with 10 µM sorafenib for 2 h, and COX‑2 mRNA 
expression was examined by RT‑qPCR. (C) Detection of COX‑2 mRNA 
stability before and after sorafenib treatment. The COX‑2 mRNA levels were 
quantified by RT‑qPCR using actin as the normalization control. Data repre‑
sent mean ± SD. ***P<0.001. Act D, actinomycin D; COX‑2, cyclooxygenase‑2; 
G3BP1, Ras GTPase‑activating protein‑binding protein 1; RT‑qPCR, reverse 
transcription‑quantitative PCR; siRNA, small interfering RNA.
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was demonstrated that the upregulated expression of COX‑2 
promoted the survival of renal cancer cells and decreased 
the cytotoxicity of sorafenib. These results highlight the high 
potential of the COX‑2 inhibitor, celecoxib, in the treatment 
of renal cancer, particularly for enhancing the response to 
sorafenib. In mice bearing human RCC xenografts, COX‑2 
inhibition can extend the therapeutic effect of the VEGFR 
inhibitor, sunitinib (37). Celecoxib combined with sorafenib 
significantly inhibited proliferation and induced apoptosis of 
hepatocellular carcinoma cells (38). A combined treatment of 
sorafenib and celecoxib had a more notable tumor suppression 
effect than the single drug group in mice with lung cancer (39). 
In the present study, it was demonstrated that the combined 
treatment with celecoxib significantly enhanced the cytotox‑
icity of sorafenib on renal carcinoma cells. COX‑2 inhibitors 
are inexpensive, have tolerable side effects and can sensitize 
cancer cells to chemotherapy (40). A single‑center randomized 
controlled clinical phase III trial recommended celecoxib for 
the mitigation of sorafenib‑related skin toxicity in patients 

with hepatocellular carcinoma (41). Longer PFS was achieved 
in the celecoxib + sorafenib combination group, although 
overall survival time was not prolonged in clinical practice. 
Clinical trials combining celecoxib and sorafenib to delay the 
progression of renal cancer should therefore be considered.

Sorafenib can act on both wild‑type and V599E mutant 
RAF (42). The level of VEGFR/PDGFR is still inhibited in 
RCC after sorafenib treatment (43). However, Some compen‑
satory signaling pathways such as PI3K‑AKT‑mTOR can 
promote renal cell survival and cancer progression (44). To the 
best of our knowledge, there is still no marker that predicts 
renal cancer response to drug therapy. Sorafenib treatment 
creates a pressure environment and the surviving cancer cells 
are more aggressive (45). This adaptation requires cancer cells 
to survive through their own stress response mechanisms. The 
formation of SGs is a mechanism for minimizing stress damage 
and increasing cell survival. SGs participate in inflammatory 
and apoptotic signaling and promote cell survival  (46,47). 
Sorafenib also promotes SG production in various cancer 

Figure 5. SGs protect renal cancer cells from sorafenib‑induced cell death. (A) Control or G3BP1‑silenced ACHN cells were treated with 10 µM sorafenib 
for 48 h and cell viability was examined by MTT assay. (B) After treatment, cell apoptosis was detected by flow cytometry. (C) Nude mice were randomized 
and divided into four groups with similar starting mean tumor volumes: ACHNCtrlKD with control treatment, ACHNCtrlKD with 30 mg/kg sorafenib treatment, 
ACHNG3BP1KD with control treatment, ACHNG3BP1KD with 30 mg/kg sorafenib treatment. Tumors were resected and measured after 16 days of drug treatment. 
(D) Statistical Analysis of tumor Volume in (C). Data represent mean ± SD. *P<0.05, **P<0.01, ***P<0.001. ns, not significant. Ctrl, control; KD, knockdown; 
G3BP1, Ras GTPase‑activating protein‑binding protein 1; siRNA, small interfering RNA.
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cells, including HeLa, MCF‑7, PC3 and LnCaP cells (48). In 
the present study, it was found that sorafenib could induce the 
assembly of SGs in renal cancer cells. Moreover, these SGs 
protected and promoted the survival of renal cancer cells 
by selectively stabilizing COX‑2 mRNA and promoting its 
expression. SG proteins are involved in processes of translation 
and mRNA stability. Targeting SGs may be a novel method 
of treating disease (49). The specific mechanism of sensitivity 
of renal cancer cells to sorafenib, which is regulated by SGs, 
needs further exploration as targeting SGs may be a potential 
therapeutic strategy for renal cancer therapy.

However, There are inevitably some limitations to the 
present study. In the in vitro study, normal renal cancer cells 
were used to conduct cell sensitivity experiments after drug 
treatments. If the normal renal cancer cells were replaced with 
cell lines resistant to sorafenib, it may be closer to the physi‑
ological conditions of drug resistance. In the in vivo study, 
it was demonstrated that celecoxib combined with sorafenib 
can inhibit the growth of subcutaneous tumors in nude mice. 
However, there was a lack of exploration of the molecular 
mechanism behind this drug combination. In the molecular 
mechanism study, it was demonstrated that SGs can stabilize 
COX‑2 mRNA. However, it is worth noting that SGs may also 
play different roles by regulating the mRNA stability of other 
molecules, which requires a more in‑depth study.

In summary, sorafenib is an identified drug that can upregu‑
late COX‑2 levels in renal cancer cells. COX‑2 promotes the 
survival of renal cancer cells. The use of celecoxib, a COX‑2 
inhibitor, in combination with sorafenib significantly enhanced 
the sensitivity of renal cancer cells to sorafenib and improved 
efficacy. Clinical trials of celecoxib in combination with 
sorafenib for the treatment of renal cancer should be considered. 
In the present study, a novel regulatory mechanism for COX‑2 
expression was uncovered. Sorafenib‑induced assembly of SGs 
in renal cancer cells is a critical event that promotes COX‑2 
expression and acts as a stress mechanism against treatment. 
Therefore, the assembly of SGs and their role in regulating 
the expression of different oncogenes is crucial for additional 
exploration. The findings of the present study may provide novel 
targets for the treatment of renal cancer.
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