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Cervical carcinoma (CC) is the one of most common gynecologic cancers worldwide. The ribosomal proteins (RPs) are essential for ribosome assembly and function, and it has been verified that the abnormal expression of RPs was closely associated with tumorigenesis. In this study, we found that the RP large subunit 24 (RPL24) expression level was upregulated after the CC cell lines SiHa and HeLa were treated with Cisplatin (CDDP) in vitro. Simultaneously, a nude mouse xenograft model was used to examine the effect of RPL24 on tumor growth in vivo, which showed that overexpression of RPL24 can suppress tumor growth. Furthermore, we proved that RPL24 expression increased after CC patients were treated with concurrent chemoradiotherapy (CCRT), and the higher expression of RPL24 predicted a better prognosis using clinical data from 40 CC patients, verified via the Kaplan-Meier Plotter and LOGpc. These results revealed that RPL24 can be considered a potential biomarker to predict the prognosis of CC patients and assess CCRT efficacy.
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Introduction

Cervical cancer (CC) is one of the most common types of carcinomas among women globally, after only breast, colorectal, and lung cancer (1). Thus, identification of prognostic biomarkers or therapeutic targets for the management of CC is strongly warranted. The ribosomal proteins (RPs) are essential for ribosome assembly and function, including extra-ribosomal functions such as activation of p53-dependent or -independent pathways in response to large numbers of extracellular or intracellular stimuli and stress, resulting in cell cycle arrest, senescence, and apoptosis (2). Rpl24 encodes a highly basic protein of 157 amino acids. As a member of the RP family, Ribosomal protein L24 (RPL24) is a component of the 60S large ribosomal subunit and plays an essential role in ribosome biogenesis.

Large bodies of evidence have demonstrated that the abnormal expression of RPs, such as up- or down-regulation, is closely associated with tumorigenesis in different types of cancers, and high expression of RPs is a prognostic factor in some kinds of tumors (3). Abnormal RP expression has been verified in diverse cancer types in recent years using high-throughput techniques (4–7). To date, little is known about the role of RPL24 in CC. The extra-ribosomal functions of RPs are closely related to oncogenesis in different cancers. It has been reported that when RP is deleted or reduced, ribosome biogenesis is blocked, and ribosome biogenesis has recently emerged as an effective target for cancer therapy (8). Recently, with increased understanding of the RP-MDM2-p53 pathway, some RPs are known to block MDM2-mediated p53 ubiquitination and degradation by inhibiting MDM2 activation, thereby affecting cell cycle progression and apoptosis (9). Previous studies have shown that some RPs, including RPL5, RPL11, RPL23, RPL26, RPS2, RPS7, RPS14, RPS25, and RPS26, play critical roles in regulating p53 by interacting with MDM2 (10, 11).

The Belly Spot and Tail (Bst) mouse phenotype is caused by mutations of RPL24, resulting in defects of the eye, skeleton, and coat pigmentation (12, 13). The phenotype of these mice is largely caused by the aberrant upregulation of p53 protein expression during embryonic development. It has been proposed that RPL24 deficiency triggers the p53 response (14). Rpl24Bst mutant mouse also has been used to suppress protein translation and limit tumorigenesis in multiple mouse models of cancer (15). Adult hematopoietic stem cells (HSCs) self-renewal requires precise control of protein synthesis, an increase or decrease in which can impair HSCs function and may lead to leukemia or bone marrow (BM) failure (16). Ribosomal protein L24 mutation (Rpl24Bst/+) is a ribosomal mutation that impairs ribosomal biogenesis, resulting in reduced Rpl24Bst/+ HSCs protein synthesis and thus disrupts both fetal and adult HSCs self-renewal. Recent studies show that Pten deletion increased protein synthesis while Rpl24Bst/+ blocked this effect, restoring HSC function and delaying leukaemogenesis in Rpl24Bst/+ mice (17). RPL24 depletion suppresses tumorigenesis, proliferation and extends survival by promoting eEF2 phosphorylation via eEF2K in pre-clinical mouse model of colorectal cancer (CRC) with Apc deletion and Kras mutations (15). RPL24 recombinant protein has a significant tumor-suppressor effect in tumor-bearing mice and the human hepatocellular carcinoma HepG2 cell line (18). However, this corresponding mechanism study demonstrated that partial loss of RPL24 can inhibit the tumorigenesis mediated by the Akt or Myc-driven genes via translational inhibition of a subset of cap (eIF4E)-dependently translated mRNAs. Moreover, HDAC inhibitors used as conventional epigenetic drugs for tumor treatment, such as trichostatin-A (TSA), can inhibit the malignant proliferation of tumors through downregulation of RPL24 expression by inducing acetylation (19). In addition, RPL24 overexpression may confer some amycin resistance in the human hepatocellular carcinoma HepG2 cell line, according to the same research findings (20). Therefore, the role and significance of RPL24 in liver cancer appear contradictory. To date, little is known about the role of RPL24 in CC and the role of RPL24 in the effect appraisal of concurrent chemoradiotherapy (CCRT) of CC remains understudied. The research provides a solid basis for the elucidation of the RPL24’s mechanism in CCRT of CC and a meaningful target for its treatment and prognosis.





Materials and methods




Bioinformatics

Based on The Cancer Genome Atlas (TCGA) database, the differential expression of RPL24 in CC tissues and paracancerous tissues was analyzed. The related genes that were positively and negatively related to the expression of CC were downloaded from TCGA database, and these genes were imported into Metascape bioinformatics analysis website tools (https://metascape.org/gp/index.html#/main/step1) for KEGG enrichment analysis to analyze the possible regulatory mechanism between RPL24 and cell cycle in CC. To detect the correlation between RPL24 level and recurrence-free survival (RFS), overall survival (OS), and progression-free survival (PFS) in CC patients, the K-M Plotter was adopted to perform a survival curve analysis with the Kaplan-Meier Plotter (https://kmplot.com/analysis/) and LOGpc (https://bioinfo.henu.edu.cn/DatabaseList.jsp).





Cell culture and in vitro treatments

The human CC cell lines SiHa and HeLa were obtained from ATCC (Manassas, VA, USA) and cultured according to the manufacturer’s instructions. These cell lines were plated into 6-well culture plates and were incubated at 37°C in a humidified atmosphere containing 95% air and 5% CO2. After 24 h of culture, the cells adhered to the wall (approximately 3×106 cells) and treated with 20 uM CDDP (Catalog No.P4394-250MG, Sigma, USA), which was dissolved in normal saline before use. After being treated for 48 hours, the cultured cells were harvested.





Flow cytometry assay

Flow cytometry is a valuable tool for determining the percentage of cells in each phase of the cell cycle (G0/G1, S, and G2/M) in vitro experiment, flow cytometry was used to detect changes in the cell cycles of HeLa and SiHa cells at different timepoints before and after treatment with CDDP(cisplatin). The cells were trypsinized and washed with PBS, followed by fixation at -20°Cwith 70% cold ethanol and permeabilization with 0.2% Triton-X100. After removing the supernatant, cells were stained with 500 μl propyl iodide staining solution to determine the DNA content of cells. The cells were incubated at 37°C for 20 minutes and the cell cycle was detected by flow cytometry. Flowjo software (Home | FlowJo, LLC) was used to simulate cell cycle distribution for correlation cycle fitting, and determine the proportion of cells in G0/G1, S, and G2/M phases.





Western blotting

Western blotting was used to detect the expression levels of RPL24 protein in SiHa and HeLa before and after CDDP treatment. Equal amounts of protein samples were extracted from cells with RIPA lysis buffer. Then 50 µg of protein were loaded from each sample and separated using 10% SDS-PAGE before being electrophoretically transferred to PVDF membranes. 5% non-fat dry milk skimmed milk powder was dissolved in PBST(0.1% Tween 20) and blocked with PVDF membrane for 1 hour at room temperature.

Western blot with RPL24 antibody (Cat No: 17082-1-AP, Proteintech Co.,LTD, CN) at dilution of 1:500 incubated at room temperature for 1.5 hours. The membranes were washed with tris-buffered saline (TBS) and exposed to primary antibodies (RPL24 antibodies) at 4°C. Then the membranes were washed with TBST and incubated with appropriate a second antibody conjugated to horseradish peroxidase for 2 hours at room temperature. Eventually, the proteins expression of interest were visualized using an enhanced chemiluminescence reagent (Enlight Buffer from Engreen Co.,Ltd, CAT# No.29050, CN). The results of Western blotting were quantified using the semi-quantitative software ImageJ, the ratio of RPL24[at 1:600 dilution Wuhan sanying(Rabbit Polyclonal antibody)]/CCNB1[at 1:800 dilution AF6627(Rabbit Polyclonal antibody)]/p53[at 1:800 dilution AP062 (Murine monoclonal antibody)] to β-actin[at 1:1500 dilution AP2811 (Murine monoclonal antibody)] was subsequently calculated.





Vector construction and transfection

To overexpress RPL24, we cloned full-length homo sapiens RPL24 sequences (NM_000986.4) into the vector pcDNA3.0. The RPL24 overexpression plasmid and empty plasmid were respectively transfected into SiHa cells using the Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s protocol. The positive clones, which were SiHa cells with a high expression of RPL24, were screened using a medium containing G418 (Calbiochem) and then the efficiency of transfection was examined using the western blot test. To obtain cell lines stably overexpressing RPL24, RPL24 was cloned into the lentivirus plasmid Pez-Lv105. Recombinant lentivirus infection and screening were performed according to the manufacturer’s protocol (GeneCopoeia, Rockville, MD, USA).





Construction of a nude mice subcutaneous transplantation model

All animal experiments in this study were agreed on by the Guide for the Care and Use of Laboratory Animals. Ten 6-week-old, female NOD/SCID mice (SHANGHAI SLAC, Shanghai) were purchased, housed in the animal facility at the Translational Medicine Central Laboratory, and randomly assigned to one of two groups. The mice were raised under standard conditions (12-hour light and dark cycle, 22 ± 0.5°C, and relative humidity of 40% to 70%, with ad libitum access to food and water).

Stable cell lines were obtained using screening with puromycin. These cell lines from the control and interference groups, which were transfected with RPL24, were formulated as a single-cell suspension of cells and injected into the subcutaneous skin of nude mice at 0.2 ml (about 3×106 cells per side). After a single subcutaneous injection of RPL24 cells into immunodeficient NOD/SCID mice, tumor formation and enlargement were observed 7-9 days later until the tumor size was significantly different, conforming to welfare ethical review of laboratory animal (tumor diameter should not be large, generally no larger than 15mm). The grafts appeared 21 days later. The tumor-bearing mice were sacrificed by dislocation, and the xenografts were dissected. Before the mice were sacrificed, they were euthanized with CO2 inhalation to alleviate pain. No mice were treated with drugs while their general status and tumor volume were observed after tumorigenesis. We calculated the volume of subcutaneous tumors in nude mice regularly every 5 days and plotted the volume change curve of subcutaneous tumors. Tumor volume analyses were based on the following equation: Volume =(length ×width2)×1/2. At the end of the study, tumor weight was measured.





Patients and treatment

Data from 40 patients hospitalized with newly diagnosed CC from January 2017 to December 2019 in Baotou Central Hospital were collected and analyzed. The therapeutic methods were pelvic field ± para-aortic extended field radiotherapy, accompanied by concurrent platinum-based chemotherapy.

The inclusion criteria were histopathologic diagnosis of cervical squamous cell CC with complete clinical data, International Federation of Gynecology and Obstetrics (FIGO) stage IB1-IVA, KPS>70, agreement to receive CCRT, acceptance of a cervical puncture biopsy before and after CCRT, and signed voluntary informed consent. All 40 patients underwent the treatment as planned and were examined regularly. This study was approved by the Ethics Committee of Baotou Central Hospital.





Immunohistochemical analysis

CC tissues were obtained, fixed in 10% formalin, embedded in 5μm- thick paraffin sections. Sections with well-preserved morphology were used for immunohistochemical staining. After dewaxing and hydration series, 17082-1-AP (RPL24 antibody, Proteintech Co.,LTD, CN) at dilution of 1:50 prepared in PBS buffer was incubated at room temperature for 2 hours, followed by immunohistochemistry kit [purchased from DAKO Co.,LTD, Denmark (Cat#:GK500705)] staining. The result was determined by the percentage of positive stained cells and cell staining intensity as follows: negative −, weak positive +, positive ++, and strongly positive +++. To eliminate scoring errors, two researchers independently reviewed each tissue section.

The results were analyzed to determine the pathological pattern and malignancy grade. Then the RPL24 expression of CC tissues after CCRT was detected, and the clinical stage, age, effect assessment of CCRT, apparent diffusion coefficient (ADC) value, and elated clinical factors were combined for evaluation.





Statistical analysis

All experiments were independently performed at least three times. The influence of RPL24 expression on the survival outcome of patients with CC was analyzed using the Kaplan-Meier method using online public databases. Differences between groups were performed using unpaired t-tests, All the data were represented as mean ± standard deviation(SD) from three independent experiments. Fisher’s exact probability test was used to process the count data. The correlation of RPL24 expression before and after CCRT was analyzed using the Spearman test. Statistical analysis was performed using SPSS version 26.0 software and GraphPad Prism v9.4.1. P<0.05 was considered as statistically significant.






Results




RPL24 expression was down-regulated in CC

TCGA database analysis showed that the expression level of RPL24 in CC tissues was reduced comparing with normal tissues (Figure 1A) (P<0.01). In addition, KEGG enrichment analysis revealed that the regulation of RPL24 was related to p53 in CC (Figure 1B).




Figure 1 | Bioinformatics analysis of RPL24 in CC. (A) Expression of RPL24 in CC tissues in TCGA database (r<0.05). (B) Enrichment analysis of RPL24 positively related genes in CC in Transcriptional Regulatory Relationships Unraveled by Sentence-based Text mining (TRRUST) database.







High RPL24 expression predicts favorable prognosis in CC

The prognostic value of RPL24 in CC patients was tested using the K-M Plotter database and KaplanMeier Plotter Analysis of LOGpc. According to the Kaplan-Meier database, high expression of RPL24 was related to a favorable RFS in CC patients (HR=0.21; 95% CI, 0.06~0.69, p=0.0048) (Figure 2A) but was not correlated with OS (P>0.05) (Figure 2B). Meanwhile, an analysis based on the GSE14404 dataset in LOGpc showed that the high-RPL24 expression group had favorable OS (HR, 12.3115; 95%CI, 2.9025~52.221, P=7e-04; Figure 2C) for CC patients. In addition, an analysis of the GSE52904 dataset demonstrated that the increased-RPL24 expression group had favorable PFS (respectively, HR, 2.6231; 95%CI, 1.081~6.3651, P=0.033; HR, 2.6992; 95%CI, 1.1137~6.5421, P=0.0279; Figures 2D, E) for CC patients. These results indicate that the RPL24 expression level has prognostic significance in the GEO database and that CC patients with high RPL24 expression often have favorable prognoses. In conclusion, high RPL24 expression was significantly correlated with favorable RFS, OS, and PFS in CC patients.




Figure 2 | Effects of RPL24 on survival of patients with cervical cancer. The influence of overexpressed RPL24 on the survival of CC patients. (A, B) The RFS and OS of patients with cervical cancer related to RPL24 was acquired from the Kaplan online database. (C) Correlation between RPL24 expression and OS in GSE14404 dataset. (D, E) Correlation between RPL24 expression and PFS in GSE52904 dataset. CI, confidence interval; HR, hazard ratio; RPL24, ribosomal protein large subunit 24; OS, overall survival; PFS, progression- free survival; RFS, recurrence-free survival.







RPL24 expression increased by blocking cell cycle after CDDP treatment in vitro

Compared with negative control group, the proportion of G2/M phase cells was increased in HeLa and SiHa cells after CDDP treatment (Figure 3). The Western blotting analysis revealed, with β-actin as internal control, that RPL24, CCNB1 and p53 protein was overexpressed in SiHa and HeLa after CDDP treatment, but that it was expressed at a low level after saline treatment (Figure 4). CCNB1 is involved in mitotic regulation and is a marker of mitotic M-phase expression. The results of in vitro cell experiments showed that protein expression levels of RPL24 rose significantly in CC cell lines after CDDP treatment, accompanied by G2/M phase cells cycle arrest.




Figure 3 | Cell cycle changes of HeLa and SiHa cells after CDDP treatment. (A) Cell cycle of HeLa cells in control group. (B) Effects of CDDP treatment on cell cycle of HeLa cells. (C) Cell cycle of SiHa cells in control group. (D) Effects of CDDP treatment on cell cycle of SiHa cells.






Figure 4 | Difference in expression of RPL24/CCNB1/p53 and β-actin in SiHa and HeLa cells after saline or CDDP treatment. (A) Western blot analysis indicated that RPL24/CCNB1/p53 protein expression was higher in both HeLa and SiHa cells compared with before CDDP treatment. (B) Relative RPL24/CCNB1/p53 levels post CDDP treatment in both HeLa and SiHa cells (n=3, mean ± SD), statistical analysis was done by unpaired t-test corresponding p values shown. *r<0.05. **r<0.01. ***r<0.001.







Overexpression of RPL24 suppressed tumor growth in vivo

The aforementioned results demonstrated that RPL24 inhibited CC cell development in vitro. Therefore, to evaluate the role of RPL24 in tumorigenesis in vivo, a tumor xenograft nude mice model was constructed. The mice injected with RPL24-transfected SiHa cells showed markedly better general status with a reduced rate of tumor formation (Figures 5A, B). The volume and weight of tumors collected after the mice were sacrificed in the RPL24 group grew slower than those of the control group (Figures 5C, D). The stable cell lines was identified by immunoblots that RPL24 was highly expressed in SiHa cell lines (Figure 5E). We showed that RPL24 overexpression can reduce the growth and tumor formation rate of the mice, indicating that the low-RPL24 expression group had a poor prognosis.




Figure 5 | RPL24 overexpression suppresses SiHa cell proliferation in vivo. (A) Images of nude mice and xenograft tumors treated with RPL24 were captured at the end of the experiment. (B) Images of nude mice and xenograft tumors treated with Vector were captured at the end of the experiment. (C) Tumors volumes are shown as a function of days during the treatment (bars indicate the mean volume of all tumors ± SE). (D) Final tumor weights are shown following the treatment (bars indicate the mean weight of all tumors ± SE). (E) Representative immunoblots demonstrated overexpression of RPL24 in SiHa cell lines. **p<0.01.







RPL24 expression increased after CCRT in most CC patients with the better prognosis

The characteristics of the 40 patients enrolled in the study are presented in Table 1 and representative immunohistochemical images of patients with stage IB1, IIB and IV CC before and after CCRT was shown in Figure 6. All patients were women with a mean age of 54.3 ± 10.0 years (range, 32 to 76). There were three cases (7.5%) of stage IB1, 34 cases (85%) of stage IIB, and 3 cases (7.5%) of stage IV CC. Twenty-six patients had a complete response (CR), 11 had a partial response (PR), and 3 had stable disease (SD). The correlation between RPL24 expression and therapeutic effect after CCRT are presented in Table 2. Analysis revealed that 26 CR patients and 11 PR patients highly expressed RPL24, 2 SD patients showed low expression of RPL24, and 1 SD patient showed high expression.


Table 1 | Detailed changes in therapeutic effect, ADC value, and RPL24 expression of 40 patients with cervical cancer before and after CCRT.






Figure 6 | Representative images of immunohistochemical staining of RPL24. (A) Staining for RPL24 in CC tissues of stage of stage IB1 at ×40, ×100 and ×400 magnification respectively. (B) Staining for RPL24 in CC tissues of stage IB1 after CCRT at ×40, ×100 and ×400 magnification respectively. (C) Staining for RPL24 in CC tissues of stage IIB at ×40, ×100 and ×400 magnification respectively. (D) Staining for RPL24 in CC tissues of stage IIB after CCRT at ×40, ×100 and ×400 magnification respectively. (E) Staining for RPL24 in CC tissues of stage IV at ×40, ×100 and ×400 magnification respectively. (F) Staining for RPL24 in CC tissues of stage IV after CCRT at ×40, ×100 and ×400 magnification respectively.




Table 2 | Correlation between therapeutic effect and RPL24 expression after CCRT in 40 patients with cervical cancer.



Twenty-six patients had CR, 11 patients had PR, and 1 patient had SD in all patients with high RPL24 expression, and only 2 patients with low RPL24 expression had SD (Table 2). RPL24 appeared to be a marker of a good prognosis. The association between RPL24 expression and patient curative effect was significant, and a positive association between RPL24 expression and patient curative effect was also observed (r =-0.575; p=0.004). In general, patients with high RPL24 expression after CCRT had a favorable prognosis.






Discussion

The combination of bioinformatics and medicine is current main trend and plays a significant role in identifying and predicting cancer biomarkers. Also, a large number of candidate targets can be provided for subsequent biological experimental verification, which will help promote the development of cancer precision medicine. Survival analysis is an important indicator for patients with carcinoma in assessing their prognosis. In our study, it was found that RPL24 expression was down-regulated in CC by TCGA database analysis, and based on the Kaplan-Meier plotter and LOGpc online database, a significant positive correlation between RPL24 expression status and RFS, OS, and PFS of CC patients was discovered, providing a theoretical basis for later clinical experiments, which indicated that RPL24 may play an important role in CC. To preliminarily verified the hypothesis, we used quantitative real-time PCR (qRT-PCR) and Western blotting to detect RPL24 expression in different CC cell lines, such as HCC94, C339, Hela and SiHa, and found that the expression level of RPL24 was the highest in highly differentiated CC cell line HCC94.

CDDP is well known as the first-line chemotherapy drug for CC, and it can block the cell cycle to G2/M, in which the CC cells are sensitive to the radiotherapy. The expression of p53 protein increased after treatment with CDDP, which induces p53-dependent apoptosis and p53-dependent pathways (21). RPs can interact with MDM2, inhibiting MDM2-mediated ubiquitination of p53 and regulating the transcriptional activity of p53. Importantly, RPs can enhance the ability of p53 to transcriptionally activate its target genes in response to DNA damage (22). Therefore, cells have the capability to induce G2/M cell cycle arrest.

After CDDP treatment, we found that hat protein expression levels of RPL24, CCNB1 and p53 rose significantly in CC cell lines, which was consistent with the results from KEGG enrichment analysis of coexpression gene set related to RPL24 in TCGA database, and it indicated that RPL24 may play a role in the control of CC cell cycle. It is possible that RPL24 is highly expressed in CDDP resistant cell, but we also found that CC patients with high RPL24 expression after CCRT had a favorable prognosis. By combining with the literature data, we speculated that RPL24 may be involved in the regulation of MDM2-p53 pathway and p53 monitoring system, and it played an important regulatory role in cervical carcinogenesis and development while its specific mechanisms remain to be investigated. Subsequently a mouse CC model was constructed showing that high RPL24 expression can//’/’ inhibit tumor formation rate in mice, which suggested that RPL24 has a tumor-suppressive effect in CC.

To further analyze the clinical efficacy of RPL24 on CCRT, we performed clinical research, which revealed that the expression of RPL24 increased compared with that of pre-therapy. Most women reaped benefit in terms of CR and PR, but only three showed SD. Immunochemistry demonstrated that the expression of RPL24 protein was increased in stage IB1, IIB and IV CC tissues after CCRT compared with the control group before treatment. The results showed that overexpression of RPL24 was positively correlated with the therapeutic effect. Taken together, the correlation between RPL24 expression and the prognosis of CC patients was revealed. CC patients with RPL24 expression had better prognosis and longer survival. Thus, we suggest that RPL24 may serve as a prognostic marker for CC survival and also possess potential value for CC patients undergoing CCRT. In this regard, the integration of biologic biomarkers like RPL24 with other indicators, such as those derived from FDG PET/CT imaging in cervical cancer patients (23), may provide more powerful biomarkers. This could potentially enhance future patient management decisions. similar to the research on synergies currently being investigated in other tumors (24).

However, there was a more concrete enumeration of limitations. Firstly, we observed that the expression level of RPL24 is related to p53 and cell cycle, but the exact regulatory mechanism remains unclear, which can be elucidated by other methods such as co-immunoprecipitation in future. Secondly, There was no consistency among patients at different stages who may have received different types of chemotherapy or undergone various treatment protocols prior to CCRT. Additionally, no analysis was conducted on other drugs used during CCRT in this study. So in this clinical research, confounding factors were not sufficiently controlled, which maybe potentially cause the biases in the results. In addition, the different levels of the professional experiments among the radiologist and pathologist experience also affected the results. Thirdly, we were unable to study the correlation between RPL24 and radiotherapy because of the limitations resulted from the clinical factors. Fourthly, this study only included patients with cervical squamous cell CC, so the results should not be interpreted as an extension to all CC cases. Therefore, these limitations indicate the need for a more rigorous prospective study, which includes comprehensive patient logs and initiates a study that records patient conditions during CCRT. This may uncover differences that we did not identify and provide valuable insights for the treatment and management of CC. Meanwhile, the results still need to be further confirmed in multicenter and largescale clinical trials.





Conclusion

Cervical cancer is one of the most common gynecological tumors in women. There is a lack of specific therapeutic and prognostic relevant markers compared with other malignant tumors. Our findings provide new insights indicating that RPL24 expression levels increased after CDDP treatment, which was confirmed in human CC lines and human cervical tumor tissues, and high RPL24 expression was associated with a better prognosis, which was further verified in an in vivo mouse model, human cervical tumor tissues, and online databases. Therefore, RPL24 might be a potential target in the treatment and prognostication of CC.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The studies involving humans were approved by the Ethics Committee of Baotou Central Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. The animal study was approved by the Ethics Committee of Baotou Central Hospital. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

YW contributed to conception and design of the study. XW organized the database and performed the statistical analysis. CM wrote the first draft of the manuscript. All authors contributed to the article and approved the submitted version.





Funding

The current study was supported by the National Natural Science Foundation of China (Nos. 81860447 and 82160518) and the Natural Science Foundation of Inner Mongolia (Nos. 2020MS08004, 2020MS08053, and 2021MS08051).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Volkova, LV, Pashov, AI, and Omelchuk, NN. Cervical carcinoma: oncobiology and biomarkers. Int J Mol Sci (2021) 22(22):12571. doi: 10.3390/ijms222212571

2. Kang, J, Brajanovski, N, Chan, KT, Xuan, J, Pearson, RB, and Sanij, E. Ribosomal proteins and human diseases: molecular mechanisms and targeted therapy. Signal Transduct Target Ther (2021) 6(1):323. doi: 10.1038/s41392-021-00728-8

3. Su, XL, Hou, YL, Yan, XH, Ding, X, Hou, WR, Sun, B, et al. Expression, purification, and evaluation for anticancer activity of ribosomal protein L31 gene (RPL31) from the giant panda (Ailuropoda melanoleuca). Mol Biol Rep (2012) 39(9):8945–54. doi: 10.1007/s11033-012-1763-0

4. Sun, Z, Qiu, Z, Wang, Z, Chi, H, and Shan, P. Silencing ribosomal protein L22 promotes proliferation and migration, and inhibits apoptosis of gastric cancer cells by regulating the murine double minute 2-protein 53 (MDM2-p53) signaling pathway. Med Sci Monit (2021) 27:e928375. doi: 10.12659/MSM.928375

5. Deisenroth, C, Franklin, DA, and Zhang, Y. The evolution of the ribosomal protein-MDM2-p53 pathway. Cold Spring Harb Perspect Med (2016) 6(12):a026138. doi: 10.1101/cshperspect.a026138

6. Dong, Z, Jiang, H, Liang, S, Wang, Y, Jiang, W, and Zhu, C. Ribosomal protein L15 is involved in colon carcinogenesis. Int J Med Sci (2019) 16(8):1132–41. doi: 10.7150/ijms.34386

7. Xu, L, Wang, L, Jiang, C, Zhu, Q, Chen, R, Wang, J, et al. Biological effect of ribosomal protein L32 on human breast cancer cell behavior. Mol Med Rep (2020) 22(3):2478–86. doi: 10.3892/mmr.2020.11302

8. Lin, Z, Peng, R, Sun, Y, Zhang, L, and Zhang, Z. Identification of ribosomal protein family in triple-negative breast cancer by bioinformatics analysis. Biosci Rep (2021) 41(1):BSR20200869. doi: 10.1042/BSR20200869

9. Cho, J, Park, J, Shin, SC, Kim, JH, Kim, EE, and Song, EJ. Ribosomal protein S2 interplays with MDM2 to induce p53. Biochem Biophys Res Commun (2020) 523(2):542–7. doi: 10.1016/j.bbrc.2020.01.038

10. Li, H, Zhang, H, Huang, G, Bing, Z, Xu, D, and Liu, J. Loss of RPS27a expression regulates the cell cycle, apoptosis, and proliferation via the RPL11-MDM2-p53 pathway in lung adenocarcinoma cells. J Exp Clin Cancer Res (2022) 41(1):33. doi: 10.1186/s13046-021-02230-z

11. Kim, JH, Jung, JH, Lee, HJ, Sim, DY, Im, E, Park, J, et al. UBE2M drives hepatocellular cancer progression as a p53 negative regulator by binding to MDM2 and ribosomal protein L11. Cancers (Basel) (2021) 13(19):4901. doi: 10.3390/cancers13194901

12. Oliver, ER, Saunders, TL, Tarlé, SA, and Glaser, T. Ribosomal protein L24 defect in belly spot and tail (Bst), a mouse Minute. Development (2004) 131(16):3907–20. doi: 10.1242/dev.01268

13. Riazifar, H, Sun, G, Wang, X, Rupp, A, Vemaraju, S, Ross-Cisneros, FN, et al. Phenotypic and functional characterization of Bst+/- mouse retina. Dis Model Mech (2015) 8(8):969–76. doi: 10.1242/dmm.018176

14. Barkić, M, Crnomarković, S, Grabusić, K, Bogetić, I, Panić, L, Tamarut, S, et al. The p53 tumor suppressor causes congenital malformations in Rpl24-deficient mice and promotes their survival. Mol Cell Biol (2009) 29(10):2489–504. doi: 10.1128/MCB.01588-08

15. Knight, JR, Vlahov, N, Gay, DM, Ridgway, RA, Faller, WJ, Proud, C, et al. Rpl24Bst mutation suppresses colorectal cancer by promoting eEF2 phosphorylation via eEF2K. Elife (2021) 10:e69729. doi: 10.1101/2021.05.05.442715

16. Signer, RA, Magee, JA, Salic, A, and Morrison, SJ. Haematopoietic stem cells require a highly regulated protein synthesis rate. Nature (2014) 509(7498):49–54. doi: 10.1038/nature13035

17. Magee, JA, and Signer, RAJ. Developmental stage-specific changes in protein synthesis differentially sensitize hematopoietic stem cells and erythroid progenitors to impaired ribosome biogenesis. Stem Cell Rep (2021) 16(1):20–8. doi: 10.1016/j.stemcr.2020.11.017

18. Hou, YL, Ding, X, Hou, W, Song, B, Wang, T, Wang, F, et al. Overexpression, purification, and pharmacologic evaluation of anticancer activity of ribosomal protein L24 from the giant panda (Ailuropoda melanoleuca). Genet Mol Res (2013) 12(4):4735–50. doi: 10.4238/2013.October.18.11

19. Wilson-Edell, KA, Kehasse, A, Scott, GK, Yau, C, Rothschild, DE, Schilling, B, et al. RPL24: a potential therapeutic target whose depletion or acetylation inhibits polysome assembly and cancer cell growth. Oncotarget (2014) 5(13):5165–76. doi: 10.18632/oncotarget.2099

20. Guo, YL, Kong, QS, Liu, HS, and Tan, WB. Drug resistance effects of ribosomal protein L24 overexpression in hepatocellular carcinoma HepG2 cells. Asian Pac J Cancer Prev (2014) 15(22):9853–7. doi: 10.7314/APJCP.2014.15.22.9853

21. Lee, BJ, Chon, KM, Kim, YS, An, WG, Roh, HJ, Goh, EK, et al. Effects of cisplatin, 5-fluorouracil, and radiation on cell cycle regulation and apoptosis in the hypopharyngeal carcinoma cell line. Chemotherapy (2005) 51(2-3):103–10. doi: 10.1159/000085769

22. Cui, D, Li, L, Lou, H, Sun, H, Ngai, SM, Shao, G, et al. The ribosomal protein S26 regulates p53 activity in response to DNA damage. Oncogene (2014) 33(17):2225–35. doi: 10.1038/onc.2013.170

23. Adam, JA, Loft, A, Chargari, C, Delgado Bolton, RC, Kidd, E, Schöder, H, et al. EANM/SNMMI practice guideline for [18F]FDG PET/CT external beam radiotherapy treatment planning in uterine cervical cancer v1.0. Eur J Nucl Med Mol Imaging (2021) 48(4):1188–99. doi: 10.1007/s00259-020-05112-2

24. Delgado Bolton, RC, Calapaquí Terán, AK, Fanti, S, and Giammarile, F. The concept of strength through synergy applied to the search of powerful prognostic biomarkers in gastroesophageal cancer: an example based on combining clinicopathological parameters, imaging-derived sarcopenia measurements, and radiomic features. Clin Nucl Med (2023) 48(2):156–7. doi: 10.1097/RLU.0000000000004357




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Ming, Bai, Zhao, Yu, Wang and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-13-1131803-g004.jpg
A Hela SiHa
Saline CDDP Saline CDDP
RPL24{ s S S ——2 2 kD

CONDB |- — e S 5 5D

25

2.0

HeLa
RPL24/B-actin

0.5

0.0

po
=] n

in

SiHa
RPL24/p-actin

e =
n s

e
e

Saline CDDP

Saline CDDP

SiHa
CCNB I/[i—dcnn

HeLa
CCNBI1/p-actin

2.0

1.5

1.0

" 4
1
3
22
5 1
0

w

2

HeLa
p53/p-actin

Saline CDDP Saline CDDP
5 ok
1
4
=
-
=4
S
22
=
1

Saline CDDP Saline CDDP





OEBPS/Images/fonc.2023.1131803_cover.jpg
, frontiers ‘ Frontiers in Oncology

RPL24 as a potential prognostic biomarker
for cervical cancer treated by Cisplatin and
concurrent chemoradiotherapy





OEBPS/Images/fonc-13-1131803-g006.jpg
1
(483
AN
N
2N 8






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        RPL24 as a potential prognostic biomarker for cervical cancer treated by Cisplatin and concurrent chemoradiotherapy

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Bioinformatics

          



          		

            Cell culture and in vitro treatments

          



          		

            Flow cytometry assay

          



          		

            Western blotting

          



          		

            Vector construction and transfection

          



          		

            Construction of a nude mice subcutaneous transplantation model

          



          		

            Patients and treatment

          



          		

            Immunohistochemical analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            RPL24 expression was down-regulated in CC

          



          		

            High RPL24 expression predicts favorable prognosis in CC

          



          		

            RPL24 expression increased by blocking cell cycle after CDDP treatment in vitro

          



          		

            Overexpression of RPL24 suppressed tumor growth in vivo

          



          		

            RPL24 expression increased after CCRT in most CC patients with the better prognosis

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-13-1131803-g001.jpg
Expression of RPL24 in CESC based on Sample types

6k
5k —
T
s
£ 4k _—
E !
= H
2 H
2 3k !
o] H
=
%3
2
g 2k !
s
H
1k i
[
0
Normal Primary tumor
(n=3) (n=305)
TCGA samples
Regulated by: TP53
T T T T
0.0 0.5 1.0 1.5 2.0

-log10(P)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Clinical treatment RPL24 staining after CCRT

Clinical efficacy ‘ PR 0 11 11

Pearson’s r=-0.575, .004. *p<0.05.






OEBPS/Images/fonc-13-1131803-g005.jpg
AL]I)I\[FM'

4“\4'] _LJI\ Lillo ol I.‘_'L._ll.‘J

(@
O

100 -
-~ SiHa-RPL24 -
«E 80 - SiHa-Vector -
E ) Eb 150
= 4 :é”
g 0 S 100
s 4
g 20 :
: £
£ 0 = 50
0

RPL24 Vector






OEBPS/Images/fonc-13-1131803-g003.jpg
M ATt et

Number
i

K.

%G1=61.93
%G2=9.99
%S=28.07

e ™
0 40 60 80
Channels (FL2-H-FL2-Height)

%G1=83.44
%G2=6.98
%S=9.58

T N
30 60 90
Channels (FL2-H-FL2-Height)

20
Channels (FL2-H~FL2—He|ght)

%G1=44.54
%G2=25.34
%S8=30.12

30
Channels (FLZ-H-FLZ-Helght)

%G1=42.59
%G2=28.34
%S8=29.07






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-13-1131803-g002.jpg
Probability
0.4

Probability
04 0.6 0.8 1.0

0.2

0.0

Tow
high

1.0

0.8

0.6

0.2

0.0

10 20

30 40

Months

0 20

RPL24 B
o S 4
. HR =0.21 (0.06 - 0.69) -
logrank P = 0.0048
= @«
o
i 2 < |
= O
Q
©
Q
] g
[
y o
Expression L)
— low
| — high <
T g T T T T (=
0 50 100 150 200
Time (months)
Number at risk
112 21 7 2 1 low
62 21 5 2 0 high
D
— RPL24:Average Upper 25% | 2 RPL24 Probe:8089249
Other 76%
©
5
2o
= o
-3
©
-3
[
£ o
p=7e-04 g p=0.033
HR =123115 HR = 26231
(95%Cl, 2.9025 - 52.221) Scc o (95%Cl, 1.081 - 6.3651 )
b5

60

40
Months

RPL24

HR = 0.74 (0.4 - 1.23)

logrank P = 0.24

| Expression
— low
—— high
T T T T T
0 50 100 150 200
Time (months)
Number at risk
191 35 16 4 2
113 2 5 3 0
E
Upper 26% e RPL24 Probe:8126450 Upper 26%
Other 75% I[ Other 75%
)
o
2 a9
E o
8 <
a ©
S - p=oo2re
HR =2.6992
0OSce o (95%Cl, 1.1137 - 6.5421 ) 0Sce
s L T
80 0 20 40 60 80
Months





OEBPS/Images/table1.jpg
FIGO stage clinical efficacy ADC value RPL24 staining
(x10-6mm2/s)
Before Before

1 58 b PR 626 1030 + ++
2 41 b PR 904.2 1520.6 + ++
3 43 b CR 689.3 1475.2 < +++
4 68 b CR 650.4 1130 z -+
5 66 b SD 7756 1313 = e
6 19 IIb PR 621.6 1405 + +
7 51 1Ib CR 673.2 1163.5 + +
8 72 b PR 736 1138.6 + +
9 54 b CR 553.7 980.3 - +
10 62 b CR 6205 1034 + +
11 58 b SD 994 1060 - -
12 70 b CR 5203 1034 + +
13 62 b CR 567.5 1290 + +
14 55 IB1 CR 754.4 1210 - -+
15 32 b CR 702 1106 - ++
16 56 b CR 6344 1265.6 + +
17 49 b PR 657.1 1293.5 + +
18 44 1Ib PR 855.1 1124 . +
19 48 1Ib CR 670 1030 + -+
20 47 1B1 PR 683.6 13115 - +
21 62 b CR 650 1090 + ++
22 54 v CR 659 1105 = ++
23 53 b CR 704 1257 = +
24 16 v PR 810 1200 + +
25 76 b CR 656.5 1101 = +
26 48 IIb CR 6703 1069 - +
27 50 IIb PR 581.7 1028 + +
28 49 b CR 689 1202.9 - ++
29 45 b PR 720.1 1310 < +
30 51 1B1 CR 663 1143 < +
31 69 b CR 695.43 1179.6 + ++
32 60 1Ib CR 557.2 865 + -+
33 63 11b CR 651 1097 - ++
34 12 IIb CR 698 1098 - e
35 39 b CR 748 1203 + +
36 47 b CR 670 1205 - -+
37 71 v PR 669 1123 - +
38 [s2 b ‘ R 719 1266 + +r
39 49 iy ‘ CR 734 1209 + ++
40 62 b ‘ SD 567.5 9973 - -

FIGO, International Federation of Gynecology and Obstetrics; CR, complete response; PR, partial response; SD, stable disease. The result was determined by the percentage of positive stained
cells and cell staining intensity as follows: negative —, weak positive +, positive ++, and strongly, positive +++.





