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Abstract
Prostate cancer (PCa) is one of the most common malignancies in men worldwide. This study was designed to investigate 
the potential of Ribosomal Protein L22-like1 (RPL22L1) and Ribosomal Protein S21 (RPS21) as diagnostic and prognostic 
biomarkers for PCa. First, RPL22L1 and RPS21 were screened as the key molecular of PCa by bioinformatics analysis. 
Subsequently, the prostate tissue samples were stained for antibodies against RPL22L1 and RPS21. The unbiased signal quan-
tification was performed by ImageJ software, and the results showed that the expression of RPL22L1 and RPS21 exhibited 
significant differences between the PCa tissues and the normal prostate tissues. Receiver-operating characteristics (ROC) 
curves were prepared, and then the area under the curve (AUC) values of RPL22L1 and RPS21 were calculated as 0.798 and 
0.768, and the likelihood ratio (LR) values of RPL22L1 and RPS21 were calculated as 2.86 and 2.53. These data implied that 
the over-expression of RPL22L1 and RPS21 is associated with the presence of PCa. The further analysis suggested that the 
expression of RPL22L1 and RPS21 were significantly higher in high Gleason grade than they were in low Gleason grade. 
In addition, in vitro studies were undertaken to evaluate the roles of RPL22L1 and RPS21 in PCa. The results revealed that 
these genes promote PCa cell proliferation, migration and invasion, and inhibit PCa cell apoptosis. Taken together, these 
data showed that RPL22L1 and RPS21 exhibited higher expression in human prostate cancer tissue, and involved in PCa 
cell proliferation and invasion. This research provided a novel insight into diagnostic and prognostic biomarkers for PCa.
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Introduction

Prostate cancer (PCa) is one of the most common malig-
nancies in men worldwide, and its incidence rate increased 
continuously in recent years [1–3]. It was estimated that 
over 160,000 new cases were diagnosed in USA in 2017 
[4]. Therefore, early diagnosis is pivotal for the treatment 
of PCa. At present, PSA has been used as a biomarker for 
PCa diagnosis [5], however, this modality has numerous 
drawbacks. For example, the specificity is low, when PSA 
is moderately elevated [6, 7]. Consequently, it is necessary 
to identify more specific biomarkers for PCa.

An increase of ribosome biogenesis is a key feature of cell 
proliferation [8]. Accumulated evidence demonstrated that 
the dysregulated ribosome biogenesis played an important 
role in the tumorigenesis [9] including brain [10], eoesopha-
gus [11] and breast cancer [12]. These researches suggested 
a relation between the tumor and the over-expression of ribo-
somal proteins. Ribosomal Protein L22-like1 (RPL22L1) 
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and Ribosomal Protein S21 (RPS21) are components of the 
ribosomal subunit. However, there are very few studies on 
the relationship between the RPL22L1 and RPS21 expres-
sion and PCa.

In this study, we screened RPL22L1 and RPS21 as the 
key molecular of PCa by bioinformatics analysis, and then 
analyzed the relationship between their expression and PCa 
using the quantitative approach. Moreover, in vitro stud-
ies were conducted to evaluate the roles of RPL22L1 and 
RPS21 in PCa cell proliferation, invasion and apoptosis.

Materials and methods

Tissue samples

The tissue microarrays were obtained from Alenabio Co.Ltd 
(Xian, China) including 85 PCa samples and 42 normal 
prostate tissue samples.

Bioinformatics analysis

In our previous research, RPL22L1 and RPS21 were 
screened as hub genes involved in PCa according to bio-
informatics analysis [13]. In this study, Gene Expression 
Profiling Interactive Analysis (GEPIA) online tool (http://
gepia​.cance​r-pku.cn/) was used to further verify the expres-
sion and correlation of genes. Search Tool for the Retrieval 
of Interacting Genes (STRING) (https​://strin​g-db.org/cgi/
input​.pl) database was applied to confirm the protein–protein 
interaction between RPL22L1 and RPS21.

Immunohistochemistry of RPL22L1 and RPS21

Immunohistochemistry (IHC) was performed as previous 
research [14]. The tissue samples were pre-treated using 
0.3% H2O2 and blocked using 10% bovine serum albumin 
(BSA) for 30 min. Subsequently, the tissue samples were 
incubated overnight with anti-RPL22L1 and anti-RPS21 
(Proteintech, Wuhan, China, 1:200 dilution) at 4 °C and then 
incubated with secondary antibody (Beyotime, Shanghai, 
China, 1:2000 dilution) for 2 h at room temperature. Finally, 
3,3-diaminobenzidine (DAB) was used for color visualiza-
tion and hematoxylin was used for counterstained. In addi-
tion, primary antibody was replaced by IgG (Santa Cruz, 
CA, USA, 1:200 dilution) for negative control in this study.

Signal quantification and analysis

ImageJ software was used to perform the unbiased signal 
quantification as previous study [15]. The high resolution 
images of tissue samples were analyzed as follows: open 
ImageJ, open image, invert image, convert image to 16 bit, 

convert image to mask, analyze particles (Size 0.5–Infin-
ity, Circularity 0.00–1.00) and then save the images [16]. 
Then, the particle data were incorporated into Graphpad 
Prism software, and the area fraction (AF) was calculated 
to test the significance of difference between the PCa and 
normal groups. Meanwhile, the Receiver Operating Char-
acteristics (ROC) curves were created by Graphpad Prism 
software, and the area under the curve (AUC) and the like-
lihood ratio (LR) were calculated. Additionally, box plots 
were constructed by Graphpad Prism software to illustrate 
the expression changes with Gleason grade of PCa.

Cell culture and lentivirus transfection

Human cell lines (DU145 and PC3) were obtained from Chi-
nese Academy of Sciences Cell Bank (Shanghai, China). 
The cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Invitrogen, Shanghai, China) supple-
mented with 10% fetal bovine serum (FBS; Gibco, Shanghai, 
China). The lentiviral mediated RNA interference target-
ing RPL22L1/RPS21 were constructed by Sangon biotech 
(Shanghai, China), which were transfected into PC3 cells to 
knockdown the expression of RPL22L1 and RPS21. Finally, 
the stable cell lines shRPL22L1/RPS21-PC3 were obtained 
by puromycin (1 µg/mL) selection.

Western blot

Western blot was performed as previous study [17]. Briefly, 
the protein was subjected to SDS-PAGE and then transferred 
to PVDF membranes (Beyotime, Shanghai, China), and 
incubated with anti-RPL22L1 (Proteintech, Wuhan, China, 
1:1000 dilution), anti-RPS21 (Proteintech, Wuhan, China, 
1:1000 dilution) and anti-β-actin (Beyotime, Shanghai, 
China, 1:1000 dilution). After washing, the membranes were 
incubated with secondary antibody (Beyotime, Shanghai, 
China, 1:5000 dilution). At last, the bands were analyzed by 
the enhanced chemiluminescence reaction kit (ECL; Beyo-
time, Shanghai, China).

Cell proliferation and colony formation

The PC3 cells were grown in 96-well plates, and cell pro-
liferation was monitored using the CCK-8 kit (Beyotime, 
Shanghai, China) according to the manufacturer’s instruc-
tions. Colony formation was examined 2 weeks after seeding 
200 PC3 cells per well in 6-well plates as previous study 
[18].

Wound‑healing and invasion assays

The wound-healing assay was performed as previous study 
[19]. PC3 cells were cultured in serum-free medium, and 
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then the cell-free gaps of 500 µm were created by micropi-
pette tip. The migration cell areas were photographed using 
microscope (Olympus, Tokyo, Japan) after 24 h. The inva-
sion assay was performed according to the method previ-
ously described [20]. PC3 cells were seeded into Matrigel-
coated transwell chambers (Sigma-Aldrich, St. Louis, MO, 
USA) for 24 h, and then the cells that passed through the 
membrane were counted.

Cell apoptosis assay

The cell apoptosis was detected by the Annexin V-FITC 
apoptosis detection kit (BD biosciences, San Jose, CA, USA) 
according to the manufacturer’s instructions, and analyzed 
with a flow cytometer (FACScan) as previous study [2].

Statistical analysis

Statistical analyses were performed by SPSS 19.0 software 
(IL, USA). Independent sample t tests or ANOVA test were 
used to compare the continuous variables between the two 
groups or more than two groups. All experiments were per-
formed in triplicate. Data were expressed as mean ± SE, and 
P < 0.05 was considered as significantly different.

Results

Analysis of RPL22L1 and RPS21 by bioinformatics 
tool

RPL22L1 and RPS21 were analyzed by GEPIA and 
STRING database. The result from GEPIA analysis sug-
gested that the expression of RPL22L1 and RPS21 were 
upregulated in PCa tissues than the normal prostate tissues 
(Fig. 1a, b), and the expression of RPL22L1 was positively 
correlated with the expression of RPS21 (Fig. 1c). The result 
of STRING analysis showed that protein–protein interaction 
existed between RPL22L1 and RPS21 (Fig. 1d). Combined 
with our previous study [13], these results indicated that 
RPL22L1 and RPS21 might be key molecular of PCa.

Signal quantification and analysis

To validate the bioinformatics analysis data, the expression 
of RPL22L1 and RPS21 were examined by IHC in PCa tis-
sues and the normal prostate tissues. As shown in Fig. 2, 
the expression of RPL22L1 and RPS21 were significantly 
upregulated in the cancer cells from the tumor tissues com-
pared with the normal tissues. Additionally, the staining 
results showed that RPL22L1 was located in cytoplasm 
and nucleus, while RPS21 was located in cytoplasm. Based 
on GEPIA database, co-expression analysis indicated that 

RPL22L1 and RPS21 expression were positively correlated 
with other commonly used markers such as PCA3 (P < 0.05, 
data not shown). Subsequently, quantitative ImageJ analysis 
of RPL22L1 and RPS21 expression were performed, and 
then the results were incorporated into Mountain plots. Red 
represented the PCa cores and green represented the nor-
mal prostate cores. The results indicated that RPL22L1 and 
RPS21 exhibited predominant differences between the tumor 
tissues and the normal tissues (Fig. 3, P < 0.0001).

Expression of RPL22L1 and RPS21 to create ROC 
curve

To assess the potential efficiency of RPL22L1 and RPS21 
as biomarker, ROC curves were prepared, and then the 
area under the curve (AUC) and the likelihood ratio (LR) 
were calculated (Fig. 4). AUC values of RPL22L1 and 
RPS21 were 0.798 and 0.768, and LR values of RPL22L1 
and RPS21 were 2.86 and 2.53. These data indicated that 
RPL22L1 and RPS21 might be potential biomarker for PCa.

Changes in expression of RPL22L1 and RPS21 
with Gleason grade

Changes in expression of RPL22L1 and RPS21 were ana-
lyzed between the high and low Gleason grade of PCa 
(Fig. 5). The expression of RPL22L1 was significantly 
higher in Gleason grade 8 than it was in Gleason grade 5 
(P < 0.05). Likewise, the expression of RPS21 increased sig-
nificantly in Gleason grade 8 compared with Gleason grade 
5 and Gleason grade 6 (P < 0.05).

The expression of RPL22L1 and RPS21 in cell lines

Western blot was used to test the expression of RPL22L1 
and RPS21 in PCa cell lines (PC3 and DU145). The results 
showed that the expressions of RPL22L1 and RPS21 were 
higher in PC3 cells line than in DU145 cells line (P > 0.05). 
As PC3 cells line had the higher expressions of RPL22L1 
and RPS21, PC3 cells line was chosen for further investiga-
tion (Fig. 6a). To assess the roles of RPL22L1 and RPS21 
in PC3 cell, their expressions were knocked down by trans-
fection using lentivirus-RPL22L1/RPS21-shRNA. Then, 
western blot analysis revealed that protein expressions of 
RPL22L1 and RPS21 were significantly decreased in cell 
lines transfected with RPL22L1/RPS21-shRNA compared 
with the controls (P < 0.05, Fig. 6b).

RPL22L1 and RPS21 promote PC3 cell proliferation

To investigate whether RPL22L1 and RPS21 promote PC3 
cell proliferation, CCK8 assay and colony formation assay 
were performed. The results showed that knockdown of 
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RPL22L1/RPS21 significantly suppressed proliferation 
of PC3 cell (P < 0.05, Fig. 7a). Moreover, colony forma-
tion ability was remarkably decreased in PC3 cells of 
RPL22L1/RPS21 knockdown compared with the con-
trols (P < 0.05, Fig. 7b). These results demonstrated that 
RPL22L1 or RPS21 promote PCa cell proliferation.

RPL22L1 and RPS21 promote PC3 cell migration 
and invasion

To determine whether RPL22L1 and RPS21 promote 
PC3 cell migration and invasion, wound-healing assay 
and transwell assay were carried out. The wound-healing 

Fig. 1   Analysis of RPL22L1 and RPS21 by bioinformatics tool. a 
The expression of RPL22L1 from GEPIA analysis. b The expression 
of RPS21 from GEPIA analysis. c The correlation between RPL22L1 

and RPS21 from GEPIA analysis. d The protein–protein interaction 
from STRING database analysis
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results revealed that the migration ability was significantly 
descended in PC3 cells of RPL22L1/RPS21 knockdown 
compared with the controls (P < 0.05, Fig. 8a). Meanwhile, 
the transwell results suggested that the invasion ability of 

RPL22L1/RPS21 knockdown PC3 cells was diminished 
compared with the controls (P < 0.05, Fig. 8b). Taken 
together, these data demonstrated that RPL22L1 or RPS21 
promote PCa cell migration and invasion.

Fig. 2   The expression of RPL22L1 and RPS21 in PCa and normal 
prostate tissues. The expression of RPL22L1 and RPS21 were con-
firmed by IHC, and then the images were converted for quantification 
of the DAB signal by ImageJ software. a RPS21 of PCa; b RPS21 

of control; e RPL22L1 of PCa; f RPL22L1 of control. Binary, the 
converted images (c, d, g, h) represented pixels that were positive for 
each representative antibody. Scale bars, 50 μm. IHC immunohisto-
chemistry, PCa prostate cancer; control: normal prostate tissues

Fig. 3   Expression analysis of 
DAB signal in PCa and normal 
prostate tissues. AF was calcu-
lated, and each bar represented 
the AF of a tissue core. Red 
represented the prostate cancer 
cores and green represented the 
normal prostate cores. a AF 
of RPL22L1; b AF of RPS21. 
AF area fraction; PCa prostate 
cancer

Fig. 4   ROC curves of RPL22L1 
and RPS21 in PCa and normal 
tissues. ROC curves were 
prepared to verify if RPL22L1 
and RPS21 might be potential 
biomarker of PCa. a ROC curve 
of RPL22L1; b ROC curve of 
RPS21. ROC receiver-operating 
characteristics, PCa prostate 
cancer
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RPL22L1 and RPS21 inhibit PC3 cell apoptosis

Finally, we examined whether RPL22L1 and RPS21 affect 
PC3 cell apoptosis. The results of flow cytometry analysis 
showed that the apoptosis was notably increased in PC3 cells 
of RPL22L1/RPS21 knockdown compared with the controls 
(P < 0.05, Fig. 9). These results demonstrated that RPL22L1 
or RPS21 inhibit PCa cell apoptosis.

Discussion

In the present study, we investigated the potential of 
RPL22L1 and RPS21 as diagnostic and prognostic biomark-
ers for PCa. First, RPL22L1 and RPS21 were screened as 
the key molecular of PCa by bioinformatics analysis. Subse-
quently, the IHC of RPL22L1 and RPS21 were performed, 
and then the unbiased signal quantification was carried out. 
The results showed that the expression of RPL22L1 and 

RPS21 exhibited significant differences between the PCa 
tissues and the normal prostate tissues. The further analysis 
showed that the expression of RPL22L1 and RPS21 were 
significantly higher in high Gleason grade than they were in 
low Gleason grade. Moreover, the results of in vitro studies 
revealed that RPL22L1 and RPS21 promote PCa cell prolif-
eration, migration and invasion, and inhibit PCa cell apop-
tosis. Collectively, these data demonstrated that RPL22L1 
and RPS21 exhibited higher expression in human cancerous 
prostate tissue, and involved in PCa cell proliferation and 
invasion.

RPL22L1, a component of the 60S subunit [21], was first 
identified in mouse brain [22]. O’Leary et al. reported that 
RPL22L1 was regulated by RPL22, and played an imported 
role in cell growth [23]. The research of Zhang et al. sug-
gested that RPL22L1 was crucial for T cell development 
of zebrafish [24]. In addition, previous study showed that 
RPL22L1 could promotes ovarian cancer metastasis by 
inducing Epithelial-to-Mesenchymal Transition [25]. In 

Fig. 5   Changes in expression 
of RPL22L1 and RPS21 with 
Gleason grade. Box plots were 
created by Graphpad Prism 
software to show the changes in 
RPL22L1 and RPS21 expres-
sion with Gleason grade. a 
Changes in expression of 
RPL22L1 with Gleason grade; 
b Changes in expression of 
RPS21 with Gleason grade. 
*P < 0.05

Fig. 6   Effective knockdown 
of RPL22L1 and RPS21 in 
PC3 cell. a The expression of 
RPL22L1 and RPS21 in PC3 
cells line compared with the 
DU145 cells line. b PC3 cell 
was transfected using lentivirus-
RPL22L1/RPS21-shRNA. 
Western blot was used to test 
the transfection efficiency. PCa: 
prostate cancer, shCTL: nega-
tive control shRNA; *P < 0.05. 
Error bars indicate SE
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our recent study, RPL22L1 and PRS21 were identified as 
hub genes involved in PCa by bioinformatics analysis [13]. 
Aside from these, little is known about the role of this pro-
tein in disease. In this study, we observed that the expression 
of RPL22L1 was raised significantly in human PCa tissue. 
Meanwhile, we also found that RPL22L1 expression was 
significantly upregulated in high Gleason grade PCa. ROC 
curve analysis showed that AUC value was 0.798, and LR 
value was 2.86. The AUC value over 0.5 indicated the mat-
ter measured would yield significant distinction between the 
two groups. Likewise, the LR value over 1.0 implied that the 
presence of the tested signal would be associated with the 
presence of disease [26]. Therefore, these data indicated that 
RPL22L1 might be a candidate diagnostic and prognostic 
biomarker for PCa. Furthermore, the results of in vitro stud-
ies showed that RPL22L1 could promote PCa cell prolifera-
tion, migration and invasion, and repress PCa cell apoptosis. 
This suggested that RPL22L1 could also be exploited as 
potential therapeutic target for PCa.

RPS21 is known as a component of the 40S subunit [27]. 
Little is known about the research on RPS21. Sun et al. dem-
onstrated that expression of RPS21 was upregulated in HBV- 
associated human hepatocellular carcinoma (HCC) cell 
lines using semi-quantitative RT-PCR [28]. Elumalai et al. 

reported that RPS21 expression was decreased by the treat-
ment of doubly cyclometalated ruthenacycle 2 in the gastric 
carcinoma (AGS) cells [29]. Arthurs et al. found that expres-
sion of RPS21 was elevated in PCa tissue [15]. Likewise, we 
tested the expression of RPS21, and the results confirmed 
that RPS21 expression was also increased significantly in 
human PCa tissue. ROC curve analysis was performed, and 
the result showed that AUC value was 0.768, and LR value 
was 2.53. Further analysis indicated that the expression of 
RPS21 was also significantly upregulated in high Gleason 
grade PCa. Moreover, in vitro studies demonstrated that 
RPS21 could promote PCa cell proliferation, migration and 
invasion. These results indicated that RPS21 might be also 
a putative diagnostic and prognostic biomarker and potential 
therapeutic target for PCa.

As RPL22L1 and RPS21 are over-expressed in PCa tis-
sues and PCa cells, we speculate that the change of these 
genes might also exist in circulating tumor cells. Detection 
of the expression of RPL22L1 and RPS21 in circulating 
tumor cells might contribute to early diagnosis of PCa. The 
relevant clinical study in this aspect will be further investi-
gated. In addition, the molecular mechanism of RPL22L1 
and RPS21 will be also explored to illustrate their role in 
PCa progression and metastasis.

Fig. 7   RPL22L1 and RPS21 
promote PC3 cell proliferation. 
a The cell viability of RPL22L1 
and RPS21 knockdown cells 
was tested by CCK8 assays at 
different time points. b The 
colony formation assay of 
RPL22L1 and RPS21 knock-
down cells was done. shCTL: 
negative control shRNA; 
*P < 0.05. Error bars indicate 
SE
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In conclusion, we demonstrated that the expression of 
RPL22L1 and RPS21 were significantly upregulated in 
human cancerous prostate tissue compared to the normal 
prostate tissue, and involved in PCa cell proliferation and 

invasion. Our results suggested that RPL22L1 and RPS21 
might be candidate diagnostic and prognostic biomarkers 
for PCa.

Fig. 8   RPL22L1 and RPS21 promote PC3 cell migration and inva-
sion. a The wound-healing ability of RPL22L1 and RPS21 knock-
down cells was determined at 24  h after seeding. b The invasion 

ability of RPL22L1 and RPS21 knockdown cells was examined by 
transwell assays. shCTL: negative control shRNA; *P < 0.05. Error 
bars indicate SE
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