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Abstract. Renal cell carcinoma (RCC) remains one of the 
most lethal urinary tumors in East Asia despite great advance‑
ments in treatment strategies in recent years. Ribosomal 
protein S20 (RPS20) is considered a new oncogene; however, 
little information is available on its expression, regulation 
and biological function in patients with RCC. In the present 
study, 43 pairs of human RCC and neighboring normal renal 
tissues were examined for protein expression and immunohis‑
tochemistry examination of RPS20. Lentiviral transduction 
was also employed to create RPS20 knockdown cell lines 
for downstream cellular experiments. MTT, flow cytometry, 
wound healing, colony formation and invasion assays were 
used to examine how RPS20 affected kidney renal clear 
cell carcinoma (KIRC) cell behavior. Western blotting was 
used to detect cycle‑related proteins (CDK4 and cyclin D1), 
Wnt‑related proteins (N‑cadherin and E‑cadherin) and 
signaling proteins [phosphorylated (p)‑AKT and p‑ERK]. The 
functions of RPS20 in vivo were examined in 786‑O cells 
with RPS20 knockdown. RPS20 was significantly overex‑
pressed in tumor tissues compared with its expression in the 
corresponding normal tissues. RPS20 expression was linked 
to tumor stage, differentiation grade, tumor size and lymph 
node metastasis, and it had an independent prognostic value 
in KIRC. Since RCC cell proliferation, migration and invasion 

were suppressed when RPS20 was knocked down, the forma‑
tion of renal tumors in vivo was markedly slowed down. In 
RPS20 knockdown cell lines, CDK4, cyclin D1 and E‑cadherin 
were downregulated, while N‑cadherin expression was 
increased. RPS20 was also observed to be involved in control‑
ling the activation of the ERK and mTOR signaling pathways. 
In summary, the present study showed that RPS20 increased 
cell proliferation in RCC by activating the AKT‑mTOR and 
ERK‑MAPK signaling pathways, which suggests that RPS20 
may be a therapeutic and prognostic target for RCC.

Introduction

Renal cell carcinoma (RCC) is the most prevalent type of 
cancer of the urinary system, and is characterized by being 
a highly malignant tumor (1). Based on its morphological 
classification, RCC can be mainly divided into three subtypes: 
i) Kidney renal clear cell carcinoma (KIRC), ii) kidney renal 
papillary cell carcinoma and iii) suspicious cell malignant 
tumors. KIRC accounts for >70% of RCC cases (2). RCC is 
one of the 10 most common cancer types worldwide, causing 
nearly 140,000 mortalities annually (3). At present, the main 
treatment for localized RCC is surgical treatment, while 
immunotherapy, targeted drugs and chemotherapy are the 
treatment of choice for advanced and metastatic cases (4). 
Despite advancements in treatment strategies, the 5‑year 
overall survival (OS) rate is just 12% for patients with meta‑
static KIRC. However, ~16% of patients already have distant 
metastases upon their initial diagnosis of RCC (5). Therefore, 
although significant advances in diagnostic techniques and 
targeted therapies have been made, the prognosis remains 
poor for the majority of patients (2,6). The high recurrence 
and incidence rates of KIRC emphasize the urgency to find 
novel molecular targets for disease treatment.

Ribosomal proteins (RPs) are one of the main compo‑
nents of ribosomes, which play key roles in the regulation 
of intracellular protein biosynthesis. Specifically, RPs can 
coordinate interactions between ribosomes, genes, elonga‑
tion factors and initiators (7). The unique extra‑ribosomal 
effects and functions of distinct RPs have been previously 
reported (8). These effects are involved in regulating cell 
proliferation, differentiation and apoptosis, which are crucial 
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functions for cell proliferation and development. Although 
several studies have found abnormal expression patterns 
of different RPs in a variety of diseases, the specific roles 
of these proteins and their participation in the underlying 
molecular mechanisms in the development of human cancer 
remain unclear.

Ribosomal protein S20 (RPS20) belongs to the S10P 
family of RPs (9). RPS20 is mainly involved in the regulation 
of ribosomal RNA processing (10). It is primarily localized in 
the cytoplasm (11), unlike other RPs, which are usually found 
in the nucleoli (12‑17). Recent evidence suggested that RPS20 
is involved in non‑ribosomal regulation. RPS20 was shown 
to be involved in regulating the p53‑mouse double minute 2 
homolog signaling pathway (18‑29). Furthermore, the interac‑
tion between GNL1 and RPS20 was found to be capable of 
regulating cell proliferation (30). RPS20 has also been identi‑
fied to act as an oncogene in a variety of tumors. However, the 
specific role of RPS20 in the onset and advancement of RCC 
remains to be elucidated.

The aim of the present study was to validate the high 
expression levels of RPS20 in RCC [as observed in The Cancer 
Genome Atlas (TCGA) database] and to explore its regulatory 
mechanism. In line with our in silico analyses, RPS20 was 
observed to be highly expressed in RCC tissues. The lentiviral 
transduction knockdown results further indicated that the 
inhibition of RPS20 expression could significantly reduce the 
proliferation, migration, and invasion of RCC cells in vitro. 
Similarly, RPS20 knockdown considerably inhibited the 
growth of subcutaneous tumors in nude mice. Furthermore, 
inhibiting RPS20 expression in an RCC cell line reduced the 
expression of CDK4, cyclin D1 and N‑cadherin, and increased 
the expression of E‑cadherin. Lastly, RPS20 was revealed to 
positively regulate several downstream signaling pathways, 
including the mTOR and ERK pathways.

Materials and methods

In silico analyses using the Oncomine and TCGA databases. 
The mRNA expression levels of RPS20 in different tumors 
were explored using the Oncomine database (31). The threshold 
and query details were set as follows: Fold‑change=2, P=0.05, 
checked (all) gene ranking and mRNA data. The gene expres‑
sion profile and clinical records from patients with KIRC 
were obtained from TCGA website (https://portal.gdc.cancer.
gov/), which contained 539 tumor samples and 72 normal 
samples (32). R software version 3.6.3 with Strawberry Perl 
was used for data processing. Samples with incomplete infor‑
mation were removed from the datasets before performing 
statistical analyses.

In silico analysis based on the Gene Expression Profiling 
Interactive Analysis (GEPIA) database. GEPIA is an 
open‑source database from which expression data of RNA 
sequencing can be obtained from 10,000 tumor and normal 
samples (33). Using this tool, the association of high RPS20 
expression with the OS and progression‑free survival (PFS) 
of patients with KIRC were analyzed. Moreover, differential 
gene expression of RPS20 among different tumor types was 
investigated using the Tumor IMmune Estimation Resource 
(TIMER) database (https://cistrome.shinyapps.io/timer/).

Clinical patients and tissue samples. In total, 43 RCC tissue 
samples were collected from patients with renal cancer under‑
going partial or radical nephrectomy at The Second Affiliated 
Hospital of Nantong University (Nantong, China) between 
January 2017.01 and December 2019, and were compared 
with their normal tissue counterparts. The tissue samples 
were immediately stored at ‑80˚C upon collection. Human 
studies were approved (approval no. 2021YL012) by the Ethics 
Committee of The Second Affiliated Hospital of Nantong 
University (Nantong, China) according to the Declaration of 
Helsinki of 1964. Written informed consent was provided by 
all participating patients.

Cell culture. Human RCC cell lines (786‑O, ACHN and 
OS‑RC‑2) were obtained from the Shanghai Institute of 
Biological Sciences. ACHN cells were cultured in MEM 
(Gibco; Thermo Fisher Scientific, Inc.) containing 10% 
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc.), whereas 786‑O and OS‑RC‑2 cells were cultured in 
RPMI‑1640 medium with 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc.). All cell lines were maintained in a sterile 
incubator (Thermo Fisher Scientific, Inc.) at 37˚C with 5% 
CO2.

RPS20 knockdown using lentiviral transduction. Cells were 
infected using lentiviral particles containing short hairpin 
(sh)RPS20 constructs to establish stable RPS20 knockdown 
cell lines. The shRPS20 sequence used for knockdown was 
5'‑GAT CGT TTC CAG ATG AGA ATT‑3', while the shRNA 
control sequence used was 5'‑TTC TCC CGA ACG TGT CAC 
G‑3'. RPS20 knockdown lentiviral particles (designated as 
LV‑shRPS20) and negative control (NC) GV248 vector (desig‑
nated as LV‑shNC) were used to infect 786‑O and OS‑RC‑2 
cells (MOI=5) following the manufacturer's instructions 
(Shanghai GeneChem Co., Ltd.). After 48 h of transfection, 
cells were collected for additional studies. The success of 
gene knockdown was evaluated by observing the generation 
of green fluorescent cells under a fluorescence microscope 
and by using puromycin selection (3 µg/ml). The knockdown 
efficiency of RPS20 was then confirmed via reverse transcrip‑
tion‑quantitative PCR (RT‑qPCR) and western blotting.

Western blotting. Protease inhibitors and ice‑cold RIPA 
buffer were premixed with fresh RCC patient tissues or 
cells to extract proteins. The supernatant was collected, 
and the concentration of total protein was quantified by 
utilizing a BCA protein assay kit (Thermo Fisher Scientific, 
Inc.). Western blotting was performed as previously 
described (34). The following primary antibodies were used: 
Anti‑RPS20 (cat. no. 15692‑1‑AP; 1:2,000), anti‑β‑actin 
(cat. no. 81115‑1‑RR; 1:5,000), anti‑AKT (cat. no. 60203‑2‑lg; 
1:1,000), anti‑phosphorylated (p)‑AKT (cat. no. 28731‑1‑AP; 
1:1,000), anti‑ERK (cat. no. 51068‑1‑S‑AP; 1:1,000), 
anti‑p‑ERK (cat. no. 28733‑1‑AP; 1:1,000), anti‑cyclin D1 
(cat. no. 26939‑1‑AP; 1:2,000), anti‑CDK4 (cat. no. 11026‑1‑AP; 
1:1,000), anti‑E‑cadherin (cat. no. 20874‑1‑AP; 1:5,000) and 
anti‑N‑cadherin (cat. no. 22018‑1‑AP; 1:1,000; all purchased 
from ProteinTech Group, Inc.). HRP‑conjugated goat 
anti‑rabbit IgG (cat. no. PR3001; 1:5,000) and HRP‑conjugated 
goat anti‑mouse IgG (cat. no. PR3002; 1:5,000; both purchased 
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from ProteinTech Group, Inc.) were the secondary antibodies 
used in the present study.

Extraction of RNA and RT‑qPCR. TRIzol® (Qiagen, Inc.) was 
used to extract total RNA from RCC cells and tissues. Synthesis 
of cDNA was performed using the Thermo‑Script Reverse 
Transcription kit (Thermo Fisher Scientific, Inc.), following the 
reagent manufacturer's instructions. qPCR was performed in 
10‑µl reactions loaded into 96‑well plates with SYBR Green 
reagent (Takara Bio, Inc.) using the CFX96™ Real‑Time PCR 
system (Bio‑Rad Laboratories, Inc.). The thermocycling condi‑
tions were as follows: 95˚C for 5 min, followed by 40 cycles of 
95˚C for 15 sec, 60˚C for 25 sec and 72˚C for 30 sec. Relative 
gene expression was calculated using the 2‑ΔΔCq method (35). 
Gene expression was normalized using β‑actin as a house‑
keeping gene. The following primer sequences were utilized: 
RPS20 forward, 5'‑ATC ACC CTA ACA AGC CGC AA‑3' and 
reverse, 5'‑AGG CAT TCG AAC TGG TCC TT‑3'; and actin 
forward, 5'‑GGG CAT GGG TCA GAA GGA TT‑3' and reverse, 
5'‑CAT GTC GTC CCA GTT GGT GA‑3'.

Immunohistochemistry (IHC). Collected RCC and adjacent 
normal tissues were subjected to IHC analysis. After incubation 
at 60˚C for 60 min, the paraffin‑embedded tissue sections were 
deparaffinized in xylene and then immersed in graded ethanol 
solutions for hydration. The slides were blocked for 5 min 
using Ultra V Block (Shilian Boyan Technology Co., Ltd), and 
the tissue sections were subsequently subjected to overnight 
incubation at 4˚C with an anti‑RPS20 primary antibody (1:100; 
ProteinTech Group, Inc.). Next, the slides were washed with 
PBS and incubated with a anti‑rabbit IgG (cat. no. 15692‑1‑AP; 
1:200; ProteinTech Group, Inc.) secondary antibody at 37˚C for 
10‑30 min. Finally, the tissue samples were stained with diami‑
nobenzidine before evaluation by light microscopy. Specimens 
were categorized as negative, positive, ++ positive, or +++ 
positive based on the total of the staining intensity and staining 
extent scores, which ranged from weak to strong.

Cell Counting Kit (CCK)‑8 assay. CCK‑8 assay (Dojindo 
Laboratories, Inc.) was utilized to evaluate the proliferation 
rate of RCC cells. Cells transduced with either shRPS20 or 
shNC were seeded in five 96‑well plates with a cell density of 
3x103 cells/well in triplicates. The proliferation of cells was 
observed daily for 3 days by incubating the cells with CCK‑8 
solution (10 µl) and serum‑free medium (190 µl) for at 37˚C 
for 2 h. The colorimetric absorbance at 450 nm was estimated 
using a microplate reader.

Colony formation assay. Transduced OS‑RC‑2 and 786‑O 
cells, as well as control cells were seeded into six‑well plates at 
a cell density of 800 cells/well. RPMI‑1640 with 20% FBS was 
used for culturing the cells for 7 days at 37˚C with 5% CO2. 
Colony fixation was performed using 4% paraformaldehyde 
solution at room temperature for 30 min, followed by washes 
with PBS and stained using a 0.1% crystal violet solution at 
room temperature for 5 min, then visualized and counted 
manually. Colonies consisted of >50 cells.

Wound healing test. Transduced OS‑RC‑2 and 786‑O cells, 
along with their corresponding control cells, were seeded into 

six‑well plates. When the cell layer reached 100% cell conflu‑
ency, a scratch wound was made on it with a pipette tip. Cells 
were cultured in serum‑free medium. The migration rates of 
the two cell groups were evaluated through light microscopy. 
Images of the cell layers were captured every 6 h.

Invasion assay. Matrigel diluted with serum‑free medium 
(1:6 dilution) was added to the cell culture chamber, and after 
Matrigel solidification, the cells were cultured. The upper 
chambers of a Transwell plate (8.0‑µm pore size polycarbonate 
filter) were filled with 200 µl basal serum‑free medium, while 
in the lower chamber, 600 µl complete medium containing 20% 
FBS was added. Cells were cultured for 1 day at 37˚C with 5% 
CO2. A cotton swab was used for removing the residual cells 
from the upper chamber surface. Cells that had migrated to the 
lower chamber were fixed in paraformaldehyde solution (4%) 
at room temperature for 30 min, stained using crystal violet 
(0.1%) at room temperature for 5 min. Then, the mean number 
of cells was computed by randomly picking five fields under a 
light microscope and calculating the number of cells in each.

Flow cytometry. Transduced OS‑RC‑2 and 786‑O cells, and 
their corresponding control cells were seeded into separate 
dishes for 24 h. Following two washes with ice‑cold PBS, the 
cells were fixed in ethanol solution (70%) overnight at 4˚C, 
trypsinized in PBS (100 µl) and stained at room temperature 
with propidium iodide (20 µg/ml) for 30 min. Analysis of 
the cell cycle was performed (ModFit LT 4.1 software) on 
the different groups of cells using the Beckman MoFlo XDP 
instrument (A00‑1‑1102; Beckman Coulter, Inc.).

In vivo xenograft experiments. Female four‑week‑old 
BALB/c nude mice (n=10; weight, 16‑18 g) were bred at the 
Animal Research Center of Nantong University. Transduced 
786‑O‑shNC and 786‑O‑shRPS20 cell resuspension of 100 µl 
(~5.0x106) was collected and implanted in the right armpits of 
each nude mouse. The animals were housed in microisolator 
cages with autoclaved bedding with food and water provided 
ad libitum. The mice were maintained on a daily 12/12‑h 
light/dark cycle. The tumor volume and total body weight of 
the mice were recorded every other week. The tumor volume 
was calculated based on the following formula: Volume 
(mm3)=length x width2 x 0.52. After the tumors reached 
a volume of ~1,000 mm3, the mice were euthanized using 
cervical dislocation, and the tumors were removed, measured 
and weighed in preparation for further experiments. The animal 
experiments were approved (approval no. S20210227‑041) by 
the Animal Ethics Committee of Nantong University (Nantong, 
China) and the experiments were conducted according to the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals.

Statistical analysis. GraphPad software (version 5.02; 
GraphPad Software, Inc.) was applied for statistical analyses. 
The experiments were performed three times for validating 
their reproducibility. The relationship between RPS20 expres‑
sion and stage and tumor size was examined using the Kruskal 
test. The correlation between RPS20 expression and lymph 
node status and distant metastasis was evaluated by the Wilcox 
test. Moreover, logistic regression analysis was also applied to 
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estimate the correlation between gene expression and clini‑
copathological parameters. Univariate and multivariate Cox 
analyses were adopted to evaluate the value of the RPS20 
gene as a prognostic indicator. Kaplan‑Meier analysis with the 
log‑rank test was used to conduct the survival study. Statistical 
comparisons across two groups were performed with a two‑tailed 
unpaired Student's t‑test, while one‑way ANOVA with Tukey's 
post hoc test was used for the comparison of multiple groups. 
*P<0.05 and **P<0.01 were considered to indicate a statistically 
significant difference. 

Results

RPS20 expression in human tumors. Using the Oncomine data‑
base to evaluate seven different datasets, higher expression of 
RPS20 mRNA was found in RCC tissues compared with that in 
normal samples based on the set threshold. Furthermore, RPS20 

was found to be highly expressed in the majority of brain tumors, 
lymphomas and sarcomas, while its expression was lower in 
breast tumors and leukemias (Fig. 1A). Similarly, using TIMER, 
the RPS20 gene was found to be differentially expressed in tumor 
tissues in comparison with its expression in adjacent normal 
tissues in patients with RCC (P<0.001; Fig. 1B). Additional 
analyses using the data retrieved from TCGA database showed 
that KIRC tissues (n=539) had higher RPS20 mRNA expression 
levels than adjacent normal tissues (n=72; Fig. 1C and D).

Association of RPS20 expression and clinicopathological 
variables. The association between RPS20 expression and 
various clinicopathological characteristics of patients with 
RCC was investigated, since RPS20 is highly expressed 
in RCC. Kruskal‑Wallis test showed that RPS20 mRNA 
levels were correlated with disease stage (P<0.001) 
and tumor size (P<0.001; Fig. 2A and B). Wilcoxon test 

Figure 1. RPS20 is upregulated in patients with kidney renal clear cell carcinoma and acts as a poor prognosis. (A) The Oncomine database was used to 
evaluate the levels of RPS20 mRNA expression in various cancer types. (B) RPS20 mRNA expression levels in various types of tumors in TCGA dataset, 
as revealed by the Tumor IMmune Estimation Resource. (C) RPS20 mRNA expression levels for normal renal and KIRC tissues, as visualized by TCGA 
database. (D) RPS20 mRNA expression levels in normal kidneys and corresponding matched KIRC tissues, as shown by TCGA database. *P<0.05, **P<0.01 
and ***P<0.001. RPS20, ribosomal protein S20; TCGA, The Cancer Genome Atlas; ccRCC, clear cell renal cell carcinoma.
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Figure 2. Analysis of the correlation between the expression of RPS20 and various clinicopathological parameters. (A) RPS20 expression in various develop‑
mental stages of cancer. (B) RPS20 expression in tumors of varying sizes. (C and D) Quantification of RPS20 expression in tumors in the presence and absence 
of (C) lymph node metastasis and (D) distant metastasis. RPS20, ribosomal protein S20.

Table I. Association between expression of RPS20 and various clinicopathological parameters.

 Expression level 
 of RPS20
Clinicopathological Number ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑  
variables of cases Low High χ2 P‑value

All cases 250 125 125  
Sex    33.865 0.000
  Male 99 72 27  
  Female 151 53 98  
Age    0.148 0.701
  <60  105 51 54  
  ≥60 145 74 71  
Tumor stage    6.624 0.01
  I or II 136 81 55  
  III or IV 114 44 71  
T grade    11.306 0.001
  T1 or T2 148 84 64  
  T3 or T4 102 41 61  
Distant metastasis    0.139 0.709
  Negative 209 106 103  
  Positive 41 19 21  
Lymph nodes    0.638 0.424
  Negative 235 119 116  
  Positive 15 6 9  
Years of survival    1.939 0.164
  <5 197 94 103  
  ≥5 53 31 22  

RPS20, ribosomal protein S20.
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showed that high expression of RPS20 was associated with 
distant metastasis (P=0.006; Fig. 2D). Notably, RPS20 
expression had no association with lymph node metastasis 
(P=0.848). It was hypothesized that this was due to the 
removal of 289 samples with unknown transfer details 
(Fig. 2C). Furthermore, logistic regression revealed asso‑
ciations of RPS20 expression with sex (P<0.001), disease 
stage (P=0.010) and T stage (P=0.001), but not with age, 
distant metastasis or lymph node metastasis (Table I). 
Kaplan‑Meier survival analysis revealed that RPS20 

expression was associated with the OS of patients with 
RCC (P=0.006; Fig. 4B).

Prognostic potential of RPS20 expression in RCC. Using 
GEPIA, a negative correlation between RPS20 expression and 
OS was found [hazard ratio (HR)=1.7; P=0.00044; Fig. 3A] 
and DFS (HR=1.7; P=0.0065; Fig. 3B). To validate these find‑
ings, data from TCGA was further analyzed. Univariate Cox 
analysis revealed that OS was associated with RPS20 expres‑
sion (HR=1.03; P<0.05), age (HR=1.02; P<0.05), disease stage 

Figure 3. Analysis of the association between RPS20 expression and disease prognosis. (A and B) RPS20 expression was significantly negatively associated 
with (A) overall survival and (B) disease‑free survival, as revealed by analysis of the GEPIA database. (C) Forest map showing the association between RPS20 
expression and other clinicopathological parameters. RPS20, ribosomal protein S20; GEPIA, Gene Expression Profiling Interactive Analysis.
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(HR=1.86; P<0.001), tumor size (HR=1.94; P<0.001), lymph node 
status (HR=4.07; P<0.001) and distant metastasis (HR=2.93; 
P<0.01) (Table II). Multivariate analysis revealed that age 
(HR=1.03; P<0.05) and RPS20 expression (HR=1.38; P<0.05) 
were independent prognostic values (Table II and Fig. 3C).

Expression of RPS20 in KIRC tissues. The differential expres‑
sion of RPS20 was validated via western blotting and IHC in 
various RCC cell lines as well as 43 paired RCC and normal 
tissue samples. High expression of RPS20 in the three analyzed 
RCC cell lines and renal cell tissues were revealed by western 
blotting (Fig. 4A and B). Similarly, the IHC results showed a 
significant upregulation of RPS20 in RCC samples (Fig. 4C).

RPS20 is downregulated in 786‑O and OS‑RC‑2 RCC cell 
lines. To investigate the role of RPS20 in RCC, shRNA 

constructs for RPS20 were generated. The 786‑O and 
OS‑RC‑2 KIRC cell lines were transduced with RPS20 shRNA 
and control lentiviral particles to construct stable RPS20 
knockdown cell lines. Successful knockdown of RPS20 was 
confirmed by RT‑qPCR which showed a 90% decrease in the 
expression levels of RPS20 mRNA in the aforementioned cell 
lines compared with those in the control vector group (P<0.01; 
Fig. 5A and B). Similarly, RPS20 protein levels were measured 
by western blotting, and the knockdown efficiency was found 
to exceed 50% (Fig. 5C and D).

Knockdown of RPS20 suppresses the proliferation and 
mobility of RCC cells in vitro. To further elucidate the effect 
of RPS20 on the proliferation of RCC cells, CCK‑8 assays 
were performed on the knockdown cell lines generated in 
the present study. The results showed that the proliferation 

Table II. Univariate and multivariate Cox analyses of clinicopathological parameters and overall survival in patients with clear 
cell renal cell carcinoma.

 Univariate analysis Multivariate analysis
Clinicopathological ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
parameters HR (95% CI) P‑value HR (95% CI) P‑value

Age 1.02 (1.00‑1.04) 0.012 1.03 (1.01‑1.05) 0.001
Sex 1.01 (0.67‑1.54) 0.951 1.21 (0.77‑1.90) 0.400
Grade 2.24 (1.68‑2.99) 0.000  1.48 (1.07‑2.05) 0.018
Stage 1.86 (1.54‑2.25) 0.000  1.26 (0.73‑2.17) 0.411
T 1.94 (1.54‑2.46) 0.000  1.11 (0.66‑1.85) 0.695
N 4.07 (2.63‑6.30) 0.000  2.03 (0.87‑4.71) 0.099
M 2.93 (1.52‑5.67) 0.001 1.45 (0.68‑3.08) 0.333
Ribosomal protein S20 1.00 (1.00‑1.00) 0.025 1.38 (1.00‑1.90) 0.049

HR, hazard ration; CI, confidence interval.

Figure 4. RPS20 expression is markedly upregulated in RCC tissues and cell lines. (A) RPS20 protein expression level in RCC cell lines and normal epithelial 
cells of the renal tubule. (B) RPS20 was upregulated in samples from patients with clear cell RCC compared with its expression in adjacent normal tissues. 
(C) Immunohistochemical analysis of RPS20 in RCC and adjacent normal tissues. The results are presented as the mean ± standard deviation. RPS20, 
ribosomal protein S20; RCC, renal cell carcinoma.
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of RPS20 knockdown cell lines was significantly inhibited 
compared with that of control cells (Fig. 6A). Colony forma‑
tion assay was used to assess the possible function of RPS20 
in cell proliferation. Similarly, RPS20 knockdown cells 
formed fewer colonies than control cells (Fig. 6B and E). 
Furthermore, wound‑healing assays were performed on the 
RPS20 knockdown cell lines (Fig. 6C and F). Knocking down 
RPS20 considerably led to inhibition of RCC cell invasion 
and migration, according to the results of Transwell assays 
(Fig. 6D and G). Consistent with these findings, RPS20 knock‑
down cells displayed a significantly increased E‑cadherin level 
and a decreased N‑cadherin level (Fig. 6H and I).

RPS20 knockdown induces cell cycle arrest. To investigate 
the mechanism by which RPS20 contributed to the prolif‑
eration of 786‑O and OS‑RC‑2 cells, cell cycle analysis was 
performed. The results showed that the proportion of cells in 
the G0/G1 phase was 74.86 and 65.23% in LV‑shRPS20 786‑O 
and OS‑RC‑2 cells, respectively, while it was 42.35 and 45.41% 
in LV‑shNC 786‑O and OS‑RC‑2 cells, respectively (P<0.05; 
Fig. 7A and B). These data suggested that the cell cycle was 
arrested in G0/G1 phase after RPS20 was knocked down. 
Consistent with these results, the expression levels of the cell 

cycle‑associated proteins CDK4 and cyclin D1 were found to 
be lower in shRPS20 786‑O and OS‑RC‑2 cells (Fig. 7C‑E).

RPS20 knockdown inhibits the mTOR and ERK signaling path‑
ways. To explore the signaling pathways that may be regulated 
by RPS20, the effects of knocking down RPS20 in the mTOR 
and ERK signaling pathways were evaluated using western 
blotting. The results revealed that knocking down RPS20 
considerably inhibited the phosphorylation of AKT and ERK, 
while total AKT and ERK protein levels were not affected 
(Fig. 8A and B). These results suggested a key role of RPS20 in 
the ERK‑MAPK and AKT‑mTOR signaling pathways.

RPS20 promotes tumor development in vivo. To further 
support the present in vitro experiments, the current study 
further analyzed in vivo whether RPS20 shRNA may 
affect tumorigenesis. For establishing xenograft mice 
models, cell suspensions of the aforementioned RPS20 
knockdown cell lines were implanted into both armpits of 
each nude mouse. The results revealed that tumor growth 
was considerably inhibited in the RPS20 knockdown group 
compared with that of the control group (Fig. 9A and B). 
Consistently, tumor weight in the RPS20 knockdown group 

Figure 5. Validation of RPS20 knockdown in 786‑O and OS‑RC‑2 cells. (A and B) RPS20 knockdown efficiency in (A) 786‑O and (B) OS‑RC‑2 cells was 
determined by reverse transcription‑quantitative PCR. (C and D) RPS20 protein expression level was considerably decreased in the short hairpin RPS20 group 
in (A) 786‑O and (B) OS‑RC‑2 cells, as determined by western blotting. The results are presented as the mean ± standard deviation. *P<0.05. RPS20, ribosomal 
protein S20. short hairpin; NC, negative control.
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was significantly lower compared with that of the control 
group (Fig. 9C and D). Overall, these results indicated that 

RPS20 knockdown may lead to the inhibition of RCC tumor 
cell proliferation in vivo.

Figure 6. RPS20 promotes the proliferation, colony formation and invasion of RCC cells in vitro. (A) Cell Counting Kit‑8 assay was utilized to evaluate 
the proliferation of 786‑O and OSRC‑2 cells. (B and E) Knocking down RPS20 inhibited the colony formation ability of 786‑O and OS‑RC‑2 cells. (C and 
F) For assessing the effects of RPS20 knockdown on RCC cell migration, wound healing assays were utilized. (D and G) Evaluation of the effects of RPS20 
knockdown on the migration of RCC cells via Transwell assays. (H and I) Western blot analysis was used to semi‑quantitatively detect the protein levels of the 
epithelial‑mesenchymal transition markers E‑cadherin and N‑cadherin. The results are presented as the mean ± standard deviation. *P<0.05. RPS20, ribosomal 
protein S20; RCC, renal cell carcinoma. short hairpin; NC, negative control.
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Discussion

Kidney cancer is a heterogeneous disease. Current evidence 
suggests that the majority of RCCs develop due to several 
factors, including dysregulation of hypoxia‑inducible factor 
signaling, mutations in key histone and chromatin‑modi‑
fying enzymes, and metabolic reprogramming of cellular 
metabolism (36,37). While advancements in diagnostic 
techniques and targeted therapies have been achieved in 
recent decades, disease prognosis remains unsatisfac‑
tory. Thus, screening for new biomarkers may offer novel 
strategies for diagnosing and treating KIRC. The rapid 
advancement of high‑throughput sequencing technologies 
and bioinformatics techniques may provide novel methods 
for diagnosing and treating KIRC.

Various RPs have critical importance in the onset 
and progression of different human tumors. For example, 
RPL11 interacts with Myc and suppresses its transcriptional 

activity (38), while RP S29 induces cell apoptosis by regu‑
lating p53 and Bcl‑2 (39). Moreover, abnormal RP expression 
can lead to non‑neoplastic diseases such as hemochromatosis 
and anemia (40). Previous research has slowly unveiled the 
role of RPS20 outside of the ribosome. Cell proliferation can 
be regulated by human nucleolar GNL1 and RPS20 interac‑
tion (30). The Mdm2‑p53‑MdmX network may be controlled 
by the ribosomal proteins RPL37, RPS15 and RPS20 (41). 
RPS20 mutations enhance the risk of developing hereditary 
non‑polyposis colorectal cancer (42). According to the find‑
ings of a recent bioinformatics study, the member of the 
ribosomal family known as RPS20 may be helpful as a prog‑
nostic predictor in patients diagnosed with ccRCC (43). The 
function of RPS20 in ccRCC still needs to be fully understood. 
The findings of the present study suggested that RPS20 is 
upregulated in ccRCC tissues and cell lines, associated with 
clinicopathological characteristics (grade, stage) in ccRCC 
patients. Furthermore, it was found that the knockdown of 

Figure 7. RPS20 knockdown inhibits the proliferation of renal cell carcinoma cells. (A and B) Cell cycle distribution in (A) 786‑O and (B) OS‑RC‑2 cells was 
analyzed by flow cytometry. (C‑E) CDK4 and cyclin D1 protein levels were measured by western blotting. The results are presented as the mean ± standard 
deviation. *P<0.05 and **P<0.01. RPS20, ribosomal protein S20; sh‑, short hairpin; NC, negative control.
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Figure 8. RPS20 knockdown inhibits the MAPK‑ERK and PI3K‑AKT signaling pathways. The protein expression levels of p‑AKT and p‑ERK in 786‑O and 
OS‑RC‑2 cells were analyzed via western blotting. Knocking down RPS20 inhibited the AKT‑mTOR and ERK‑MAPK signaling pathways in (A) 786‑O and 
(B) OS‑RC‑2 cells. The results are presented as the mean ± standard deviation. *P<0.05 . RPS20, ribosomal protein S20; p, phosphorylated; sh‑, short hairpin; 
NC, negative control.

Figure 9. RPS20 knockdown inhibits tumor growth in nude mice. (A) RPS20 knockdown led to a decrease in tumor volume. (B) Representative tumor images 
of short hairpin RPS20 and control‑treated nude mice. (C and D) Measurement of changes in volume and weight of tumors at different time points following 
transplantation. The results are presented as the mean ± standard deviation. *P<0.05. RPS20, ribosomal protein S20.



SHEN et al:  PROGNOSTIC MARKER IN RENAL CELL CARCINOMA12

RPS20 may limit cell proliferation, migration, and invasion 
via inhibition of MAPK and AKT signaling pathways.

The multistep and intricate process of tumor invasion and 
metastasis has become a significant barrier to the clinical treat‑
ment of several malignancies (44,45). Furthermore, metastasis 
can result in ccRCC treatment failure, which lowers 5‑year 
survival rates (5). As a result, limiting cell migration and inva‑
sion can effectively control cancer cell spread. According to 
the results of the current investigation, migration and invasion 
assays revealed that RPS20 knockdown significantly reduced 
the invasion and metastasis of ccRCC cells.

Additionally, patients with ccRCC have a poor prognosis 
when MAPK and AKT signaling pathways are activated (46). 
The MAPK pathway comprises three proteins: ERK, JNK and 
p38. ERK is a crucial signal transducer for cell survival, and 
JNK and p38 help cells learn to invade and migrate (47). There 
is growing evidence that MAPKs may stop tumor invasion 
and metastasis in various tumor types (48,49). AKT signaling 
is additionally engaged in numerous biological processes, 
including glucose metabolism and cell cycle, particularly in 
cancer cells (50). AKT signaling is suppressed in ccRCC cells, 
which reduces invasion and metastasis (51). In the present 
study, it was demonstrated that RPS20 knockdown suppresses 
MAPK and AKT signaling in ccRCC.

To conclude, the current results clearly demonstrated that 
RPS20 was upregulated in human RCC tissues. Mechanistically, 
it was found that RPS20 protein could promote not only the 
proliferation and migration but also the invasion of RCC cells 
via regulating the AKT‑mTOR and ERK‑MAPK signaling path‑
ways. However, the present study was based on the hypothesis 
that RPS20 has dual functions as a ribosomal component and 
signal transducer. Consequently, no experiments were conducted 
to investigate whether RPS20 mediated direct activation of the 
ERK‑MAPK and AKT‑mTOR signaling pathways. In future 
studies, the specific mechanisms by which RPS20 affects the 
aforementioned pathways will be investigated.
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